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ABSTRACT 

Shaping and optimal compositional formulation are major challenges in the successful industrial 

application of heterogeneous catalysts. The choice of components during formulation plays a vital 

role in endowing the final catalyst’s mechanical strength, durability, lifetime and may even affect 

activity and selectivity. Herein, we evaluate the application of spray-drying to manufacture 

spherical ZSM-5 based catalysts and their applicability in the methanol-to-olefins (MTO) process. 

Several critical parameters of the spray drying process and various aspects related to catalyst 

formulation (binder, zeolite, clay) are investigated. Chemical composition and structure of the clay 

matrix substantially influence the catalytic performance.  
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Introduction 

Advancement in the matrix design is crucial for the large-scale implementation of new catalysts 

developed at lab scale. Moving these powders from the lab to industrial application requires, in 

addition to up-scaling technology, their shaping into appropriate particles through formulation. 

Catalyst formulation is key to avoiding unaffordable pressure drops during reactor operation in 

fixed bed mode, to achieve the right fluidization regime in fluidized beds and transport reactors, 

to ensure the proper accessibility to active sites and to handle extreme heats of reaction. During 

their lifetime, catalyst particles undergo substantial mechanical and thermal stress that lead to the 

production of fines.1-2 These negatively reflect on economic factors, including damage of industrial 

units and irreversible loss of catalyst. The optimal catalyst body is the one that combines properties 

such as activity, selectivity, lifetime and suitable cost. Catalyst formulation requires an appropriate 

selection of components that is highly dependent on the manufacture method used (i.e. extruding 

or spray drying).3 

Spray drying is a technique that converts a spray of slurry into a dry powder by evaporation of a 

solvent. The main principle of the spray drying process is to bring the liquid slurry in contact with 

the drying gas, usually air or nitrogen, all together passing through a nozzle of certain aperture and 

creating a spray of small droplets. During the atomization process, the droplets of feed have a high 

surface area per unit of weight that allows fast and effective conversion to solid particles with 

spherical shape. Spray drying is one of the most effective ways for the shaping of variety of 

compounds and composites that allows for a remarkable control over final product properties: 

particle size distribution, residual moisture content, bulk density, and morphology.4-6 In contrast 

to other wet-shaping methods such as extrusion or granulation, spray drying offers several major 

advantages, namely the ability to control granule density through the solid content of the slurry 



 4 

and the production of effectively packed spherical particles with a high degree of homogeneity. 

The possibility to handle low-shear all-in-one multicomponent suspensions eliminates the 

problems of inconsistent and unpredictable binder distribution over the composite; and reduces the 

number of pre- and post-preparation operations such as in extrusion-spheronization processes.  

Widely applied in the processing of solid products in dairy7-10 and pharma industries,11-12  the little 

open research in this field has focused on the optimization of hardware and processing 

conditions.13-14 In the fields of catalysis and materials chemistry, Santiago et. al. showed that 

highly-dispersed, uniformly-sized, and sintering-resistant ferrierite-supported Pd nanoparticles 

can be prepared by a straightforward combination of impregnation and fast drying, in which the 

spray dry processing governs the effective impregnation and fixation of Pd species within the 

zeolite.15 Maspoch et. al. applied spray drying to synthesize and shape in one single step porous 

material such as MOFs and COFs by self-assembly from precursors and respecting their dynamic 

covalent chemistry.5,16-17 This approach drastically reduces the time of synthesis and allows 

preparing the desired materials in a scalable and reproducible way. 

In petrochemistry, FCC (Fluid Catalytic Cracking) catalysts and SAPO-34 based methanol to 

olefins (MTO) catalysts are prepared by spray drying.18-21 Typically, the active zeolite component 

in these solids is shaped into spherical particles with a size of 40-100 microns by using a clay 

matrix and a binder to achieve a specific density and low attrition index.22-23 Surprisingly, in spite 

of the importance of this manufacture method for heterogeneous catalysis, as already highlighted 

years ago by Perez-Ramirez et al., very little effort has been paid by academic research into better 

understanding catalyst formulation.3,24-27  

In the present study, we explore the use of spray drying to prepare a series of catalyst composites 

containing commercial zeolite ZSM-5 in combination with different clays and binders. The 
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catalytic performance of the resulting shaped particles is evaluated in the methanol-to-olefins 

(MTO) process.21,28-29 Naturally occurred clays such as kaolin, talc, montmorillonite, attapulgite 

and sepiolite were chosen for the formulation of the catalysts.  

When selecting potential clays, we focused on availability and price. All selected clays possess 

their own acidity and porosity that, as we show, contribute to the final catalytic performance.30-31 

In addition to the direct influence of matrix and binder on catalytic performance, we evaluate the 

influence of several critical parameters of the spray drying process, such as gas flow, inlet 

temperature, solid content of slurry and spraying nozzle aperture with the aim of demystifying the 

common belief that catalyst shaping is more an art than science.  

Experimental section 

Materials 

Kaolin, sepiolite and montmorillonite clays were purchased from Sigma-Aldrich. Talc clay 

(MicroTalc ST20 sample) was kindly provided by G&W Mineral Resources and attapulgite clay 

(Min-U-Gel 400) was supplied by Active Minerals International, LCC®. Aluminum chlorohydrate 

was purchased from Spectrum®. Ludox® HS-40 colloidal silica was purchased from Sigma-

Aldrich and used as received. PuralSB dispersible boehmite powder was purchased from SASOL. 

ZSM-5 (H-form) zeolite with SiO2:Al2O3 molar ratio of 23 (SAR 23) was purchased from 

ZEOLYST (CBV 2314).   

Slurry formulation and catalyst shaping via Spray Drying 

Composite slurries were prepared by admixing a certain amount of stock dispersions of each 

component – binder, clay and zeolite. In this work, three different binders have been applied – 
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colloidal silica, boehmite and aluminum chlorohydrate. The solution of colloidal silica, Ludox 

HS40, having 40 wt.% of SiO2 dispersed in aqueous media was used as received from the supplier. 

The 10 wt.% sol of boehmite (PuralSB) was prepared according to the known procedure reported 

everywhere according to which the dry powder firstly is dispersed in deionized water and then 

peptized with nitric acid. The transparent aqueous solution of Al2Cl(OH)5 was prepared by 

dissolving 41 g of the solid in 100 mL of deionized water under stirring. The stock solution of 

NH4-ZSM-5 (SAR 23) was obtained dispersing 45 wt.% of powder in 0.01 M solution of 

phosphorous stabilizer ((NH4)2HPO4 or (NH4)H2PO4) at pH 4.5. Similarly, the kaolin dispersion 

was obtained combining 50 wt.% of powder with 0.01 M solution of (NH4)2HPO4.  All other clays, 

i.e., talc, bentonite, attapulgite and sepiolite were added to the slurry in powdered form and 

dispersed with water to reach slurries of ~ 20 wt.% based on the solid content. According to our 

protocol, the slurries of composites containing three main components, i.e. binder, clay and zeolite, 

were prepared by combining the individual slurries of main components at desired proportions and 

homogenized applying the ball-mill pretreatment which was carried out using a high-throughput 

planetary mill Pulverisette from Fritsch operated at 350 rpm. The ball-milling of the composite 

slurry was carried out in 100 mL vials which were loaded up to 2/3 of its capacity with approx. 30 

wt.% of zirconium oxide grinding beads (2 mm). The time of pretreatment was ranged from 5 min 

to 1 h including two sequential opposite-directed rotation steps. 

The spray drying process was performed using a lab-scale Mini Spray Dryer Buchi B-290 

Advanced operated with compressed at 6 bar air, able to reach a maximum inlet temperature of 

220 ºC, air flow of 35 m3·h-1 and water evaporation capacity of 1L·h-1. Titanium two-fluid nozzles 

of variable orifice diameters (1.4 mm, 2.0 mm and 2.8 mm) were applied in this work. The 

composite slurry, containing the clay, zeolite and binder, was fed to the spraying nozzle by a 
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peristaltic pump operated at variable feeding speed (4.8 – 35.1 mL·min-1) and sprayed applying a 

certain gas flow (0.17 – 2.3 m3·h-1). During the spray drying, the slurry was continuously mixed 

with the help of a magnetic stirrer. In all spray drying trials, the aspirator worked in suction mode 

at 80 % of working capacity. Two thermocouples were used to regulate the outlet (Tout) and inlet 

(Tin) temperatures during the spray drying process. A criterium for choosing the optimal spray 

drying conditions was the absence of a liquid deposit at the bottom of the drying chamber. Finally, 

the dry composite materials were calcined in a static oven under air at 700 ºC for 7 h applying a 

ramp of 5 ºC·min-1. 

Characterization methods 

Powder X-ray diffraction (PXRD) patterns were acquired on a Brucker D8 Advance operated at 

30 kV and 30 mA using monochromatic Cu-K ( = 1.5418 Å) radiation, a scan speed of 0.5 s per 

step and a step size of 0.1° on 10–90° 2 range. The crystalline phases were identified with the 

help of PDF-4+ (2019) crystal database.   

Nitrogen adsorption experiments were carried out at 77 K using a Micromeritics ASAP 2040 

instrument. Before the measurement, composite samples were degassed at 350 °C for 8 hours. 

Thermogravimetric data (TG) were collected in nitrogen and air atmospheres using a Mettler-

Toledo thermal analyzer at a heating rate of 5 °C·min-1 in the 25-800 °C temperature range and a 

gas flow of 25 mL·min-1. The total amount of weight loss was measured in three steps: 1) starting 

from room temperature 25 up to 200 °C in the N2 flow, 2) heating up to 800 °C in the same N2 

flow and 3) standing at 800 °C with the switching from N2 to the Air atmosphere.  
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Scanning electron microscopy (SEM) imaging was performed with secondary electrons in a FEI 

TENEO VS microscope using 2 kV acceleration voltage and 5 mm working distance. The particle 

size distribution profiles for selected samples were determined using ImageJ software32 and 

counting more than 100 particles per several images to improve statistics.  

X-ray fluorescence measurements (XRF) were obtained in a HORIBA XGT-700. For every 

measurement, three different spots were analyzed for each sample with a total analysis time of 800 

s per sample. 

Static-light scattering (SLS) measurements were applied for particle size distribution evaluations 

and carried out using a Mastersizer 2000 from Malvern Panalytical equipped with Hydro 2000S 

dispersing unit and operated with a light source He/Ne laser of 633 nm. Scattered laser light is 

analyzed by an array of detectors positioned at different angles relative to the laser source. 

Approximately 0.2 g of previously calcined composite solid was dispersed in deionized water and 

poured in dispersing unit stirring at 850 rpm. The data collection was repeated at least three times 

for each sample for statistical purposes.   

Inductively Coupled Plasma (ICP) Analysis was carried out for natural clays. All samples were 

recorded using 5100 ICP-OES instrument (Agilent) and SPS 4 Autosampler (Agilent), argon was 

used as gas supply. Digestion was done at 240 °C and 35 bar using UltraWAVE apparatus 

(Milestone) using solution of acids prepared in the following volume ratio 6:2:1 of hydrochloric 

(HCl), nitric (HNO3) and hydrofluoric acid (HF), respectively. Prior digestion of the samples, 

cleaning vessel step was performed using only nitric acid. A new calibration curve (4 plots) was 

built for each set and all samples have been duplicated except buffer sample. Moreover, Laboratory 

Reagent Blank (LRB), Laboratory Fortified Blank (LFB), QCS and Continuing Calibration 
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Verification (CCV) samples were recorded to validate the results as recommended in several 

standards methods. 

Transmission FTIR spectroscopy using pyridine as a probe molecule was performed on a Nicolet 

6700 spectrometer with a MCT/B detector. The pellet with a diameter of 0.85 cm was prepared 

from the sample of interest and activated in vacuum at 375 °C for 17 h to evacuate adsorbed 

species. After activation, the pellet was saturated with pyridine vapor and further evacuated at 150 

°C for 2 h. Spectra were recorded in 1000–4000 cm-1 wavenumber range with a resolution of 4 

cm-1 and merged from 64 scans. The area of Brønsted (BAS) and Lewis (LAS) acid sites was 

derived from the bands situated at 1546, 1455 and 1446 cm-1 as described elsewhere using 

extinction coefficients of 1.67 and 2.22, respectively.33-34 Counting that one molecule of pyridine 

is adsorbed on one acid site, the following equations 1 and 2 were used to calculate the 

concentration of Bröndsted and Lewis acid sites (CBAS and CLAS): 

𝐶𝐵𝐴𝑆 =
1.88 × 𝐼𝐴(𝐵) × 𝑅2

𝑊
 (1) 

𝐶𝐿𝐴𝑆 =
1.42 × 𝐼𝐴(𝐿) × 𝑅2

𝑊
 (2) 

where IA (B, L) is the integrated absorbance of BAS or LAS band (cm-1), R is the radius of the 

pellet (cm), and W is the mass of the catalyst (mg). 

Temperature-programmed NH3 desorption (NH3-TPD) was measured by AMI-200ip Catalyst 

Characterization System (Altamira). Approximately 0.05 g of the material was first heated under 

Ar flow at 100 °C for 30 min and, then at 550 °C for 90 min to remove volatile components. 

Further, the samples were saturated with NH3 (0.82 vol.%) at 120 °C during 30 min and then 

purged with He flow at 150 °C to remove weakly adsorbed NH3 molecules. Finally, the desorption 
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of chemisorbed NH3 was monitored by a thermal conductivity detector (TCD) while the 

temperature was ramping from 150 °C to 750 °C with heating rate of 10 °C·min-1. 

Catalytic tests  

Catalytic tests were performed in a 4 channel Flowrence® XD from Avantium. The liquid feed is 

evenly distributed to the four reactors using one glass microfluidic distributor chip. The reactors 

are 300 mm long quartz tubes inserted in a furnace. Outside diameter is 3 mm and inside diameter 

of tubes is 2 mm. One reactor was always used without catalyst as a blank. Catalysts were mixed 

with 300 µL of SiC prior to loading to avoid hot spots. We aimed a WHSV of 8 gMeOH·gzeolite
-1·h-1. 

N2
 was used as a carrier gas keeping a molar MeOH:N2 ratio of 1 at atmospheric pressure. The 

reaction temperature is typically set at 500 °C. Prior to feeding the reaction mixture, all samples 

were pretreated with a pure N2 atmosphere for 5 hours at 550 °C.  

GC is an Agilent 7890B with three detectors: 2 FIDs and 1 TCD. The TCD channel has a PPQ as 

backflush column, a Hayesep Q column for separation of CO2 and a Molsieve as analytical column 

for the separation of He, H2, N2, CH4 and CO. All other compounds (water, hydrocarbons and 

oxygenates) are backflushed. The FID is equipped with a 10-m precolumn with a wax stationary 

phase. Separation of C1-C5 hydrocarbons is carried out on a 30-m Gaspro stationary phase. 

Separation of Methanol and Aromatics is carried out on a 30-m Wax stationary phase.  

Methanol conversion (X, %), selectivity (S, %) and yield (Y, %) are defined as following equations 

3-5: 

𝑋 =
𝑛𝐶,𝑀𝑒𝑂𝐻𝑖𝑛

− 𝑛𝐶,𝑀𝑒𝑂𝐻𝑜𝑢𝑡 
− 2 × 𝑛𝐶,𝐷𝑀𝐸𝑜𝑢𝑡

𝑛𝐶,𝑀𝑒𝑂𝐻𝑖𝑛

× 100 (3) 
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𝑆𝑖 =
i × 𝑛𝐶,𝑖

𝑛𝐶,𝑀𝑒𝑂𝐻𝑖𝑛
− 𝑛𝐶,𝑜𝑥𝑦𝑜𝑢𝑡

× 100 (4) 

𝑌𝑖 =
𝑆𝑖 × 𝑋

100
 (5) 

where 𝐶𝑀𝑒𝑂𝐻𝑖𝑛
, 𝐶𝑀𝑒𝑂𝐻𝑜𝑢𝑡

, 𝐶𝐷𝑀𝐸𝑜𝑢𝑡
 and 𝐶𝑜𝑥𝑦𝑜𝑢𝑡

are the concentrations determined by GC analysis 

of methanol in the blank, and in the reactor effluent, respectively. The throughput (gMeOH·gzeolite
-1) 

is defined as the overall amount MeOH fed through the catalytic bed before the conversion of 

oxygenates drops below 90%. 

Results and Discussion 

Effect of processing parameters on the shaping process 

We first evaluated the influence of the processing parameters. To begin, composite slurries 

containing a 34 wt.% (on a solid basis) of kaolin as matrix, 40 wt.% of ZSM-5 (H+-form of MFI 

zeolite) and 26 wt.% of Pural SB (binder) were spray dried at varying gas flow rates while keeping 

other process parameters constant (Tin = 200 °C, 11 mL·min-1, aspirator at 80 %). A comparison 

of the morphological characteristics of the different products and initial slurry is represented in 

Figs. 1a-c and S1, which indicates the agglomeration of submicrometer-sized particles of the 

components to form spherical composite particles. It is worth noting that the mean diameter of the 

composite spheres is related to the gas flow used to form the spray. Particle size distribution 

diagrams (Fig. 1d) reveal that a composite with a narrow particle size distribution profile and a 

mean diameter of 4.8 m could be obtained when the spray velocity was as high as 1052 L·h-1. 

Stepwise lowering of air flow velocity from 1052 to 173 m3·h-1 leads to increasing of the average 

particle diameter; however, broadening the size distribution considerably. Such observations are 
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consistent with the fact that the higher pressure drop created by high air flows enforces the droplets 

to breakdown into smaller ones. 

 

Figure 1. Scanning electron microscopy images of (a) slurry containing 34 wt.% of kaolin, 40 

wt.% of ZSM-5 and 26 wt.% of PuralSB; spray dried particles resulted by applying (b) 173 L·h-1 

and (c) 283 L·h-1 gas flows. (d) Particle size distribution profiles for solid products collected in 

cyclone collection vessel as a function of gas flow velocities. Spray drying conditions: Tin = 200 

°C, 11 mL·min-1, aspirator at 80%. Composite particles resulted without (e-f) and with (g-h) ball-

mill pretreatment for 30 min. 
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Although the smaller droplets result in finer particles, the size distribution profile of the samples 

features a unisize character while the lower pressure of air flow results in a multitude of particles 

with different diameters. The morphological evaluation of the shaped composite (Figs. 1e-f) shows 

spheres with rough surfaces, where the roughness is coming from the submicron-sized components 

of the slurry – kaolin and ZSM-5 crystallite domains. Generally, this type of surfaces reflects 

negatively on the overall strength of the material by lowering overall attrition-resistance.35 On the 

other hand, the produced particles are densely packed within the expected spherical body (Fig. 1f). 

This observation is a clear indication of the necessity to find appropriate spray drying conditions 

for different slurry mixtures.36-37 To address the issue of surface roughness, we performed several 

optimizations dedicated to reducing the size of domains for each component by applying a ball-

mill pre-treatment directly on the slurry. Experimentally, we derived the minimal pre-treatment 

time and intensity to yield spheres with smooth outer surfaces (Fig. 1g). These conditions include 

a ball milling with 30 wt.% (with respect to the mass of the slurry) of ZrO2 grinding beads at 300 

rpm for at least 30 min. As a result, in addition to a much smoother surface, the resulting particles 

exhibit a higher density than in the absence of ball milling (Fig. 1h). It is worth to note that ZSM-

5 preserves its crystallinity after being formulated and subjected to ball milling pretreatment. As 

shown in Figure S4, the formulated catalyst reveals the characteristic diffraction lines attributed to 

ZSM-5 and kaolin clay whereas the corresponding features belonging to the aluminum binder are 

absent. After calcination of the composite, ZSM-5 remains intact while kaolin undergoes 

amorphization. Importantly, alumina as an expected product of the thermal processing is well 

dispersed and present in amorphous form. The particle size distribution profiles of samples 

formulated after ball-milling are compared with samples sprayed dried without ball milling 

treatment in Figure S5. As it can be observed, a much sharper particle size distribution is obtained 
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when ball-milling is applied. In a similar line, the textural properties of non-ball milled samples 

reveal a much higher external surface area, suggesting a worse packing of the different components 

in the final catalyst body (Table S2). 

In addition, the ball milling process also contributes to the effective homogenization of the 

components within the slurry, improving in this way the integrity of the composite body and 

consequently, its mechanical strength. Since the attrition of the catalyst propagates through two 

main mechanisms - abrasion and fragmentation – smooth surfaces are required to diminish the 

abrasion contribution to catalyst loss.  

In the next set of experiments, different binders, i.e., boehmite (Pural SB), colloidal silica (Ludox 

HS40) and aluminum chlorohydrate (Al2Cl(OH)5) were evaluated,  the results are represented in 

Figure 2a-c. The use of peptized boehmite (Pural SB) as a binder material for the shaping process 

via spray drying has certain limitations: dispersions prepared at concentrations ~ 10 wt.% are stable 

sols but more concentrated solutions tend to clog the spraying orifice. Consequently, slurries 

containing this binder could only be prepared with a total solid content of 21-23 wt.%. Because of 

this reason, particles resulting from these mixtures deviate from the spherical shape, display a wide 

size distribution and low density - all as a consequence of dilution. Surprisingly, the colloidal silica 

with higher mass loading and lower density than boehmite yields comparatively small formless 

particles. Despite the high solid content of Ludox HS40, the binding properties of this component 

leave much to be desired. In contrast, aluminum chlorohydrate (Al2Cl(OH)5) proved itself as a 

very an effective binder (Fig. 2c).  
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Figure 2. Optical microscope images of shaped composites containing 40wt.% of kaolin, 40wt.% 

of ZSM-5 and 20wt.% of (a) PuralSB, (b) Ludox HS40, or (c) Al2Cl(OH)5 binders. Spray dried 

particles resulted from the slurry with Al2Cl(OH)5 binder and variable mass ratios (kaolin, wt.% 

K; ZSM-5, wt.% Z and Al2Cl(OH)5, wt.% B): (d) 20K:30Z:50B, (e) 20K:40Z:40B and (f) 

70K:10Z:20B. Spray drying conditions: Tin = 220 °C, 11 mL·min-1, air flow 0.7 m3·h-1, nozzle size 

- 1.4 mm. 

The high solubility in water of Al2Cl(OH)5 allows for the preparation of low-density solutions with 

relatively high mass content (~41-45 wt.%),  positively influencing the shape, quality and yield of 

the resulting composite particles. In view of these results, we selected Al2Cl(OH)5 as binder for 

the formulations discussed below. 

After fixing binder nature, our further study was dedicated to evaluating the effect of relative mass 

content of binder and ZSM-5 on the quality of the formed particles. Figure 2d-f summarizes the 

results of the experiments. The higher aluminum chlorhydrate content (50 wt.% based on total 

solids) in a formulation leads to the formation of denser spheres with higher crystallinity; as a 

result, the obtained particles reveal glassy features upon incident light. When the quantity of added 

binder is lowered down to 20 wt.%, the particles retain spherical shape but become notably opaque. 
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Since the content of solids in the dry product should be 100%, the changes of zeolite content 

correlate with the mass of added binder. When the amount of binder is kept constant and only filler 

(clay): zeolite mass ratio is varied, the microporous structure of the resulting composites correlates 

almost linearly with ZSM-5 loading, while the external surface area fluctuates around 42 m2/g 

(Table S2). Thus, the insoluble components of the formulation determine the internal arrangement 

and textural features of the shaped composite, that in turn affect the diffusion paths in the technical 

catalyst, the contribution of nanometer-sized ZSM-5 to such packing is paramount. Based on the 

results, we derive a trade-off composition for the formulation as follows: 60 wt.% of kaolin, 20 

wt.% of ZSM-5 and 20 wt.% of Al2Cl(OH)5. 

The spraying nozzle of the used setup is a two-fluid nozzle which consists of a main body, nozzle 

cap, tip and cleaning needle. Figure 3a shows a schematic representation of the nozzle with a 

specific cap (D, mm) and nozzle tip diameter (dAP, mm), both values determine the characteristics 

of spray cone, i.e., angle and wideness. Thus, nozzles with three different apertures – 2.0 mm, 1.4 

mm and 0.7 mm – were evaluated with the aim to establish the influence on the size of produced 

particles for the fixed composition discussed above. 
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Figure 3. (a) Schematic illustration of a spray drying nozzle highlighting cap diameter (top) and 

spraying nozzle aperture (bottom). (b) Zones of the spray dryer where the solid product is 

collected: drying chamber bottom collector (red area) and cyclone collector (blue area). (c) Particle 

size distributions of solid fractions collected in the bottom collector (top) and cyclone collector 

(bottom) and produced by spraying through nozzles with different apertures: 2.0 mm (blue), 1.4 

mm (red) and 0.7 mm (green). (d) Optic microscope images of the solid product collected in the 

bottom (red frame) and cyclone collector (blue frame) with nozzle aperture of 2.0 mm, 1.4 mm 

and 0.7 mm (reads as columns from left to right); scale bar corresponds to 100 m. (e) Mass 

distribution diagrams of the solid product collected in cyclone collector (blue area), bottom 

collector (red area) and deposits on the drying chamber (beige); (f) geometry of the spray produced 

by the nozzles with apertures of 2.0 mm, 1.4 mm and 0.7 mm (from top to bottom, respectively). 

The orange area represents a contact area of wet spray with walls of the drying chamber. 

Correspondingly, the nozzle caps were chosen in such way that the gap between the cup and nozzle 

tip was 0.8 mm (2.8 / 2.0 mm; 2.2 / 1.4 mm; 1.5 / 0.7 mm). The composition of the slurry (60 wt.% 

of kaolin, 20 wt.% of ZSM-5 and 20 wt.% of Al2Cl(OH)5) and spray drying conditions (feed – 15 
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mL·min-1, gas flow – 473 L·h-1, aspirator rate – 80 %, Tin – 210 °C) were kept unchanged during 

the evaluation in order to exclude any side interference. The spray drying process yields the solid 

product separated in two main fractions – one in the bottom collector of the drying chamber and 

another in the cyclone collector vessel (Fig. 3b). The separation of the dry solid among two 

fractions is related to the differences in size and density of the particles. As revealed by the size 

distribution profiles (Fig. 3c), the product with the smaller and lighter particles is preferentially 

collected in the cyclone container, whereas the larger and heavier/denser ones tend to settle in the 

bottom collector, with particle size of the heaviest fraction correlating well with the nozzle aperture 

diameter: the nozzle tip of 2.0 mm aperture produces sprays rendering particles of around 35 m, 

meanwhile the smaller tip of 0.7 mm yields the finest particles of ~ 9 m. Additionally, optical 

microscope images (Fig. 3d) corroborate the observation that the lighter, submicrometer (0.20-

0.22 m) composite particles preferentially are separated by the cyclone regardless of the size of 

the nozzle they are sprayed with. 

Another interesting observation is that  the nozzle size greatly affects the mass distribution of the 

dry product among different fractions, as shown in Figure 3e, where the red fraction corresponds 

to the mass of powder collected in the bottom of the drying chamber, the blue one to the percentage 

of powder collected in the cyclone collector, and the beige one the undesired losses caused by 

spray built up on the wall of the spray drying cylinder. Regardless of the nozzle aperture diameter, 

the relative mass fraction of heavier/larger particles is almost unchanged (around 10-13 wt.%), 

whereas the fraction of fines increases with decreasing of the orifice size. Additionally, the solid 

product loses decrease following an opposite trend. This correlative mass distribution can be 

explained in light of spraying cone geometry originated by the nozzle possessing a certain aperture 

(Fig. 3f). Considering the fixed length (L) and diameter (D) of the spray drying cylinder and the 
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constant pressure at the orifice, the angle of the spray cone is much wider in case of big orifice 

apertures. Consequently, this leads to a bigger area in contact with wet slurry and to solid build up 

on the walls of the drying chamber. On the opposite, smaller orifice apertures minimize direct 

contact with the drying chamber walls and more product at the cyclone collector.  

As a guide for the readers interested in developing their own spraying protocols, Table 1 

summarizes the effect of the different variables under study on the final properties of the sprayed 

particles.  

Table 1. Influence of several spray dryer processing parameters and slurry formulation on the 

physical properties of the resulting technical catalysts. 

Parameter Outcomes 

Gas flow velocity ⇧ Particle size ⇩ Product yield ⇧ Product loss ⇩ 

Nozzle aperture ⇧ Particle size ⇧ Product yield ⇩ Product loss ⇧ 

Ball milling pretreatment + + Smooth surface Bulk density ⇧ Attrition ⇩ 

Binder solubility ⇧ Regular shape ⇧ Bulk density ⇧ Attrition ⇩ 

Zeolite content ⇧ Microporosity ⇧ Bulk density ⇩  

⇧-parameter’s increment; ⇩-parameter’s decrement 

 

As it can be observed, the development of optimal spraying conditions will largely depend on the 

desired properties of the final composites. In our case, having fluidizable catalyst particles in mind, 

and with the objective of maximizing both particle size and solid utilization, we applied a “loop-

recycling” strategy using the biggest nozzle aperture in which the formulation slurry was recovered 

through redispersion of the fraction of fines collected at the cyclone collector. Figure 4 summarizes 
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the results of these cyclic experiments compared with the products obtained from the freshly 

prepared slurry.  

 

Figure 4. (a) Schematic representation of the concept of “loop-recycling”. Composite particles 

collected in the bottom container and produced by spraying (b) freshly prepared slurry (60 wt.% 

of kaolin, 20 wt.% of ZSM-5 and 20 wt.% of Al2Cl(OH)5); (c) slurry prepared by redispersion of 

fines fraction from cyclone collector assisted with ball milling pre-treatment (scale bar – 100 m) 

and (d) without such pre-treatment (scale bar – 500 m). Optic micrographs of the final powders, 

calcined and sieved to particle size > 38 m at different magnifications: (e) ×5 (scale bar – 500 

m) and ×20 (scale bar – 100 m). (g) Particle size distribution diagram of the final fraction of 

composite. Spay drying conditions: Ø nozzle = 2.0 mm, Tin = 210 °C, feed = 15 mL·min-1, gas 

flow = 473 L·h-1, aspirator rate = 80 %. 
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The slurry prepared by redispersion of fines at 50 wt.% (based on solid) with the help of ball-

milling resulted in bigger particles which settle at the bottom of the drying chamber and cyclone 

collector as well (Fig. 4c, S6). Remarkably, the redispersion of the same fraction of fines without 

being ball-milled led to the formation of the heaviest particles, which in fact are agglomerates 

formed from smaller spherical domains (Fig. 4d, S6). Overall, under optimal conditions (that 

include ball milling of the recycled fraction), an outstanding fluidizable material with a volumetric 

density of ~ 0.8 g/cm3 and narrow particle size distribution could be isolated after the calcination 

step. Following this protocol, the final yield of desired product on a solid basis is 60 %. Finally, to 

evaluate the strength of the formulated fluidizable catalyst we performed an attrition resistance test 

detailed in supporting information (see Fig. S7).38 The attrition index (AI) of 1.7% was determined 

for representative formulation 60K:20Z:20B calcined at 700 °C that lies within the industrially 

required range. 

Effect of clay on the shaping process  

Following the optimization performed above, we studied the effect of five different clays on 

formulation and catalytic properties of the resulting technical bodies. Kaolin, sepiolite, talc, 

attapulgite and montmorillonite, all having different structure, chemical composition and crystal 

morphology (Fig. 5) were selected. Kaolin is an aluminum silicate clay with a layered structure 

that consists of stacked double layers of AlO6 octahedra and SiO4 tetrahedra (Fig. 5a). The packing 

of kaolinite is stabilized via hydrogen bonding between siloxane and hydroxyl groups of adjacent 

double layers, that enhances the hydrophilicity of the material. In contrast, talc clay – magnesia 

silicate – displays a pilled organization of triple layers formed by alternating SiO4–MgO6–SiO4 

and exhibits a hydrophobic character. A similar triple layer structure is also present in 

montmorillonite clay, where the AlO6-MgO6 mixed layer is sandwiched between SiO4 sheets. Due 
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to the mixed AlO6-MgO6 intercalation, the montmorillonite's extended layers are negatively 

charged. As a result, alkali cations such as Ca2+ and Na+ are incorporated in the interlaminar space. 

 

Figure 5. Scanning electron micrographs of different clays: (a) kaolinite, (b) sepiolite, (c) talc, (d) 

attapulgite and (e) montmorillonite; the corresponding crystal structures are represented below: 

AlO6 octahedra is represented as terracotta, SiO4 tetrahedra - beige, MgO6 octahedra – purple, blue 

spheres – water molecules and violet – Ca2+/Na+ cations. (f-j) Spray dried particles formulated by 

20 wt.% of ZSM-5(SAR 23), 20 wt.% of Al2Cl(OH)5 and 60 wt.% of clay - kaolin (f), sepiolite 

(g),  talc (h), attapulgite (i) and montmorillonite (o). The surface structure (k-o) of corresponding 

formulated particles (f-j).   

Besides the cation incorporation, the interlaminar area might incorporate a large number of water 

molecules and the different clays may exhibit swelling properties. Sepiolite and attapulgite are 

both fibrous zeolitic clays possessing a microporous structure with channels of different diameter 

in which water molecules are hosted (Fig. 5b,d). Despite similar morphological features, these clay 
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materials possess different chemical composition and pore size. Sepiolite is a magnesium silicate 

framework with a channel aperture of ~ 11 × 7 Å formed by the arrangement of triple SiO4–MgO6–

SiO4 layers, whereas attapulgite is a mixed magnesium aluminum silicate with smaller channel 

apertures (9 × 6 Å). The composition of attapulgite is different from that of sepiolite and its 

structure is comprised of MgO6–AlO6 strips sandwiched between double SiO4 layers.  

In order to evaluate the effect of the composition and morphology of the different clays, we spray 

dried a series of composite blends using the optimized process conditions described above. As can 

be observed in Figure 5, dense spheres with sleek and smooth external surfaces are only formed in 

case of kaolin-based mixtures. In this particular case, the high solid content of the slurry (~ 47 

wt.%), achieved thanks to the hydrophilic nature and wettability of the clay along with the platy 

habit of the crystals favor the dense packing within the spray dried particles. In contrast, sepiolite 

and attapulgite clays tend to form a gelated dispersion that forces to dilute the blend slurry to 

relatively low solid contents (~ 25 and 22 wt.% for sepiolite and attapulgite, respectively). As a 

consequence of such dilution, the density of the composite particles is lower, their shape deviates 

from spherical and the outer surface is rough (Figs. 5g,i,l,n). In the case of talc-based slurry, due 

to the hydrophobic character of the material and high crystallinity, we were able to prepare 

pumpable slurries with circa 42 wt.% solid content. However, the low miscibility of the clay with 

the other components in the aqueous slurry results in non-regular spheres with inefficient packing, 

poor distribution of ingredients and results in the formation of the very rough surface of shaped 

particles (Figs. 5h,m).  

These results demonstrate that the nature, an especially the wettability of the clay play a very 

important role during the spraying process. As observed in both the first and last part of this study, 

perhaps the most critical aspect in slurry formulation is the total solid contents of the sprayable 
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slurry, which, as shown, is strongly influenced by the components of the catalyst: slurry dilutions 

below a 30 wt.% lead to a loose-packed, surface-defected composite materials which would have 

poor attrition resistance.  

The textural analysis on the composite catalysts formulated applying different clay materials is 

summarized in Table S5. As can be observed, the external surface area of the blend composite 

increases from 69 m2·g-1 to 102 m2·g-1 as a function of incorporated clay, i.e., attapulgite to 

montmorillonite, respectively. The lowest interparticle area is shown by kaolin-based composite 

that agrees well with former observation and conclusions made out of it. The micropore 

contribution in all shaped catalysts originates from ZSM-5 component and, since the amount of 

zeolite is nearly the same in all formulations, the micropore surface area deviates within the 

expected range. 

Catalytic activity of the composites in the methanol-to-olefins process  

To evaluate the effect of the different components under study on catalytic performance of the 

technical bodies manufactured through spray drying, we assessed their catalytic performance in 

the acid catalyzed methanol-to-olefins reaction (MTO). Since not all formulated catalysts exhibit 

proper fluidization properties, we performed the catalytic tests in fix bed mode.  

First, we investigated the effect of zeolite loading by varying kaolin:ZSM-5 mass ratio while 

maintaining the amount of the binder constant. The composite catalysts are denoted as xK:yZ:zB, 

where x, y, z represents the mass ratio between kaolin (K) clay, ZSM-5 (Z) zeolite and Al2Cl(OH)5 

(B) binder. Figure 6a summarizes the olefins and aromatics selectivity of all composites, while the 

individual catalytic results are displayed in Figures S21-S25. We kept the total amount of zeolite 

constant, aiming for a WSHV of 8 gMeOH·gzeolite
-1·h-1. 
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 Figure 6. (a) Comparison of the ethylene C2=, propylene C3= and aromatics selectivity, (b) 

throughput activity for composites with different kaolin:ZSM-5 loadings. Reaction conditions: T 

= 500 °C, WHSV = 8 gMeOH·gzeolite
-1·h-1, TOS = 2.5 hours. 

Pure ZSM-5(SAR 23) exhibits 50% selectivity to olefins and 22% selectivity to aromatics, in line 

with the standard performance for highly acidity ZSM-5 zeolites.29 Interestingly, the addition of 

kaolin enhances the formation of aromatics: 70K:10Z:20B composite displays an aromatic 

selectivity of 24%, increasing up to 29% on the 40K:40Z:20B composite. As expected, this 

aromatic increase is accompanied by a decrease of the olefin selectivity. In addition, the presence 

of kaolin also deceases the propylene/ethylene ratio in comparison with pure ZSM-5 (see Fig. 6a). 

Now, if we compare the throughput of composite catalysts with different kaolin:ZSM-5 loadings, 

we can observe that pure ZSM-5 exhibits higher lifetime (see Fig. 6b). Furthermore, in order to 

evaluate the effect of kaolin clay on the catalytic performance, ZSM-5/Al2Cl(OH)5 (1:1 mass ratio) 

catalyst was formulated without corresponding clay and evaluated in MTO process. As it can be 

observed (see Fig. S26), ZSM-5/Al2Cl(OH)5 catalyst shows a similar product distribution and  

yield as the stand-alone ZSM-5 (see Fig. S21). In spite of the high BAS concentration in 

Al2Cl(OH)5 itself, our results suggest that its contribution on the catalytic performance in ZSM-

5/Al2Cl(OH)5 is negligible. 

Following, we studied the effect of the type of clay on the catalyst performance. For comparison, 

20 wt.% of ZSM-5 was chosen as the optimal loading of zeolite in the composites and the formers 



 26 

were denoted as 60A(M, K, S, T):20Z:20B where A, M, K, S, T stand for the attapulgite, 

montmorillonite, kaolin, sepiolite and talc clays. Again, Figure 7a summarizes the olefin and 

aromatic selectivity of composites comprised 60 wt.% of different clays meanwhile the individual 

catalytic results are displayed in Figures S28-S31. 

 

Figure 7.  (a) Comparison of the ethylene C2=, propylene C3= and aromatics selectivity, (b) 

throughput activity for composites catalysts with different clays. Reaction temperature = 500 ⁰C, 

WHSV = 8 gMeOH·gzeolite
-1·h-1, TOS = 2.5 hours. 60A(M, K, S, T):20Z:20B represents mass ratio: 

A, M, K, S, T stand for the attapulgite, montmorillonite, kaolin, sepiolite and talc clays, Z – zeolite 

and B – binder. 

It is worth mentioning that all composite catalysts except 60M:20Z:20B exhibit 100% methanol 

conversion. As discussed above, kaolin clay promotes the formation of aromatics, whereas the 

addition of talc, attapulgite and sepiolite clays significantly enhance olefin selectivity (see Fig. 7a). 

We can observe that, while the addition of kaolin and montmorillonite decrease the 

propylene/ethylene ratio, the addition of attapulgite, sepiolite and talc increases propylene 

formation. Especially striking is the case of sepiolite where the propylene/ethylene ratio is 

increased by almost 100%, from 1.3 to 2.5. Finally, in line with the results observed for the kaolin 
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clay, the catalyst’s lifetime is shortened when the clay is incorporated to the composite and only 

talc seems to enhance slightly the throughput (see Fig. 7b). To perform a comparison at conversion 

lower than 100 %, additional MTO tests in a continuous stirred-tank reactor (CSTR) for pristine 

ZSM-5 with SAR 23, 60K:20Z:20B and 60A:20Z:20B composites were performed (Fig. S32). Our 

results show that the reactor configuration substantially influences product distribution, yield and 

catalyst composite’s lifetime, in good agreement with previous findings of Müller et. al.39 At the 

same time, these results demonstrate that using the appropriate clay (kaolin in this case) and 

shaping protocol, the catalytic performance of the original zeolite can be preserved, as inferred by 

the similar selectivities and activities obtained for the pristine zeolite and composite. 

To correlate these catalytic performances with the acidity properties of the clays we next performed 

FTIR spectroscopy using pyridine as probe molecule (see Table 2). The stand-alone ZSM-5(SAR 

23) shows two bands at 1546 cm-1 and 1455 cm-1 representing adsorption of pyridine on Brønsted 

(BAS) and Lewis (LAS) acid sites, respectively (see Fig. S33).40 When the clays and binder were 

incorporated into the formulated catalyst, we can observe that LAS/BAS ratio is higher in 

comparison with pure ZSM-5(SAR 23) (up to 18.2 for attapulgite composite vs 3.7 of pure ZSM-

5). In addition, the presence of kaolin also creates new Brønsted acid sites, increasing the BAS 

number from 19 to 26 mol/g. These results can explain the different trends observed in Figure 6a 

and 7a: the creation of new BAS acid sites in kaolin-based composites promotes the formation of 

aromatics while the enhanced propylene selectivity on attapulgite, sepiolite and talc composites 

can be attributed to the extreme increase of Lewis acidy that reduces the BAS density.40-41 Finally, 

the 60M:20Z:20B composite suppressed all BAS acidity in ZSM-5(SAR 23) zeolite as a 

consequence of the great number of movable Ca/Na cations present in montmorillonite clay, 

resulting in the observed suppressed activity. 
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Table 2. Concentration of Brønsted (BAS) and Lewis (LAS) acid sites derived from pyridine IR 

spectroscopy. 

Sample CBAS (mol g-1) CLAS (mol g-1) CLAS / CBAS 

Binder Al2Cl(OH)5 - 249 - 

Kaolin  3.2 16.1 5.0 

ZSM-5 95.3 350.7 3.7 

60K:20Z:20B 26.0 129.1 5.0 

60S:20Z:20B 14.0 172.3 12.3 

60T:20Z:20B 14.9 138.6 9.3 

60A:20Z:20B 11.5 209.7 18.2 

60M:20Z:20B 1.6 109.1 68.2 

 

In addition to BAS/LAS analysis with help of pyridine FTIR, NH3-TPD was performed to study 

the effect of composite formulation on the overall acidic strength of the catalysts. As shown in 

Figure S35, ZSM-5 (SAR 23) is the main component of the composite that provides most of the 

acid sites and determines the overall shape of the TPD curves. For pristine ZSM-5, a broad 

desorption peak around 330 °C is observed along with a wide shoulder centered at 500 °C. Upon 

shaping, the first desorption peak shifts to lower temperatures (300 °C) for all composites except 

for those formulated using kaolin. At the same time, the concentration of stronger acid sites 

disappears in case of attapulgite and is nearly maintained for the other clays, with stronger acid 

sites being created in case of sepiolite and talc. Overall, the concentration of acid sites in molꞏm-

2 remains fairly constant for all samples (Table S7). 

In addition to the pyridine IR and NH3-TPD characterization, we also need to take into 

consideration the textural properties of the composite catalyst, such as pore architecture and 
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accessibility. As already discussed above (see Table S5), adding kaolin clay and binder to the 

ZSM-5 leads to lower values of both surface area and micropores, resulting in the lowest 

interparticle area. As a consequence, acid sites are in closer proximity and successive reactions 

can occur along the diffusion pathway, promoting the aromatic cycle.41-42 Furthermore, it is well 

known that the interconnectivity of mesopores in hierarchical ZSM-5 has the largest impact on 

lifetime and, therefore, adding clay and binder to the formulation of catalysts can lead to pore 

blockage,43 shorting the catalyst lifetime (see Figs. 6b and 7b). Finally, as our group recently 

show,41 we also need to consider that the catalyst lifetime also depends on the LAS/BAS ratio, 

with a “volcano” plot relation with an optimum at intermediate LAS/BAS ratios around 2 - 6. Here, 

in the case of attapulgite and sepiolite composites, LAS/BAS ratios are as high 18 and 12, 

respectively, in good agreement with the shortened catalysts lifetime.  

Conclusions 

In this work we have explored a spray drying technique for a catalyst formulation. A widely used 

ZSM-5 zeolite with a silica-to-alumina molar ratio of 23 was incorporated into the composites 

along with several different commercially available clays such as kaolin, talc, montmorillonite, 

attapulgite and sepiolite. The processing parameters of spray drying were adjusted to obtain the 

particles with the sizes falling in the range of 30-100 µm. It was shown that varying gas flow rate, 

nozzle aperture, pretreatment of slurry with ball milling and changing the ratio between slurry 

components allow the manufacture of composite particles with different size and morphological 

characteristics. Among all different studied variables, the most critical aspect in slurry formulation 

is the total solid contents of the sprayable slurry, which is strongly influenced by the components 

of the catalyst (specially binder and clay): slurry dilutions below a 30 wt.% lead to loose-packed, 
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surface-defected composite materials which with poor attrition resistance, while higher loadings, 

under the optimal spraying conditions, deliver much better shaped particles.  

On the other hand, the nature of the selected clay does not only influence spraying itself but 

especially catalytic performance.  In particular, our results show that the selected clay has a great 

influence in modifying final acidity of the composite, which, when applied in MTO, results in the 

propagation of either the alkene or arene cycles.  
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