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Section S1. Influence of reactor-bed residence times on toluene methylation in MFI 

For MFI-TPA-C and MFI-EDA-1, measured toluene methylation rates and xylene isomer 

selectivity as a function of time-on-stream are shown for varying packed-bed reactor residence 

times (quantified here as reactant site-contact times) (Figures S1 and S2). The site-contact times 

are varied (1.5‒14.5 s mol H+ (mol toluene)-1) by changing the loading of the MFI sample (of fixed 

H+ density) in the reactor bed or the total gas flow rates at fixed reactant pressures (4 kPa toluene, 

66 kPa DME). Our previous report [1] showed that initial aromatic formation rates and xylene 

isomer selectivity in MFI zeolites are almost independent of the site-contact times and the toluene 

conversions increased linearly with site-contact times, demonstrating differential reactor operation 

during toluene methylation on aluminosilicates at low temperatures (403 K) and conversions 

(<1%). On MFI-TPA-C and MFI-EDA-1, the curves of the toluene methylation rates and xylene 

isomer selectivity versus time on stream are almost overlaid on top of each other within the range 

of site-contact times tested (Fig. S1a‒b, Fig. S2a‒b), albeit with slight variations that are non-

systematic and within the range of experimental uncertainties.  

 
Figure S1. (a) Total xylenes formation rates and (b) xylene isomer selectivity as a function of time 
on stream on MFI-TPA-C during toluene methylation (4.0‒4.4 kPa toluene, 66 kPa DME, 403 K) 
and varying reactor bed residence times (1.5, 4.4 and 8.4 s mol H+ (mol toluene)-1). Uncertainties 
in rate measurements are ±15%. 
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Figure S2. (a) Total xylenes formation rates and (b) xylene isomer selectivity as a function of time 
on stream on MFI-EDA-1 during toluene methylation (4.0‒4.1 kPa toluene, 66 kPa DME, 403 K) 
and varying reactor bed residence times (1.8, 7.7 and 14.5 s mol H+ (mol toluene)-1). Uncertainties 
in rate measurements are ±15%. 

The overlaid xylene formation rates and isomer selectivity profiles with times on stream 

for varying initial site contact times (Fig. S1a‒b, Fig. S2a‒b) suggest that changes in the reactivity 

and selectivity with time on stream do not solely reflect changes in the effective site-contact times 

due to decreases in total number of H+ sites. If so, the initial selectivities could have depended on 

the initial site contact times. Rather, as discussed in the main text (Section 3.2), the nature of 

deactivation during low-temperature toluene methylation is selective on MFI zeolites, because of 

changes to both the number and the relative proportions of distinct H+ site ensembles (i.e., 

intracrystalline H+ and extracrystalline H+ sites).  

To obtain a further insight into the nature of deactivation, the temporal xylenes formation 

rates for MFI-TPA-C and MFI-EDA-1 are plotted against the estimated toluene conversion to gas-

phase aromatic product on the deactivating catalyst (Figs. S3 and S4). For the different initial site-

contact times, the initial toluene methylation rates (per initial total H+) and xylene isomer 

selectivities (i.e., when extrapolated to zero times on stream [1]) are invariant of initial site contact 

times (or initial conversions). As the conversions decreased with deactivation (i.e., from right to 

left of Fig. S3a and Fig. S4a), the toluene methylation rates (per initial total H+) for different initial 

site contact times asymptotically approached the same values (i.e., zero formation rates at zero 

toluene conversion). The almost linear dependence of the temporal total aromatic formation rates 
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on the deactivation-induced conversion changes is partly a consequence of the functional form of 

the equations used to calculate toluene methylation rates and toluene conversion at these low 

conversions (i.e., based on moles of aromatic products formed rather than toluene consumed; 

Equation 2 and Equation 4 in main text) and partly a consequence of decreases in the accessibility 

of the site ensembles with the most abundant fraction and highest reactivities (i.e., intracrystalline 

H+). Furthermore, the decreasing toluene methylation rates (per initial total H+) at iso-conversion 

with increasing initial-site contact times (i.e., a vertical slice of the data in Fig. S3a and Fig. S4a), 

reflects the varying proportions of accessible H+ sites which are much lower on a mostly 

deactivated catalyst bed (e.g., at 0.02% toluene conversion for 14.5 s mol H+ (mol toluene)-1 on 

MFI-EDA-1) than a fresh catalyst bed (e.g., at 0.02% toluene conversion for 1.8 s mol H+ (mol 

toluene)-1 on MFI-EDA-1).  

On the other hand, for different initial site-contact times on either MFI-TPA-C and MFI-

EDA-1, the initial xylene isomer selectivities (i.e., when extrapolated to zero times on stream [1]) 

are independent of initial site contact times or initial conversions (Fig. 3b‒c and Fig. S4b‒c). As 

the conversions decreased with deactivation (i.e., from right to left of Fig. 3b‒c and Fig. S4b‒c), 

the xylene isomer selectivities for different initial site contact times asymptotically approached the 

same values (i.e., non-zero constant values at zero toluene conversion). As a consequence, the 

curves of the xylene isomer selectivity versus conversion as a result of deactivation for either MFI-

TPA-C (Fig. S3b‒c) or MFI-EDA-1 (Fig. S4b‒c) at varying contact times are not overlaid 

indicating that the temporal changes in selectivity during catalyst deactivation are not solely 

because of decreases in effective site-contact times arising from loss of active sites of equal 

reactivity and selectivity. At iso-conversion on fresh and deactivated MFI catalysts (from different 

initial site contact times), the xylene isomer selectivities differ significantly (Fig. 3b‒c and Fig. 

S4b‒c). Rather, based on discussion in Section 3.2. in main text, changes in selectivity with time 

on stream reflect changes in both the total numbers and proportions of distinct site ensembles 

having unique reactivity and selectivity behavior during toluene methylation. Together, these 

results demonstrate that the nature of deactivation during low-temperature toluene methylation in 

MFI is selective [2–5].  
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Figure S3. (a) Total xylenes formation rates and (b) xylene isomer selectivity as a function of 
conversion as a result of deactivation during toluene methylation (4.0‒4.4 kPa toluene, 66 kPa 
DME, 403 K) on MFI-TPA-C at varying reactor bed residence times (1.5, 4.4 and 8.4 s mol H+ 
(mol toluene)-1). For clarity, the xylene isomer selectivity as a function of conversion as a result of 
deactivation are presented in a linear-log plot in (c).Uncertainties in rate measurements are ±15%. 
 

 
Figure S4. (a) Total xylenes formation rates and (b) xylene isomer selectivity as a function of 
conversion as a result of deactivation during toluene methylation (4.0‒4.1 kPa toluene, 66 kPa 
DME, 403 K) on MFI-EDA-1 at varying reactor bed residence times (1.8, 7.7 and 14.5 s mol H+ 
(mol toluene)-1). For clarity, the xylene isomer selectivity as a function of conversion as a result of 
deactivation are presented in a linear-log plot in (c). Uncertainties in rate measurements are ±15%. 
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Section S2. Additional discussion on molecular dimensions of C6‒C12 methylbenzenes 

Earlier studies have established that measured [6–10] or calculated [11] intracrystalline 

diffusivities (or diffusional barriers) of commonly studied C6‒8 methylbenzenes (benzene, toluene, 

p-xylene, m-xylene, o-xylene) in a MFI zeolite framework are correlated with their shortest 

molecular dimensions estimated using critical diameters [12–14] or kinetic diameters [15,16]. 

Kinetic (or collision) diameters (dkin), derived from Lennard-Jones potentials, are molecular size 

descriptors that reflect the closest intermolecular distance for two identical spherical-shaped 

molecules colliding with zero intermolecular potential energy [15,16]. The critical diameter (dcrit) 

describes the diameter of the smallest cylinder that can circumscribe the lowest energy 

conformation of a molecule, and is related to the equilibrium diameter of a molecule at the 

minimum of the Lennard-Jones potential energy [12–15]. Although these static geometric 

descriptors capture some relevant size and shape features of species confined within microscopic 

voids, they do not account for the non-spherical shapes of bound species or the dynamic structural 

distortions of the zeolite host and organic guests [17–22]. Nevertheless, critical and kinetic 

diameters provide a means to qualitatively compare differences in intracrystalline diffusivities 

among various methylbenzenes in a given aluminosilicate topology, especially for the bulkier C9+ 

methylbenzenes which are unable to diffuse through MFI crystallites at reasonable experimental 

time scales. The reported critical diameters of all 13 methylbenzenes and the kinetic diameters of 

some methylbenzenes are summarized in Table S1.  

Table S1. Molecular dimensions of methylbenzenes 

Molecule Critical diametera, dcrit / nm Kinetic diameterb, dkin / nm 

Benzene 0.66 0.585 
Toluene 0.66 0.585 
para-Xylene 0.66 0.585 
ortho-Xylene 0.73 0.680 
meta-Xylene 0.73 0.680 
1,2,4-Trimethylbenzene 0.73 0.680 
1,2,3-Trimethylbenzene 0.76 - 
1,3,5-Trimethylbenzene 0.82 0.760 
1,2,4,5-Tetramethylbenzene 0.74 - 
1,2,3,4-Tetramethylbenzene 0.77 - 
1,2,3,5-Tetramethylbenzene 0.82 × 0.89 - 
Pentamethylbenzene 0.82 × 0.91 - 
Hexamethylbenzene 0.91 - 

a  From references [12–14]. 
b  From references [8,15,23]. 
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Section S3. Additional discussion on DTBP cofeed experiments in MCM-41 and MFI zeolites 

In this section, we provide further discussion on the induction behavior during toluene 

methylation with DME on MCM-41 (in the presence or absence of DTBP) and additional evidence 

that DTBP does not impact rates of deactivation of intracrystalline H+ sites in MFI zeolites.  

The MCM-41 sample is a meso-structured amorphous aluminosilicate that is known to 

have significant amounts of silanol and non-tetrahedral Al species [24,25]. Previous studies 

[26,27] have shown that DME (or methanol) is effective at healing connectivity defects in certain 

solid acids (e.g., SiO2/Al2O3, ZrO2) through hydrolysis or reforming reactions with hydroxyl 

groups (423‒723 K). Such transformations of proximal silanol groups and Lewis acidic Al sites 

into Brønsted acid sites (often referred to as pseudo-bridging silanols [28,29]) most likely explain 

the induction transient in MCM-41 during toluene methylation with DME. The results from 

toluene methylation with DTBP co-feed (Fig. 4a, main text) confirm that Brønsted acid sites on 

MCM-41 solely catalyze toluene methylation reactions and that Lewis acid sites do not contribute 

to measured rates unless they first restructure into Brønsted acid sites.  

During toluene methylation with DTBP co-feed on MCM-41, DTBP was fed in small 

concentrations (5 Pa) that are insufficient to titrate all of the H+ sites within the MCM-41 packed-

bed in less than 1 hour time-on-stream, as seen in the complete disappearance of DTBP in the 

reactor effluent (Fig. S5) [1]. These sub-stoichiometric DTBP co-feed amounts coupled with the 

induction transient in MCM-41, explain the 2 h delay in DTBP’s ability to poison all Brønsted acid 

sites (both present initially and formed in-situ) on MCM-41. Furthermore, the DTBP uptake (0.10 

± 0.01 DTBP per Altotal) ) is 3× lower  than that obtained using NH4+ titration (0.30 ± 0.03 NH3 

evolved per Altotal). On the other hand, unlike in the MCM-41 aluminosilicate, the MFI zeolites 

have much lower numbers of external H+ sites and were exposed to higher DTBP concentrations 

(9‒40 Pa) to completely eliminate all external H+ sites in the MFI packed-beds at initial times-on-

stream, as confirmed by the near-unity fraction of DTBP recovered in the reactor effluent during 

the first GC injection (~10 mins time on stream) (Fig. S6).   
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Figure S5 (a) Total xylenes formation rates alongside fractions of co-fed DTBP in reactor bypass 
or effluent, and (b) xylene isomer selectivity as a function of time-on-stream during toluene 
methylation (4.0 kPa toluene, 66 kPa DME, 403 K) with and without DTBP cofeed (5 Pa DTBP) 
on MCM-41. The red horizontal dashed line in (a) reflects the normalized average concentration 
of DTBP in reactor bypass stream before reaction.  Reproduced with permission from Ezenwa et 
al. [1]. Copyright 2024 American Chemical Society. 

 

Figure S6. Total xylenes formation rates and fractions of co-fed DTBP in reactor bypass or effluent 
as a function of time-on-stream during toluene methylation (4.0‒4.2 kPa toluene, 66 kPa DME, 
403 K) with and without DTBP cofeeds on (a) MFI-TPA-C (9 Pa DTBP) and (b) MFI-EDA-3 (22 
Pa DTBP). The red horizontal dashed lines reflect the normalized average concentration of DTBP 
in reactor bypass stream before reaction. 
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Furthermore, we have provided additional discussions and data to support our claim that 

DTBP does not cause additional transport restrictions or exacerbate the deactivation of 

intracrystalline H+ sites in MFI zeolites during low-temperature toluene methylation. In our 

previous study [1], we showed that during toluene methylation with methanol (2 kPa toluene, 4 

kPa MeOH, 403 K), the deactivation of MFI zeolites is negligible, partly because the reaction rates 

are much lower (~100×) due to the different identity and concentration of methylating agent in that 

experiment (4 kPa CH3OH) compared to the current study (65 kPa DME). We showed that on two 

different MFI-TPA samples (MFI-TPA-C, Si/Al 43; MFI-TPA-C1, Si/Al 31), co-feeding DTBP 

(20‒40 Pa) negligibly (<10%) alters rates and selectivity even after feeding 2.5 cumulative DTBP 

per Altotal (Fig S7‒S8). However, upon introducing pyridine (20 Pa), rates are fully suppressed after 

0.9 cumulative pyridine per Altotal have been fed. These results indicate that at our reaction 

temperature (403 K), DTBP is relegated to external surfaces and does not cause any pore blockage. 

Moreover, across all our studies on the MFI-TPA samples (with DME and MeOH), we do not 

observe increases in selectivity to the faster diffusing p-X isomer with DTBP co-feeds, which 

provides another indication that DTBP does not alter molecular transport rates between the 

intracrystalline regions and extracrystalline fluid phases.  

 

Figure S7. Xylenes and DME STY before and after titrant introduction (20 Pa DTBP and 20 Pa 
Pyridine)  during toluene methylation on MFI-TPA-C at 2 kPa toluene, 4 kPa methanol 403 K. 
Reproduced with permission from Ezenwa et al. [1]. Copyright 2024 American Chemical Society. 
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Figure S8. Individual xylenes formation rates vs time-on-stream during toluene methylation (2 
kPa toluene, 4 kPa MeOH, 403 K) before and after titrant (20‒40 Pa DTBP, 20 Pa Pyridine) 
introduction on (a) MFI-TPA-C (Si/Al 43) (b) MFI-TPA-C1 (Si/Al 31). Because of an overlap of 
the pyridine GC peak and o-X GC peak, the o-X formation rates could not be quantified past 10 h 
time-on-stream (0.7 moles Pyridine fed per Al) during pyridine cofeeds. Slight discontinuity 
during titrant introduction result from non-systematic experimental artefacts of swapping syringes 
with and without titrants. Reproduced with permission from Ezenwa et al. [1]. Copyright 2024 
American Chemical Society. 

We also compare the deactivation profiles of the unconfined MCM-41 with those of the 

extracrystalline H+ sites of MFI zeolites, obtained by subtracting the deactivation profiles of MFI 

zeolites in the presence and absence of DTBP co-feeds (Fig. S9‒S10 below). The results show that 

the slopes of the deactivation profiles of unconfined H+ sites are essentially similar on both MFI 

zeolites and MCM-41 (Fig. S10). We also observe that the difference profile in MFI-TPA-C666 is 

almost twice (1.6×) that of the MFI-TPA-C (Fig. S10), which likely reflects the roughly twice 

(2.4×) larger fractions of H+ext/H+total in MFI-TPA-C666 compared to MFI-TPA-C [30]. The 

difference profiles are essentially invariant with time-on-stream, further indicating that DTBP does 

not cause intracrystalline deactivation to become faster with time-on-stream, which would have 

manifested as an increasing trend in the difference profile. Rather, DTBP simply eliminates all 

extracrystalline H+ sites to reveal deactivation behavior of intracrystalline H+ sites.  
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Figure S9. Differences in deactivation profiles during toluene methylation with DME in the 
presence and absence of DTBP on (a) MFI-TPA-C and (b) MFI-TPA-C666. The red horizontal 
dashed lines reflect the average of the rate differences after 5 h time on stream. Reaction 
conditions: 4.0 kPa Toluene, 66 kPa DME, 403K, <1% toluene conversion. For DTBP cofeed 
experiments, DTBP pressures are 0.008 kPa (MFI-TPA-C) and 0.015 kPa (MFI-TPA-C666). 
Uncertainties in rate measurements are 15% while uncertainties in rates differences are ~20%. 

 

Figure S10. Comparison of differences in deactivation profiles during toluene methylation with 
DME in the presence and absence of DTBP on MFI-TPA-C and MFI-TPA-C666 with deactivation 
profile of MCM-41 in absence of DTBP cofeed. The red and blue horizontal dotted lines reflect 
the average of the rate differences after the 5 h time on stream. The black horizontal dashed lines 
reflect the maximum rate value on MCM-41. Reaction conditions: 4.0 kPa Toluene, 66 kPa DME, 
403K, <1% toluene conversion. 
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The rates presented in Figures S9 and S10 are normalized by the total amount of H+ sites 

quantified by NH4+ aqueous ion-exchange followed by NH3 TPD. On MFI-TPA-C and MFI-TPA-

C666 zeolites, the estimated reactivity of external sites (obtained from re-normalizing the 

difference profile in the presence and absence of DTBP by the external H+ site counts obtained by 

DTBP [30]) are similar 6‒10 ×10-4 mol xylenes (mol H+ext s)-1. This range of values are, however, 

much higher than the rates on MCM-41 when normalized by either NH3 (1.0×10-5 mol xylenes 

(mol H+ s)-1) or the DTBP uptake (3.5×10-5 mol xylenes (mol H+ s)-1). Although external H+ sites 

on MFI zeolites are expected to be similar to unconfined H+ sites on MCM-41, these results suggest 

that there might still be some kinetic differences between external H+ sites on these two samples. 

We emphasize that rate comparisons across aluminosilicates are very sensitive to normalizations 

that assume all sites titrated ex-situ contribute equally to measured rates.   
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Section S4. Post-reaction studies on MFI using temperature programmed desorption 

The total number of turnovers (TON!""#$!%&) to aromatics (i.e., methyl groups added to toluene 

per proton) observed in the effluent during toluene methylation at 403 K was estimated from the 

integrated formation rates of xylenes and 1,2,4-triMB during the reaction run (before reactant 

cutoff) normalized by the number of protons initially present in the reactor bed (Equation S1): 

 
TON!""#$!%&(𝑡'(%) =

∫ 𝑑𝑡 ∑ (𝑛)*!,, − 1)	𝐹-.#!%!,,	0'	1234'567(𝑡),
&"#$
8

𝐻5%5&59#:  (S1) 

The total number of turnovers to occluded polymethylbenzenes (TON;67; i.e., methyl groups 

added to toluene per proton) was estimated by subtracting the total number of aromatic rings (each 

ring originates from a toluene molecule containing one methyl substituent) from the total number 

of methyl groups in the hydrocarbons integrated over the time duration of the temperature ramp 

and normalized by the number of protons initially present in the reactor bed (Equation S2): 

 
TON;67 =

∫ 𝑑𝑡∑ 𝑛)*!,,𝐹,,<.='0>9'?0%(𝑡),
&%&$'(,"'*+
&&$&,&'(,"'*+

− ∫ 𝑑𝑡 ∑ 𝐹,,9'0@9&5>(𝑡),
&%&$'(
&&$&,&'(

𝐻5%5&59#:  (S2) 

The calculated value of TON;67 was found to be 5.2 mol CH3-added (mol H+)-1. 

 
 

 
Figure S11. Desorption rates of gas-phase aliphatic and aromatic species during temperature ramp 
from 403 K to 853 K (0.033 K s-1). Pink region represents a 2 h flush step after the 1st reaction run.   
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