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Table S1. Chemical characteristics for clay materials used in present study 
 

Property Kaolin Sepiolite Talc Attapulgite Montmorillonite 

Morphology flakes fibers plates fibers flakes 

Composition Al2Si2O5(OH)4 
Mg4Si6O15(OH)2

· 
xH2O 

Mg3Si4O10(OH)2 (Mg2Al2)Si8O20(OH)2· 
4H2O 

(Na/Ca)0.33(Al/Mg)2(Si4O10)(OH)2· 
xH2O 

Density, 
 g·cm-3 2.6 2.0 * 2.5 2.15–2.35 * 0.78 * 

LOI — 16.4% * — — — 

LOD, % 1.1* / 13.4 6.3*/13.3 4.8 12.9*/18.4 11.0*/17.2 

Assay 
(atomic abs.) — 14.5% Mg * — 

66.2% SiO2 * 
12.1% Al2O3 * 
9.9% MgO * 
2.8% CaO * 

4.2% Fe2O3 * 

— 

pH range a 4.3 * 8.8 9.3 9.9 * 9.6 

Fe/Ti, wt.% b 0.45/0.84 0.49/0.06 0.96/0.02 2.19/0.24 2.11/0.18 

Mg/Ca b - 13.39/0.15 18.80/1.14 2.04/2.38 0.66/1.28 

Si/Al/Mg/Ca d 28/20/n.d./ n.d. 34/n.d./16/0.1 31/ n.d./20/0.4 40/ n.d./ n.d./3.6 34/10/ n.d./1.5 

Refractive 
index 1.553–1.565* 1.520* 1.538–1.550* 1.522–1.528* 1.485–1.535* 

BET, m2·g-1 21 111 7 72 14 

Impurities Anatase/TiO2 — Vermiculite Quartz/SiO2 — 

wt.% 
impurity c 7.3 — 0.4 21.5 — 

LOI – loss on ignition, LOD – loss on drying (TGA over 50-800 °C temperature range) 
* According to the product certification 
a Dispersion of 5 wt.% in water 
b ICP analysis 
c Determined by X-ray diffraction analysis 
d XRF analysis 
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Figure S1. Correlation graphs of (a) flow meter spraying air (rotameter – height, mm) and volume 
throughput of air (m3·h-1) for Buchi B-290 spray drier (fitted by exponential curve y = 
109.68·e0.0459x); (b) peristaltic pump rate and feed flow rate (y = 0.359x) for water pumped through 
silicone tube of 2 mm ID × 4 mm OD. 
 
 
 
 

 
Figure S2. Scanning electron microscopy images of (a) fresh slurry comprised 34 wt.% of kaolin, 
40 wt.% of ZSM-5 and 26 wt.% of PuralSB; corresponding particles resulted by spray drying the 
slurry applying different gas flows: (b) 10 mm (0.17 m3·h-1), (c) 15 mm (0.22 m3·h-1), (d) 20 mm 
(0.28 m3·h-1), (e) 30 mm (0.44 m3·h-1) and (f) 50 mm of rotameter height (1.05 m3·h-1). Other 
processing parameters were kept unchanged: Tin = 200 °C, feed 11 mL/min, aspirator of 80%. 
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Figure S3. (a-b) Scanning electron microscopy images of NH4+-ZSM-5 (SAR 23) at different 
magnifications. (c) Powder X-ray diffraction pattern acquired for NH4+-ZSM-5 (SAR 23) sample 
(CBV 2314) compared to an experimentally expected for zeolite with MFI topology. 
 

 
Figure S4. Comparison of powder X-ray diffraction patterns of NH4+-ZSM-5 (SAR 23), kaolin 
clay and 40K:40Z:20B composite before and after calcination at 700 °C. 
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Figure S5. Particle size distribution profile for spray dried composite 40K:40Z:20B composite 
resulted from the same formulation without (grey line) and with ball-mill pretreatment (blue line). 
 

 
 
 
Table S2. Textural properties obtained from N2 uptake measurements at 77K of bare ZSM-5 (SAR 
23) and formulated catalysts with different zeolite: kaolin mass ratio*. The textural properties of 
40K:40Z:20B formulation before and after ball-milling pretreatment. 
 

Catalyst SBET (m2/g) Sext (m2/g) Vtotal (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g) 

ZSM-5 (SAR 23) 409 104 0.19 0.12 0.07 
70K:10Z:20B 79 32 0.06 0.02 0.05 
60K:20Z:20B 112 42 0.08 0.03 0.06 
50K:30Z:20B 148 44 0.10 0.04 0.06 
40K:40Z:20B 201 56 0.13 0.06 0.07 
40K:40Z:20B** 201 172 0.24 0.02 0.23 

* Formulated samples were previously calcined at 700 °C for 7 h applying 5 °C·min-1 heating ramp. ZSM-5 
was calcined at 550 °C for 7 h applying 5 °C·min-1 heating ramp 
xK:yZ:zB abbreviation used for indicate the composition of formulated catalysts (mass ratio) where K 
stands from kaolin, Z from zeolite (ZSM-5) and B from binder (Al2Cl(OH)5). 
** Formulation was not ball-milled prior the spray drying, the rest of the treatment such as calcination 
temperature was perceived unchanged.   
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Figure S6. Reflectance-mode optic microscope images of the dry composite particles collected at 
the bottom of drying chamber (top line) and in cyclone collector (bottom line) prepared starting 
from the freshly prepared slurry (first column), re-dispersed fines (second column) and re-
dispersed fines without ball-milling pretreatment (third column). Slurry (45 wt.% solids) 
composition was kept unchanged: 60 wt.% of kaolin, 20 wt.% of ZSM-5 and 20 wt.% of 
Al2Cl(OH)5. 
 
An attrition resistance test is commonly applied to evaluate strength of fluidizable catalyst bodies, 

this is method established by ASTM International (American Society for Testing and Materials). 

Therefore, we performed the evaluation of the attrition index (AI) for the most interesting 

formulation, 60K:20Z:20B, that comprises particles with size ranging from 38 to 85 µm. Attrition 

resistance evaluation was conducted in a fluidized bed reactor filled with the shaped catalyst at 

room temperature for 8 hours applying a gas flow (N2 + Air) of 1400 mL/min to simulate industrial 

conditions in terms of mechanical abrasion.1 Attrition loss was measured in terms of AI, which is 

a unitless value numerically equal to the percent attrition loss and can be determined applying the 

following equation:    

𝐴𝐼	(%) =
𝑚) −𝑚+

𝑚,
× 100 (S1) 
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where 𝑚+ = mass of the empty fines collection assembly at the start of the test (g), 𝑚, = mass of 

the sample charged to apparatus (g), 𝑚)= mass of the fines collection assembly at 8 h (g). For our 

calcined at 700 °C formulation 60K:20Z:20B, we obtained the AI value = 1.7% that is lying within 

the industrially required range. It is worth noting that the particle size in the fine fraction was 

ranging from 12 to 34 µm whereas the main/heavier fraction contains particles of 38 – 85 µm (see 

Fig. S7). 

 

Figure S7. Optic microscope images of 60K:20Z:20B composite catalyst before (a) and after (b) 
attrition test (b); particles collected in fines collector after the test (c).  

 
 
Table S3. Summary of thermogravimetric analysis of raw and thermally pretreated at 700 °C clays. 

Clay 

Mass loss (wt.%) 
nitrogen air 

Total loss 
50 – 200 °C 200 – 800 °C 800 °C 

Kaolin 0.3 13.4 0 13.7 
Kaolin @700 °C 0.1 0.5 0 0.6 
Attapulgite 10.1 8.3 0 18.4 
Attapulgite @700 °C 0.9 0.6 0 1.5 
Talc  0 4.2 0.6 4.8 
Talc @700 °C 0 1.6 0.8 2.4 
Sepiolite 7.1 6.1 0.1 13.3 
Sepiolite @700 °C 1.9 2.3 0 4.2 
Montmorillonite 12.3 4.9 0 17.2 
Montmorillonite @700 °C 0.1 0.6 0 0.7 

Calcination was done in conventional muffle oven applying 5 °C·min-1 ramp 
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As can be observed from thermogravimetric analyses, sepiolite and attapulgite loss 7.1 and 10.1 

wt.% of the mass in 50 – 200 °C temperature range, respectively (Table S3). This loss is associated 

with the evacuation of zeolitic water molecules. Further increase of the temperature up to 800 °C 

results in 6.1 and 8.3 wt.% of additional mass loss which occurs as a result of dehydration and 

dehydroxylation processes. Previous studies on dehydration behavior of sepiolite and attapulgite 

have shown the reversible character of dehydration that is taking place ~ 117-152 °C and the 

irreversible structure transformations associated with the framework folding above 327-452 °C 

(Figs. S8-S11).2-4 Corresponding folded structures possesses herringbone patterned arrangement 

of the pores with the reduced aperture of 3.4 Å × 13.5 Å and 4.2 × 11.6 Å for attapulgite and 

sepiolite, respectively (Figs. S9, S11). Despite this transformation upon elevated temperatures, the 

structures are still having high BET surface area (72 m2·g-1 for attapulgite and 111 m2·g-1 for 

sepiolite) compared to the lamellar clays (i.e., kaolin, talc and montmorillonite, Table S4). Due to 

the lamellar morphology, distinct chemical composition and interaction between structural sheets, 

the laminated clays feature variant thermal behavior. For instance, kaolin clay loses hydroxylic 

groups along 200-800 °C (-13.4 wt.%, Table S3) temperature range and immediately undergoes 

phase transformation to the amorphous metakaolin (Fig. S12),5 whereas the talc clay retains its 

pristine crystallinity even after being treated at the temperatures as high as 800 °C (Fig. S13). The 

hydrophilic montmorillonite tends to loss ~ 17 wt.% of mass along calcination up to 800 °C (Table 

S3) and, due to the evacuation of interlayer water, its structure collapses reducing the interlayer 

distance down to 9 Å (Figs. S14-S15).   
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Figure S8. Powder X-ray diffraction patterns acquired for sepiolite sample as-received, calcined 
at 550 or at 700 °C, and compared to an experimentally expected for sepiolite clay (PDF 04-014-
4556).4 

 
 
 
 

 
Figure S9. Structural transformation of sepiolite clay from orthorhombic Pncn to monoclinic 
P21/n space groups upon heating and related to the loss of zeolitic water molecules hosted in the 
channels.4  
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Figure S10. Powder X-ray diffraction patterns acquired for attapulgite sample as-received, 
calcined at 550 or at 700 °C, and compared to an experimentally expected for attapulgite clay (PDF 
04-013-5979).6 Asterisk (*) indicates diffractions associated with quartz (SiO2) impurities (PDF 
00-046-1045).7 
 

 

 
Figure S11. Structural transformation of attapulgite clay from monoclinic C2/m to monoclinic 
P21/a space groups upon heating and related to the loss of zeolitic water molecules hosted in the 
channels.2  
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Table S4. Results of N2 uptake measurements at 77K for different clays pretreated at 700 °C 
 

Clay SBET (m2/g) Sext (m2/g) Vtotal (cm3/g) 

Kaolin 21 21 0.05 
Attapulgite 72 72 0.20 
Talc 7 7 0.02 
Sepiolite 111 100 0.27 
Montmorillonite 14 14 0.04 

All clays have been previously calcined at 700 °C for 7h (5 °C/min-1) 

 

 
 

 
Figure S12. Powder X-ray diffraction patterns acquired for kaolin sample as-received, calcined at 
550 or at 700 °C, and compared to an experimentally expected for kaolinite clay (PDF 04-013-
3074).8 Asterisk (*) indicates diffractions associated with anatase (TiO2) impurities (PDF 03-065-
5714).9 
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Figure S13. Powder X-ray diffraction patterns acquired for Micro Talc sample as-received, 
calcined at 550 or at 700 °C, and compared to an experimentally expected for magnesium silicate 
(talc) (PDF 04-010-7179).10 Asterisk (*) indicates diffractions associated with vermiculite 
(Mg3(AlSi3O10)) impurities (PDF 01-076-6603).11 
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Figure S14. Powder X-ray diffraction patterns acquired for montmorillonite (NC) sample as-
received, calcined at 550 or at 700 °C, and compared to an experimentally expected for 
montmorillonite clay (PDF 00-025-1498).12 

 
 

 
Figure S15. Structural transformation of montmorillonite clay upon dehydration followed by 
decreasing of interlaminar spacing ([001] crystal direction).12 
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Figure S16. Powder X-ray diffraction pattern of composite contained 20 wt.% of ZSM-5(SAR 
23), 20 wt.% of Al2Cl(OH)5 and 60 wt.% of kaolin, calcined at 700 °C. Asterisk (*) indicates 
diffractions associated with anatase (TiO2) impurities (PDF 03-065-5714) present in kaolin. 

 
 
 

 
Figure S17. Powder X-ray diffraction patterns acquired of composite contained 20 wt.% of ZSM-
5(SAR 23), 20 wt.% of Al2Cl(OH)5 and 60 wt.% of talc, calcined at 700 °C. Asterisk (*) indicates 
diffractions associated with vermiculite (Mg3(AlSi3O10)) impurities (PDF 01-076-6603). 
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Figure S18. Powder X-ray diffraction patterns acquired for composite contained 20 wt.% of ZSM-
5(SAR 23), 20 wt.% of Al2Cl(OH)5 and 60 wt.% of sepiolite, calcined at 700 °C. 
 
 

 
Figure S19. Powder X-ray diffraction patterns acquired for composite contained 20 wt.% of ZSM-
5(SAR 23), 20 wt.% of Al2Cl(OH)5 and 60 wt.% of attapulgite, calcined at 700 °C. Asterisk (*) 
indicates diffractions associated with quartz (SiO2) impurities (PDF 00-046-1045). 
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Figure S20. Powder X-ray diffraction patterns acquired for composite contained 20 wt.% of ZSM-
5(SAR 23), 20 wt.% of Al2Cl(OH)5 and 60 wt.% of montmorillonite, calcined at 700 °C. 
 
 
 
 
 
 
Table S5. Textural properties of formulated catalysts with different clays obtained from N2 uptake 
measurements at 77K. 
 

Catalyst SBET (m2/g) Sext (m2/g) Vtotal (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g) 

60K:20Z:20B 112 42 0.08 0.03 0.06 
60S:20Z:20B 143 80 0.16 0.03 0.14 
60A:20Z:20B 131 69 0.18 0.03 0.15 
60M:20Z:20B 106 102 0.11 0.00 0.11 
60T:20Z:20B 77 22 0.05 0.02 0.03 

xK/S/A/M/T:yZ:zB abbreviation used for indicate the composition of formulated catalysts (mass ratio) 
where K, S, A, M, T stand from kaolin, sepiolite, attapulgite, montmorillonite, talc, respectively; Z from 
zeolite (ZSM-5) and B from binder (Al2Cl(OH)5). 
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Figure S21. Methanol conversion and product selectivity of MTO over pristine ZSM-5. WHSV = 
8 gMeOH·g-1zeolite·h-1. 

 
Figure S22. Methanol conversion and product selectivity of MTO over 70K:10Z:20B (10 wt.% 
ZSM-5). WHSV = 8 gMeOH·g-1zeolite·h-1. 
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Figure S23. Methanol conversion and product selectivity of MTO over 60K:20Z:20B (20 wt.% 
ZSM-5). WHSV = 8 gMeOH·g-1zeolite·h-1. 

 
 
Figure S24. Methanol conversion and product selectivity of MTO over 50K:30Z:20B (30 wt.% 
ZSM-5). WHSV = 8 gMeOH·g-1zeolite·h-1. 



 S-19 

 
Figure S25. Methanol conversion and product selectivity of MTO over 40K:40Z:20B (40 wt.% 
ZSM-5). WHSV = 8 gMeOH·g-1zeolite·h-1. 
 

 
 
Figure S26. Methanol conversion and product selectivity of MTO over ZSM-5/Al2Cl(OH)5  
catalysts (1:1 wt.%). WHSV = 8 gMeOH.g-1zeolite.h-1. 
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The comparison of textural properties of a ZSM-5/Al2Cl(OH)5 sample and pristine ZSM-5, both 

calcined at 700 °C, shows reduction of total surface area and micro-pore volume (see Table S6) in 

line with the amount of inert material added to the zeolite. Simultaneously, the PXRD evaluations 

suggest the presence of characteristic diffraction lines attributed to ZSM-5 structure, whereas no 

diffraction attributed to the Al2O3 phases could be observed indicating that the aluminum-rich 

binder is amorphous and highly dispersed through the sample. 

 

Table S6. Textural properties obtained from N2 uptake measurements at 77K of bare ZSM-5 (SAR 
23) and ZSM-5/Al2Cl(OH)5 (mass ratio of 1:1) catalysts. 
 

Catalyst SBET 
(m2/g) Sext (m2/g) Vtotal (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g) 

ZSM-5/Al2Cl(OH)5 280 122 0.20 0.07 0.13 
ZSM-5 409 104 0.19 0.12 0.07 

 
 

 
Figure S27. Powder X-ray diffraction pattern acquired for ZSM-5/Al2Cl(OH)5 catalysts (mass 
ratio of 1:1) compared to an expected for zeolite with MFI topology. 
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Figure S28. Methanol conversion and product selectivity of MTO over 60A:20Z:20B (60 wt.% 
attapulgite). WHSV = 8 gMeOH·g-1zeolite·h-1. 

 
Figure S29. Methanol conversion and product selectivity of MTO over 60M:20Z:20B (60 wt.% 
montmorillonite). WHSV = 8 gMeOH⸳g-1zeolite·h-1. 
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Figure S30. Methanol conversion and product selectivity of MTO over 60S:20Z:20B (60 wt.% 
sepiolite). WHSV = 8 gMeOH·g-1zeolite·h-1. 

 
Figure S31. Methanol conversion and product selectivity of MTO over 60T:20Z:20B (60 wt.% 
talc). WHSV = 8 gMeOH·g-1zeolite·h-1. 
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In order to compare the catalytic performances at isoconversion lower than 100%, additional MTO 

runs over pristine ZSM-5 (SAR 23), 60K:20Z:20B and 60A:20Z:20B composites in a continuous 

stirred-tank reactor (CSTR) were carried out.  Reaction studies in the CSTR were conducted at a 

constant pressure of 7 bar, stirring at 750 RPM and temperature of 500 °C. The zeolite and 

composites were diluted with silicon carbide at 1:1 mass ratio in order to obtain the isothermal 

regime. We aimed to maintain WHSV of 8 gMeOH·gzeolite-1·h-1 in all experiments, similarly to the 

fixed bed ones. The results of such catalytic tests are summarized in Figure S32. Conversion 

around 70% was observed for all catalysts. Surprisingly, in a contrast to the fixed bed experiments, 

60A:20Z:20B composite shows more stable catalytic performance reaching 16 vol.% of propylene 

yield at TOS = 2.5 h, clearly outperforming pristine.  

Considering that 60A:20Z:20B possesses higher CLAS/CBAS ratio compared to the pristine ZSM-5, 

the alkene cycle is presumably promoted in the reaction giving higher amount of olefins. In case 

of reaction carried out in CSTR type configuration, it worth to emphasize that all catalyst particles 

are involved in the catalytic process at the same concentrations of methanol and intermediates, 

avoiding the formation of sequential reaction zones as in the case of the fixed bed reactor. Thus, 

in fixed bed mode, the first catalyst’s layer of the bed that confronts highly concentrated portion 

of MeOH suffers considerably high acidic coverage leading to faster deactivation of the catalyst 

compared to CSTR mode. Interestingly, the catalytic performance of both 60K:20Z:20B composite 

and pristine ZSM-5 are similar in terms of product distribution and olefins yield when it performed 

in CSTR configuration mode. As it was previously shown by Müller et. al.13, a number of distinct 

reaction pathways of MTO processes over H-ZSM-5 occurs when the reaction configuration is 

changed from the fix bed to CSTR mode. 
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Figure S32. Methanol conversion and product yields of MTO over (a) pristine ZSM-5 (SAR 23), 
(b) 60K:20Z:20B (60 wt.% kaolin), (c) 60A:20Z:20B (60 wt.% attapulgite), (d) comparison of the 
ethylene C2=, propylene C3= and aromatics yields. Reaction conditions: CSTR mode, T = 500 ⁰C, 
WHSV = 8 gMeOH·gzeolite-1·h-1, stirring = 750 RPM, pressure = 7 bar, TOS = 2.5 hours for 
comparison. 60A(or K):20Z:20B represents mass ratio: A, K stand for the attapulgite, kaolin clays, 
Z – zeolite and B – binder. 
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Figure S33. FTIR spectra of adsorbed pyridine for formulated catalysts 60K:20Z:20B, binder 
Al2Cl(OH)5, kaolin clay and parent ZSM-5.  

 
Figure S34. FTIR spectra of adsorbed pyridine for formulated catalysts 60K:20Z:20B, 
60S:20Z:20B, 60K:20Z:20B, 60T:20Z:20B and 60A:20Z:20B. 

1560 1530 1500 1470 1440 1410 1380

Wavenumber, cm-1

ZSM-5 

Kaolin clay

Binder

60K:20Z:20B

1446 (L)1546 (B)

1560 1530 1500 1470 1440 1410 1380

Wavenumber, cm-1

60K:20Z:20B

1446 (L)1546 (B)

60A:20Z:20B

60S:20Z:20B

60T:20Z:20B



 S-26 

 
 
Figure S35. NH3-TPD profiles of pristine ZSM-5 (SAR=23) and formulated 60A(M, K, S, 
T):20Z:20B composites (where A, M, K, S, T stand for the attapulgite, montmorillonite, kaolin, 
sepiolite and talc clays, Z – zeolite and B – binder). 

 
 
 
 
Table S7. Quantitative results obtained from NH3-TPD for pristine ZSM-5 and formulated 
composites 60A(M, K, S, T):20Z:20B (where A, M, K, S, T stand for the attapulgite, 
montmorillonite, kaolin, sepiolite and talc clays, Z – zeolite and B – binder). 

Sample NH3 capacity (µmolNH3·gsample-1) SBET (m2·gsample-1) CNH3 (µmol·m-2) 
ZSM-5 329 409 0.80 

60K:20Z:20B 91 112 0.81 
60S:20Z:20B 88 143 0.62 
60T:20Z:20B 98 77 1.28 
60A:20Z:20B 115 131 0.88 
60M:20Z:20B 83 106 0.78 
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