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Abstract 31 

Two ZSM-5 catalysts, differing only in their crystal size, viz, nanocrystal at ~ 100 nm and 32 

microcrystal at 13 µm, respectively, were synthesised and tested in methanol to gasoline 33 

(MTG) conversion, with a focus on the formation and characteristics of coke deposits. Over 34 

time periods when methanol conversion decreased to 50%, herein termed as the service 35 

lifespan of the catalyst, the nanocrystal catalyst incurred 31.1 wt% coke deposition, while the 36 

microcrystal counterpart had 14.1 wt% coke. The nanocrystal catalyst showed a service 37 

lifespan almost seven times longer than the microcrystal catalyst. The difference in the 38 

catalytic service lifespans was examined in terms of the rate of formation of internal coke and 39 

structural properties of external coke, as determined using nitrogen physisorption, TGA and 40 

TEM. It was found that the internal coke was quickly formed in the microcrystal catalyst 41 

leading to rapid coverage of the active sites and blockage of the pores, resulting in fast 42 

deactivation. In contrast, coke formed preferentially on the external surface in the case of the 43 

nanocrystal catalyst. This external coke was of porous graphitic structures, and thus was not 44 

detrimental to the catalytic performance. The coke fouled nanocrystal catalyst was 45 

regenerated and the activity of the regenerated catalyst was evaluated under the same reaction 46 

conditions. An increase in catalytic service lifespan compared to the pristine nanocrystal 47 

catalyst was observed, due to the effect of decreased Al concentration on the catalytic 48 

performance. 49 

 50 

Keywords: catalyst coking; deactivation; methanol to gasoline; percolation theory; ZSM-5 51 

zeolite  52 
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1. Introduction 53 

The formation of coke over acidic zeolite catalysts in hydrocarbon processing, such as 54 

methanol to gasoline (MTG) conversion, is one of the main causes of the catalyst deactivation; 55 

thus, understanding the coke formation mechanisms and characteristics is of paramount 56 

importance for the development of robust catalysts and the improvement of process efficiency 57 

and economics [1, 2]. 58 

Coking involves complex mechanisms. The formation of coke requires not only the chemical 59 

reactions but also the retention of coke molecules in the microporous channels and/or on the 60 

external surface of the catalyst. Coke formation is also affected by various factors such as the 61 

nature of catalyst (the type of catalyst, SiO2/Al2O3 ratio and acidity, and crystal size, etc.) and 62 

process conditions. Reaction temperature significantly affects coke composition [3-6]. 63 

Previous studies revealed that coke formed at low temperatures is generally non-polyaromatic 64 

in nature, whereas at temperatures above 350 °C, the retained coke compounds become more 65 

carbonaceous and heavy, ultimately dominated by polyaromatics [3, 4]. 66 

In terms of the effect of catalyst properties, crystal size which directly affects molecular 67 

diffusion path can be very significant to the coke formation. In the case of ZSM-5 zeolite, the 68 

crystalline aluminosilicate has three-dimensional microporous channels with openings of 69 

~0.55 nm in diameter [7, 8]. This channel system renders the passage of gasoline components. 70 

However, it causes restricted diffusion for large aromatics which would be trapped in the 71 

channels, undergo condensation, hydrogen transfer and elimination reactions, and 72 

subsequently form coke [9, 10]. Correspondingly, many catalyst development efforts have 73 

been devoted to mitigating the diffusion limitations [11, 12]. 74 

Reduction of crystal sizes into the nanometre range and creation of mesopores have been 75 

considered effective to enhance the mass transfer within the catalyst and hence an improved 76 

catalytic performance [13]. Extensive studies have been reported on the improvement of 77 
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activity and service lifespan of ZSM-5 catalysts with nano and hierarchical structures 78 

compared to their microcrystal counterparts in various reactions [12, 14-19]. For example, Fu 79 

and co-workers [19] reported an extension of catalytic service lifespan by 58 h and a doubled 80 

gasoline yield using 30‒60 nm ZSM-5 nanocrystals against 2 µm microcrystals in MTG 81 

reaction. Such enhanced performance was often explained as reduced coking potential in 82 

catalyst particles with shortened diffusion paths as a result of smaller crystal size and higher 83 

external surface areas [12, 14]. However, in fact, nanocrystal ZSM-5 was found to bear much 84 

more coke (e.g. as high as 6 times more) [19] than the microcrystals by the end of their 85 

service lifespan. The reason for the high coke tolerance but superior catalytic performance for 86 

the nanocrystal ZSM-5 catalyst still requires further mechanistic understanding, considering 87 

both external and internal coke could be responsible for the catalyst deactivation [5-8, 20]. 88 

In this study, the formation and characteristics of internal and external coke, and their 89 

subsequent impact on the catalytic activity and service lifespan of two ZSM-5 catalysts in 90 

MTG under the same operation conditions were investigated. These two ZSM-5 zeolites 91 

differed only in crystal size, namely, ~100 nm nanocrystals and ~13 µm microcrystals but 92 

were of the same type with similar structural properties and amounts of active sites, allowing 93 

for an effort to peek into the relationship between coke formation behaviour and deactivation 94 

of catalysts with different length of diffusion paths. The coke and spent catalysts were 95 

subjected to various analysis and characterisation. The rate of formation of internal coke and 96 

structural properties of external coke were determined, enabling an in-depth understanding of 97 

the mechanism that the nanocrystal ZSM-5 catalyst displayed superior service lifespan while 98 

retaining high catalytic activity despite the greater deposition of coke. Furthermore, 99 

regeneration of the coke fouled nanocrystal ZSM-5 catalyst was performed at 550 °C in air 100 

for 4 h and the activity of the regenerated sample was also evaluated and compared to that of 101 

the virgin nanocrystal catalyst. 102 
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 103 

2. Experimental 104 

2.1 Synthesis of nanocrystal and microcrystal ZSM-5 catalysts  105 

The catalyst synthesis reagents were purchased from Sigma‒Aldrich and used as supplied 106 

without any modification. Sodium aluminate (NaAlO2, anhydrous, analytic reagent) and 107 

tetraethyl orthosilicate (TEOS, ≥99.0%) provided the alumina and silica sources, respectively. 108 

Tetrapropylammonium hydroxide (TPAOH, 1.0 M aqueous solution) was used as the 109 

structure directing agent. 110 

A nanocrystal ZSM-5 catalyst was prepared using a hydrothermal synthesis method from a 111 

sol-gel solution with a molar composition of 1 Na2O: 1 Al2O3: 50 SiO2: 12.5 TPAOH: 578.5 112 

H2O. In brief, TEOS (6.4 g) was added drop-wise to a clear aqueous solution of NaAlO2 (0.1 113 

g) in 1.0 M TPAOH (8.0 g). The mixture was stirred at ambient temperature to form a sol-gel 114 

solution gradually, followed by a further 0.5 h stirring before being transferred to an 80 °C oil 115 

bath for 1 h. After cooling natural to ambient temperature and another 20 h of stirring for 116 

aging, the solution was hydrothermally treated in a Teflon-lined autoclave at 180 °C for 48 h. 117 

The solid product was washed three times by resuspending the sample in deionised water and 118 

collected by centrifugation. 119 

The microcrystal ZSM-5 sample was synthesised by modifying the aforementioned method. 120 

Briefly, 20 g (instead of 8 g) of 1.0 M TPAOH aqueous solution was used and the 121 

hydrothermal synthesis was carried out for 72 h (instead of 48 h). 122 

In both cases, the structure directing agent (TPAOH) was removed by calcination in air at 123 

550 °C for 5 h. The resultant white powder was ion exchanged twice with NH4
+
 (1.0 g of 124 

zeolite in 10 mL of 1.0 M NH4NO3 solution at 50 °C for 24 h) and finally calcined at 500 °C 125 

for 5 h to produce the protonated ZSM-5 catalyst, denoted as H-ZSM-5. 126 

 127 
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2.2 Characterisation 128 

The crystal structures of the synthesised catalysts were analysed using powder X-ray 129 

diffraction (XRD) (PANalytical Empyrean X-ray diffractometer equipped with a Cu Kα 130 

(λ=1.54439 Å) radiation source at 40 kV and 40 mA). The SiO2/Al2O3 ratios of the samples 131 

were determined from the bulk composition results of the samples using inductively coupled 132 

plasma atomic emission spectroscopy (ICP-AES) (Thermo Scientific iCAP 6500 Duo ICP-133 

AES). Microscopic morphologies were obtained using a scanning electron microscopy (SEM) 134 

(FEI Verios XHR at 10 kV) and a transmission electron microscopy (TEM) (JEOL 2100 at 135 

120kV). The high angle annular dark field scanning transmission electron microscopy image 136 

and energy dispersive X-ray spectroscopy elemental maps (HAADF STEM-EDS) of the spent 137 

nanocrystal ZSM-5 sample were also obtained using a Titan G2 80-200 TEM at 200 kV. The 138 

HAADF STEM-EDS analysis was not applied to the microcrystal ZSM-5 sample as its crystal 139 

size was too large to offer quality images and useful information. 140 

In-situ temperature programmed ammonia adsorption/desorption (NH3‒TPA/TPD) was 141 

conducted using a Quantachrome ChemBET PULSAR TPR/TPD. Specifically, the sample 142 

(~0.1 g) was heated from room temperature to 500 °C at a rate of 10 °C min
-1

 in a helium (He) 143 

flow (high purity, 15 mL min
-1

) for 60 min and then cooled down to 120 °C. NH3 adsorption 144 

was then performed by flushing the sample with a 5 v/v% NH3/He mixture (15 mL min
-1

) for 145 

40 min. The sample was again purged with He (15 mL min
-1

) for 40 min to remove the 146 

physisorbed NH3. At a heating rate of 10 °C min
-1

, the sample was heated to 650 °C to allow 147 

the desorption of NH3 absorbed on the acid sites. The NH3 desorbed was recorded every 5 s 148 

using a thermal conductivity detector (TCD). 149 

Nitrogen adsorption/desorption isotherms at -196 °C were obtained using a Micromeritics 150 

Tristar II instrument. Before each measurement, the sample was degassed under vacuum at 151 

200 ℃ for 12 h. The Brunauer-Emmett-Teller (BET) equation was applied to calculate the 152 



7 
 

specific surface area using the adsorption data in the range of p/p0=0.05-0.2 [21, 22]. The t-153 

plot method was used to calculate the external surface area, micropore area and micropore 154 

volume using the adsorption data in the range of p/p0=0.2-0.5 [22]. The total pore volume was 155 

determined from the amount of nitrogen adsorbed at p/p0=0.995. 156 

2.3 Catalytic MTG reaction test 157 

The performance of the catalyst in MTG was conducted using a high pressure fixed‒bed 158 

reactor. Powder catalysts were pelletised, crushed and sieved into a size fraction of 1‒1.5 mm 159 

in diameter. 0.24 g of a sieved catalyst was loaded into the middle of a quartz lined stainless 160 

steel reactor of 7 mm in internal diameter. The reactor was placed in a vertical furnace and 161 

aligned to ensure the catalyst was sitting at the centre of the isothermal zone. Before the MTG 162 

reaction, the catalyst was activated at 375 °C for 2 h in a high purity nitrogen flow rate (44 mL 163 

min
-1

). Liquid methanol (Sigma-Aldrich, HPLC grade, 99.9%) at a flow rate of 0.01 mL min
-1

 164 

was vaporised at 375 °C in an electric preheater and introduced into the reactor using a high 165 

purity nitrogen carrier gas at a flow rate of 44 mL min
-1

, giving a 10% (v/v) methanol in the 166 

nitrogen mixture. The reaction was performed under a set of constant reaction conditions of 167 

375 °C, 1 MPa and weight hourly space velocity (WHSV) 2 h
-1

. The reaction experiment was 168 

terminated when methanol conversion decreased to 50%, the duration of which was defined 169 

as the service lifespan of the catalyst (denoted as t1/2). 170 

The downstream manifolds of the reaction system were maintained at 180 °C to avoid any 171 

product condensation in the exit stream. The product composition was analysed online at 1 h 172 

intervals using an Agilent 7890A gas chromatograph (GC), to quantify the product selectivity 173 

and calculate the methanol conversion as a function of time on stream [16, 18, 23]. The GC 174 

was equipped with two capillary columns, VF-1 ms and PoraBOND Q, connected to a 175 

thermal conductivity detector (TCD) for composition analysis of light hydrocarbons (C1−C4), 176 

and three capillary columns, CP Ms 5A, CP-Sil 8 CB and PoraBOND Q, connected to a flame 177 
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ionisation detector (FID) for composition analysis of C5+ liquid fractions (aliphatics and 178 

aromatics) as well as unreacted methanol. 179 

2.4 Coke Analysis 180 

The total amount of coke formed in the spent catalyst was determined using a SDT600 TGA 181 

(TA Instrument). The measurements were first conducted in a nitrogen atmosphere to 182 

vaporise absorbed organic volatiles at elevated temperatures, followed by oxidation in air to 183 

burn off the remaining hard coke. In a typical TGA run, with high purity nitrogen at a flow 184 

rate of 100 mL min
-1

, about 10 mg of the spent sample was placed in an alumina crucible and 185 

heated to 105 °C at a heating rate of 20 °C min
-1

 and maintained for 15 min to remove any 186 

surface moisture. The sample was further heated to 550 °C at a heating rate of 10 °C min
-1 

and 187 

kept for 15 min. The gas atmosphere was then switched to air with a flow rate of 100 mL min
-188 

1
, and the sample was held for 40 min to allow for complete coke oxidation. The mass loss in 189 

nitrogen above 105 °C but below 550 °C was ascribed to the removal of volatile species 190 

absorbed on the catalyst. The mass loss in the air was associated with oxidation of the hard 191 

coke. 192 

The chemical composition, molecular structure and morphology of the coke were studied 193 

using gas chromatography mass spectrometry (GC‒MS), 
1
H and 

13
C nuclear magnetic 194 

resonance (NMR) and high-resolution TEM (HRTEM), respectively. Coke was extracted 195 

from the fouled catalyst by dissolving the spent catalyst in a solution of sodium hydroxide 196 

(NaOH) and ethanol (EtOH), a schematic of the procedures for coke extraction is shown in 197 

the Supporting Information Figure S1. Briefly, 0.2 g of a spent catalyst, 1.5 g of NaOH and 198 

15mL of EtOH were mixed in a sealed Teflon-lined autoclave, and the resulting mixture was 199 

kept at 100 °C for 24 h. After cooling to room temperature, the solution was transferred to a 200 

polypropylene beaker and heated to 80 °C in an oil bath until EtOH was fully evaporated. The 201 

resulting solid was soaked with deionized water and then dichloromethane (DCM), and 202 
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subsequently filtered to give a black solid (insoluble coke) which was collected and dried for 203 

TEM imaging analysis. The filtrate was transferred to a separating funnel and extracted twice 204 

using DCM solvent. The recovered DCM phase was concentrated and subsequently analysed 205 

using a GC‒MS and 
1
H and 

13
C NMR to detect possible solute (soluble coke).  206 

The amount of internal and external coke was respectively quantified following a method 207 

reported in the literature [4, 24]. Briefly, assuming that the decrease in micropore volume of 208 

the spent catalyst sample compared with that of the virgin catalyst is attributed to the 209 

deposition of internal coke, thus the amount of internal coke can be calculated by referring the 210 

coke density to 1.22 g cm
-3

 of a coal having a H/C ratio of 0.8 [4, 24]. The amount of external 211 

coke can then be calculated by subtracting the internal coke from the total coke content 212 

determined from the TGA analysis. In this study, the volatile species were considered as coke 213 

as they also contributed to the reduction in micropore volume, although it was difficult to tell 214 

if they were deposited on the external or internal surfaces. The total coke content comprised 215 

the amount of volatiles and hard coke. 216 

 217 

3. Results and Discussion 218 

3.1. General characteristics of the catalysts 219 

The crystal structures of the nanocrystal and microcrystal ZSM-5 samples were verified by 220 

the powder XRD patterns. As shown in Figure 1a, both samples exhibited diffraction patterns 221 

consistent with and corresponding to the reference standard of a highly crystalline ZSM-5 222 

zeolite [25]. The nanocrystal ZSM-5 sample was also shown to have slightly less resolved 223 

peaks than the microcrystal ZSM-5 in the 22.5 ‒ 25° 2θ angle range. This can be understood 224 

according to the Scherrer equation that nanosized crystals would show broad peaks in a 225 

diffraction pattern [26, 27].  226 
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The morphologies of the two ZSM-5 samples are illustrated by representative SEM and TEM 227 

images in Figure 1(b‒e). The nanocrystal ZSM-5 displayed clean and segregated particles 228 

consisting of single crystals with uniform sizes of ~100 nm (Figure 1b and c). The 229 

microcrystal ZSM-5 consisted of twined crystals with an average size of ~13 µm (Figure 1d). 230 

It must be noted that these crystals incurred some physical cracking or rupture, being partially 231 

crushed during the pelletisation, thus producing irregular particles but remaining basically 232 

similar crystal size (Figure 1e). 233 

The NH3‒TPD profiles of the fresh nanocrystal and microcrystal ZSM-5 are shown in Figure 234 

1f. Both samples had two distinct desorption peaks. The one at 150-320 °C is categorised as 235 

the low temperature peak (LT‒peak) attributed to the desorption of weakly bound NH3, and 236 

the peak area is considered to correspond to the density of weak acid sites. Similarly, the one 237 

at 320-550 °C is known as the high temperature peak (HT‒peak) resulting from the desorption 238 

of strongly bound NH3, with its area corresponding to the density of strong acid sites [28-30]. 239 

The nanocrystal ZSM-5 had a lower peak area at the LT‒peak but a greater peak area at HT‒240 

peak than those of the microcrystal ZSM-5. The overall peak area is very similar for both 241 

samples, indicating they had comparable amounts of total acid sites, in good agreement with 242 

their almost identical SiO2/Al2O3 ratio as determined by the ICP‒AES results, being 47 and 243 

51 for the fresh nanocrystal and microcrystal ZSM-5 samples, respectively. 244 

The nitrogen physisorption isotherms of the fresh ZSM-5 samples are shown in Figure 1g. 245 

The nanocrystal ZSM-5 showed type‒IV isotherms with a steep nitrogen uptake and 246 

hysteresis loops at high relative pressures (p/p0>0.9), indicating the existence of mesopores in 247 

the structure which can be attributed to the intercrystal voids between nanosized crystals. The 248 

microcrystal ZSM-5 had type‒I isotherms, indicating it was a solely microporous material. 249 

The two samples also had almost the same steep uptakes in the low relative pressure region 250 

(p/p0 < 0.01), indicative of high microporosity, suggesting that both ZSM-5 samples had 251 
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virtually the same intact microporous framework with high crystallinity. As further evidenced 252 

by the pore characteristics summarised in Table 1, the two ZSM-5 samples had very similar 253 

micropore areas and volumes typical of highly crystalline ZSM-5 zeolites. The nanocrystal 254 

ZSM-5 had doubled external surface areas and total pore volumes compared to the 255 

microcrystal ZSM-5 as a result of its nanosize. 256 

3.2. Catalytic performance in MTG 257 

The performance of the two catalysts in MTG was evaluated in a fixed bed reactor under 258 

identical reaction conditions of temperature 375 °C, pressure 1 MPa, and WHSV 2 h
-1

. This 259 

set of reaction condition is similar to that applied for the commercial MTG process [31, 32]. 260 

The results of methanol conversion as a function of time on stream for the two catalysts are 261 

compared in Figure 2a. The nanocrystal ZSM-5 showed t1/2 of 270 h, almost seven times 262 

longer than that of its microcrystal counterpart at 40 h. ZSM-5 catalysts with smaller particle 263 

sizes have been known to have improved catalytic service lifespan in MTG due to shortened 264 

diffusion path [15, 33] for easier transport of hydrocarbons in/out of the intra-crystal 265 

micropore channels and thus less chance for coke formation and deposition. Similarly, as 266 

observed in this study, the enhanced catalytic service lifespan may be logically assigned to the 267 

obvious difference in crystal size between the two catalysts, considering that both had similar 268 

structural properties and active site density. However, this is seemingly superficial and 269 

inadequate. An interesting question arises as to if and how this stark discrepancy in catalytic 270 

service lifespan can be explained by the coking behaviour on the nanocrystal and microcrystal 271 

catalysts, since coking is the main cause of the deactivation of ZSM-5 catalyst in MTG. 272 

The product selectivity, for the nanocrystal and microcrystal ZSM-5 catalysts respectively, is 273 

shown in Figure 2b and 2c. The product selectivity over the nanocrystal ZSM-5 catalyst 274 

remained relatively steady over time on stream until about 200 h after which a small decrease 275 

in the selectivity of the aromatics fraction as well as the C1−C4 fraction and a noticeable 276 
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increase in the C5+ aliphatics fraction were evident. Significant changes in the product 277 

selectivity occurred when the methanol conversion was dramatically decreased, indicating a 278 

great loss of the catalyst activity. This can be understood as the catalytic acidity is gradually 279 

reduced due to increasing coverage of active sites by the coke formed over time on stream. 280 

Such a result is consistent with our earlier study on the effect of SiO2/Al2O3 ratio on the 281 

product selectivity for the nanocrystal ZSM-5 catalyst in MTG [34]. A similar phenomenon 282 

was also observed for the microcrystal catalyst. However, it should be noted that the product 283 

of the nanocrystal ZSM-5 catalyst was dominated by aromatics while the C1−C4 fraction was 284 

the main product of the microcrystal catalyst. This discrepancy can be explained by their vast 285 

difference in the crystal size. Limited by the long diffusion paths of the microcrystal catalyst, 286 

the intermediates would more easily undergo further reactions such as dealkylation and 287 

condensation, leading to a higher C1−C4 product selectivity and faster formation and 288 

deposition of internal coke. In contrast, the nanocrystal catalyst with short diffusion paths 289 

afforded a greater chance for the aromatics to escape from the internal pores without incurring 290 

significant coking [35]. 291 

3.3 Coke formation and characteristics 292 

To understand the mechanism of deactivation of these two catalysts due to coking, a detailed 293 

analysis of coke characteristics was performed to not only quantify the total amount of coke 294 

formed, but also understand the nature and locations of coke formed within the catalyst 295 

structure. 296 

3.3.1 Internal and external coke 297 

The total amounts of coke formed during the MTG reaction for both catalysts were 298 

determined from the TGA curves shown in Figure 3a. The total mass losses were 23.7 and 299 

12.6 wt% for the spent nanocrystal and microcrystal catalysts, respectively. It corresponds to 300 

31.1 wt% of coke formed on the virgin nanocrystal catalyst during the reaction. In other 301 
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words, 1 g of the fresh nanocrystal catalyst incurred 0.31 g of coke deposition by the time 302 

when the methanol conversion decreased to 50%. Similarly, 14.4 wt% of coke formed on 303 

fresh microcrystal catalyst. 304 

The amounts of internal and external coke were determined by combining the nitrogen 305 

physisorption and TGA results. The micropore volume of the spent catalyst was estimated 306 

from the nitrogen physisorption data. The adsorption/desorption isotherms for the two spent 307 

catalysts are shown in Figure 3 b and c, respectively, together with those for their virgin 308 

samples. Comparing to the fresh samples, both spent catalysts showed significantly reduced 309 

adsorption capability in the low relative pressure region. This was indicative of a substantial 310 

reduction in micropore volume, suggesting that the micropore channels for the two spent 311 

samples were largely occupied by coke. As summarised in Table 1, the nanocrystal catalyst 312 

showed a 0.07 cm
3
g

-1
 reduction in the micropore volume. The content of internal coke 313 

deposited was thereby determined to be 9 wt% of the virgin nanocrystal catalyst, and external 314 

coke 22.1 wt%. Similarly, the loading of the internal and external coke for the microcrystal 315 

catalyst was determined to be 10 wt% and 4.4 wt%, respectively. These results are 316 

summarised in Figure 3d. Clearly, nanocrystal ZSM-5 catalyst incurred more external coke 317 

formation whilst microcrystal ZSM-5 incurred predominantly internal coke. Despite a five-318 

fold loading of external coke on the former compared with the latter, interestingly, both 319 

catalysts accumulated almost the same amount of internal coke at t1/2. This phenomenon is 320 

discussed in detail in later sessions. 321 

The differences in coke formation for the two catalysts were also reflected by the changes in 322 

their morphologies before and after use. Figure 4 shows the SEM and TEM images of the 323 

spent nanocrystal and microcrystal catalysts. In contrast to segregated particles of single 324 

crystal (Figure 1b and c), the spent nanocrystal catalyst showed agglomerates of crystals 325 

‘glued’ together by amorphous substances on the external surface of the crystals (Figure 4a 326 
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and b). These substances were further examined and a typical HAADF STEM image and 327 

associated EDS elemental mapping of the spent sample are shown in Figure 5. The elemental 328 

distribution of carbon is shown in Figure 5b presenting a mapping area identical to the 329 

samples observed in the STEM. In particular, some areas of the map show highly 330 

concentrated carbons (highlighted in Figure 5b) but no trace of Si and Al as shown in Figure 331 

5c and d. This observation is consistent with the SEM characteristics of coke deposited on the 332 

external surface of the catalyst. Since the possibility of residual carbon from the ZSM-5 333 

synthesis process can be ruled out due to thorough calcination of the catalyst at 550 ˚C for 5 h 334 

prior to each use, it can be confirmed that this carbon was the coke formed during the MTG 335 

reaction and a significant fraction was external coke when nanocrystal ZSM-5 catalyst was 336 

used. Unlike the case of nanocrystal catalyst, the spent microcrystal catalyst displayed 337 

morphology almost identical to that of the pelletised fresh sample (Figure 4c) with little 338 

evidence of visible coke on the external surface (Figure 4d), confirming that much less 339 

external coke was formed on the microcrystal catalyst. 340 

The stark difference in coke formation, distribution and characteristics between the two 341 

catalysts may be explained in terms of their different crystal sizes. The diffusion paths of the 342 

nanocrystal catalyst were greatly shortened owing to its nanosized crystals, leading to 343 

markedly enhanced mass diffusion [33, 36, 37]. Coke precursors (e.g. aromatic fragments) 344 

initially formed in the micropore channels could readily migrate to the external surface, either 345 

dissipating into the reacting stream or resulting in predominantly external coke (~1.5 times 346 

more than the internal coke). In the case of the microcrystal catalyst, the migration of coke 347 

precursors was sluggish due to substantially longer diffusion path in the microcrystal ZSM-5 348 

(~130 times longer than the nanocrystal calculated based on their crystal sizes). The coke 349 

precursors would further undergo condensation and polymerisation reactions and ultimately 350 
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be trapped in the micropore channels, leading to 56% less external coke than internal coke for 351 

the microcrystal catalyst.  352 

3.3.2 Coke characteristics  353 

Studying coke composition and properties requires the materials to be separated from the 354 

spent zeolite catalyst and extracted commonly using DCM. Therefore, the aluminosilicate of 355 

the spent catalyst needs to be completely dissolved, normally through leaching by 356 

hydrofluoric acid (HF) aqueous solution [4, 24]. However, HF is a notorious highly corrosive 357 

chemical and the handling of HF must follow a series of stringent requirements which is not 358 

adaptable for most chemical engineering laboratories. In this study, a greener and safer 359 

method using a NaOH/EtOH solution was developed to successfully dissolve the catalyst 360 

without adversely altering the chemical properties of the coke. 361 

The coke extracted using DCM (soluble coke) was subsequently subjected to GC‒MS and 
1
H 362 

and 
13

C NMR analysis (shown in supporting information, Figure S2 and Figure S3). A 363 

molecule of C14H12 was identified by referencing the NIST standard database for GC‒MS. 364 

Unfortunately, the overall data obtained were insignificant due to the extremely low 365 

concentration of soluble coke despite that the solution was concentrated to above the minimal 366 

volume required for the GC and NMR analyses. Such a negligible solute content is indicative 367 

of only a trace amount of soluble coke formed during the reaction. Indeed, coke would tend to 368 

be more carbonaceous due to aging under such long reaction time and high temperatures, 369 

ultimately promoting the formation of more hard coke (insoluble coke). This claim is also 370 

echoed in the TGA curve (Figure 3a), in which the mass loss of the spent catalysts under a 371 

nitrogen atmosphere (before combustion) was very low, particularly below 300 °C (less than 372 

1 wt%), indicating that little volatile species associated with soluble coke was formed in the 373 

spent nanocrystal sample. 374 
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Coke insoluble in DCM, or insoluble coke, was collected by filtering the NaOH/EtOH 375 

solution, dried and analysed using TEM. As shown in Figure 6, the insoluble coke appeared in 376 

a form of randomly entangled chains of ~ 11 nm in width. The “chain” structure was further 377 

confirmed by the high-resolution TEM (HRTEM) image in Figure 6 d in which clear lattice 378 

fringes with ~ 0.33 nm spacing was evident, indicating the existence of localised graphitic 379 

structures in the coke. It is worth noting that during TEM imaging of the spent nanocrystal 380 

catalyst, the crystals were often found to be heavily encapsulated by coke, and some of the 381 

coke casings were found to be isolated but still remained the contour shape of the crystals, as 382 

shown in Figure 7.Moreover, the thickness of the external coke directly peeled off the ZSM-5 383 

nanocrystal was found to be similar to the width of the insoluble coke isolated after the 384 

NaOH/EtOH digestion of the zeolites, as evident in Figure 6. The morphology of insoluble 385 

coke observed was thus likely to have been produced following the mechanism as 386 

schematically illustrated in Figure 8. Firstly, coke layers wrapping or partially wrapping the 387 

crystals were formed during MTG. After the removal of zeolites, coke was segregated as a 388 

suspension in the NaOH/EtOH solution. During the subsequent filtration, internal coke was 389 

highly likely to have collapsed due to its very thin structure (maximum ~0.55 nm); external 390 

coke separated was randomly stacked together and a transmissive view would resemble that 391 

illustrated in Figure 6. 392 

3.4 Relating coke formation and characteristics to catalyst deactivation 393 

The catalyst is deactivated by coke formation that leads to progressive pore blockage, 394 

coverage and subsequent loss of active sites [1, 6, 38, 39]. Coke is composed of large 395 

aromatics formed as a by-product at the active sites by reactions parallel to the main MTG 396 

reaction. Since reactions predominantly take place in micropore channels of ZSM-5 zeolite 397 

where the majority of active sites are located [40], the deposition of coke in the channels 398 

(internal coke) can lead to direct coverage of the active sites and obstruction of diffusion thus 399 
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imposing detrimental effect on the durability of the catalyst. Furthermore, the formation of 400 

coke on the external surface (external coke) of the catalyst may lead to plugging of pore 401 

mouth if the coke is non-porous and impermissible for gas molecules involved. This would 402 

prevent the reactant from accessing the active sites, adversely affecting the catalyst 403 

performance. Therefore, it infers that the rate of formation of internal coke and structural 404 

properties of external coke hold the key to explaining the different deactivation behaviour of 405 

the two catalysts.  406 

In this study, the two catalysts had very similar internal coke content at t1/2 even though the 407 

t1/2 for the nanocrystal ZSM-5 was 7 times longer than that of the microcrystal ZSM-5, which 408 

could also be understood as when the accumulation of internal coke reached about 10 wt%, 409 

both ZSM-5 catalysts would lose 50% of its activity. However, taking the reaction duration 410 

into account, it took 270 h for the nanocrystal catalyst to form the same amount of internal 411 

coke, while it was merely 40 h for the microcrystal catalyst. The averaged formation rates of 412 

internal coke for the nanocrystal and microcrystal catalyst were thus calculated to be 1.4×10
-3

 413 

g g
-1

 h
-1

 and 1.0×10
-2

 g g
-1

 h
-1

, respectively, one order of magnitude in difference. Clearly, the 414 

nanocrystal catalyst showed a tremendously slow formation of internal coke, and 415 

consequently, much slower coverage of active sites and blockage of channels, leading to a 416 

much longer catalytic service lifespan. 417 

On the other hand, the nanocrystal catalyst showed a great longevity even with a significant 418 

amount of external coke deposited (~1.5 times higher than the internal coke). This implies 419 

that the formation of external coke has much less impact on the catalyst activity than normally 420 

anticipated, provided that the coke has a porous structure permissible to diffusion of the 421 

reactants and products. As mentioned before, whether external coke is harmful to the catalyst 422 

performance or not really depends on its pore structure. The coke isolated by digesting the 423 

spent catalyst was thus analysed using nitrogen physisorption, from which typical type-V 424 
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isotherms are evident as shown in Figure 9. The hysteresis loop at relative pressures p/p0>0.6 425 

was indicative of the existence of mesopores in the coke sample, which was further confirmed 426 

by the pore size distribution (Figure 9 inset) showing appreciable fraction of mesopores 427 

ranging from ~3 nm to 10 nm. It should be noted that the coverage of external coke on the 428 

spent nanocrystal ZSM-5 was non-uniform, incomplete, and sometimes loose (Figure 7a, b 429 

and d), and the external coke tended to form aggregates of flakes (Figure 4b), providing 430 

various pores and channels. The porous nature of the external coke was also evidenced by the 431 

increased external surface area (by 41 m
2
 g

-1
) on the coke fouled nanocrystal ZSM-5 432 

compared to the fresh catalyst. These pores allowed the surface of the catalyst to remain 433 

accessible to MTG reactants and products in spite of a heavy deposit of external coke. It was 434 

therefore ascertained that the external coke was less harmful to the catalyst performance. 435 

It should be noted that the methanol conversion over the nanocrystal ZSM-5 showed a steep 436 

decrease after being sustained at ~ 98% for approximately 200 h (Figure 2). This might imply 437 

a sudden change in the pore network of the catalyst that impedes the accessibility of active 438 

sites and the diffusion of reactant and products. ZSM-5 zeolite is known to have a three-439 

dimensional interconnected porous network. Since coke is accumulated over time [41], such 440 

deposit inside the ZSM-5 crystals may change the interconnectivity of the network thus 441 

affecting the pore accessibility. It is anticipated that the entire pore network gradually loses 442 

the diffusion paths for hydrocarbon molecules with increasing time on stream and eventually 443 

becomes non-through at the end of catalytic service lifespan. However, as evidenced by the 444 

present experimental data, the transition of catalyst deactivation was rather abrupt well before 445 

the micropores were fully blocked in the spent ZSM-5 catalysts. This phenomenon may be 446 

explained by the percolation theory [42-44] 447 

The percolation theory hypothesises that when the fraction of blocked pore volume 448 

approaches a threshold, the remaining pores are no longer accessible, and diffusion through 449 
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the pore network is terminated. A percolation probability, P, is used to describe the probable 450 

faction of through pores inside the network, and thus can be related to the accessibility of the 451 

pore network [45, 46]. Hence, P decreases with increasing number of blocked pores, and 452 

becomes zero at the percolation threshold. In the case of ZSM-5 zeolite in MTG, as internal 453 

coke causes the pore blockage, the accessibility of the pore network or P decreases with 454 

increasing internal coke formation, and becomes zero when the internal coke accumulates to a 455 

certain amount, by means of reaching the percolation threshold. This could lead to a dramatic 456 

loss of the catalyst activity, causing the aforementioned sudden drop in methanol conversion. 457 

The present study found the nanocrystal ZSM-5 catalysts lost 58% of its initial micropore 458 

volume at the time of sharp decrease in methanol conversion, and surprisingly similar, 64% in 459 

microcrystal ZSM-5, indicating a percolation threshold of around 0.58 ~ 0.64, in line with the 460 

value (0.64) predicted by the dynamic Monte Carlo simulation for the MFI type topology [47]. 461 

3.5 Catalytic performance of the regenerated nanocrystal catalyst 462 

In industrial practice, coke fouled ZSM-5 catalysts are subjected to regeneration to remove 463 

the coke by combustion in air (500-600 °C) [20, 48, 49]. However, the activity of the catalyst 464 

cannot be fully restored [20, 50]. Such degradation is believed to be mainly due to the loss of 465 

Al by hydrolysis during the reaction and regeneration. 466 

In this study, the spent nanocrystal ZSM-5 sample was regenerated and the characteristics and 467 

activity of the regenerated catalyst were also examined again. The regeneration of the 468 

deactivated catalyst was carried out at 550 °C in air for 4 h. Figure 10 shows the general 469 

characteristics of the regenerated catalyst. After oxidising the coke off the spent catalyst in air, 470 

the morphology of the regenerated catalyst (Figure 10a and b) was basically identical to that 471 

of the fresh catalyst. In addition, the regenerated catalyst also showed very similar 472 

adsorption/desorption isotherms (Figure 10c) as the fresh one, suggesting no noticeable 473 

damage occurred during the reaction and regeneration of the nanocrystal catalyst. However, a 474 
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decrease in the total amount of acid sites was evident by the NH3‒TPD profiles for the 475 

regenerated catalyst shown in Figure 10d, as compared to that of the fresh one. This is in 476 

agreement with an increase in the SiO2/Al2O3 ratio determined from the ICP-AES analysis 477 

(the spent sample had a SiO2/Al2O3 ratio of 61), revealing an approximately 30% Al loss after 478 

one reaction and regeneration cycle. 479 

The rejuvenated catalyst was subsequently tested under the same reaction conditions. The 480 

methanol conversion as a function of time on stream is shown in Figure 11. The regenerated 481 

catalyst showed a similar trend in methanol conversion to that of the fresh catalyst. However, 482 

instead of incurring an activity loss, the regenerated catalyst exhibited an increase of the 483 

catalytic service lifespan t1/2 to 300 h. This may be understood in terms of the effect of Al 484 

concentration on the performance of the catalyst. 485 

It is well documented in the literature [11, 51] that the Al concentration (commonly 486 

represented as Si/Al or SiO2/Al2O3 ratio) of a ZSM-5 catalyst plays a pivotal role in 487 

determining its catalytic performance. The protonated H-ZSM-5 possesses strong acidity that 488 

enables it to have high catalytic activity suitable for wide applications in heterogeneous 489 

catalysis [52]. The acid strength is determined by the number of acid sites which is 490 

proportional to the Al concentration in the catalyst. Generally, the higher the Al concentration, 491 

the stronger the acidity and thus, the higher activity the catalyst has. However, since coke 492 

formation is also a function of the acidity, coke formation increases with increasing acid 493 

strength and concentration. The high concentration of Al would also increase the coke 494 

formation rate leading to faster catalyst deactivation [1, 53]. A catalyst with a low Al 495 

concentration can extend its life time but may sacrifice its catalytic activity. A suitable range 496 

of Al concentration is thus essential for desired catalytic service lifespan while also 497 

preserving the high activity. Our recent study showed a nanocrystal ZSM-5 catalyst with a 498 
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SiO2/Al2O3 ratio of 217 had the best performance among those with SiO2/Al2O3 ratios 499 

between 23‒411 [34]. 500 

The regenerated catalyst showed a moderate decrease in the total amount of acid sites, 501 

resulting in an enhanced catalytic service lifespan. More importantly, the activity of the 502 

regenerated nanocrystal ZSM-5 in present work was not compromised, as it was still 503 

sufficient to sustain a 98% MeOH conversion in the MTG process. However, as the loss of Al 504 

was irreversible, it is believed that the catalyst would eventually lose its activity for effective 505 

MTG when the Al level drops below a certain threshold after many repeated cycles, thereafter 506 

due for replenishment. 507 

  508 
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4. Conclusions 509 

This study demonstrated two coke formation and deposition mechanisms and the relationship 510 

between the formation and characteristics of the coke and the deactivation of the catalyst in 511 

ZSM-5 zeolite catalysed MTG reaction. The nanocrystal ZSM-5 (crystal size of ~ 100 nm) 512 

was shown to have more than doubled coke content but surprisingly sustained a catalytic 513 

service lifespan seven times longer than its microcrystal counterpart (~ 13 µm). The total 514 

amount of coke formed thus was not a good indication of the catalyst service lifespan.  515 

An insight into the coking behaviour was revealed in that it was the formation rate of internal 516 

coke that directly determined the catalytic service lifespan while the formation of external 517 

coke had little impact on the catalyst performance. The improved service lifespan of the 518 

nanocrystal ZSM-5 catalyst was attributed to the slow accumulation of internal coke as a 519 

result of the short diffusion paths, which allowed coke precursors to readily migrate to the 520 

outer surface to dispose or form external coke. The external coke found mainly on the surface 521 

of nanocrystal catalyst was porous and thus less detrimental to the catalyst activity.  522 

The loss of Al during the reaction and regeneration could also lead to an increase in the 523 

catalytic performance depending on the optimal Al range. The Al concentration of the 524 

nanocrystal ZSM-5 catalyst was reduced by 30% after the first reaction and regeneration cycle. 525 

However, the regenerated catalyst had a longer service lifespan than the virgin ZSM-5 526 

catalyst. This finding implies that starting the MTG process with a nanocrystal ZSM-5 having 527 

higher Al content may significantly extend the overall cyclic service lifespan of the catalyst 528 

without the catalytic performance sing compromised. 529 
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Figure Captions 616 

Figure 1  General characteristics of fresh catalysts: (a) XRD patterns; (b) SEM images and 617 

(c) TEM images of the nanocrystal ZSM-5; (d) and (e) SEM images of the 618 

microcrystal ZSM-5 before and after pelletising; (f) NH3‒TPD profiles, and (g) 619 

nitrogen physisorption isotherms where solid symbols denote adsorption and 620 

hollow ones for desorption 621 

Figure 2 Methanol conversion and product selectivity as a function of time on stream for 622 

fresh nanocrystal and microcrystal ZSM-5 catalysts tested in MTG under reaction 623 

conditions of 375 °C, 1 MPa and WHSV 2 h
-1

 624 

Figure 3 Determination of coke deposited on the internal and external surfaces of the spent 625 

nanocrystal and microcrystal ZSM-5 catalysts: (a) TGA curves; (b) and (c) 626 

nitrogen physisorption isotherms of two spent samples compared with their fresh 627 

counterparts, and (d) amounts of internal and external coke for the two spent 628 

catalysts as calculated based on fresh catalyst 629 

Figure 4 Typical SEM and TEM images of the spent nanocrystal and microcrystal catalysts: 630 

(a) and (b) showed a significant amount of coke formed on the external surface of 631 

the nanocrystal catalyst; (c) and (d) showed the spent microcrystal sample had 632 

similar features as its fresh counterpart 633 

Figure 5 Typical HAADF STEM image of the spent nanocrystal ZSM-5 catalyst (a) and 634 

associated EDS elemental mapping: (b) Carbon; (c) Silicon and (d) Aluminium 635 

Figure 6 Typical TEM images of insoluble coke separated from the spent nanocrystal 636 

ZSM-5 catalyst (a–c), and HRTEM image (d) showing the existence of localised 637 

graphitic structures 638 
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Figure 7 Typical TEM images of the spent nanocrystal ZSM-5 catalyst (a) highlighting the 639 

encapsulation (b and c) and the exfoliation (d) of the external coke on the ZSM-5 640 

crystals while retaining the original shape 641 

Figure 8 Schematic of isolation and collection of coke formed on spent nanocrystal ZSM-5 642 

catalyst 643 

Figure 9  Nitrogen physisorption isotherms at -196 °C for the isolated coke and pore size 644 

distribution (inset). Solid symbols denote adsorption and hollow ones for 645 

desorption 646 

Figure 10  General characteristics of the regenerated nanocrystal catalyst at 550 °C in air for 647 

4 h: (a) and (b) typical SEM and TEM images; (c) and (d) nitrogen physisorption 648 

isotherms and NH3‒TPD profiles compared with its pristine counterpart 649 

Figure 11 Methanol conversion as a function of time on stream for the fresh and regenerated 650 

nanocrystal ZSM-5 catalysts tested in MTG under reaction conditions of 375 °C, 651 

1 MPa and WHSV 2 h
-1

  652 
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Figure 1 653 
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Figure 1  General characteristics of fresh catalysts: (a) XRD patterns; (b) SEM images and 655 

(c) TEM images of the nanocrystal ZSM-5; (d) and (e) SEM images of the 656 

microcrystal ZSM-5 before and after pelletising; (f) NH3‒TPD profiles, and (g) 657 

nitrogen physisorption isotherms where solid symbols denote adsorption and 658 

hollow ones for desorption  659 
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Figure 2 660 
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Figure 2 Methanol conversion and product selectivity as a function of time on stream for 662 

fresh nanocrystal and microcrystal ZSM-5 catalysts tested in MTG under reaction 663 

conditions of 375 °C, 1 MPa and WHSV 2 h
-1
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Figure 3 665 
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Figure 3 Determination of coke deposited on the internal and external surfaces of the spent 667 

nanocrystal and microcrystal ZSM-5 catalysts: (a) TGA curves; (b) and (c) 668 

nitrogen physisorption isotherms of two spent samples compared with their fresh 669 

counterparts, and (d) amounts of internal and external coke for the two spent 670 

catalysts as calculated based on fresh catalyst  671 
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Figure 4 672 

 673 

Figure 4 Typical SEM and TEM images of the spent nanocrystal and microcrystal catalysts: 674 

(a) and (b) showed a significant amount of coke formed on the external surface of 675 

the nanocrystal catalyst; (c) and (d) showed the spent microcrystal sample had 676 

similar features as its fresh counterpart  677 
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Figure 5 678 

 679 

Figure 5 Typical HAADF STEM image of the spent nanocrystal ZSM-5 catalyst (a) and 680 

associated EDS elemental mapping: (b) Carbon; (c) Silicon and (d) Aluminium  681 
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Figure 6 682 

 683 

Figure 6 Typical TEM images of insoluble coke separated from the spent nanocrystal 684 

ZSM-5 catalyst (a–c), and HRTEM image (d) showing the existence of localised 685 

graphitic structures  686 
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Figure 7 687 

 688 

Figure 7 Typical TEM images of the spent nanocrystal ZSM-5 catalyst (a) highlighting the 689 

encapsulation (b and c) and the exfoliation (d) of the external coke on the ZSM-5 690 

crystals while retaining the original shape  691 
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Figure 8 692 

 693 

Figure 8 Schematic of isolation and collection of coke formed on spent nanocrystal ZSM-5 694 

catalyst  695 
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Figure 9 696 

 697 

Figure 9  Nitrogen physisorption isotherms at -196 °C for the isolated coke and pore size 698 

distribution (inset). Solid symbols denote adsorption and hollow ones for 699 

desorption  700 
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Figure 10 701 
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 702 

Figure 10  General characteristics of the regenerated nanocrystal catalyst at 550 °C in air for 703 

4 h: (a) and (b) typical SEM and TEM images; (c) and (d) nitrogen physisorption 704 

isotherms and NH3‒TPD profiles compared with its pristine counterpart  705 
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Figure 11 706 

 707 

Figure 11 Methanol conversion as a function of time on stream for the fresh and regenerated 708 

nanocrystal ZSM-5 catalysts tested in MTG under reaction conditions of 375 °C, 709 

1 MPa and WHSV 2 h
-1
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List of Tables 711 

Table 1  Nitrogen physisorption characteristics of the nanocrystal and microcrystal ZSM-5 712 

catalysts 713 

Sample 
SBET 

(m
2
g

-1
) 

t-Plot SMicro 

(m
2
g

-1
) 

t-Plot SExter 

(m
2
g

-1
) 

VTotal 

(cm
3
g

-1
) 

t-Plot VMicro 

(cm
3
g

-1
) 

Fresh nanocrystal 

ZSM-5 
420 304 116 0.33 0.12 

Spent nanocrystal 

ZSM-5 
248 101 147 0.23 0.05 

Fresh microcrystal 

ZSM-5 
352 302 50 0.17 0.11 

Spent microcrystal 

ZSM-5 
99 75 24 0.05 0.03 

Note: SBET for BET surface area, calculated using the BET method; t-Plot SMicro for 714 

micropore area, determined using the t-plot method; t-plot SExter for external surface area, 715 

calculated by subtracting the micropore area from the BET area; VTotal for total pore volume, 716 

determined from the adsorbed amount at p/p0=0.995; and t-plot VMicro for micropore volume, 717 

calculated using the t-plot method. 718 

  719 
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Figure S1 720 
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 721 

Figure S1 A schematic of the procedure for coke extraction using an EtOH/NaOH solution  722 
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Figure S2 723 

5 10 15 20 25 30 35

0

5

10

15

20

25

30

 

 

R
e
la

ti
v
e
 a

b
u
a
n

d
a
n
c
e
 (





)

Time (min)

C14H12

Contaminant: Plasticizer

 724 

Figure S2  GC‒MS spectrum of the soluble coke extracted using dichloromethane. The first 725 

peak is likely to be associated with C14H12 according to the NIST standard 726 

reference database [Standard Reference Data Program, National Institute of 727 

Standards and Technology, Gaithersburg, MD. Standard Reference Database IA. 728 

Internet address: http://www.nist.gov/srd/nist1a.htm]. The second peak has been 729 

identified to be from plasticizer contamination and thus ignored.  730 
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Figure S3 731 

 732 

Figure S3  
1
H and 

13
C NMR signals for the soluble coke extracted using dichloromethane. 733 

The NMR spectroscopic analysis was performed using a Varian 400 NMR 734 

spectrometer operating at 399.86 MHz for the 
1
H mode and 100.55 MHz for the 735 

13
C mode. Deuterated chloroform (CDCl3) was used as the solvent. The spectra 736 

were referenced to the residual chloroform (CHCl3) resonance at 7.26 ppm for 
1
H 737 

NMR spectroscopy and 77.16 ppm for 
13

C NMR spectroscopy. In addition, 738 

chromium acetylacetonate [Cr(acac)3] was added to the solution at a concentration 739 

of 0.01M to ensure complete nuclear magnetic moment relaxation between pulses. 740 

 741 


