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ABSTRACT 

Microporous zeolites are widely used as heterogeneous catalysts in a wide variety 

of chemical and petrochemical industries to produce value-added chemicals and fuels, 

owing to their large surface area, acid-base properties, high thermal stability, and excellent 

shape-selectivity.  

The overall goal of this research was to shape engineer composite zeolites and fine-

tune their physiochemical properties to improve the catalytic production of dimethyl ether 

(DME) and light olefins that are typically used as substitution to diesel fuel and polymer 

precursors, respectively. Specifically, HZSM-5 and silicalite-1 zeolites were formulated 

into monolithic contactors using 3D printing technique, followed by subsequent SAPO-34 

crystals growth through a secondary hydrothermal method to produce zeolite composites 

of core-shell structure with controlled micro-meso-macro-porosity. Furthermore, the 3D-

printed ZSM-5 monoliths were doped with various metals such as Cr, Ga, Cu, Y, Mo, and 

Zn to control their surface acidity, and used as heterogeneous catalysts in light olefins and 

DME production through methanol dehydration reaction.  

Analysis of catalytic performance revealed enhancement in products yield and 

improvement in catalyst stability. Due to the synergistic integration of surface acidity and 

hierarchical porosity, high yield of light olefins (70%) and DME (80%), and excellent anti-

coking stability were demonstrated. 
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1. INTRODUCTION 

1.1. ZEOLITE 

Zeolites naturally are minerals with a hydrated aluminosilicate composite originally 

by SiO4 and AlO4-tetrahedral which have the structure of crystalline microporous materials 

with three-dimensional (3D) frameworks 1. In the past 200 years, approximately 40 natural 

zeolites have been specified, while 150 zeolites and even more have been synthesized. the 

good catalytic properties of zeolites A, X, Y, and ZMS-5 (natural and artificial) beside their 

unique adsorption, ion-exchange 2, and molecular sieve made them the most familiar, 

popular, and diffuse 3. 

In zeolite structure,  each tetrahedron consists of an oxygen atom in the four corners 

which is responsible to form several framework structures and crystals;  by linked to close 

tetrahedral unit and hence bonded together which is forms the channels and cages 

controlled by Water molecules and cations, such as calcium, sodium, potassium and 

magnesium 4. The change in zeolite structure and framework comes from rearranged the 

Aluminum, silicon, and oxygen atoms as in Figure 1.1 5. To distinguish between the 

different type of zeolites frameworks and structures, 3 letter code assign as decided from 

the Structure Commission of IZA such as MFI CHA LTA and FAU. The multiple 

frameworks besides the various channel dimensions, pore sizes, and different morphology 

have helped zeolites to prevalence and dependence on it in several areas such as ion 

exchange 6, adsorption7,8, gas separation 9, animal cares 10. 

 

 



 

 

2 

 
Figure 1. Schematic presentation of formation of zeolite framework. 

1.2. METHANOL CONVERSION AND ZEOLITES 

Since Zeolite Socony Mobil-5 (ZSM5) was developed in 1972 by a researcher in 

Mobil Oil Corporation and announced its neat properties represented in an exceptional 

structure and physical-chemical behave, shape selectivity, stability, and flexibility had 

become a high demand in many industrial processes11. A few years later methanol 

conversion to hydrocarbons through acidic zeolites as a catalytic process was patented 12. 

Mainly, the methanol to hydrocarbons process consists of methanol to gasoline (MTG) 

which is no more environmentally eligible due to high aromatic contents, methanol to 

olefins (MTO), and MTD 13, methanol to aromatics (MTA) reaction 14, and methanol to 

olefins (MTO) reaction such as ethylene, propylene, butylene, and butadiene which is more 

industrial demand since proposed by Mobil Corporation in 1977, and is considered to be a 

correlation between the natural gas chemical industry and novel petrochemical industry15,16 



 

 

3 

Many zeolites reported and tested in methanol to hydrocarbons reaction such as 

ZSM5, silico-alumino-phosphate SAPO-34, and ZSM-22 17,18. Besides several studies 

controlled the deactivation of the catalysts via different preparation methods and structured 

technique 19. 

 

1.3. METHANOL TO DIMETHYL EITHER (MTD) 

MTD is one of the most significant technologies in the oil refinery industry, which 

produces an alternative clean fuel with environmentally properties which is DME20. 

Dimethyl ether (DME, CH3OCH3) is the simplest of the ethers made from methane 

and CO2, which can be easily liquefied at 30°C and 6.06 bar and make it easy to transfer. 

While it has been counted as a clean fuel which could be a substitutional fuel for diesel 

engines. Besides the biodegradability properties and economic interests of the production 

21. Generally, DME can be produced in two ways, the indirect method including two steps 

for DME production by converting the Synthesis gas into methanol in the presence of a 

catalyst, followed by methanol dehydration in the presence of a different catalyst. or 

traditionally via the direct method consisting of one step for DME production by converting 

syngas-to-DME (STD) directly 22,23. 

 

1.4. DESIGNED AND STRUCTURED ZEOLITE CATALYSTS 

Several efforts have been made to design and structure the zeolites in many sides 

to upgrade the performance and improve the effectiveness as the catalysts. Some 

techniques were originated to promote the catalyst activity, rise the selectivity to the 

required product, and to progress catalyst stability and lifetime by optimizing the acidity, 
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adjusting the crystal size, changing the pore structure, and altering with heteroatoms. 

Herein we discuss the following novel approaches to design and structure zeolites to 

modify the porosity and acidity of the catalysts. 

1.4.1.  3D-printing of Structured Catalysts. Rapid prototyping, or additive 

manufacturing, which is undergone by 3D printing has been a transformative technology 

in many fields, enabling structures with unique properties. The ability to 3D print catalyst 

structures will enable new functional catalytic materials that unite the appealing material 

properties of catalysts with tailored catalytic spices 24,25. 

The 3D printing technique was used in many catalysts including zeolites, 

silicoaluminophosphate, aminosilica, and metal-organic frameworks, which is provided 

more stable structured catalysts for the reaction 24,26–31. Therefore, it is reasonable to expect 

that using 3Dprinting to prepare catalytic materials will continue to develop in the coming 

years. 

1.4.2. Modification with Metals. The literature represents two methods to modify 

the zeolite with metal, the impregnation methods, and ion exchange. Both methods are 

applied in the preparation of the catalysts and it improves interesting behavior and excellent 

selectivity 32,33. In The ion exchange, the properties of zeolite such as porosity and acidity 

may be changed probably due to the replacement of zeolite cations with dispersed cations 

in the metal salt solution 34. 

The modification of zeolite by impregnation method simply occurs when the 

zeolites impregnate the desired metal by nitrate or acetate aqueous solution.  hence also the 

properties of the zeolite will be changed 35. 
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1.5. DISSERTATION OUTLINES 

In Section 1 of this dissertation, three papers are represented. in Paper I, a brief 

introduction about Methanol dehydration and CO2 co-feeding have been summarized over 

3D-printed ZSM-5 monoliths doped with Ga2O3, Cr2O3, CuO, ZnO, MoO3, and Y2O3 that 

were synthesized using the state-of-art 3D printing technique. Additionally, the factors, 

such as catalyst properties, reaction conditions, catalyst modification, and catalyst 

synthesis, which would be an important impact on Methanol dehydration were examined. 

In Paper II, an additive manufacturing method was used for the rapid synthesis of 

HZSM- 5 structured monoliths (3D-HZSM5) with hierarchical porosity (macro-meso 

micro) and controlled the type and density of acid sites. It worth noting also 3D-

HZSM5@SAPO-34 structured monolith was formed via the secondary growth method of 

silico-aluminophosphate (SAPO-34) on the 3D-HZSM5 monolith. The performance of the 

3D-HZSM5 and 3D HZSM5@SAPO-34 structured monoliths were investigated in 

catalytic conversion of methanol to dimethyl ether (DME). 

In Paper III, the facile and efficient method to design 3D-printed HZSM-5 modified 

with Ga, Zr, and v were presented. Results revealed that 4 %( Ga)/HZSM-5 zeolite 

monolith exhibits more stable activity in methanol dehydration and higher selectivity to 

DME than its powder counterpart. The coke formation has occurred at 400°C for all the 

monoliths. 

In Section 2, the consequences of the dissertation works are abstracted, and the 

future work plans are determined.  
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PAPER 

I. 3D-PRINTED ZSM-5 MONOLITHS WITH METAL DOPANTS FOR 

METHANOL CONVERSION IN THE PRESENCE AND ABSENCE OF CARBON 

DIOXIDE 

Fatima Magzoub, Xin Li, Jawad Al-Darwish, Fateme Rezaei, Ali A. Rownaghi* 
Department of Chemical and Biochemical Engineering, Missouri University of Science 

and Technology, 1101 N State St., Rolla, MO 65409, United States 

*Fax: +1 573 341 4377; E-mail: rownaghia@mst.edu 

ABSTRACT 

The development of effective strategies to utilize CO2 as a renewable feedstock for 

producing commercially viable products is an interesting challenge to explore new 

concepts and opportunities in catalysis and industrial chemistry. In this study, 3D-printed 

ZSM-5 monoliths doped with Ga2O3, Cr2O3, CuO, ZnO, MoO3, and Y2O3were synthesized 

using the state-of-art 3D-printing technique. The physicochemical properties of the 

catalysts were characterized by X-ray diffraction, N2 physisorption, NH3 and CO2 

temperature-programed desorption and H2 temperature-programmed reduction. The 

promotional effect of doped metals on catalytic performance of 3D-printed ZSM-5 

monoliths in methanol to hydrocarbon (MTH) reaction in the presence and absence of CO2 

was investigated. Results indicated that both metal dopants type and reaction atmosphere 

greatly influence catalyst stability and product distribution. The yield of light olefins was 

enhanced over all metal-doped 3D-printed ZSM-5 monoliths in N2 atmosphere (absence of 

CO2), however, CO2 atmosphere did not favor the production of light olefins. Although 

mailto:rownaghia@mst.edu
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selectivity toward ethylene slightly decreased, the propylene yield was almost constant 

after switching N2 to CO2 in MTH reaction at 400 °C. Furthermore, it was found that Y- 

and Zn-doped ZSM-5 monoliths exhibited higher yield of light olefins and BTX 

compounds in the in the absence and presence of CO2, respectively. 

Keywords: 3D-printing, ZSM-5 zeolite, Doped metals, CO2 co-feeding, MTH reaction. 

 

1. INTRODUCTION 

The utilization of CO2 as a sustainable carbon feedstock and soft oxidant for 

production of fuels and commercially value-added chemicals has drawn broad interests to 

the industrial chemistry (Al-Mamoori, Krishnamurthy, et al., 2017; He et al., 2016; Mondal 

et al., 2016; Zhu et al., 2011). Since CO2 is a thermodynamically stable molecule, reactions 

of CO2 must be combined with either high-energy reactants or use high temperature and 

pressure reaction conditions to gain a thermodynamic driving force. Several CO2 utilization 

processes have been developed that lead to production of urea, methanol, and salicylic acid. 

Moreover, the promotional effects of CO2 as a soft oxidant on alkane dehydrogenation (C–

H bond scission) and cycloaddition over homogeneous and heterogeneous catalysts have 

been investigated in detail (Al-Mamoori, Thakkar, et al., 2017; H. Y. Chen et al., 1999; 

Häggström et al., 2012; Jawad et al., 2017; Meng et al., 2017). As well-established in the 

literature, CO2 can stabilize the catalyst by eliminating coke through the reverse Boudouard 

reaction (CO2 + C ↔ 2CO; ΔH298 K =+172 kJ mol−1) (Atanga et al., 2018; da Silva et al., 

2015; Osaki, 2015). Among the investigated materials, zeolite-supported metal oxides that 

act as bifunctional catalysts offer promising performance in CO2 capture and utilization 



 

 

8 

through cooperative interactions between BrØnsted/ Lewis acid sites on zeolite and active 

metal centers which lead to improved stability and selectivity (Atanga et al., 2018). 

The effects of CO2 co-feeding on catalyst performance are not clear and researchers 

have yet to reach a consensus on the exact role of CO2 in various utilization reactions. For 

instance, De Lima and co-workers added CO2 as a co-feed to the ethanol steam reforming 

process and reported enhanced stability of Pt/CeO2 catalyst and high selectivity towards 

hydrogen (de Lima et al., 2010). In another investigation, Díaz and co-workers studied the 

influence of CO2 co-feeding on Fischer-Tropsch fuels production over carbon nanofibers 

supported cobalt catalyst and found that the presence of CO2 favors the formation of lighter 

hydrocarbons (Fields & Backofen, 1957). Xu and co-workers developed metal modified 

ZSM-5 catalysts for the methanol to aromatics conversion (MTA) under the CO2 flow. It 

was demonstrated that the catalysts doped with Zn, Ni, and Ag were capable of increasing 

the total aromatics yield in the CO2 atmosphere (C. Xu et al., 2017). 

Among heterogeneous catalysts studied for the methanol to hydrocarbons (MTH) 

reaction, HZSM-5 and SAPO-34 materials with a number of metal promoters such as 

Ga2O3, Cr2O3, CuO, ZnO, MoO3, and Y2O3 are found to be the most efficient catalysts 

owing to their unique pore network, high chemical and thermal stability as well as 

bifunctional properties  (Barbosa et al., 2008; Freeman et al., 2001; Hwang & Bhan, 2017; 

Mentzel et al., 2009; Rownaghi & Hedlund, 2011; Yan et al., 2008). Literature shows that 

the catalytic behavior of HZSM-5 and SAPO-34 materials for chemical transformation 

reactions is highly dependent on catalyst synthesis conditions, zeolite framework, and 

metal promoters (Xin Li et al., 2016a). 
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For practical applications, the synthesized powder materials need to be formed into 

monoliths or pellets before utilization at chemical industry (Rezaei & Webley, 2009). 

Zeolite monoliths are structured materials with parallel gas flow channels (Rezaei & 

Webley, 2012). The shape, channel size, and textural (i.e. pore distribution and exposed 

surface), and structural properties (e.g. active phase and amorphization) could be fine-

tuned and precisely controlled in monolithic catalysts. Previous studies have examined 

structure property relationships of ZSM-5 monolith and their powder counterpart (Xin Li, 

Alwakwak, Rezaei, & Rownaghi, 2018; Xiping Li, Liu, Gong, Yang, et al., 2018a). 

Ivanova et al. (Ivanova et al., 2007) reported higher activity and selectivity for ZSM-5@β-

SiC monolith than those for catalyst powder prepared under the same synthesis conditions. 

Tao et al. (Tao et al., 2003) prepared a highly crystalline meso-ZSM-5 monolith that 

consisted of both micropores and mesopores by using a template of carbon aerogel to 

impart uniform mesoporosity to the zeolite. Beers et al. (Beers et al., 2001) coated H-BEA, 

H-FAU on a cordierite (2Al2O3·5SiO2·2MgO) monolithic substrate, and the coated 

monoliths resulted in an active and selective integrated catalyst-reactor configuration for 

the acylation of aromatics. 

Recently, additive manufacturing by 3D printing has gained worldwide attention in 

the formulation of porous materials into practical contactors as a result of flexibility in 

design alteration and preparation of robust and complex geometries which requires fewer 

steps and minimal resources in comparison to the previously established extrusion process 

(Freiding & Kraushaar-Czarnetzki, 2011; Mitchell et al., 2012; Williams, 2001). Most 

recently, a number of porous materials such as zeolites (ZSM-5, Y, SAPO-34), metal-

organic frameworks (MOFs) and Cu/Al2O3 monoliths have been fabricated by 3D printing 
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and used for catalysis and gas separation applications (Lefevere et al., 2017, 2018a; 

Thakkar et al., 2018a; Thakkar, Eastman, Al-Mamoori, et al., 2017; Thakkar, Eastman, Al-

Naddaf, et al., 2017). For instance, Rezaei and co-workers developed 3D-printed porous 

materials such as zeolite 5 A and 13X monoliths, MOFs, aminosilicates and polymer-

zeolite composites and confirmed their adsorption efficacy for CO2 capture process 

(Lawson et al., 2018; Thakkar et al., 2016, 2018b; Thakkar, Eastman, Al-Mamoori, et al., 

2017; Thakkar, Eastman, Al-Naddaf, et al., 2017). Couck et al. (Couck et al., 2017, 2018) 

produced SAPO-34 zeolite-based monolith with honeycomb shape and utilized in CO2/N2 

separation. Lefevere et al. studied the effect of binders on mechanical and acidity of 3D-

printed ZSM-5 zeolite (Lefevere et al., 2017, 2018b). In our previous works (Xin Li, 

Alwakwak, Rezaei, & Rownaghi, 2018; Xin Li, Rezaei, & Rownaghi, 2018; Xingfeng Li 

& Akagi, 2019; Xiping Li, Liu, Gong, Yang, et al., 2018b), we synthesized hierarchical 

ZSM-5 zeolite monoliths with macro-meso-microporsity using the 3D printing technique. 

The 3D-printed monolithic catalysts exhibited a more stable activity in nhexane cracking 

and higher selectivity to light olefins than their powder counterpart (Xin Li, Alwakwak, 

Rezaei, & Rownaghi, 2018; Xiping Li, Liu, Gong, Yang, et al., 2018b). 

In consideration of improved catalytic performance over 3D-printed zeolite 

monoliths, the objective of this study was to develop monolithic catalysts comprising 

Ga2O3-, Cr2O3-, CuO-, ZnO-, and Y2O3-doped ZSM-5 and demonstrate their catalytic 

efficacy as bifunctional catalysts in MTH reaction with CO2 co-feeding in order to establish 

a useful guideline for extrapolating, normalizing, and correlating between monolith 

catalyst properties and performance. The activity of the catalysts and the selectivity to light 
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olefins and BTX (benzene, toluene, and xylene) were compared in the presence and 

absence of CO2. 

2. EXPERIMENTAL SECTION 

2.1. PREPARATION OF THE 3D-PRINTED MONOLITH 

 ZSM-5 zeolite (SiO2/Al2O3 mole ratio of 50) monoliths were synthesized from 

ammonia-ZSM-5 powder (CBV 5524 G, Zeolyst). The commercial zeolite powder was 

first calcined at 550 °C for 6 h to produce proton-form of ZSM-5. In the next step, 

approximately 87.5 wt. % calcined ZSM-5 powder was mixed with 10 wt. % bentonite clay 

binder (Sigma-Aldrich) using an agitator (Model IKA-R25). Sufficient deionized water 

was then added to the mixture until a homogeneous slurry was formed, followed by the 

addition of a plasticizer, methyl cellulose (Sigma-Aldrich), to generate an aqueous paste 

with extrudable viscosity under stir. The paste was filled into a 10 mL syringe (Techcon 

Systems) furnished with a 0.60mm nozzle. The synthesis of the monolith was perform on 

a lab-scale 3D printer and the printing paths of which was designed by AutoCAD and coded 

by Slic3r in advance. The paste was dispensed and deposited on an alumina substrate in a 

layer-by-layer manner to produce a honeycomb-like monolith. The 3D-printed monoliths 

were dried overnight and then calcined for 6 h at 600 °C to remove methyl cellulose. The 

cross sectional surface of the cylinder monolith possessed 50% infill density resulting in a 

0.60mm wall thickness. For the metal doped ZSM-5 monoliths, approximately 10 wt. % of 

metal in its nitrate form was added to the zeolite/bentonite mixture and rolled with grinding 

medium overnight to obtain a homogenous slurry. Metal dopants were added into the 
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zeolite paste before printing, thus eliminating the additional step of ion-exchange or 

impregnation that are commonly used for doping zeolite catalysts. The precursors used 

were Cr (NO3)3·9H2O, Cu (NO3)2·2.5H2O, Ga (NO3)3·xH2O, Y (NO3)3·6H2O, and Zn 

(NO3)2·6H2O (Sigma-Aldrich). The rest of preparation steps were the same as the bare 

ZSM-5 monolith preparation steps. 

2.2. CATALYSTS CHARACTERIZATION 

X-ray diffraction (XRD) analysis was performed on a PANalytical X’Pert 

multipurpose X-ray diffractometer in the angle (2θ) range of 5°–50° with Cu-Kα1 radiation 

(40 kV and 40 mA) at a rate of 2.0° min−1. Nitrogen physisorption measurements were 

performed on a Micromeritics 3Flex surface characterization analyzer at 77 K. Prior to the 

measurements, the samples were degassed at 300°C in vacuum for 6 h. Total surface area 

was determined by the Brunauer-Emmett-Teller (BET) method using the relative pressure 

(P/Po) in the range of 0.05- 0.3. The total pore volume was calculated at the P/Po = 0.99 

whereas the micorpore volume was estimated by t-plot methods. The bulk composition of 

the materials was determined using a Perkin-Elmer Emission Spectrometer Model Plasma 

1000 inductively coupled plasma-atomic emission spectrometer (ICP-AES). The 

dispersion of doped metals of the 3D-printed monoliths was analyzed by energy dispersive 

X-ray spectrometry (EDX). 

Temperature-programmed desorptions of ammonia and CO2 (NH3- TPD, CO2-

TPD) were carried out to investigate the acidic and basic properties of the metal-doped 3D-

printed ZSM-5 monolith catalysts. Both NH3 and CO2 adsorptions were performed on the 

Micromeritics 3Flex analyzer under a flow of 5% NH3/He or CO2/He at 100 °C. The 
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desorptions of NH3 or CO2 were measured from 100 to 600 °C at a constant ramp rate of 

10 °C min−1. A mass spectroscopy (BELMass) was used to detect the quantity of desorbed 

NH3 and CO2. Temperatureprogrammed reduction with hydrogen (H2-TPR) was 

performed from 50 to 850 °C under a flow of 5% H2/He using the same instrument. The 

functional groups of the catalysts were determined by the FTIR spectra, obtained on a 

Nicolet-FTIR Model 750 spectrometer. Thermogravimetric analysis-differential thermal 

analysis (TGA-DTA) of the spent catalysts was carried out from 30 to 900 °C using TGA 

(Model Q500, TA Instruments), at a rate of 10 °C min−1 in a 60 mL min−1 air flow. 

 

2.3. MTH REACTION 

The catalytic performance of 3D-printed monoliths in methanol conversion 

reaction was evaluated in a down-flow fixed-bed reactor setup. Nitrogen flow saturated 

with methanol at 30 °C was fed into the stainless-steel reactor with an inner diameter of 10 

mm. The feed flow rate was controlled by a mass flow controller (Brooks, 5850). In a 

typical run, 0.3 g of catalyst was tested under 400 °C at 1.01 bar with a weight hourly space 

velocity (WHSV) of 0.35 h−1. The catalyst was activated in-situ at 550 °C under nitrogen 

flow for 2 h. The products were directly transferred to an on-line gas chromatography (SRI 

8610C) and analyzed every hour with a flame ionized detector (GC-FID) connected to mxt-

wax/mxt-alumina capillary column. The inlet line to the reactor was kept heated at 110 °C, 

whereas the effluent line of the reactor until GC injector was kept at 145 °C to prevent 

potential condensation of hydrocarbons. For the reaction under CO2 atmosphere, the 

nitrogen was substituted with CO2 while keeping other test conditions the same. 
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3. RESULTS AND DISCUSSION  

3.1. CHARACTERIZATION OF THE 3D-PRINTED MONOLITHS 

The XRD patterns shown in Figure 1 indicate that structure and crystallinity of 

ZSM-5 zeolite were retained after printing for both pure ZSM-5 and doped-ZSM-5 

monoliths with various metals. The peaks observed at 2θ=8.0, 9.0, 14.8, 22.9, 24.0 and 

29.8°, were related to (101), (200), (301), (501), (303), and (503) planes, respectively, 

which verified the typical MFI structure (Xin Li, Rezaei, Ludlow, et al., 2018). For 

Cr/ZSM-5, the appearance of additional peaks at 2θ=33.6°, 36.1° and 41.5° suggested the 

formation of Cr2O3 (Mimura et al., 2006). Several peaks with less intensity were also 

observed at 2θ=35.6° and 38.7° for Cu/ZSM-5, and at 2θ=36.2° for Zn/ ZSM-5, which 

indicated the formation of CuO and ZnO, respectively in these materials (C. Xu et al., 

2017) (Ereña et al., 1998). On the other hand, Ga/ZSM-5 and Y/ZSM-5 showed no 

observable peaks for their corresponding metal oxides. This might be due to the high 

dispersion of the oxides in the zeolite monoliths which made them difficult to detect by 

XRD beam (Hwang & Bhan, 2017) (Freeman et al., 2002). 

The FTIR spectra of the investigated catalysts, shown in Figure 2, provided another 

aspect to confirm the ZSM-5 structure of the 3Dprinted monoliths. The peak at about 450 

cm−1 was ascribed to the vibration of internal Si-O or Al-O bonds of the SiO4 or AlO4 

tetrahedra, whereas the peak observed at 560 cm−1 was associated with external bonds of 

double five-member ring (Jansen et al., 1984). 

 



 

 

15 

 
Figure 1. XRD patterns of the bare and Cr, Cu, Ga, Y, and Zn-doped 3D-printed ZSM-5 

monoliths 

 

In addition, the peak at 810 cm−1 was corresponded to symmetric stretching of 

external bonds between tetrahedral, whereas the strongest absorption peak appeared about 

1110 cm−1 was related to the internal asymmetric stretching of Si-O-Si(Al) bonds (Barros 

et al., 2008). An additional band observed at around 1240 cm−1 was associated with the 

asymmetric stretching vibration of Al-O or Si-O bonds. The presence of these peaks clearly 

indicated that the catalysts retained their MFI structure after metal doping, in accordance 

with the XRD results, discussed earlier. 

The Bands for hydroxyl groups (−OH) were also detected in the range of 4000-

3200 cm−1. The peak appeared at 3745 cm−1 was related to the vibration of −OH groups 

connected to the silicon atom (Si−OH), which were mostly on the external surface of the 

zeolite (Liu et al., 2015). The bands observed at 3665-3610 cm−1 were ascribed to the 

hydroxyl groups connected by Al−OH bonds. Specifically, the band at 3655 cm−1 was 

associated with the external Al-bonded hydroxyl groups with weak Brønsted acidity while 

the band at 3620 cm−1 was associated with the internal bridging hydroxyl groups (Si−OH-
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Al) with strong Brønsted acidity (Olsbye et al., 2012). For Cr/ZSM-5, Cu/ZSM-5 and 

Zn/ZSM-5 samples, the intensity of the bands in this range remained relatively high, 

indicating the intact hydroxyl groups but formation of metal oxide on zeolite surface. 

The textural properties of the monolith catalysts determined by N2 physisorption 

measurements as well as the actual metal loading measured by elemental analysis (ICP-

AES) are listed in Table 1. Due to the addition of binder and further calcination of fresh 

monoliths and decomposition of the plasticizer, the BET surface area of 3D-prinetd ZSM- 

5 monolith was reduced from 429 cm2 g−1 to 373 cm2 g-1, while mesopore volume increased 

from 0.170 cm3 g-1 to 0.200 cm3 g-1. Results of ICP-AES revealed that the actual metal 

contents were close to the nominal loading (10 wt. %) and all metal-doped monoliths 

contained approximately 10 wt. % metal. Furthermore, it was noticed that the metal 

dopants slightly decreased both the total surface area and the pore volume of the monoliths, 

which was close to the theoretical values added into the zeolite paste before printing. The 

change of the micropore volume was less significant than the change in the mesopore 

volume after metal incorporation, suggesting that the decrease in pore volume resulted 

from the metal dopant clogging in the mesopores of the monolith.  

The distribution of doped metals within the ZSM-5 monolith was investigated by 

elemental mapping. The successful incorporation of metal particles was further confirmed 

by the presence of corresponding metal, oxygen, Si and Al in the EDX patterns and element 

mappings (Figure 3), which proved that the metal oxide nanoparticles were distributed 

homogeneously within the 3D-printed ZSM-5 monoliths. The acidic properties of the 3D-

printed monoliths were characterized by NH3-TPD and the results are shown in Figure 4. 

All samples exhibited two desorption peaks at around 102 and 413 °C, which were due to 
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the presence of the weak acid sites (Brønsted and/or Lewis sites) and strong Brønsted acid 

sites, respectively. 

 

 
Figure 2. FITR spectra of the bare and Cr, Cu, Ga, Y, and Zn-doped 3D-printed. 

 

 

Table 1. Surface area, pore volumes, and metal content of the 3D-printed ZSM-5 

monoliths. 

Sample Surface 

area 
(m2g-1)a 

Total Pore 

volume 
(cm3g-1)b 

Micropore 

volume 
(cm3g-1)c 

Mesopore 

volume 
(cm3g-1)c 

Metal 

loading 
(wt.%)d 

ZSM-5(powder) 429 0.300 0.130 0.170 - 
ZSM-5(monolith) 373 0.300 0.100 0.200 - 

Cr/ZSM-5 286 0.219 0.090 0.129 10.6 

Cu/ZSM-5 297 0.202 0.096 0.106 9.8 

Ga/ZSM-5 318 0.213 0.096 0.117 10.0 

Y/ZSM-5 293 0.208 0.090 0.118 10.3 
Zn/ZSM-5 285 0.227 0.090 0.137 10.3 

      
a SBET was obtained by analyzing nitrogen adsorption data at −196 °C in a 

relative vapor pressure ranging from 0.05 to 0.30. 
b Total pore volume was estimated based on the volume adsorbed at P/ 

Po=0.99. 
c Micropore area and micropore volume were determined using t-plot 
method. 
d The metal loading was measured by ICP. 
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As summarized in Table 2, metal loading slightly increased the surface acidity 

(number of acid sites and/or acid strength) of the metal doped-3D-printed monoliths except 

for Cr/ZSM-5 monoliths. It should be noted here that the Cr/ZSM-5 monolith displayed 

the same profile shape as the bare ZSM-5 monolith mainly because the chromium existed 

in its oxide form, as confirmed by XRD analysis. These results indicated that the acidity 

was barely affected by the chromium dopant. Moreover, for Cr-, Ga-, Y-, and Zn-doped 

3D-printed ZSM-5 monoliths, the maximum of the peaks slightly shifted to the lower 

temperatures. The decrease of the second desorption peak was consistent with the high 

exchange degree of Brönsted acid sites in these samples leading to decrease in strong acid 

sites. A similar reduction in desorption temperature and density of strong acid sites was 

observed by Veses et al. (Veses et al., 2015a) who prepared Ga-, Cu-, Sn-, and Ni-ZSM-5 

catalysts. 

For Cu/ZSM-5, the strength of acid sites was dramatically enhanced by the addition of 

copper, which is in consistent with previously reported work (Veses et al., 2015b). The 

ZSM-5 monoliths with Ga and Y dopants also exhibited similar TPD profiles to the bare 

ZSM-5 monolith, indicating that the addition of these metals to ZSM-5 had little effect on 

the acid strength, which might be due to the formation of micro metal oxide particles. In 

the case of Zn/ZSM-5, the second peak became less noticeable implying the reduced 

number of strong Brønsted acid sites, however, the total amount of weak acid sites, 

reflected by the peak area, was obviously increased, suggesting the zinc dopant converted 

the strong acid sites to the weak sites. 

This might be the result of the exchange of the proton on the hydroxyl group by 

Zn2+, or substitution interaction between Zn2+ and protons of  Si−OH-Al groups to form 
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Zn (OH)+ (Abdelsayed et al., 2015). Whereas the peaks at 377 and 657 °C for Zn/ZSM-5 

can be assigned to ZnO and zinc cations, respectively. 

To analyze the strength of the basic sites of Cr-, Cu-, Ga-, Y-, and Zn doped 3D-

printed ZSM-5 monolith catalysts, the CO2-TPD experiments were conducted and the 

profiles are shown in Figure 6. The characteristic peaks and their corresponding desorption 

temperature, which are indicative of amount of base sites (basicity) and base strength in 

the monoliths are also summarized in Table 3. 

It was revealed that total basicity of monoliths decreased in the order of Zn/ZSM-

5>Y/ZSM-5>Cr/ZSM-5>Cu/ZSM-5>Ga/ZSM-5>ZSM-5, which are in good agreement 

with adsorption of CO2 over Lewis acidic sites of metal oxides. Basic properties of the 

materials depends upon the temperature profile in weak (< 200 °C), moderate (200–450 

°C), and strong range (> 450 °C), respectively. As expected, no CO2 desorption peak was 

observed in the spectrum of bare ZSM-5 monolith, whereas the appearance of the 

desorption peaks in the spectra of metal doped-ZSM-5 monoliths demonstrated the 

interactions between the doped metals and CO2 molecules and that the enhancement of the 

basicity of the doped samples. 

As Figure 6 shows, all metal-doped ZSM-5 monoliths displayed first desorption 

peak in the range of 100–200 °C, which implied that they contained predominantly week 

basic sites. In particular, Y/ZSM-5 and Ga/ZSM-5 monoliths exhibited high-intense peaks 

in this temperature range, indicating that the loading of Y and Ga only increased the number 

of weak adsorption active sites and did not enhance the overall adsorption strength. The 

weak adsorption of CO2 over Y/ZSM-5 and Ga/ZSM-5 monoliths limits its contact with 

the catalyst sites and thus weakens the consumption of hydrogen, which could increase the 
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aromatics yield. The CO2 desorption peaks for Cr-, Cu-, and Zn-doped ZSM- 5 monoliths 

were shifted to higher temperature, indicating strong interaction of the catalytic active sites 

with CO2. The higher amount of moderate and strong active sites can activate the adsorbed 

CO2 to react with hydrogen in the reactor, thus enhance the yield of the aromatic 

hydrocarbons consequently (C. Xu et al., 2017). 

 
Figure 3. EDX analysis and corresponding mapping of the elements in Cr/ZSM-5, 

Cu/ZSM-5, Ga/ZSM-5, Y/ZSM-5, and Zn/ZSM-5 monoliths. 
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Figure 4. NH3-TPD profiles of the bare and Cr-, Cu-, Ga-, Y-, and Zn-doped 3Dprinted 

ZSM-5 monoliths. 

 

 
Figure 5. H2-TPR profiles of the bare and Cr-, Cu-, Ga-, Y-, and Zn-doped 3Dprinted 

ZSM-5 monoliths. 

 

3.2. MTH REACTION IN THE PRESENCE AND ABSENCE OF CO2 

Methanol conversion was carried out at 400 °C and atmospheric pressure over bare 

and Cr-, Cu-, Ga-, Y-, and Zn-doped 3D-printed ZSM-5 monoliths. To probe the 

advantages of 3D-printed ZSM-5 monolith over its powder counterpart, a control 

experiment was performed in which the ZSM-5 powder and the bentonite clay (binder) 
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with the same ratio as in the monolith were physically mixed and the reaction progress over 

it was monitored. As shown in Figure 7a, it was observed that the methanol conversions 

were of the same at the beginning of the reaction, however, the methanol conversion 

decreased over time from about 95 to 90% over powder catalyst due to the carbon 

formation and deactivation. Since the composition (ratio of the zeolite/clay) in these two 

forms was the same, the better performance of the monolith catalyst could be thus 

correlated to its 3D-printed monolith structure. 

Figure 7 illustrates CH3OH conversion in the presence and absence of CO2 as a 

function of time-on-stream over the investigated monolith catalysts as well as the CO2 

conversion in the CO2 atmosphere. It is evident that all monolith catalysts exhibited higher 

methanol conversion in the absence of CO2 (under N2 atmosphere). The trend for CO2 

conversion was more stable than methanol conversion over all the monolith under the same 

condition. The conversion CO2 was less than 10% over the bare ZSM-5 (both powder and  

Table 2. Summary of NH3-TPD and H2-TPR results. 
Sample H2 reduction 

peaka 

TPR 

peak 

areaa 

(a.u.) × 

10−8 

Weak acid peakb Strong acid peakb Total 

T (°C) Amount 

(mmol 

g−1) 

T 

(°C) 

Amount 

(mmol 

g−1) 

Amountb 

(mmol 

g−1) 
No.  T (°C) 

ZSM-5 - - - 210 0.4 394 0.16 0.56 

Cr/ZSM-5 a 285 4.55 205 0.33 372 0.11 0.44 

Cu/ZSM-5 a 206 5.67 279 0.56 459 0.15 0.72 

 b 625 4.25      

Ga/ZSM-5 a 501 8.33 207 0.46 364 0.12 0.58 

Y/ZSM-5 a 331 2.72 208 0.52 385 0.07 0.59 

 b 686 2.68      

Zn/ZSM-5 a 376 0.96 208 0.54 375 0.06 0.6 

 b 567 2.53      

 c 761 0.76      
a Obtained from H2-TPR results. 
b Obtained from NH3-TPD results 
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Table 3. Summary of CO2-TPD results. 

 

 

 

 

 

 

 

 

monolith) and Ga/ZSM-5 monoliths and remained constant over the time-on-stream. 

Among all the 3D-printed monoliths, Y/ZSM-5 monolith resulted the lowest CO2 

conversion due to high density of weakly basic sites providing for low interaction of 

yttrium oxide with CO2. As for the Y/ZSM-5 monolith, the conversion of both methanol 

and CO2 in the presence of CO2 was more stable than those over other monoliths. 

 

  
Figure 6. CO2-TPD profiles of the bare and Cr-, Cu-, Ga-, Y-, and Zn-doped 3Dprinted 

ZSM-5 monoliths. 

 

Peak 

# 

Sample ZSM-

5 

Cr/ZSM-

5 

Cu/ZSM-

5 

Ga/ZSM-

5 

Y/ZSM-

5 

Zn/Z

SM-5 

1 T (°C) - 114 107 114 131 101 
 Peak area (mmol/g) - 0.012 0.027 0.099 0.425 0.006 

2 T (°C) - 289 413 484 401 165 

 Peak area (mmol/g) - 0.055 0.194 0.099 0.142 0.004 
3 T (°C) - 402 615 683 759 217 

 Peak area (mmol/g) - 0.128 0.029 0.042 0.337 0.014 

4 T (°C) - 486 754 - - 481 
 Peak area (mmol/g) - 0.203 0.013 - - 0.060 

5 T (°C) - 653 - - - 363 

 Peak area (mmol/g) - 0.053 - - - 0.072 
6 T (°C) - - - - - 450 

 Peak area (mmol/g) - - - - - 0.137 

7 T (°C) - - - - - 742 
 Peak area (mmol/g) - - - - - 0.271 
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The methanol conversions were about 95 and 75% within 360 min in the absence 

and presence of CO2, respectively According to the H2-TPR profiles, yttrium oxide was 

present in both metal and cation forms, which exchanged the H+ in the zeolite framework, 

as the latter peak indicated. From Table 2, there were less strong acid sites and more weak 

acid sites on Y/ZSM-5 than on the bare ZSM-5. Therefore, a combination of high density 

of weakly basic sites of the doped metals and ZSM-5 catalytic function itself selectively 

decomposes methanol and enhances the formation of light olefins. As evident from N2 

physisorption results, the altered porosity might also be a factor that affects the activity. 

Notably, the Cr/ZSM-5 monolith exhibited the highest selectivity to propylene with 

the highest CO2 conversion (20–40%). Previous research has shown that in the presence of 

CO2, Cr3+ and Cr2+ sites participate additionally in an alternative oxidative pathway for 

propylene formation (Atanga et al., 2018). The methanol conversion over Cu/ZSM-5 

monolith experienced a sharp decrease at 120 min followed by an increasing trend within 

360 min from 50 to 78%. The maximum methanol conversion was achieved for Y/ZSM-5 

in the presence and absence of CO2 within this series of monolith catalysts. Moreover, bare 

and metaldoped 3D printed ZSM-5 monoliths show more than 90% methanol conversion 

due to the relatively same density of acid sites. Linking both methanol and CO2 conversion 

with the NH3-TPD and CO2-TPD profiles, it can be concluded that high population of 

moderate surface base sites in Cr/ZSM-5, Cu/ZSM-5, and Zn/ZSM-5 monoliths were 

responsible for catalyst stability in the presence of CO2. 

As the major hydrocarbon products in methanol conversion processes, especially 

emphasized in MTH reaction, light olefins (i.e. ethylene, propylene, and butylene) are 

always considered. Figure 8 shows the selectivity towards light olefins over 3D-printed 
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monoliths under two different atmospheres. As shown in Figure 8 and Table 4, the light 

olefins selectivity has been reduced over all 3D-printed ZSM-5 monoliths in the presence 

of CO2, nevertheless, the catalyst stability improved due to reverse Boudouard reaction, 

which prevents deposition of active carbon species on the metal surface. Moreover, this 

could be due to the difference in the particle size, reducibility of metals and surface texture 

of the metal oxides. From the detailed hydrocarbon product distribution data shown in 

Table 4, it can be noted that the reduction in the light olefins are mainly ethylene. 

Generally, the acidity increases the number of sites responsible for adsorption and 

polymerization of olefins (Zhu et al., 2011). These results indicate that the CO2 co feeding 

promotes cracking and dehydrocyclization, leading to production of light alkanes (methane 

and ethane) and BTX compounds. 

Figure 9 shows the effect of CO2 co-feeding on BTX selectivity over 3Dprinted 

monoliths in MTH reaction. The product distribution for methanol conversion over bare 

and metal doped-ZSM-5 monolith catalysts in the presence and absence of CO2 are 

summarized in Table 4. As evident from these results, the effect of CO2 on BTX selectivity 

varied with the type of doped metal. For instance, although the selectivity towards BTX 

were significantly reduced over Cr/ZSM-5, Cu/ZSM-5, and Ga/ZSM-5 monolith catalysts 

in the presence of CO2, CO2 co-feeding favored the formation of BTX over Y/ZSM-5 and 

Zn/ZSM-5 monoliths. The BTX selectivity over Y/ZSM-5 and Zn/ZSM-5 reached 26 and 

29%, respectively. It indicated that the ZSM-5 catalysts modified with these two metals 

can catalyze the reaction of CO2 with H2, which was generated in the methanol conversion, 

thereby consuming hydrogen atoms and reducing the formation of alkanes, as shown in 

Table 4, thus improving the yield of BTX [15]. The catalytic results also suggested that 
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higher weak surface acidity and lower strong surface acidity favored ethylene and 

propylene production, whereas presence of CO2 led to the production of more ethane. Thus, 

the weak to moderate surface acid density are optimum for the selective conversion of 

methanol to propylene in the presence of CO2. 

 

 
Figure 7. Methanol conversion under N2 and CO2 atmospheres and CO2 conversion in the 

presence and absence of CO2 as a function of time-on-stream. Reaction 
Temperature = 400 °C, WHSV= 0.35 h−1. 
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Figure 8. Light olefins selectivity over the 3D-printed monoliths with various dopants in 

the presence and absence of CO2. Reaction temperature=400 °C, WHSV=0.35 h−1, 

product samples were tested for 120 min. 

 

Table 4. Product distribution of methanol conversion over the 3D-printed monoliths 

(reaction temperature = 400 °C; WHSV= 0.35 h−1, product samples were tested for 120 
min). 

 

Furthermore, the effect of metal doping on BTX selectivity was not significant in 

the absence of CO2, however, the ratio for benzene, toluene, and xylene dependent on the 

metal dopants. The BTX selectivities over Cu/ZSM-5 and Ga/ZSM-5 were slightly higher 

than the bare ZSM-5 monolith in the presence and absence of CO2 which could be due to 

 ZSM-5 Cr/ZSM-5 Cu/ZSM-5 GaZSM-5 Y/ZSM-5 Zn/ZSM-5 

atmosphere N2 CO2 N2 CO2 N2 CO2 N2 CO2 N2 CO2 N2 CO2 

Methane 1 4.1 1 11 2 15 2.6 8.8 2 6.2 6 5.5 

Ethane 0 8.1 0 9 0 14 0.9 8.5 0 10 1 12 

Ethylene 12 1 12 3.5 12 2.9 11 2.2 13 3.8 25 6 

Propane 9 7 6 8.8 6 7.1 7.6 7.1 8 7.1 2 1.3 
Propylene 14 10 17 20 14 16 12 10 16 12 28 25 

Butane 17 9.7 15 15 13 11 15 11 14 7.4 2 3.8 

Butylene 7 5.2 4 7.2 9 7.8 6.3 6.1 9 7.7 11 12 

Benzene 2 3.8 8 1.5 8 2.9 8.3 4.3 8 4.1 3 4 

Toluene 9 15 4 0.7 3 0.9 2.5 16 2 13 4 3.3 
Xylene 5 15 3 4 8 2.7 8.5 3.5 5 8.4 8 11 

others 25 21 28 20 24 19 25 22 23 20 10 16 
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the dehydrogenation ability of these two metals that promoted the aromatization reaction 

(Suganda et al., 2013; Wei et al., 2015). 

The effect of surface acidity on the performance of zeolites in the MTH reaction 

has been investigated by several research groups (Bjørgen et al., 2004; Kim et al., 2010; 

Rownaghi et al., 2012). The incorporation of metal into the ZSM-5 paste enhanced the 

surface basicity while decreased the surface area of zeolite catalysts due to pore blockages 

by metal precursors. The obtained catalytic results demonstrated that metal doping 

enhances the catalyst stability in the absence of CO2 due to decrease in the strong acid sites, 

which led to the suppression of the side reactions such as oligomerization and 

aromatization. Moreover, as shown in Table 3 and Figure 7, with increasing the surface 

basicity, the activity of catalyst was enhanced in the presence of CO2. 

 

 
Figure 9. BTX selectivity over the 3D-printed monoliths with various dopants in the 

presence and absence of CO2. Reaction temperature, 400 °C, WHSV=0.35 h−1, product 

samples were tested for 120 min. 

 

Figure 10. Shows the amount of carbonaceous deposits on the bare and Cr-, Cu-, 

Ga-, Y-, and Zn-doped 3D-printed ZSM-5 monoliths after methanol conversion at 400 °C 

for 6 h time-on-stream in N2 and CO2 atmospheres. In general, the amount of carbonaceous 
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products deposited in the presence of CO2 was significantly lower than that in N2 

atmosphere over the same monoliths. All samples experienced a weight loss at around 100 

°C, which was assigned to the moisture in the samples. Among all 3D-printed ZSM-5 

monoliths, the amount of carbonaceous deposition was highest on Y/ZSM-5 and lowest 

over Cu/ZSM-5. Compared with the bare 3D-printed ZSM-5 monolith, although metal-

doped 3D-printed ZSM-5 monoliths exhibited high selectivity toward light olefins and 

BTX compounds, they were rapidly deactivated due to coke deposition, which completely 

blocked the internal channels of the monoliths in the absence of CO2. On the contrary, the 

amount of coke deposited on all metal-doped 3D-printed ZSM-5 monoliths (except Zn/ 

ZSM-5) was lower than on the bare ZSM-5 in the presence of CO2 mainly due to reverse 

Boudouard reaction which can improve the catalyst stability. As shown in Table 2, Zn-

doped 3D-printed ZSM-5 monolith gave rise to higher amount of propylene in the presence 

of CO2, which is the precursor for further carbon deposition. 

4. CONCLUSION 

Herein, we reported the preparation ZSM-5 zeolite monoliths with various metal 

dopants using 3D printing technique. The metal dopants were added directly to the zeolite 

paste before printing. The catalytic behavior of these novel materials was evaluated in 

methanol conversion reaction under N2 and CO2 atmosphere. Characterization results of 

the catalysts suggested that the physiochemical properties of the ZSM-5 were modified 

by incorporation of metal dopants. The catalytic results indicated that the product 

distribution varied with the type of metal doped, and that methanol conversion was 
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influenced by the acidity and basicity of the monoliths catalyst in the presence of CO2. 

Combined CO2-TPD, NH3-TPD, and catalytic evaluation results demonstrated that the 

metal-doped ZSM-5 monolith possessed more weak to moderate acid and basic sites, 

 
Figure 10. TGA (lower) and DTA (upper) profiles of the spent catalysts after 6 h of 

methanol conversion at 400 °C in the presence and absence of CO2. 

 

which accounted for its superior catalytic performance. Unlike the lower ethylene yield, 

the amount of propylene and BTX compounds were enhanced in the presence of CO2 

over all metal doped monoliths. 
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ABSTRACT 

The ability to control the morphology and porosity of zeolite-structured monolith 

is an important step in the design of zeolite-based catalysts. Herein, additive manufacturing 

method was used for the rapid synthesis of HZSM-5 structured monoliths (3D-HZSM5) 

with hierarchical porosity (macro-meso-micro) and controlled type and density of acid 

sites. After 3D-HZSM5 monolith formation, the silicoaluminophosphate (SAPO-34) was 

grown on the 3D-HZSM5 structured monolith surface via secondary growth method for 

formation of 3D-HZSM5@SAPO-34 structured monolith. The samples were characterized 

before and after SAPO-34 growth by XRD, N2 physorption, NH3-TPD, py-IR and SEM. 

The characterization results revealed formation of SAPO-34 layer on 3D-HZSM5 

structured monolith and also modification also imply that formulation of H-ZSM-5 powder 

into monolith resulted in slightly less Brønsted acid sites while the density of Lewis acid 

sites increased. The performance of the 3D-HZSM5 and 3D-HZSM5@SAPO-34 

structured monoliths were investigated in catalytic conversion of methanol to dimethyl 

ether (DME) over a temperature range of 180 to 320 °C for 10 h time on stream. The 

selectivity to DME was significantly increased as a result of modification in acidity and 
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porosity of the 3D-printed HZSM-5 structured monolith as compared to its powder 

counterpart and also 3D HZSM5@SAPO-34 structured monolith. SAPO-34 growth 

enhanced the density of strong acid sites which caused further conversion of DME to higher 

hydrocarbons. The highest DME selectivity reached 96% on 3D-HZSM5 structured 

monolith at 180 °C, which also achieved ~70% conversion of methanol. 

Keywords: 3D printing, HZSM-5 monolith, Methanol dehydration, DME selectivity. 

1. INTRODUCTION 

Dimethyl ether (DME) has been receiving a growing attention as a clean alternative 

diesel fuel and precursor for production of a number of important chemicals such as light 

olefin, dimethyl sulfate, methyl acetate and is used as an aerosol propellant to replace 

chlorofluorocarbons (1,2). Traditionally, this has been accomplished via direct production 

from syngas or by one-pot methods, however, the high energy requirements and chemical 

waste outputs generated by these approaches make them extremely unattractive from both 

industrial and environmental standpoints. For these reasons, alternative means of DME 

production – such as catalytic DME production – have been studied in recent years.(3,4) 

Various metal catalysts and zeolites, such as HZSM, HY, RHO, SAPOs, SSZ-13 and γ-

alumina have been studied for catalytic conversion of methanol to DME at temperatures 

around 180–400 °C (5–11). It is well known that methanol to hydrocarbon is a series of 

reactions by which methanol is first dehydrated to DME and water, followed by further 

formation of formation of C–C bonds such as light olefins and aromatics, from the C1 

oxygenate reactants (methanol or dimethyl ether) through hydrocarbon pool species(12). 
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According to the hydrocarbon pool mechanism, the higher alkenes and aromatics 

within zeolite cage will be methylated by C1 oxygenate reactants and subsequently 

rearrangement that lead to the formation of alkyl side chains on the aromatic ring (13). 

However, alkyl aromatics in the product stream severely affects the performance of zeolite 

catalyst due to their favorable adsorption on active sites. Moreover, blocking micro-porous 

channels present in zeolite structure diminished the mass transfer through by imparting 

additional intraparticle diffusion resistance (14, 15). In addition, the alkyl aromatics are 

precursors to coke (i.e. carbonate) formation and subsequent catalyst deactivation. 

Therefore, the formation of active and stable secondary structures such as pellets, and 

extrudate honeycomb from nano or micrometer‐sized zeolite particles remains a serious 

challenge for industrial applications (15, 16). In this regard, significant efforts have been 

made to increase the DME yield over zeolite catalysts by introduction of heteroatoms, such 

as ferrierite who exhibited reduce coking and enhanced water stability,(17,18) the 

SiO2/Al2O3 ratio, alteration of particle size and porosity and fabrication of the structured 

catalyst(10,15,19,20). 

Among different structured catalysts (e.g., pellets, beads, granules, or foams), 

structure monoliths with various types of interconnected or separated channels has have 

been proven to be excellent catalysts for chemical transformation and upgrading, as they 

impart enhanced mass transfer kinetics, especially from the bulk to the surface, as well as 

reduced pressure drops, which can diminish process energy costs (21–23). Conventionally 

structure monoliths are produced through extrusion process, however, extrusion molds 

must be manufactured to vary the structural geometry on a case-by-case basis. In turn, this 

drives up manufacturing costs and restricts the versatility of extruded monolith geometries 
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(24, 25). Recently, additive manufacturing method, or 3D printing, has emerged as a facile 

alternative to conventional extrusion, as it allows for digital customization of the as-

manufactured scaffold, as well as high support loadings and retention of support properties 

(20,26–32). For example, Denayer and coworkers (33, 34) employed 3D-printing 

technique for preparation SAPO-34 and ZSM-5 monoliths for gas separation and also 

catalytic applications. Rezaei and coworkers (32, 35, 36) successfully prepared monoliths 

of porous materials like zeolites, aminosilicates, polymers and metal–organic frameworks 

(MOFs) and utilized them for various applications. The monoliths displayed excellent 

adsorption uptake comparable to that of powder sorbents and good mechanical integrity. 

Considering its significance in catalytic reactions, the study of 3D-printed monolithic 

zeolite catalyst is scarce. In this study, we developed a facile strategy to fabricate the self-

supporting core–shell zeolite HZSM-5 structured monolith core and SAPO-34 shell grown 

on the surface of 3D printed HZSM-5 crystals. In this method, the 3D-printed HZSM-5 

(3D-HZSM5) monoliths with honeycomb structures were first created and then subject to 

a hydrothermal SAPO-34 crystallization to obtain 3DHZSM5@SAPO-34 composite with 

nanosized SAPO-34 grown on the surface of each monoliths. 

2. EXPERIMENTAL SECTION 

2.1. FABRICATION OF 3D PRINTED HZSM-5 HONEYCOMB MONOLITHS 

The physical characteristic of printing paste plays a critical role on the quality and 

structural integrity of 3D printed monoliths. The printing paste was prepared by mixing 

87.5 wt. % HZSM-5 powders (Zeolyst, SiO2/Al2O3 = 50), 10 wt. % bentonite clay powders 
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(Sigma-Aldrich), and 2.5 wt% methylcellulose using a roller for 3 h as powder. Then, ~10 

mL of water was added to make the paste homogeneous and it was rolled for an additional 

24 h at room temperature. Thereafter, it was densified using an agate mortar (Model IKA-

R25) at 300 rpm and 50 °C until a printable rheology was observed. Then the printing paste 

was transferred into a syringe (Techcon Systems) carefully to prevent air voids and 

extruded through a Nordson 0.60 mm tip nozzle with a Nordson 0.60 mm in diameter on 

the syringe under a defined x-y-z route by computer. We used Simplify3D coupled with 

pronterface. The paste was dispensed and deposited on Teflon substrate in layer-by-layer 

manner to generate honeycomb-like monoliths. The 3D-prinetd HZSM-5 monoliths were 

noted as “3D-HZSM5”. After drying at 100 °C under vacuum for 24 h, 3D-HZSM5 

monoliths were subsequently calcined under air with a heating rate of 5 °C/min and kept 

at 550 °C for 5 h to remove the organic binders.  

2.2. FABRICATION OF CORE–SHELL STRUCTURED 3D-HZSM5@SAPO-34 

COMPOSITE 

To obtain core–shell structured 3D-HZSM5@SAPO-34 composite, 3D HZSM5 

monoliths were immersed in the water suspension of 1.0 wt. % SAPO-34 obtained seeds, 

and then were shaken gently for 5 min. SAPO-34 seeds were produced from a synthesis 

mixture of aluminum isopropoxide (Al(i-C3H7O)3, Simga-Aldrich), colloidal silica (40 

wt.%, SNOWTEX-ZL), tetraethylammonium hydroxide (TEAOH, 40 wt.%, Simga-

Aldrich), and H3PO4 (85 wt.%, Simga-Aldrich) according to the literature (Xin Li, Rezaei, 

& Rownaghi, 2018). The seeded monoliths with the fresh solution mixture were transferred 

to the 100 mL Teflon-lined stainless steel autoclaves for hydrothermal treatment in a 200 

°C, pre-heated convection oven, for 6 h. After synthesis, the autoclaves were removed from 
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the oven and were allowed to cool naturally at room temperature for 12 h. Finally, the 

obtained monoliths were washed with 100 mL deionized water (three times), dried 

overnight at 110 °C and calcined at 550 °C with a ramp rate of 5 °C/min for and held for 5 

h to remove the template. The loading of SAPO-34 on 3D-HZSM5 (3D-HZSM5@SAPO-

34) were ~ 5 wt. %. The loading of SAPO-34 was determined by measuring weights before 

and after crystal growth. Figure 1 shows the optical image of the 3Dprinted 3D-HZSM5 

and 3D-HZSM5@SAPO-34 monoliths with two different diameters. 

 

 
Figure 1. Optical image of the 3D-printed 3D-HZSM5 and 3D-HZsM5@SAPO-34 

Monoliths 

 

2.3. CHARACTERIZATIONS 

The powder X-ray diffraction (PXRD) data were measured by PANalytical X’Pert 

Multipurpose X-ray Diffractometer operated at 40 kV and 40 mA with Cu-Kα1 (λ = 1.5418 

Å) radiation, 2θ range of 5- 50°, and scan rate of 2.0° min−1. Scanning electron microscopy 

(SEM, Hitachi S-4700) was used for collecting the morphologies of samples. The N2 
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adsorption–desorption isotherms at 77 K were conducted by a Micromeritics 3Flex 

instrument after the samples were degassed at 350 °C under vacuum for 6 h. The textural 

properties (total surface area, external surface area, total pore volume, macropore volume, 

and micropore volume) of all materials were estimated by using Brunauer- Emmett-Teller 

(BET) equation and t-plot and Barrett-Joyner-Halenda (BJH) methods, respectively. The 

density and strength of acid sites were estimated by temperature-programmed desorption 

of ammonia (NH3-TPD) using a Micromeritics 3Flex analyzer. The NH3-TPD analysis 

were performed (after sample pretreatment) under a flow of 5 vol% NH3/He at 100 °C to 

600 °C with constant heating rate of 10 °C min−1. The amount of desorbed NH3 were 

measured by using mass spectroscopy (MKS instrument). The amount and ratio of 

Brønsted and Lewis acid sites were estimated by ex-situ pyridine-adsorption fourier-

transform infrared spectroscopy (py-FTIR) using a Bruker Tensor spectrophotometer. All 

samples were activated at 400 °C for 4 h under vacuum to remove moisture and cooled 

down to 60 °C for adsorption of pyridine until saturation. 

2.4. CATALYTIC EVALUATION OF METHANOL DEHYDRATION 

The catalytic evaluations were carried out in a fixed-bed reactor containing a 

standard mass of catalyst (e.g., 0.50 g) at 180–320 °C and weight hourly space velocity 

(WHSV) of 2.6 g.g−1.h−1. Methanol concentration was controlled by introducing a flow 

rate of 30 mL/mi n of 99.5% N2 through a methanol saturator. A K-type thermocouple was 

positioned in the center of the catalyst bed in order to monitor the temperature. The feed 

(N2) was saturated with methanol (99.9%) in a bubble saturator at 30 °C. The structure 

temperature was maintained by a constant temperature bath. The inlet flow rate was 
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adjusted using a mass flow controller (MFC). The catalyst was then pretreated in situ at a 

heating rate of 10 °C/min under a flow of air (30 mL/min) and maintained at 500 °C for 2 

h. The temperature was then decreased to the reaction temperature in flowing nitrogen. To 

avoid possible condensation of hydrocarbons, the temperature of the effluent line was 

constantly maintained at 80 °C. The products were analyzed on-line every 30 min using a 

gas chromatography (SRI 8610C) equipped with a flame ionized detector (GC-FID) 

connected to mxt-wax/mxt-alumina capillary column for hydrocarbons. Nitrogen was used 

as the carrier gas. 

3. RESULTS AND DISCUSSION 

3.1. CHARACTERIZATION OF CATALYSTS 

The XRD patterns of all samples are displayed in Figure 2. Both HZSM-5 powder 

and 3D-HZSM5 monolith showed typical MFI framework characteristic peaks at 2θ = 

7.96°, 8.88°, 23.2°, 23.3° and 24.0° corresponding to (101), (200), (501), (341) and (303) 

planes respectively(L. Xu et al., 2008). Additionally, the peaks at 2θ = 9.7°, 13.3° and 21.0° 

were observed on 3D-HZSM5@SAPO-34 and these peaks reflect the CHA framework of 

SAPO-34 crystal growth and are agreement with the patterns reported in literature (Z. Chen 

et al., 2018; Sun et al., 2014; Tan et al., 2002). 

SEM images are presented in Figure 3 showing the morphology of the HZSM-5 

powder and 3D-printed monoliths. Bulky agglomeration was observed by compression of 

the HZSM-5 powder and 3D-HZSM5 monolith which could be due to the use of binder 

and calcination of the bare monolith. The comparison between 3D-HZSM5, and 3D-
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HZSM5@SAPO-34 monoliths indicated the successful growth of SAPO-34 crystal on 3D-

HZSM5 monolith. 

 

 
Figure 2. XRD patterns of the bare (3D-HZSM5, 3D-HZSM5/Silica) and SAPO coated 

(3D-HZSM5@SAPO-34, 3D-HZSM5/Silica@SAPO-34) 3D-printed monoliths. 

 

After grown with, uniform SAPO-34 cubic crystals with average crystal size of 

~3.4 μm with a thickness layer of ~5 μm were observed on 3D-HZSM5 monolith surfaces, 

which are marked with red frames in the cross sectional Figure 3c. and d. Notably, this 

further signified the formation of highly oriented crystals, which agreed with the XRD 

patterns. According to the weight measured before and after the shell growth, the SAPO-

34 loading on 3D-HZSM5 monolith was about 5 wt. %. It is also worth noting here that, 

as shown in Figure 3d, the SAPO-34 growth was densely loaded throughout the zeolite 

surface and appeared to be homogeneous. Moreover, the size and structure of the SAPO-

34 particles were comparable to those in established literature (i.e. cubic and ~ 3.4 μm) 

(38–40), indicating that the surface growth did not critically affect the SAPO-34 topology. 
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Figure 3. SEM images of the surface of (a) powder HZSM-5; (b) 3D-HZSM5; (c) 3D-

HZSM5@SAPO-34; (d) top view of 3D-HZSM5@SAPO-34 monoliths. 

 

As shown in Figure 4, all materials exhibited Type IV isotherms with hysteresis 

loop, which signify predominately mesoporous materials which also contain unfilled 

macropores (41). These isotherm and hysteresis profiles were to be expected, since H-

ZSM-5 is a mesoporous material and burning out the plasticizer is a known method of 

generating macroporosity. Table 1 shows the textural properties of all the investigated 

samples. The comparison between HZSM-5 powder and 3D-HZSM5 monolith indicated 

that HZSM-5 catalyst underwent a decrease in total surface area from 429 m2 g−1 to 373 

m2 g−1 after fabrication into the monolith. The comparison between the HZSM-5 powder 

and monoliths implies that the micropore volume decreased while mesopores volume 

increased after zeolite formulation into the monolith. This can be due to the addition of the 

less porous binder which diluted the zeolite and also creation of mesopores in the monolith 

by removal of the plasticizer after calcination. These results confirmed that the 3D-printing 

method, render the zeolite structured monolith with macro-meso-microprosity. Further 
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growth of SAPO-34-layer cause pore clogging and decrease both surface area and porosity 

of the 3D-HZSM5 monolith. 

The acidity of the samples was analyzed with the NH3-TPD and pyridine 

adsorption, as shown in Figure 5. The corresponding acid strengths and acid site densities 

are summarized in Table 2. As listed in Table 2, all samples show desorption of ammonia 

at 474–490 K (weak acid sites) and at 629–676 K (strong acid sites) (19, 37).  As expected, 

the 3D-HZSM5@SAPO-34 monolith exhibited slightly higher total acid sites amount due 

to the introduction of acidic SAPO-34. The comparison between HZSM-5 powder and 3D-

HZSM5 suggests that formulation of powder into monolith slightly decreased strong acid 

sites amount while the amount of weak acid sites increased simultaneously. As can be 

observed from these results, both the formulation into monolith structure and the further 

coating with CHA framework zeolite have significant effect on the catalyst acid strength 

distribution. The HZSM-5 powder exhibited slightly more total acid sites amount (ca. 0.58 

mmol g−1) compared to 3D-HZSM5 monolith (ca.  0.57 mmolg−1) and less than 3D-

HZSM5@SAPO-34 monolith (ca. 0.63 mmol g−1). The formulation into monolith structure 

reduced the strong acid sites amount of HZSM-5 powder from 0.31 mmol g−1 to 0.20 mmol 

g−1 (3DHZSM5) and enhanced weak acid sites amount from 0.27 mmol g−1 to 0.36 mmol 

g−1. The differences in acidity between the powder and monolith likely could be attributed 

to addition of the binder or may have also been caused by sintering between the zeolite 

particles reducing some of the site accessibility. The SAPO-34 growth on 3D-HZM5 

increase strong acid sites from 0.20 mmol g−1 (3D-HZSM5) to 0.28 mmol g−1 (3D-

HZSM5@SAPO-34). 
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Ex-situ py-FTIR analysis (Figure 4b) was used to better understand the type and 

density of the monolith’s acid sites. The intensity of the IR band is proportional to the 

concentration of acid sites. According to previous studies (42,43), absorption appear at 

range of 1445–1460 cm−1 and 1540–1548 cm−1 are characteristic bands of Lewis (L) and 

Brønsted (B) acid site, respectively. All samples have shown bands around 1450 cm−1 and 

1540 cm−1 and the density of corresponding Brønsted and Lewis acid sites are listed in 

Table 2, which imply that formulation into monolith resulted in slightly less Brønsted acid 

sites while the density of Lewis acid sites increased. 

Table 1. Textural properties of zeolite samples. 

Samples SBET 
a 

(m2 

g−1) 

Smicro
b 

(m2 

g−1) 

Sext 
(m2 

g−1) 

Vtotal
c 

(cm3 

g−1) 

Vmicro 

(cm3 

g−1) 

Vmeso 
(cm3 

g−1) 

HZSM-5 powder 429 261 168 0.30 0.13 0.17 

3D-HZSM5 373 214 159 0.30 0.13 0.20 

3D-HZSM5@SAPO-34 336 206 130 0.27 0.10 0.17 
a SBET was obtained by analyzing nitrogen adsorption data at 77 K in a 

relative vapor pressure ranging from 0.05 to 0.30. 
b Micropore area and micropore volume were determined using t-plot method. 
c Total pore volume was estimated based on the volume adsorbed at P/Po = 

0.99 

3.2. CATALYST TESTS 

The catalytic performance of all samples was evaluated in methanol to dimethyl 

ether reaction at four different temperatures (180–320 °C), space velocity of 2.6 g.g−1.h−1 

for 10 h time-on-stream. The methanol conversion (XMeOH) and DME selectivity results 

are shown in Figure 6. Over all samples, the methanol conversion enhanced by increasing 

reaction temperature. It can be observed that although HZSM-5 powder showed slightly 
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higher conversion than its monolith counterpart 3DHZSM5 at lower reaction 

temperature, but 3D-HZSM5 monolith was found to be active and stable at higher 

reaction temperature. 

 

 
Figure 4. N2 physisorption isotherms and PSD (insets) of (a) pure HZSM-5, (b) 

3DHZSM5 and (c) 3D-HZSM5@SAPO-34. 
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Figure 5. NH3-TPD profiles (a) and py-FTIR spectra (b) of the HZSM-5 powder, 3D-

HZSM5, and 3D-HZSM5@SAPO-34 monoliths. 

 

Table 2. Acid site distribution results calculated from NH3-TPD profiles and pyridine 

adsorption. 

Sample Weak acid 

peak 

Strong acid 

peak 

L acid 

site 

B acid 

site 

T 

(°C) 

Amount 

(mmol 

g−1)a 

T 

(°C) 

Amount 

(mmol 

g−1)a 

(mmol 

g−1)b 

(mm

ol 

g−1)b 

HZSM-5 powder 215 0.27 400 0.31 0.17 0.40 

3D-HZSM5 213 0.36 377 0.20 0.19 0.38 

3D-

HZSM5@SAPO-34 

210 0.35 380 0.28 0.22 0.41 

 

a Total acid site amounts, weak and strong acid peak centers were 

obtained from NH3-TPD profiles. 
b Brønsted to Lewis site were calculated from pyridine adsorption FTIR 

bands intensity. 

 

The lower methanol conversion over 3D-HZSM5 monolith might be the 

consequence of reduced site accessibility caused by sintering between the zeolite particles 

and inert binders during calcination, as previously discussed. This is in accordance with 

the acidic property results obtained from NH3-TPD and py-FTIR measurements, where the 
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density of strong acid sites within the 3D-HZSM5 and 3D-HZDM5@SAPO-34 structured 

monoliths are lower than that of HZSM-5 powder. As reported previously (Jang et al., 

2012), the zeolites with smaller crystallites exhibited higher catalytic activity due to higher 

availability of Brönsted acid sites within microporous and also higher reactant/product 

diffusivity. 

 

 
Figure 6. Methanol conversion (XMeOH) and selectivity to DME as a function of 

temperature over HZSM-5 powder, 3D-HZSM-5, and 3D-HZSM-5@SAPO-34 

monoliths. (10 h time-on-stream; WHSV: 2.66 gg−1h−1). 

 

Overall, both monoliths exhibited higher selectivity towards DME than the HZSM-

5 powder. Since it has been broadly accepted that DME is an intermediate and a precursor 

for formation of light olefins and other hydrocarbons within zeolite framework cages and 

channels it is proposed that the formulation of zeolite into the monolith structure. 

Furthermore, 3D-HZSM5@SAPO-34 shows slightly lower DME selectivity due to pore 

clogging which cause, lower porosity and surfaces area and intrazeolitic diffusion 

limitation which should be much severer in larger zeolite crystallites. Although the growth 
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of SAPO-34 on 3D-HZSM5 enhanced density of acid sites, however, it caused pore 

clogging which reduced microporous and mesopores size/volume dramatically, whereas 

both Brønsted and Lewis acid sites were increased by growth of SAPO-34 crystals. The 

3D-HZDM5 showed higher methanol conversion and DME selectivity at all reaction 

temperatures because of its low number of strong Brönsted acid sites and higher 

micro/mesoporocity, shorter diffusion path allowing the rapid out diffusion of DME from 

3D-HZDM5 catalyst monolith compared to 3DHZDM5@SAPO-34. The major products 

of the methanol conversion over both catalyst monoliths (3D-HZDM5 and 3D-

HZDM5@SAPO-34) at 250 C were lower olefins such as ethylene and propylene, with 

very low formations of larger chain hydrocarbons and aromatics. At the same reaction 

conditions, DME yields over HZSM-5 powder after 120 min on stream were less than 5% 

because of its rapid deactivation and coke formation. The higher rate of coke formation 

over HZSM-5 powder was attributed to the further light olefin conversion to aromatics and 

paraffins as well as intrazeolitic diffusion limitation of larger hydrocarbons. These results 

are in agreement with previous report that confirmed HZSM-5/SAPO-34 composite with 

hierarchical structure is favored the conversion of methanol/DME to light olefins, larger 

hydrocarbons and aromatics (Dai et al., 2011; Hirota et al., 2010; Jang et al., 2012). 

4. CONCLUSION 

This work described the synthesis of 3D-printed HZSM-5, and 3DHZSM-

5@SAPO-34 monoliths with a hierarchical (macro-meso-microporous) pore network. The 

formulation of 3D-HZSM5 structured monolith favored the mass transfer and DME 
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selectivity. The growth of SAPO-34 crystals via secondary growth method were applied to 

tune the porosity and acidity of 3D-HZSM-5 monolith. Catalytic evaluation of the zeolite 

monoliths in the methanol dehydration reaction indicated that the selectivity toward DME 

was favored 3D-HZSM-5 structured zeolite monolith. This study provides a foundation for 

preparation of zeolite monoliths with tunable properties by 3D printing method that can be 

tailored for specific chemical reactions.  
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SUPPLEMENTARY DATA 

 
Figure S1. Optical image of the 3D-printed 3D-HZSM5 and 3D-HZsM5@SAPO-34 

monoliths. 

Figure S2. SEM images of the surface of (a) powder HZSM-5, (b) 3D-HZSM5, and (c) 

3D-HZSM5@SAPO-34 monoliths. 
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ABSTRACT 

 

In this study, bifunctional catalysts (V2O5, ZrO2, Ga2O3 doped H-ZSM-5) were 

synthesized through additive manufacturing method. The effect of direct metal oxide 

dpoing on HZSM-5 have been investigated in a continuous tubular microreactor at 200, 

300, and 400 ℃, 1 bar, and a space velocity of 2.6 g/g.h.hr for methanol to dimethyl either 

(MTD) reaction. Characterization and correlation between the XRD, NH3-TPD, H2-TPR, 

SEM-EDS and TGA/DTA experiments and the methanol dehydration activity revealed that 

the direct 3D printing of metal oxides combined with H-ZSM-5 can result in significant 

modification in the surface properties and bulk dispersion of the metal oxide phase, which 

in turn leads to a higher reducibility of the metal oxide doped HZSM-5 monolithic 

catalysts.  Among the various compositions of metal oxides/H-ZSM-5, the 5 wt.% Ga/ H-

ZSM-5 catalyst monolith exhibited the highest activity, achieving ~97% methanol 

conversion, ~40% dimethyl ether selectivity at 400 ℃. Overall, this study presents a novel 

way of manufacturing bifunctional structured catalysts which exhibit exceptional MTD 

performances. 

Keywords: metal oxide, H-ZSM-5, methanol dehydration, DME, monolithic catalysts. 
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1. INTRODUCTION 

Methanol-to-DME is one of the significant reactions in C1building block in the 

petrochemical industry and chemistry, the reaction offers an alternative cost-dynamic stand 

for producing DME as an alternative fuel (1). The properties of DME comparable to those 

of liquefied petroleum gases LPG but with more advantages such as roughly non-toxic, 

minimum NOX emissions, lower smoke, and less engine noise,  and because it turns into a 

liquid at room temperature it easier to store and transport and handle. (2–5). 

DME) involved in several applications including a propellant in aerosol 

formulations as a basic material for the synthesis of dimethyl sulphate, methyl acetate, 

ethylidene diacetate, and light olefins (6, 7). Additional DME is a substitutional, neat, and 

friendly environment fuel for compression–ignition engines (8–12) and gas turbines (13), 

and a source of hydrogen for fuel cell applications (11, 14, 15).  Furthermore, DME may 

use as a transporter for hydrogen. 

Various solid acid catalysts such as zeolite (e.g., ZSM5, SAPO-34), metal oxides 

(e.g., γ-alumina, TiO2, CeO3) and bifunctional catalysts such as V2O5, ZrO2, Cr2O3, Nb2O5, 

Mo2C, Ga2O3 and In2O3 supported on metal oxides and or zeolites have been studied for 

their activity in the MTD reaction ; as these particular oxides provide the necessary active 

sites to reduce CO2 into CO, while the support provides the acid surface sites necessary to 

dehydration of methanol into DME(4,17–20). These bifunctional catalysts are commonly 

synthesized and evaluated as powders and cannot be directly implemented into industrial 

reaction processes because high flow rates will lead to scattering and material loss (21, 22). 

Therefore, it is important to structure these bifunctional catalytic materials prior to 
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utilization in MTD reaction. One way to accomplish this at the millimeter scale is by 3D 

printing them into honeycomb monoliths. This technique is especially attractive from an 

industrial perspective, as it allows the as-manufactured scaffold’s geometry to be digitally 

tuned without necessitating the production of extrusion molds, thereby reducing 

machining, labor, and material costs (26–28). 

In our previous works, we developed zeolite/oxide catalysts for methanol-to-olefin 

conversion by 3D printing. However, the incipient impregnation technique, where nitrated 

metal salts were dissolved in the printing paste and calcined to form the oxide components, 

produced hydrophobic binding behavior and non-flowing rheology upon increasing the 

oxide loading beyond 5 wt.%. Because of this, the conversion of methanol to propylene 

was previously limited to further convention of DME to light olefins and aromatics. The 

most obvious way of addressing these low conversions would be to increase the oxide 

concentration within the scaffold, thereby enhancing the number of oxidation states during 

reaction and increasing the surface density of active sites on the oxide component. 

However, this cannot be accomplished by the impregnation approach, on account of the 

aforementioned hydrophobic behavior. For this reason, a new method to increase the oxide 

loading whilst maintaining a favorable rheology must be developed to enhance the catalytic 

properties of 3D-printed H-ZSM-5/oxide monoliths.  

Motivated by this exciting possibility, this study reports the direct formation of 

oxide/HZSM-5 bifunctional structured catalysts with high oxide loading (single and 

mixed-metal oxide) through additive manufacturing method by directly printing insoluble 

metal oxides alongside H-ZSM-5 within a single ink. This method for formation of 

bifunctional heterogeneous catalyst offers an effective strategy to develop superior MTD 
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with not only high selectivity but also high activity that could be used to manufacture 

various bifunctional structured catalysts by incipient impregnation and calcination using 

nitrate salts. As such, the new additive manufacturing method reported herein opens up 

novel and important pathways through which 3D-printed structured heterogeneous 

catalysts can be customized. 

The objectives of this investigation are to understand the additional influence of a 

Ga, Zr or V promoter on a HZM-5 bifunctional catalyst with respect to the high catalytic 

performance and stability for a single-step synthesis of DME from methanol at 200-400 

°C. 

2. EXPERIMENTAL 

2.1. MATERIAL AND FEED 

All materials applied in this work from Sigma Aldrich (Ga2O3 (99.99%), ZrO2 

(99%), V2O5 (98%), bentonite clay (Sigma), and methylcellulose (99%). The H-ZSM-5 

was synthesized from the calcination of commercial ammonia-ZSM-5 powder (CBV 

5524G, Zeolyst, SiO2/Al2O3 = 50) at 823 K for 6 h. 

The feed (Methanol 99.9%) was purchased from Fisher Scientific and all UHP 

gases from Airgas. 
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2.2. PASTE OXIDE RATIO AND 3D-PRINTING FORMULATION STEPS 

All catalysts were synthesized as 3D-printing monoliths. The metal oxides were 

added as a powder to ZSM 5 to manufacturing the monoliths. The ratio for all metal oxides 

was kept the same (4%) balanced with HZSM5. 

The paste fabrication details and ratio components in Table 1 were 3D-printed into 

the steps for 3D-printing manufacturing setup particularly in previous work (24, 29–32). 

The weight ratio from Table 1 for metal oxide and HZM5 and bentonite clay were mixed 

inside of a PTFE bottle with 15 mL of DI water. The bottle was well shaken and the mixture 

was rolled at 30 rpm for 48 h at room temperature in Roller. The slurry was formed after 

transferring the mixture to a PTFE beaker located in the touch of the ultrasonic bath and 

stirred it after added the weight % of methylcellulose listed in table 1.  The same step for 

3D-printing was followed as mention earlier. After printing, the monoliths were dried 

overnight at 25 °C. Then the monoliths were calcined at 550 °C for 6 h.  

Table 1. Paste compositions used for manufacturing the catalyst monoliths. 

Catalysts Name  Ga2O3 

(wt. 

%) 

ZrO2 

(wt. 

%) 

V2O5 

(wt. 

%) 

HZSM

5 (wt. 

%) 

Bentonite 

clay (wt. 

%) 

Methylce

llulose 

(wt. %) 

ZSM5 Bare 0 0 0 84.8 12.7 2.5 

4%Ga/ZSM5 3.4 0 0 81.4 12.7 2.5 

4%(GaZr)/ZSM5 3.4 3.4 0 78 12.7 2.5 

4%(GaV)/ZSM5 3.4 0 3.4 78 12.7 2.5 

 

2.3. CHARACTERIZATION 

The X-ray diffraction (XRD) patterns were run to analyze the crystallography of 

the sample and performed by using a PANalytical X’Pert multipurpose X-ray 

diffractometer with a scan step size of 0.02°/step at the rate of 137.2 s/step from 5 < 2θ < 
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90 °.  The samples’ physisorption properties were evaluated by N2 adsorption 

measurements at 77 K on a Micromeritics (3Flex) gas analyzer. Before analysis, the 

samples were degassed under vacuum at 350 °C on a Micromeritics Smart VacPrep system 

for 6 h. The surface area and pore volume were calculated by the Brunauer-Emmet-Teller 

(BET) and non-local density functional theory (NLDFT) methods, respectively. The 

diffractive patterns were collected using zero-noise silicon substrates (SIL’TRONIX). The 

surface topographies were assessed by high-performance field emission scanning electron 

microscopy (FE-SEM) on a Zeiss Merlin Gemini microscope. Energy dispersive 

spectroscopy (EDS) was collected on a Bruker 5030 X-Flash diffractometer using an 

accelerating voltage of 25 kV. NH3-TPD and H2-TPR were both performed on 3Flex using 

a method that was outlined in our previous works (33, 34). 

2.4. CATALYTIC TEST 

The catalytic assessment was carried out in a fixed-bed reactor containing a 

standard mass of catalyst (e.g., 0.50 g) at 200, 300, and 400 °C and weight hourly space 

velocity (WHSV) of 2.6 g/g.h. Methanol fed to the reactor by inserting N2 (99.5%) through 

a methanol saturator at 30 °C and adjust the flow rate at 30 mL/min by a mass flow 

controller (MFC). A K-type thermocouple was positioned in the center of the catalyst bed 

to monitor the bed temperature. The structure temperature was maintained by a constant 

temperature bath. The catalyst was then pretreated in situ at a heating rate of 10 °C/min 

under a flow of air (30 mL/min) and maintained at 500 °C for 2 h. The temperature was 

then decreased to the reaction temperature in flowing nitrogen. To avoid possible 

condensation of hydrocarbons, the temperature of the effluent line was constantly 
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maintained at 80 °C. The products were analyzed on-line every 30 min using gas 

chromatography (SRI 8610C) equipped with a flame ionized detector (GC-FID) connected 

to mxt-wax/mxt-alumina capillary column for hydrocarbons. Nitrogen was used as carrier 

gas. 

 

3. RESULTS AND DISCUSSION 

3.1. XRD ANALYSIS 

The XRD patterns for all monoliths are shown in Figure (1). The peaks observed at 

2θ = 8.0, 9.0, 14.8, 22.9, 24.0 and 29.8°, are corresponding to, (101), (200), (301), (501), 

(303), and (503) planes, respectively,  in each of 4%GaZSM5, 4%(GaZr)ZSM5, and 

4%(GaV)/ZSM5 which agreed with MFI structure and indicate the ZSM5 structure kept 

same even after incorporating with metal oxides (35)(36). As evident, the gallium, 

zirconium, and vanadium oxide monoliths exhibited diffractive indices which were 

consistent to those for ZSM-5. The peaks observed for all samples contain Gallium at 2θ = 

22° which is attributed to the (201) plain of Gallium oxide rod (37). For 4 %( GaZr)/ZSM5 

has diffraction peaks at 2θ = 28.2°, 31.5°, and 38.5°, which are corresponding, to [−111], 

[111], and [120] planes, respectively index of nanoscale ZrO2. (38, 39). Additionally, the 

intensity is less due to Gallium which is a sign of high Gallium distribution on the surface. 

Noting, 4 %( GaV)/ZSM5 have a peek at 2θ = 22⁰ which is related to the (001) index of 

crystalline V2O5 (34).  
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Figure 1. XRD patterns of bare and metal oxide-doped HZSM-5 monoliths. 

 

3.2. TEXTURAL PROPERTIES 

The textural properties of the monolith catalysts and pore distributions were 

specified by N2 physisorption isotherms which are presented in Figure 2 and summarized 

in Table 2. It can be noted that all the monoliths behaved similarly to type IV physisorption, 

which is presented by mesoporous adsorbents and somewhat similar to H4 hysteresis loop 

which is consistent with microporous and mesoporous zeolites such as H-ZSM-5 and 

indicated that neither the 3D-printing method nor the calcination step significantly changes 

the pore structure (42). 

Table 2. concludes the textural properties of the tested 3D-printed monolithic 

catalysts. Compared with the HZSM5 powder from the previous work (31,34) all monoliths 

subjected a decrease in total surface area and pore volume that were be expected as they 

are consistent with the oxide and bentonite concentrations within the 3D-printed monolithic 

catalysts. 
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Figure 2. N2 physisorption isotherms and pore distributions (insets) for bare and metal 

oxide-doped HZSM-5 monoliths. 

 

Table 2. Textural properties of the 3D-printed oxide@ZSM-5 catalyst monoliths. 

 

3.3. MORPHOLOGIES AND ELEMENTAL MAPPING  

Figure 3 shows scanning electron microscopy (SEM) of 4%Ga/ZSM5 and gallium 

mapping. In Figure (3a), the monoliths exhibited channels that were ~300 µm in diameter 

Monoliths Name SBET 
(m2g-1)a 

Vtotal 
(cm3g-1)b 

Pore D 

ZSM5 Bare 373 0.30 2.5 

4%Ga/ZSM5 321 0.24 1.58, 1.48, 1.4 

4%(GaZr)/ZSM5 303 0.21 1.58, 1.84 

4%(GaV)/ZSM5 256 0.20 1.58 

a SBET was obtained by analyzing nitrogen adsorption data at 77 K in a 

relative vapor pressure ranging from 0.05 to 0.30. 
b Total pore volume was estimated based on the volume adsorbed at 

P/Po = 0.99. 
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and showed no visible cracking. The surface topographies were rough and contained pores 

of ~5-10 µm in diameter, which were likely formed during methylcellulose removal 

(Figure 3b-3c). (43). It worth observing that in the red arrow (Figure 3c), a brief bar-like 

structure was detected across the monolith surface. After zooming in (Figure 3d), was 

found to be ~5 μm in diameter. Using EDS was identified as gallium oxide (Figure 3e-3f). 

The literature agreed with that (44). 

 

 
Figure 3. SEM images of the surface of 4%Ga/ZSM-5, (a-d) SEM micrographs, (e-f) 

Gallium maps. 

 

Figure 4 shows scanning electron microscopy (SEM) of 4 %( GaZr)/ZSM5 and 

(gallium, Zirconium) mapping. As presented in Figure 4a, the channels of the monolith 

uncloudy and the diameter was approximately 500 µm. Also, slight cracking was observed 

(Figure 6a). The crack caused for the same reason as on 4%Ga/ZSM5. The surface 

topographies were rough (Figure 4(b,c)),  it has been noting also in figure 4d tetrahedral 
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structure was appeared and that refers to tetragonal ZrO2 or t-ZrO2 which is consisted from 

the affected of Ga2O3 on ZrO2.(45)(46). XRD results proved the ZrO2 appearance. Looking 

at Figure (4e, 4f) the distribution of gallium oxide exhibited all over the crystallite surface. 

On the other side, the zirconium oxide is distributed heterogeneously Figure (4e, 4g). 

 

 
Figure 4. SEM images of the surface of 4 %( GaZr)/ZSM-5 (a-d) SEM micrographs, (e.f) 

gallium, (e.g) Zirconium maps. 

 

The SEM images and vanadium map for 4%GaV@ZSM-5 are shown in Figure 5. 

From Figure 5a, the monolith exhibited cracking. Notably, this was not observed in the 

previous sample and may have been caused by the chemical interactions between vanadium 

oxide and zeolite during calcination. Namely, the reformation of the zeolite bonds could 

have led to additional gas generation during heating, thereby introducing surface flaws. A 

similar impact was occurred in (43). While the overall structure was stable. In the higher 

magnification images, a cluster phase distribution with some collapse in the surface was 
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observed in Figure 5b. Upon zoom in one of these areas (Figure 5c), two structures phases 

were clarified. First a bar-like structure identified as Ga2O3 exhibited in 4%GaZSM5. 

Second in figure 5d is pentagonal-structure is refer to vanadium-substituted H-ZSM-5 

particles (47). Looking at figure (5e, 5f) the distribution of gallium oxide exhibited 

heterogeneously on the surface. However, a high distribution of the vanadium oxide 

appeared in the surface Figure (5e, 5g). 

3.4. REDUCIBILITY OF 3D PRINTING MONOLITHS 

The results appeared in Figure 6 is to exhibit the H2-TPR of all 3D-Printing 

monoliths. Two different peaks demonstrate among most of the monoliths which 

demonstrate the probability of two reduction steps for metal species. For 4%Ga/ZSM5 the 

small reduction peak appeared at a lower temperature 150°C explained the appearance of 

low dispersed gallium oxides on the external surface which can be reduced at low 

temperature that’s agreed with the SEM results. The second reduction peak observed at 

650°C for the same monolith corresponds to the reduction of Ga2O3 to Ga2O joined into 

the ZSM5 framework (48). 

Additionally, for 4%(GaV)/ZSM5 the reduction peaks illustrate at range 500- 

600°C assign to the reduction phenomenon of V2O5 to V6O13 then the formation of V2O3 

by the reduction of V2O4 (49,50). At low temperature, the redox behavior of all bimetallic 

monoliths observed in the range of (150 – 250 °C). Overall, depending on the results of 

H2-TPR the reducibility of ZSM 5 has been changed due to the reduction behavior of the 

metallic oxide. 
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Figure 5. SEM images of the surface of 4 %( GaV)/ZSM-5, (a-d) SEM micrographs, (e.f) 

gallium, (e.g) Vanadium maps. 
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Figure 6.  H2-TPR profiles of all the 3D-printing monoliths. 

 

3.5. THE ACIDITY OF 3D-PRINTING MONOLITHS 

The temperature-programmed desorption of ammonia (NH3-TPD) experiments in 

Figure 7 was carry out to display the acidic properties of all the Monoliths. High-intensity 

peaks in the range of (100  ̶250 ° C) has been observed for all the monoliths symmetric to 
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the week aside side. Depend on the literature for the bare ZSM-5, double peaks should be 

found, refer to weak acid side and strong acid side (35, 51, 52). So the losses in the strong 

peak on the monoliths indicating that the structure of the ZSM5 change. An extra peak 

exhibited in 4%Ga/ZSM5 with small intensity in the range of (300 ̶ 450°C) that refers to a 

strong acid side. The behavior of gallium in zeolite ZSM-5 minimizes the intensity of acidic 

sites and generates gallium species outside the network that can increase the methanol 

dehydration to DME (51). 
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Figure 7.  NH3-TPD profiles of all the 3D-printing monoliths, bare ZSM5, 4 %( 

Ga)/ZSM5, 4 %( GaZr)/ZSM5 and 4 %( GaV)/ZSM5 

 

3.6. CATALYSTS PERFORMANCE 

The catalytic behavior of all monoliths has been investigated in methanol to 

dimethyl ether reaction at temperatures (200, 300, and 400 °C), the space velocity of 2.6 

g/g.h for 10 h time-on-stream. The results visualized in Figure 11 indicated the methanol 

conversion (XMeOH (%)) and the selectivity toward DME (SDME (%)) for all the monoliths. 

All the catalysts indicated high methanol conversion with temperature increase but the 

DME selectivity it mutates between monoliths, due to the different acidic and metallic 
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properties. The results from the catalysis stability experiments at 200-400 °C are shown in 

Figure 11. The highest DME selectivity (~80%) was obtained with the bare HZSM-5 at 

200 C and Ga@ZSM-5 monoliths at 300 and 400 C, while methanol conversion of ~85%, 

~90 and ~97% were obtained over Ga@ZSM-5 monoliths at all reaction temperatures. 

In the case of monometallic catalyst (4%Ga/ZSM5) the DME selectivity even at 

high temperature up to 400°C enhanced most likely due to the decrease in the strong acid 

site (Bronsted acid side) of the HZSM5 and shifted to weak Lewis acid sites led to hinder 

side reaction (53) and as another evidence all the peaks below 250°C signifying to Lewis 

acid site (54). On the other hand, the bimetallic catalysts (4 %( GaZr)/ZSM5, and 4 %( 

GaV)/ZSM5, represented decrees in DME selectivity with increasing the reaction 

temperature due to the formation of other hydrocarbons and coke formation. In general, the 

monometallic catalysts achieved higher activity as well as higher deactivation contrasted 

to the bimetallic catalysts (55).  

Table 3 presented the methanol conversion and the product selectivity for all the 

monoliths in the three-reaction temperature. It worth noting that the highest DME 

selectivity (and a lower amount of other hydrocarbons such as methane, olefins, aromatics, 

and BTX are obtained at the lower reaction temperature, while higher methanol conversion 

is favor at the higher temperature (e.g., 400 °C). On the basis of these results, the 

oxide/zeolite catalysts’ activities were concluded as Ga@ZSM-5 showed the highest 

methanol conversion at all reaction temperatures and also higher DME selectivity above 

300 °C. The facile reducibility of Ga2O3 particles with high dispersion and an appropriate 

acidity and electronic state of Ga species are mainly responsible for the superior catalytic 

performance with the help of structural promoting effects of Ga promoters on ZSM-5. 
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In comparison to an unpromoted bifunctional catalyst, promoted catalysts with both 

Ga-Zr and Ga-V showed a higher catalytic performance and stability at 200 and 300 °C, 

however, both monolithic catalysts were deactivated at higher temperature of 400 °C due 

to coke formation. 

Table 3. Methanol conversion and DME selectivity results through different temperature 

and overall monoliths 

Monoliths 
Reaction 

Temperature 
(°C) 

Methanol 

conversion 
(%) 

Selectivity (%) 

DME Other HCs 

ZSM5 Bare 200 69.16 80.64 19.36 
4%(Ga)/ZSM5 200 85.21 73.9 26.10 

4%(GaZr)/ZSM5 200 81.92 24.98 75.02 

4%(GaV)/ZSM5 200 81.42 32.28 67.72 

     

ZSM5 Bare 300 81.07 25.03 74.97 
4%(Ga)/ZSM5 300 90.47 38.99 61.01 

4%(GaZr)/ZSM5 300 84.08 24.56 75.44 

4%(GaV)/ZSM5 300 82.46 30.28 69.72 

     

ZSM5 Bare 400 86.83 19.96 80.04 
4%(Ga)/ZSM5 400 96.49 38.64 61.36 

4%(GaZr)/ZSM5 400 71.41 1.13 98.87 

4%(GaV)/ZSM5 400 62.69 2.93 97.07 

 

3.7. THERMOGRAVIMETRIC ANALYSIS-DIFFERENTIAL THERMAL 

ANALYSIS (TGA-DTA) 

The weight loss profiles from TGA for the monoliths following reaction are shown 

in Figure 9. At reaction temperature 200°C the weight loss for all the monolith <2% 

suggesting that the effect on coking may be minimal at this temperature. At reaction 

temperature 300°C, all monoliths shown weight loss at the rang (200 -300°C), Ga@ZSM- 
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Figure 8. Test of bare ZSM5, 4 %( Ga)/ZSM5, 4 %( GaZr)/ZSM5, and 4 %( GaV)/ZSM5 

for Methanol conversion (%) and selectivity to DME as a function of Time on stream 
(TOS). (WHSV= 2.66 gg−1h−1). 
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5 exhibited 2.7% weight loss, but 2.07% and .87% weight loss by addition of Zr and or V 

to Ga respectively. Beside the weight loss at 500°C > the weight loss decrease to be 2.1% 

for Ga-ZSM5, 0.7% for GaZr-ZSM5, and 0.2% for GaV-ZSM5 in other way the coking 

amounts were nearly identical for all the monoliths, further suggesting that this new method 

produces monoliths which are highly stable. 

However, at reaction temperature 400°C substantial differences were observed between 

GaZr-ZSM5 and GaV-ZSM5 with 10.6% and 11.9% respectively, in compared to Ga-

ZSM5 and bare ZSM5 which they shown <1.3% for both. Overall, the coking amounts 

across all samples were significantly less than monoliths produced by the wet-impregnation 

technique in our previous work (30). 

4. CONCLUSION 

This work demonstrated a novel method of manufacturing high-loaded catalyst 

monoliths for MTD reaction through direct 3D-printing of insoluble oxides. All catalyst 

monoliths displayed here showed favorable performance in MTD, where the best 

performance was observed in the Ga@ZSM-5, which produced an 85% methanol 

conversion as well as nearly 74% DME selectivity. Given that this work demonstrated a 

proof-of-concept for this new technique, without any optimization regarding calcination 

temperature, zeolite/oxide loadings, and monolith geometry, we anticipate that these 

materials can be further tuned to enhance the methanol conversion, DME, and light 

olefins selectivity. Overall, this work has demonstrated an extremely effective and 

versatile means of manufacturing 3D-printed catalysts that outperform the current state-
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of-art materials, such as monoliths produced with nitrate impregnation, where propane 

conversion was limited to 5%. 
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Figure 9. TGA (lower) and DTA (upper) profiles of the spent catalysts after 5 h of 

MTD at, a) 200°C, b) 300°C, and c) 400°C. 
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SECTION 

2. CONCLUSIONS AND FUTURE WORK 

2.1. CONCLUSIONS  

In this dissertation, multiple zeolite catalysts were designed out of 3D-printing 

monoliths to create fine-tuning micro-meso-macro-porosity and structured the surface 

acidity by incorporating several metal oxides via different methods.  The designed and 

structured zeolites were used in methanol conversion as heterogeneous catalysts to 

produced hydrocarbons and through a catalyzed methanol dehydration to form dimethyl 

ether. 

In brief detail, the zeolite monoliths were modified by adding metal precursor into 

the preparation paste step before the 3D printing process.  A group of 3D-printed zeolite 

doped with Ga2O3, Cr2O3, CuO, ZnO, MoO3, and Y2O3 was synthesized. The influence of 

metal dopants in the 3D-printed ZSM-5 monolith catalysts for the methanol to 

hydrocarbons (MTH) reaction was investigated in the presence and absence of CO2 and 

their performance evaluation was tested in a fixed-bed reactor. No promotional effect after 

dopping with metals on the MFI framework of ZSM5 but the porosity and the acidity of 

the catalysts were changed. That Y- and Zn-doped ZSM-5 monoliths exhibited higher yield 

of light olefins and BTX compounds in the absence and presence of CO2, respectively 

Furthermore, the utilization of the 3D printing technique method for manufacturing 

catalytic catalysts was investigated. This fabrication method provides quick and simple 

steps, low financially, and an easy way of making customized structured catalysts. 3D-
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printed HZSM-5 zeolite was successfully synthesized, and the HSZM5 monoliths were 

followed by coated with SAPO-34 layers. The HZSM5 monolith and its counterpart power 

has been compared about their surface area and porosity. Also, the 3D-printing monolith 

design affected the zeolite acidity. Generally, the catalyst properties confirmed the stability 

of the HZSM-5 catalyst in methanol dehydration and enhanced the production of DME. 

Additional, 3D HZSM5@SAPO-34 structured monolith promoted the density of strong 

acid sites led to form higher hydrocarbons. 

Moreover, the small load percentage weight of Ga, Zr, and V incorporates with 

HZSM5 and is designed as 3D-printing monoliths and test their behaver in Methanol to 

DME to evaluate the stability and selectivity toward DME formation. All the monolith 

achieved high conversion at low temperature but Ga as a monometallic monolith enhance 

the production of DME. On the other side, the increase in the reaction temperature boost 

to form of other hydrocarbons. 

2.2. FUTURE WORK  

For designed and manufactured as a 3D-printing monolith, influenced many factors 

such as the thickness of the wall, channel dimensions and shape, and the number of layers, 

could be improved, for better achievement and performance and to develop the 3D-printing 

technique. Besides the coating method in zeolites has been reported in different processes 

but the effect of the coating thickness as a parameter must be studied. Also, the study of 

the effect of monometallic, bimetallic, and mixmetalic oxides incorporated with ZSM5 in 

a 3D-printing monolith, in the structure and characterization could go into deep 
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investigation. Besides the effect of the metal loading could be counted as an important 

parameter in all heterogeneous catalysts. 

Also, direct synthesis of DME from synthesis gas (CO+H2) can be investigated on 

bifunctional catalysts, containing CuZnO/Al2O3 and ZSM-5 promoted with Zr or Ga on V 

as a methanol dehydration catalyst.
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