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A B S T R A C T   

The kinetics of fouling in large pore zeolites (BEA, MOR), including those with hierarchical pore systems, were 
probed during the Brønsted acid catalyzed reaction of benzyl alcohol (BA) with 1,3,5-trimethylbenzene (TMB) by 
varying reactant driving force (i.e., [TMB]0/[BA]0; 11–119). In BEA, initial deactivation rate constants (kD,0) 
decreased exponentially with [TMB]0/[BA]0, highlighting the significance of oxygenates as deactivation pre-
cursors. Further, seeding pores with oxygenates completely suppressed measured rates in parent MOR and BEA, 
while seeding with TMB had no effect. Comparisons of mass accumulations of different organics (low molecular 
weight reaction species and coke) as functions of ln([TMB]0/[BA]0) revealed that coke (derived from oxygenate- 
seeded polyalkylation of TMB) disproportionately controlled deactivation rates by damping apparent (diffusion- 
controlled) and intrinsic (diffusion-corrected) rate constants through proton losses and/or altered molecule 
confinement within shrinking pores. These kinetic consequences were delayed upon introduction of mesopores, 
demonstrating how zeolite porosity impacts coke proliferation and behavior in liquid-phase reactions.   

1. Introduction 

Growing demand for renewable fuels has motivated application of 
industrially ubiquitous zeolite catalysts to conversions of biomass- 
derived platform molecules or waste-plastics that could displace con-
ventional petroleum feedstocks. The Brønsted acidic protons located at 
crystallite surfaces or confined within micropores in zeolites can impose 
steric selectivity on reactant ingress, transition state formation, and/or 
product egress [1–6]. Biomass upgrading, in particular, often involves 
condensed-phase systems of bulky (poly)substituted aromatics, leaving 
zeolites often to encounter severe or prohibitive intracrystalline diffu-
sion barriers. The subsequently increased intracrystalline residence 
times potentially increase rates of undesired cascade coking reactions, 
which form graphitic deposits that rapidly deactivate zeolites through 
irreversible pore occlusion and/or proton blockage [7–11]. One method 
to overcome diffusion and deactivation limitations has been through the 
development of hierarchical zeolites, which contain auxiliary mesopores 
(with pore limiting diameters (PLDs) = 2–50 nm) that reportedly 
redistribute coke deposition [12–14], extend catalytic lifetimes 
[12,13,15–18], and increase selectivities to desired bulky products for a 
variety of reactions [9,19–21]. 

We previously demonstrated that bulk mass accumulations of 

foulants on spent (hierarchical) zeolites strongly correlated with pore 
surface areas and volumes during the probe liquid-phase reaction 
(Fig. 1) of benzyl alcohol (BA) with 1,3,5-trimethylbenzene (TMB) or 
itself to respectively yield 1,3,5-trimethyl-2-benzylbenzene (TM2B) or 
dibenzyl ether (DBE) [17,22]. Foulants included low molecular weight 
organics (“low organics”) and graphitic coke, comprised respectively of 
known reaction molecules and the products of their undesired secondary 
transformations (including polyalkylations and hydride shifts). Low 
organics completely saturated (hierarchical) zeolite pores without bias 
toward mesopores or micropores, but coke preferentially deposited at 
microporous constrictions that hindered egress of bulky (poly)aromatic 
coking products. The effects of bulk porosity on foulant accumulations 
yielded broadly generalizable deactivation principles for hierarchical 
zeolites having wide physicochemical diversity conferred by different 
(post)synthetic methods and parent starting materials, yielding 
morphological (based on parent architecture or crystal size) and 
chemical (based on proton density or silanol defect density) variations. 
Notably, the accumulated masses of low organics and coke on spent 
(hierarchical) zeolites corresponded to a wide range of XBA after iden-
tical (120 min) reaction times. In this current work, we ascertained the 
interdependence between reaction and deactivation kinetics responsible 
for that observation. 

* Corresponding author. 
E-mail address: msarazen@princeton.edu (M.L. Sarazen).  

Contents lists available at ScienceDirect 

Journal of Catalysis 
journal homepage: www.elsevier.com/locate/jcat 

https://doi.org/10.1016/j.jcat.2024.115456 
Received 15 December 2023; Received in revised form 11 February 2024; Accepted 20 March 2024   

mailto:msarazen@princeton.edu
www.sciencedirect.com/science/journal/00219517
https://www.elsevier.com/locate/jcat
https://doi.org/10.1016/j.jcat.2024.115456
https://doi.org/10.1016/j.jcat.2024.115456


Journal of Catalysis 433 (2024) 115456

2

Typically, mathematical treatments of deactivation rely on separable 
kinetics to easily decouple reaction rate laws from decay laws. These 
include decay laws that simply represent depressions of catalyst activity 
(a(t)) due to temporal losses in active sites [23]: 

a(t) =
−rA, decayed(t)

−rA, fresh(t)
(1)  

Here, rA represents the consumption rate of reactant A. Specific func-
tional forms of decay depend on the mechanism of deactivation. From 
Eq. (1), the overall catalyst deactivation rate (rD) follows [23]: 

rD = −
d a(t)

dt
= kD g(a(t)) f([A],⋯, [P] ) (2)  

Here, kD is the deactivation rate constant, g(a(t)) represents a function of 
a(t), and f([A],…,[P]) represents a function of concentrations of any 
reactants (i.e., A), products (i.e., P), and/or other expected precursors of 
deactivating species. The simplest (first-order) deactivation model with 
g(a) = a and f = 1 yields an exponential integrated decay law function: 
a(t) = e-kD t (3)  

Mathematically, a constant f means that the catalyst deactivation rate is 
independent of changes in any species concentrations. Practically, f is 
approximately constant when concentrations of deactivation species (or 
their precursors) greatly exceed that of a limiting reactant, as is the case 
when complexation of excess solvent molecules contribute to zeolite 
deactivation through irreversible pore occlusion. 

Previous kinetic treatments of deactivation focused exclusively on 
microporous zeolites, particularly during coking of MFI, BEA, MOR, or 
USY [24–30]. Functions for a(t) were empirically determined for coking, 
which involves complex reaction networks that propagate poly-
aromatics growth until halted by steric limitations within confining 
(microporous) voids, resulting in deposition of coke oligomers at pore 
constrictions [23,27,31–33]. For catalytic cracking of 2,2,4-trimethyl-
pentane on USY, a first-order decay law was used to model alkylation 
of gas-phase alkenes with carbenium ion adsorbates via an Eley-Rideal 
coke initiation mechanism [26]. On the other hand, coking of BEA 
during palm-oil cracking was better described by second-order decay (g 
(a) = a2) that yielded a hyperbolic integrated function for catalyst ac-
tivity [28]: 

a(t) =
1

1 + kDt
(4)  

The second-order dependence of the deactivation rate on catalyst ac-
tivity for this latter liquid-phase system may have reflected greater 
concentrations of deactivation contributors in condensed-phased sys-
tems than in gas-phase systems. For our alkylation-etherification 

network (Fig. 1), no specific deactivation mechanism (f) has been re-
ported. In its absence, we previously found that a first-order decay law 
with a constant f = 1 best fit experimental reaction data for 120 min of 
reaction on a diverse range of (hierarchical) zeolite architectures and 
crystal sizes [17]. This was true despite the fact that the assumption of 
constant f should only be valid when concentrations of deactivation 
species (and/or their precursors) were constant values and could be 
lumped into the kD parameter (most likely at initial reaction times). 
Therefore, increasing concentrations of deactivation species during re-
action rendered the lumped kD a function of XBA and were thus partially 
liable for residual errors that increased at long reaction times but 
seemingly averaged out with other phenomena [17]. For more rigorous 
assessment of deactivation timescales, even at early reaction times, this 
current work fitted experimental concentration data to a second-order 
model and used early time data (t ≤ 2 min) when initial deactivation 
rate constants (kD,0) could be accurately extracted for rigorous decou-
pling of reaction and deactivation rates. Values for kD,0 were studied as 
indirect functions of foulant accumulation masses altering [TMB]0/ 
[BA]0, which impacted \formation rates of deactivation precursors. Use 
of one zeolite sample (BEA) enabled control of intrinsic kinetics, which 
were characterized with diffusion-corrected alkylation and diffusion- 
corrected etherification rate constants. The long-term (0 ≪ XBA ≤ 1) 
impacts of low organics and coke accumulations on intrinsic rates were 
then contrasted between parent (BEA, MOR) and hierarchical (MOR-h) 
zeolites, to probe the effect of mesopores on the timescale of kinetically 
relevant deactivation. We broadly define kinetically relevant deactivation 
in Brønsted acidic (hierarchical) zeolites as irreversible reductions in 
apparent and/or intrinsic reaction rates. These reductions are functions 
of time-on-stream or clock time, due to proton poisoning or pore oc-
clusion. Reaction selectivities may or may not be impacted in conse-
quence, as selectivities of parallel or sequential rates depend on the 
relative impacts of pore constriction on diffusion and/or confinement of 
pathway moieties [34,35]. This work fundamentally contextualizes the 
vulnerabilities of zeolite catalysts in reaction systems where deactivat-
ing species readily form and propagate, in order to advance design of 
next generation catalysts. 

2. Materials and methods 

2.1. Post-synthetic treatments of commercial zeolites 

Commercial NH4-BEA (Zeolyst CP814E, Si/Al = 12.5) and NH4-MOR 
(CBV 21A, Si/Al = 10, Zeolyst) were NH4+-exchanged, washed with 
deionized H2O, and dried to yield re-exchanged NH4-BEA and NH4-MOR 
following previous methods [17]. The re-exchanged catalysts were then 
calcined for 8 h at 823 K under 150 standard cubic centimeters per 
minute (sccm) air (zero grade; Airgas) to yield their proton analogs 
denoted without a hyphenated prefix (MOR, BEA). 

MOR-h was prepared by post-synthetic leaching of MOR following 
previous methods [17]. Briefly, Na-MOR-h was first prepared by deal-
umination of MOR in 2 M HNO3 for 4 h at 373 K, followed by desilication 
in 0.2 M NaOH (30.3 mL/g MOR) at 338 K for 30 min [36–38]. Na-MOR- 
h was then thrice NH4+-exchanged, washed, and dried to yield NH4- 

Fig. 1. TMB alkylation (red), BA self-etherification (blue), and secondary TM2B 
formation from DBE and TMB (violet). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Samples of synthesized and commercial zeolites. Values in parenthesis represent 
one standard deviation.  

Catalyst Si/Al [Hþ]a dcrystalb Surface Areac 

BETSI micro meso 
BEA 12.5  0.72 0.19 (0.11) 670 (20) 280 (30) 290 (80) 
MOR 10  1.3 0.17 (0.09) 630 (20) 460 (30) 110 (80) 
MOR-h 17  0.79 0.17 (0.04) 550 (20) 93 (30) 310 (80)  
a (mmol/g); 
b (μm); 
c (m2/g). 
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MOR-h. 

2.2. Characterizations of (hierarchical) zeolite samples 

Table 1 summarizes the textural and chemical properties of BEA, 
MOR, and MOR-h. Crystal sizes were deduced from transmission elec-
tron microscopy (TEM; Talos F200X Scanning/Transmission Electron 
Microscope) at 200 kV of zeolites dispersed on Formvar carbon film 400 
mesh Cu grids after sonication (~15 min) in acetone. Si/Al were 
measured by energy-dispersive X-ray spectroscopy (EDXS; XL30 FEG- 
SEM) at 5 kV of zeolites dusted onto carbon tape mounted on metal 
sample studs. 

N2 physisorption isotherms (77 K) were collected using a Micro-
meritics 3Flex for samples degassed overnight (125 torr at 423 K) on a 
Schlenk line. The ambient and analysis free space volumes were 
respectively set to 16 cm3 and 45 cm3. Brunauer-Emmett-Teller surface 
areas (SBET) were calculated using the BET Surface Identification 
(BETSI) software with the Rouquerol criteria listed for each catalyst in 
Table A1 [39]. Brunauer-Joyner-Halenda (BJH) mesopore surface areas 
(Smeso) were calculated from the adsorption data of the N2 physisorption 
isotherms using a Harkins and Jura thickness curve with Faas correction 
for pore diameters from 2 to 50 nm [40,41]. Micropore surface areas 
(Smicro) were calculated using the t-plot method with a Harkins and Jura 
thickness curve. Further details of physisorption measurements and 
methods were undertaken identically to previously reported protocol 
[22]. 

Proton densities were measured from temperature-programmed 
desorption of ammonia (NH3-TPD; Micromeritics Autochem II). A 
given zeolite sample (20–50 mg) was loaded into a U-tube reactor 
packed with quartz wool (4 μm, Thermo Fisher Scientific) and pre-
treated in-situ by drying at 673 K for 240 min under He (ultra-high pu-
rity; Airgas) at 30 sccm, followed by cooling to 373 K for saturation with 
NH3 (10 % in He; Airgas) at 30 sccm for 120 min. The sample was then 
flushed with He (30 sccm) for 60 min at 373 K to remove physisorbed 
NH3. All outflow gases for these pretreatments bypassed the thermal 
conductivity detector (TCD) and were directly vented to an elephant 
trunk. Pretreated samples were heated from 373 to 973 K in He (30 
sccm), with the outflow routed to the TCD calibrated for the concen-
tration of NH3. Proton densities (mmol/g catalyst) were calculated from 
integrated NH3 signals centered at 623–673 K. 

2.3. Alkylation of 1,3,5-trimethylbenzene (TMB) with benzyl alcohol 
(BA) 

In a typical batch kinetics experiment adapted from previous 
methods [17], the freshly calcined proton-form of the catalyst was 
immediately loaded into a two-neck, round-bottom flask and charged 
with TMB (9.2–9.75 mL, 99 %, Acros Organics). The flask reactor was 
fitted with a magnetic stirrer, connected through one neck to a reflux 
condenser, capped at the second neck with a rubber septum, and sub-
merged in a temperature-controlled oil bath (363 K) for 90 min. The 
bath was then heated to reaction temperature (393 K), at which point BA 
(0.06–0.61 mL, 99.97 %, Chem Impex International) was injected to 
initiate reaction (t = 0 min). Aliquots (t = 0, 2, 10, 20, 30, 45, 80, 120 
min) were extracted through the rubber septum using a syringe fitted 
with a 16 G needle (to prevent clogging), filtered through a cotton- 
plugged Pasteur pipette into a glass vial, and immediately quenched 
through refrigeration. 

Aliquots (20 μL) were sampled and diluted in CDCl3 (600 μL, 99.8 % 
atom D, Sigma-Aldrich) for 1H NMR (500 MHz) analysis utilizing the 
following chemical shifts BA: δ 4.63 (s, 2H). DBE: δ 4.55 (s, 4H). TM2B: δ 

4.30–2.50 (m, 2H). The spent catalysts were separated from the 
remaining reaction broths via centrifugation The collected, spent cata-
lysts were air-dried in a fume hood for at least 72 h before thermogra-
vimetric analysis following Section 2.6. 

Fractional BA conversions (XBA) at each time point were calculated 

relative to the integrated 1H NMR signal for BA at t = 0 min. The frac-
tional selectivity of BA to form TM2B over DBE (STM2B) at each time 
point was also calculated from the relative changes in integrated 1H 
NMR signals for BA and TM2B: 

STM2B,t =
ATM2B,0- ATM2B,t

ABA,0- ABA,t

(5)  

The calculation in Eq. (5) assumed that TM2B and DBE were the sole 
reaction products in the reaction broth. This assumption was verified by 
homo-decoupled 1H NMR [22], and it also enabled calculation of mass 
balances on a BA basis for all spent catalysts from 1H NMR signal areas 
for BA, TM2B, and DBE: 

MB = ​
(

ABA,t + ATM2B,t + ADBE,t

ABA,0

)

(6)  

Early concentration data (t ≤ 2 min) were nonlinearly regressed to a 
differential reaction network model with a second-order deactivation 
term: 
−rBA

[H+]
=

kAKBA[TMB][BA]β + kEKBA[BA]β − kA2KDBE[TMB][DBE]β

1 + kDt
(7)  

rTM2B

[H+]
=

kAKBA[TMB][BA]β + kA2KDBE[TMB][DBE]β

1 + kDt
(8)  

rDBE

[H+]
=

kEKBA[BA]β − kA2KDBE[TMB][DBE]β

1 + kDt
(9)  

Microporous zeolites were modeled with reduced reaction orders (β) 
equivalent to β = (n + 1)/2, where β = 3/2 for second-order (n = 2) BA 
self-etherification and β = 1 for pseudo first-order (n = 1) alkylation 
with respect to [BA] [42]. Reduced orders were due to assumed oper-
ation in the diffusion limit and were consistent with published accounts 
of severe diffusion constraints for this reaction system in microporous 
BEA, MOR, and MFI [21,43–45], as well as DFT-calculated vdW di-
ameters (dvdW) of TMB, TM2B, and DBE relative to pore-limiting di-
ameters of zeolite micropores [17]. Similarly, β = 1 for pseudo first- 
order (n = 1) secondary consumption of DBE. 

2.4. Dibenzyl ether (DBE) consumption 

Ammonium-exchanged catalyst (0.1 g) was calcined and loaded with 
TMB (9.8 mL) into a two-neck, round-bottom flask following Section 2.3. 
After isothermal TMB equilibration (363 K) for 90 min, the broth was 
heated to reaction temperature (393 K), at which point DBE (0.04 mL, 
98 %, Sigma-Aldrich) was injected to initiate reaction (t = 0 min). Ali-
quots (t = 0, 2, 10, 20, 30, 45 min) were extracted and analyzed with 1H 
NMR following Section 2.3, absent BA analysis. 

2.5. Neat BA self-etherification 

Ammonium-exchanged catalyst (0.1 g) was calcined to its proton 
form. Separately, BA (9.6 mL) was charged into a two-neck, round- 
bottom flask fitted with a magnetic stirrer, connected through one neck 
to a reflux condenser, and capped at the second neck with a rubber 
septum. The reactor was submerged in a temperature-controlled oil bath 
(298 K), which was then heated to reaction temperature (393 K). At 
temperature, the reflux condenser was briefly disconnected to add the 
catalyst to initiate reaction (t = 0 min). Aliquots (t = 0, 2, 10, 20 min) 
were extracted and analyzed for XBA following Section 2.3. 

2.6. Thermogravimetric analysis (TGA) 

TGA was performed using a Perkin Elmer TGA 8000. Briefly, spent 
catalysts (1–10 mg) were loaded into ceramic crucibles. The loaded 
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samples were first dried isothermally at 353 K for 3 h under Ar (ultra- 
high purity; Airgas). Samples were then heated from 353 to 1173 K (10 
K/min) under 90 sccm air (zero grade; Airgas). Weight percent accu-
mulations of total organics (353–1173 K), low organics (353–673 K), 
and coke (673–1173 K) were calculated relative to freshly calcined, dry 
catalyst masses at 1173 K following previous methods [22]. Error bars 
were calculated from triplicate measurements. 

3. Results and discussion 

3.1. Temporal development of coke during a single catalytic cycle 

Coke accumulations measured from post-reaction TGA were 
compared to XBA for BEA at a fixed reactant concentration ([TMB]0/ 
[BA]0 = 33; Fig. 2) to probe how the temporal progression of 

deactivation impacted catalyst activity. Coke accumulations increased 
with XBA until t = 40 min, after which XBA continued increasing without 
additional measurable coke formation. This plateau could potentially be 
consistent with complete occlusion of internal catalyst pores, relegating 
catalytic turnovers to protons at the crystallite surface that lacked 
confining environments amenable to coke (precursor) deposition. The 
specific locations and impacts of coke deposition in BEA are dictated by 
the pore architecture and channel dimensionality of that framework. 
Here, the persistence of catalytic activity in BEA after maximum coke 
saturation (as inferred from the plateau of coke accumulation) suggests 
the continued accessibility of protons on and/or from the external 
crystal surface to respectively facilitate surface turnovers and/or reac-
tant ingress. This implied that coke did not significantly accumulate on 
external BEA surfaces. However, foulant accumulation at external 
zeolite surfaces was reported by other groups [8,46–48].We also pre-
viously inferred that graphitic coke preferentially accumulated at the 
external surface of an MFI sample synthesized with an Al-rich crystal 
shell. This was observed first from higher measured nominal [Al] in the 
crystal shell (where Si/Al = 11) than the crystal core (where Si/Al = 57) 
using energy-dispersive X-ray spectroscopy, which suggested a higher 
proton density in the shell that could catalyze coking. This zoned MFI 
accumulated more coke within 120 min during TMB alkylation than an 
MFI sample with uniformly distributed Al. Moreover, the complete 
suppression of TMB alkylation rates upon selective titration of surface 
protons of the zoned MFI with an alkylpyridine poison (1,3,5-trime-
thylpyridine) similar in size to TMB indicated that any formation of coke 
molecules inside the 10-MR MFI pores was derived from DBE, because 
TM2B was not formed internally [17,22]. Clearly, the effects of porosity 
on foulant accumulation must be carefully considered in comparisons of 
deactivation across different zeolite architectures. For this reason, our 
work here specifically examined deactivation kinetics within the context 
of one (BEA) zeolite pore architecture. 

3.2. Isolating the effects of reactant concentrations on zeolite fouling 

To probe the impacts of deactivation on XBA, deactivation rates were 
independently varied by changing the initial BA concentration ([TMB]0/ 
[BA]0 = 11–119) for a reaction series on a single batch of BEA (Section 
2.3). Because BA is involved in both TM2B and DBE formation (and 
reacts in second order for DBE formation), higher [BA]0 would likely 
increase initial reaction rates and therefore increase deactivation rates 
due to faster formation of reaction products that can form carbonaceous 
deposits. Observed damping of temporal XBA profiles at sub-unity values 

Fig. 2. XBA and coke (wt.-%) at t = 15, 40, and 120 min ([TMB]0/[BA]0 = 33, 
393 K, 0.1 g BEA, 9.8 mL total batch volume). 

Fig. 3. (a) Temporal XBA for alkylation-etherification with [TMB]0/[BA]0 = 11 ( ), 16 ( ), 22 ( ), 24 ( ), 25 ( ), 27 ( ), 31 ( ), 33 ( ), 60 ( ), 90 ( ), 119 ( ). 
Corresponding (b) DBE and (c) TM2B concentrations (mM) and (d) STM2B as functions of XBA (393 K, 0.1 g BEA, 9.8 mL total batch volume). 
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with decreasing [TMB]0/[BA]0 (Fig. 3a) was consistent with higher 
coking rates at greater |-rBA|. If deactivation had otherwise not impacted 
XBA, then XBA would have decreased with increasing [TMB]0/[BA]0 at 
equivalent times because |-rBA| scales with [BA], which controls the 
forward driving force of both reactions (Fig. 4). 

The plateau in experimental temporal XBA was also more significant 
than what would be expected from reactant consumption alone, as 
previously discussed for this same alkylation system on BEA, MOR, and 
MFI [17]. DBE and TM2B yields (Fig. 3b-c) at equivalent XBA increased 
with [BA]0 because of the greater reaction driving force (similarly 
shown as temporal yields Fig. S2). This overall driving force 

deconvolutes into separate formation rates for DBE and TM2B, for which 
the relative selectivity (STM2B; Eq. (5) changed identically with XBA for 
all [TMB]0/[BA]0 = 11–119 (Fig. 3d). Therefore, greater deactivation at 
lower [TMB]0/[BA]0 did not observably impact STM2B, which consis-
tently approached STM2B = 1 due to the secondary consumption of DBE 
to form TM2B (reaction (3), Fig. 1). Further, selectivity to DBE (where 
SDBE = 1-STM2B) did not significantly increase with [BA]0 at equivalent 
XBA because even the lowest value was still excess TMB. The varying 
onset times of net DBE consumption occurred at similar XBA rather than 
at similar times, so analysis of temporal [DBE] and [TM2B] was less 
insightful. 

3.3. Extracting the relative significance of different foulant types on 
reaction kinetics 

Given that the above data suggested that [TMB]0/[BA]0 represented 
the inverse reaction driving force, its influence on turnover rates was 
most simply deduced from the slope of a linear correlation between it 
and XBA at equivalent clock times on BEA. Accordingly, the natural 
logarithm of the inverse driving force (ln([TMB]0/[BA]0)) exhibited 
strong linear correlations with XBA and at both early clock times (t = 2 
min; Pearson’s r = 0.96) and late (t = 120 min; r = 0.83) clock times 
(Fig. 5a). This linear correlation held until [TMB]0/[BA]0 = 33 for 
XBA,120 min, and then plateaued (as XBA,120 min = 1 for [TMB]0/[BA]0 ≥
33). Accumulations of low organics and coke (deduced from Section 2.6) 
were also linearly regressed as functions of ln([TMB]0/[BA]0) at 2 min 
and 120 min (Fig. 5b-c). Differential TGA mass profiles for calcined BEA 
samples for each [TMB]0/[BA]0 are included in the Supplementary In-
formation (Fig. S3): 
accumulationi,j = αi,jln([TMB]0/[BA]0) + γi,j (10)  

where i represents either low organics or coke and j indicates the reac-
tion duration (2 or 120 min). |αi,j| is a response factor that quantifies the 
relative unit increase of coke or low organics accumulation for each unit 
increase in ln([TMB]0/[BA]0). If |αi,j| > 0, then coke (or low organics) 
accumulation was compounded for unit increases in [BA]0. We hy-
pothesized that if coking was driven by cascade polyalkylation reactions 
primarily propagated by TMB solvent after initiation by a BA-derived 
oxygenate molecule, then |αcoke,j| ≫ 0 due to disproportionately 

Fig. 4. XBA, 2 min as a function of ln([TMB]0/[BA]0), determined both experi-
mentally ( ) and modeled without deactivation ( ) using fitted rate constants 
(393 K, 0.1 g BEA, [TMB]0/[BA]0 = 11–119, 9.8 mL total batch volume). 
Dashed lines are fitted linear regression models. 

Fig. 5. (a) XBA, (b) coke accumulations (wt.-%), and (c) low organics accumulations (wt.-%) as functions of ln([TMB]0/[BA]0) after 2 min ( ) and 120 min (●) of 
reaction (393 K, 0.1 g BEA, [TMB]0/[BA]0 = 11–119, 9.8 mL volume). Dashed lines are fitted linear regression models. 
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increasing rates of coking relative to BA consumption. γij quantified the 
extrapolated accumulation of low organics or coke when initial reactant 
concentrations were equivalent ([TMB]0 = [BA]0 and ln([TMB]0/[BA]0 
= 0) and represented the stoichiometric limits for TM2B and DBE pro-
duction. Indeed, coke accumulation decreased with increasing [TMB]0/ 
[BA]0 at both XBA,2 min and XBA,120 min, but the more pronounced effect at 
120 min (αcoke,120 = -5.6 ± 1.2 wt-%) than at 2 min (αcoke,2 = -0.91 ±
1.86 wt-%) was consistent with expected higher deactivation rates at 
120 min due to higher concentrations of DBE and TM2B as coke pre-
cursors (Table 2). We note that the high error for αcoke,2 (±1.86 wt-%) 
resulted from the outlier at ln([TMB]0/[BA]0) ≈ 4 and does not imply 
inaccuracy of linear regression; discounting the outlier gave (αcoke,2 =
-1.2 ± 0.56 wt-%). In contrast, changes in [TMB]0/[BA]0 affected ac-
cumulations of low organics more modestly at 2 min (αlow organics,2 =
0.21 ± 0.84 wt-%) and 120 min (αlow organics,120 = -1.2 ± 1.1 wt-%), 
implying greater kinetic relevance of coking than of saturation with 
known reaction moieties, with increasing relevance at longer clock 
times as αcoke,j increased significantly. In fact, the statistical indepen-
dence αlow organics,j on clock time indicates no impact of low organics 
accumulation on reaction kinetics. Further, Pearson’s r analysis of ln 
([TMB]0/[BA]0) correlations with low organics and coke accumulations 
(Table 2) confirmed that the weakest correlation was with low organics 
at 2 min (r = 0.27). For γi,j values at [TMB]0 = [BA]0 mass accumula-
tions were at the limit of stoichiometric ratios for TMB alkylation and BA 
self-etherification. This threshold corresponded to the bound at which 
STM2B profiles would deviate from Figure 3d. 

Similar correlative analyses were undertaken for accumulations of 
coke and low organics as functions of XBA, 2 min and XBA, 120 min (Fig. S4). 
Importantly, these correlations were less meaningful because they 
lacked direct causation, as values of XBA, 2 min and XBA, 120 min were 
manifestations of changes in the inverse reaction driving force ([TMB]0/ 
[BA]0). Consequently, XBA, 2 min and XBA, 120 min bore the same correl-
ative trends with foulant accumulations as ln([TMB]0/[BA]0): coke 
accumulation strongly correlated with XBA, 2 min (r = -0.61; Table S1) 
and XBA, 120 min (r = -0.82), while low organics accumulation correlated 
weakly with XBA, 2 min (r = 0.12) and with XBA, 120 min (r = 0.08). 
Therefore, all subsequent kinetics analyses were based on direct re-
lationships with [TMB]0/[BA]0. However, Figure S4 does show how low 
organics accumulation remain stagnant throughout 120 min across 
[TMB]0/[BA]0 while coke accumulation decreases significantly with 
greater [TMB]0/[BA]0 at both 2 min and 120 min. 

Notably, mass balances on a BA basis (Eq. (6) were approximately 
closed (99 ± 1.2 %, where 1.2 % represents the magnitude of a 95 % 
confidence interval range; Fig. 6) for all XBA and [TMB]0/[BA]0. As these 
mass balances were calculated from species concentrations outside of 
the catalyst (from the filtered reaction liquid), any mass balances 
significantly below 100 % would suggest that reaction products were 
significantly and irreversibly accumulating within BEA pores. This result 
refutes the presumed hypothesis that mass balances would decrease with 
increasing foulant accumulation. Likewise, we initially hypothesized 
that mass balances would decrease with [TMB]0/[BA]0 at equivalent 
XBA, due to concomitant increases in coke precursor formation rates. 
Therefore, the closed mass balances instead indicated that DBE and 
TM2B were not significantly consumed during deactivation. It could be 

that immeasurably small quantities of DBE and TM2B seeded coke for-
mation, and that TMB solvent was the primary coke feedstock. This 
possibility was supported by disproportionately high increase in coke 
accumulation with unit increases in [BA]0 (αcoke,j; Table 2) and is further 
supported in later in Section 3.4. Here, consumption of TMB for coking 
was undetectable because it was in high molar excess of all other 
molecules. 

Initial deactivation rate constants (kD,0) were extracted by fitting 
early concentration data to Eqs. (7)–(9) (where kD = kD,0) to probe the 
kinetics of coke accumulation. Unlike the first-order decay law that was 
previously used to described activity at conversions up to XBA = 1 [17], 
the second-order decay law here better described low XBA data (Fig. S1). 
While some damping models reportedly fit certain deactivation mech-
anisms (pore occlusion or sintering) better than others, they are ulti-
mately empirical [23].Values for kD,0 scaled logarithmically (natural) 
with [TMB]0/[BA]0 (Fig. 7a) with two deactivation regimes that 
converged near [TMB]0/[BA]0 = 33 (Fig. 7b). Values of kD,0 were lin-
early regressed for Regime 1 ([TMB]0/[BA]0 < 33) and Regime 2 
([TMB]0/[BA]0 > 33) as functions of [TMB]0/[BA]0 (Table 3): 
ln(kD,0) = δi[TMB]0/[BA]0 + λi (11)  

where i represents the regime and δi and λi both have units of ln(min−1). 
|δi| quantified the marginal increase in deactivation with increasing 
[BA]0. λi represented the extrapolated deactivation response to neat BA 
charge ([TMB]0 = 0). The ratio of δ1 (|δ1| = 0.12 ± 0.04) to δ2 (|δ2| =
0.031 ± 0.017) of δ1/δ2 = 3.9 ± 0.6 suggests that, for each unit increase 
in [TMB]0/[BA]0, the subsequent increase in ln(kD,0) within Regime 1 
was approximately quadruple that of Regime 2. The validity of λ1 as the 
highest possible value of ln(kD,0) would require that rapid coking occur 
under neat BA conditions, meaning that the oxygenated BA self- 
etherification product (DBE) had to supersede the TMB alkylation 
product (TM2B) as the primary coke precursor. Additionally, this meant 
that coking could propagate even in the absence of TMB as a poly-
alkylation feedstock. The validity of these scenarios was probed later in 
Section 3.4. 

Table 2 
Slopes (α), intercepts (γ) and Pearson’s r for correlations between ln([TMB]0/ 
[BA]0) and accumulations (wt.-%) of coke or low organics for [TMB]0/[BA]0 =
11–119 after 2 min or 120 min. Values in parentheses represent 95 % confidence 
intervals.  

Foulant i Time (min) j α (wt.-%) γ (wt.-%) Pearson’s r 
Coke 2 −0.91 (1.86) 16 (7) −0.56 

120 −5.6 (1.2) 39 (4) −0.96 
Low Organics 2 0.21 (0.84) 8.0 (4.1) 0.27 

120 −1.2 (1.1) 17 (3) −0.74  

Fig. 6. All mass balances (393 K, 0.1 g BEA, 9.8 mL total batch volume) as a 
function of XBA, with mean (μ) and standard deviation (σ) of N = 84 data points. 
Error bars represent 95 % confidence intervals. 
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3.4. Delaying the kinetic response of zeolites to foulant deposition using 
mesopores 

Since apparent reaction rates (changed via [TMB]0/[BA]0) affected 
deactivation, the complementary impacts of varying zeolite structures 
on the response to identical deactivation conditions was probed using 
BEA, MOR, and MOR-h. MOR and MOR-h were leveraged to compare 
effects of auxiliary mesoporosity (ΔVmeso = + 180 % relative to parent) 
[22]. To reduce the number of simultaneously fitted reaction parameters 
compared to Eqs. (7)–(9), we exclusively probed the reaction of DBE 
with TMB to form TM2B (Fig. 8) by charging DBE instead of BA into the 
reactor at t = 0 min (Section 2.4). We note that homo-decoupled 1H 
NMR confirmed that no other products formed. As a control, TMB was 
allowed to equilibrate within BEA pores (Treatment A, Table 4) before 
charging DBE, giving kA2,AKDBE[H+] = 0.26 ± 0.09 M−1 s−1. This 
apparent lumped rate constant was not site-normalized, to enable 
comparisons with rate constants on deactivated samples with altered 
[H+]. When TMB equilibration was followed by activated TMB 
adsorption (Treatment A′; Table 3), no significant decreases in kA2 were 
measured (kA2,A′/kA2,A = 1.1), indicating that protons did not catalyze 
coking from TMB alone. Here, activated TMB adsorption refers to 
adsorptive interactions that occur at elevated temperatures to facilitate 
diffusion. Here, activated TMB adsorption was probed at our standard 
reaction temperature (393 K) to account for baseline foulant accumu-
lation that may have formed in the absence of BA. When control TMB 
equilibration was instead followed by alkylation-etherification (Treat-
ment A′′) to completion (XBA = 1.0) before spiking additional DBE, the 
kA2 significantly reduced (kA2,A′′/kA2,A = 0.042). Similar trends held for 

the analogous treatments for MOR-h (kA2,B′′/kA2,B = 0.0) and MOR (kA2, 
C′′/kA2,C = 0.21) whereby B (and B′′) or C (and C′′) respectively index the 
control (and alkylation-etherification) treatment for MOR-h and MOR. 
In all cases, the alkylation-etherification treatment damped apparent kA2 
when additional DBE was spiked. Therefore, kinetically relevant deac-
tivation only occurred when oxygenated products seeded coke, but the 
excess TMB acted as the (aromatic) carbon source, propagating coke 
formation at 393 K via polyalkylation at its aromatic ring. Aliphatic 
solvents, especially alkanes, would likely not propagate coking to 
similar extent at these conditions due to the high temperatures required 
for endothermic dehydrogenation that initiates the cascade of alkane 
conversions to alkenes and subsequent cyclization to aromatics (≥573 
K) [49]. The damping of apparent kA2 increased with MOR > BEA >
MOR-h, consistent with reduced damping for increased diffusivities due 
to greater prevalence of large, interconnected (meso)pores. Among 
MOR, BEA, and MOR-h, MOR exhibited the lowest mesopore surface 
Smeso = 110 ± 80 m2/g, and only allowed diffusion along a single axis, 
whereas BEA inherently has a 3D network with large voids formed at 
intersections of its 12-MR channels. MOR-h has a similar mesopore 
surface area (310 ± 80 m2/g) to BEA (290 ± 80 m2/g), but desilication 
enhances mesopore connectivity to the crystal surface. Thus, the 
enhanced diffusion of products reduces their contact time with internal 
protons that cause secondary coking turnovers. 

Kinetically relevant deactivation clearly proceeded through coking, 
which we are proposing from the above analysis was initially seeded by 
oxygenated reaction products and then propagated by excess TMB. 
Isolation of the BA self-etherification pathway (Fig. 9) enabled exclusive 
probing of coke formation from DBE. When comparing temporal DBE 
formation in neat BA and during alkylation-etherification at our highest 
initial BA loading ([TMB]0/[BA]0 = 11), BEA activity plateaued at much 
lower XBA in neat BA (XBA ≪ 0.01; Fig. 9). than in excess TMB (XBA ≪ 

0.6; Fig. 2); a concomitant and more severe discoloration of BEA (from 
white to deep amber) within 20 min in the former due to the high 
concentration of oxygenates like DBE acting as primary coking seeds. 
Preferential coking from DBE is consistent with the stronger interactions 
of zeolitic protons with DBE (via dipole–dipole interactions with the 
bridging oxygen atom in DBE) than with TM(2)B (via π-interactions with 
the aromatic ring(s)). These relative interactions were previously 

Fig. 7. Fitted kD,0 (min−1) as a (a) function of [TMB]0/[BA]0 and as a (b) semilogarithmic function of [TMB]0/[BA]0 (393 K, 0.1 g BEA, 9.8 mL volume).  

Table 3 
Fitted slopes (δ) and y-intercepts (λ) for ln(kD,0) dependence on [TMB]0/[BA]0 
extracted for (t ≤ 2 min). Values in parenthesis represent 95 % confidence 
intervals.  

[TMB]0/[BA]0 Regime (i) δi λi 

< 33 1 −0.12 (0.04) 5.2 (0.9) 
> 33 2 −0.031 (0.017) 2.3 (1.1)  
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gleaned from energetically minimized conformations of statically 
adsorbed DBE and TM2B in BEA using DFT [17,22]. Here, the more 
energetically favorable interactions of oxygenates with zeolitic protons 
reflected a greater reactivity of protons toward oxygenates. Coking 
mediated by DBE thus encountered lower gross energy barriers than 
coking mediated by TMB – consistent with insignificant damping of 
intrinsic catalytic rates upon pretreatment in TMB solvent at elevated 
temperatures (Fig. 8). 

The greater damping of DBE conversion rates on parent zeolites than 
on hierarchical zeolites following intentional deactivation (Fig. 8) sug-
gested that kinetic manifestations of coking were mitigated by meso-
pores. To further explore the potential for mesopores to delay onset of 
kinetically relevant deactivation, coke accumulations at various XBA 
were next compared for MOR and MOR-h. Higher XBA (XBA = 1.00 ±
0.03; Fig. 10a) and coke accumulation (23 ± 1 wt-%; Fig. 10b) were 
measured on MOR-h compared to MOR (XBA = 0.49 ± 0.03 and 10 ± 1 
wt-% coke) at equivalent clock times (120 min). This was compared to 
iso-conversion data (XBA = 0.49 ± 0.03) for MOR and MOR-h obtained 
at 120 min and 5.5 min, respectively (Fig. 10a). At equivalent XBA, more 

coke accumulated in MOR-h (19 ± 1 wt-%) than in MOR (10 ± 1 wt-%) 
despite equivalent moles of consumed BA (and similar closed mass 
balances). This outcome was rationalized by the demonstrated ability of 
mesopores to provide additional access points to protons in micropores 
that bypass occluded diffusion paths [13,22]. We propose that the 
mesopores themselves in MOR-h did not contain protons because they 

Fig. 8. (a) Fitted DBE consumption (393 K, 9.8 mL TMB, 0.04 mL DBE, 0.1 g catalyst) on BEA after 90 min TMB equilibration (363 K; A ), plus either 120 min TMB 
adsorption (393 K; A′ ) or alkylation-etherification (393 K; A″ ). (b) Fitted DBE consumption after 90 min TMB adsorption on MOR-h (B ) and MOR (C ), plus 
alkylation-etherification (B″ and C″ , respectively). 

Table 4 
Fitted pseudo first-order DBE consumption rate constants (kA2) for BEA, MOR, 
and MOR-h after varying catalyst pretreatments. All pretreatments done at 393 K 
and for 120 min. Values in parenthesis are 95 % confidence intervals.  

Catalyst Index (i) Pretreatment kA2,iKDBE[Hþ]a 

BEA A control 0.26 (0.09)  
A′ A + TMB adsorption 0.28 (0.06)  
A′′ A + TMB alkylation 0.011 (0.007) 

MOR-h B control 0.673 (0.930)  
B′′ B + TMB alkylation 0.142 (0.012) 

MOR C control 0.084 (0.009)  
C′′ C + TMB alkylation 0.00 (0.00)  

a (M−1 s−1). 

Fig. 9. Temporal [DBE] (mM) (neat BA, 393 K, 0.1 g BEA, 9.8 mL total batch 
volume). The dashed line is to guide the eye. 
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were introduced through successive dealumination (in HNO3) and 
desilication (in NaOH) of MOR to respectively cleave Al-O and Si-O 
bonds. The resulting dealumination and desilication regimes were 
exclusively terminated at mesopore surfaces with silanol (Si-OH) groups 
rather than protons. Previous diffuse reflectance infrared Fourier 
transform spectroscopy of desilicated MFI indicated that the relative 
bulk ratio of hydrophilic silanol groups to protons increased with desi-
lication time, consistent with greater water uptake at ambient temper-
ature of more severely desilicated MFI at ambient temperature [22]. 
Therefore, all the internal protons were expected to be located in the 
micropores rather than the mesopores of the post-synthetically synthe-
sized MOR-h. 

3.5. Comparing relative production and consumption rates of the 
intermediate product (DBE) to quantify deviations from kinetically 
controlled rates due to deactivation 

The observed changes in measured apparent reaction rates after 
coking compelled investigation of how deactivation impacts secondary 
reactions in more complex reaction networks. We probed this scenario 
by considering how coking affected the net consumption rates of DBE, 
which was shown to undergo a secondary conversion when [BA]/[DBE] 
> 0.9, which was achieved at XBA > 0.9 or could hypothetically be 
achieved by cofeeding DBE [17]. [DBE]max occurred when DBE con-
sumption and formation rates converge: 
kEKBA[BA]β = kA2KDBE[DBE]max[TMB] (12a)  

Again, a reduced order for BA self-etherification from second-order (n =
2) to β = (n + 1)/2 = 1.5 was used based on the reported correction for 
the apparent reaction order in the diffusion limit [42]. There was a net 
consumption of DBE when the following condition is satisfied: 
kEKBA[BA]1.5 < kA2KDBE[DBE][TMB] (12b)  

This work sought to understand the potential role of deactivation in 
triggering this condition. It was unclear if DBE consumption rates 
exceeded DBE formation rates when coking had somehow rendered the 
zeolite void environments ineffective for BA self-etherification, or if 

concentrations of BA and DBE had decreased and increased, respectively 
to threshold values that satisfied Eq. (12b). The cause was deduced by 
spiking additional BA at the [DBE]max observed for [TMB]0/[BA]0 = 33 
(Fig. 11). The spiked BA prevented onset of dominant DBE consumption, 
indicating that this onset was primarily controlled by relative concen-
trations of BA and DBE. We therefore concluded that the condition of Eq. 
(12b) was not met due to prohibition of DBE formation in pores con-
stricted or occluded by coke. 

The value of XBA when convergence occurred (Eq. (12a) was thus 
primarily governed by [BA]/[DBE]. However, it remained possible that 
coking also caused the convergence values of [BA]/[DBE] and XBA to 
slightly shift if intrinsic reaction rate constants changed in tandem with 
progressive occlusion of the local confining environment. If coking did 
not impact intrinsic reaction rate constants, then reactions on the same 

Fig. 10. (a) Temporal XBA for alkylation-etherification (393 K, 0.1 g zeolite, 9.8 mL total batch volume, [TMB]0/[BA]0 = 17) on MOR-h and MOR, truncated at 120 
min (◆, ■) or 5.5 min ( ). Corresponding (b) coke accumulation (wt.-%) and (c) STM2B. 

Fig. 11. Temporal XBA (●) and [DBE] (mol/m3; ○) for TMB alkylation (393 K, 
[TMB]0/[BA]0 = 33, 0.1 g BEA, 9.8 mL total batch volume), with BA spiked at 
40 min. 
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catalyst (i.e., BEA) for different [TMB]0/[BA]0 would reach [DBE]max at 
equivalent XBA. However, we observed that the XBA at [DBE]max did 
increase with [TMB]0/[BA]0. This shift is analyzed by rearranging Eq. 
(12a): 
(

kEKBA

kA2KDBE

)

maxDBE

=
[DBE]max[TMB]

[BA]β
(13a)  

In molar excess of TMB, [TMB] ≈ [TMB]0: 
(

kEKBA

kA2KDBE

)

maxDBE

=
[DBE]max[TMB]0

[BA]β
(13b)  

Thus, Eq. (13b) gives the ratio of apparent rate constants for DBE for-
mation and consumption at [DBE]max. Calculations of (kEKBA/kA2KD-
BE)maxDBE from experimental [BA], [DBE]max, and [TMB]0 for [TMB]0/ 
[BA]0 = 33, 60, 90, 119 were useful because fitted rate constants were 
only available for initial data (t ≤ 2 min), when intrinsic rates were very 
different because coke accumulation was much lower at early times. 
(kEKBA/kA2KDBE)maxDBE were compared to a diffusion-corrected analog, 
(kEKBA/kA2KDBE)corrected, which was calculated using Thiele modulus 
formalisms previously derived to deconvolute mass transport artifacts 
from measured reaction rate constants [17]. 

(kEKBA)corrected =
ρH+R2

DBA

[

kEKBA

3

]2

(14)  

(kA2KDBE)corrected =
ρH+R2

DTMB

[

kA2KDBE

3

]2

(15)  

The ratio of Eq. (14) and Eq. (15) gave the expression for (kEKBA/ 
kA2KDBE)corrected: 
(

kEKBA

kA2KDBE

)

corrected

=
DTMB(kEKBA)

2

DBA(kA2KDBE)
2

(16)  

Values for DTMB (4.6 × 10-13 cm2/s) and DBA (2.5 × 10-9 cm2/s) at 393 K 
were respectively estimated from reported diffusivities of TMB and 
ethylbenzene in BEA [17,50,51]. Values for apparent kEKBA and kA2KDBE 
for Eqs. (14)–(16) were determined from nonlinear regression of 

reaction data for [TMB]0/[BA]0 = 119 at t ≤ 2 min, when deactivation 
conditions during reaction were minimal. We found that (kEKBA/ 
kA2KDBE)maxDBE increased with [TMB]0/[BA]0 to approach the value of 
(kEKBA/kA2KDBE)corrected = 2.8 (Fig. 12). The increase of (kEKBA/kA2KD-
BE)maxDBE values toward (kEKBA/kA2KDBE)corrected = 2.8 was consistent 
with decreasing coking rates with increasing [TMB]0/[BA]0. It also 
agreed with observed decreases in coke accumulation with increasing 
[TMB]0/[BA]0. A positive slope (Fig. 12) indicates that the DBE for-
mation rate (i.e., the numerator of Eq. (13)) is more severely damped by 
coke accumulation than the DBE consumption rate. This greater impact 
of coking on intrinsic DBE formation rates initially seems counterintui-
tive because DBE consumption involves bulkier reaction moieties (TMB 
and DBE) than DBE formation (which only involves BA). However, the 
relative sizes of the transition states must also be considered. It remains 
unclear whether DBE consumption involves a concerted reaction with 
TMB or whether it involves a rapid intermediate reaction that is not 
detectable by 1H NMR of the reaction liquid. Alternatively, coke may 
alter the proton distribution whereby different proton locations selec-
tively catalyze DBE formation or consumption. Either way, the magni-
tude of the unitless slope quantifies this relative damping, with the 
current value below unity (slope = + 0.012) indicating that the DBE 
formation rate is impacted by coking 100 times more severely than the 
DBE consumption rate. 

The linearity of the approach to (kEKBA/kA2KDBE)corrected = 2.8 in-
dicates the relative damping remains constant across all [TMB]0/[BA]0 
explored in this work; this linearity is expected to persist beyond our 
studied range of [TMB]0/[BA]0 = 11–119 because the DBE formation 
and consumption occur within the same pores ofBEA. Linearity is only 
expected to deviate in cases where DBE consumption and formation 
occur exclusively in vastly different confining environments (i.e., small 
micropores versus the external crystal surface) that are uniquely 
impacted by accumulating coke. Such a scenario may occur in MFI, 
where formation of TM2B from DBE consumption with TMB is expected 
to exclusively occur at the crystal surface, and where DBE formation 
through self-etherification of BA is feasible at internal protons. 
Regardless of the (non)linear approach to (kEKBA/kA2KDBE)corrected = 2.8, 
the value of [TMB]0/[BA]0 at which (kEKBA/kA2KDBE)maxDBE = (kEKBA/ 
kA2KDBE)corrected hypothetically corresponds to the maximum initial 
concentration of BA at which coking will allow for intrinsic kinetics. 

The deactivation arguments deduced from this paper assumed that 
any catalyst that achieved XBA = 1 did so in the limit of [BA]/[H+] ≫ 1. 
Otherwise, if [BA]/[H+] ≪ 1 was true, then the excess of protons would 
mean that measured reaction rates were unaffected by coking. Indeed, 
all [TMB]0/[BA]0 here satisfied [BA]0/[H+]0 ≫ 1. Any temporal 
changes in [BA] and [H+] due to respective reaction and deactivation 
were not expected to cause excursions from [BA]/[H+] ≫ 1. 

To validate our assumption that [BA]/[H+] ≫ 1, we varied [BA]0/ 
[H+]0 for different [TMB]0/[BA]0 by changing mass loadings of BEA 
(Table 5). For [TMB]0/[BA]0 = 33, total product concentrations ([DBE] 
+ [TM2B]) overlapped as functions of XBA (Fig. 13a) even when [BA]0/ 
[H+]0 differed by a factor of two ([BA]0/[H+]0 = 28 and 55). This was 
only possible if [BA]/[H+] ≫ 1 remained true throughout both re-
actions, such that both reactions operated in the limit of [TMB]0/[BA]0 
= 33. These overlapping profiles were also consistent with minimal 
product consumption during coking, which again was likely seeded by 

Fig. 12. Calculated values of (kEKBA/kA2KDBE)app as a function of [TMB]0/ 
[BA]0 for [TMB]0/[BA]0 = 33, 60, 90, 119. 

Table 5 
[TMB]0/[BA]0, BEA mass loadings, [BA]0/[H+]0, and XBA, 120 min. Values in 
parenthesis are 95 % confidence intervals.  

Symbol [TMB]0/[BA]0 mass BEA (g) [BA]0/[Hþ]0 XBA, 120 min 

17  0.1 55 0.61 (0.03) 

33  0.05 55 0.63 (0.03) 

33  0.1 28 0.97 (0.03)  

H.I. Adawi and M.L. Sarazen                                                                                                                                                                                                                



Journal of Catalysis 433 (2024) 115456

11

very small quantities of (oxygenated) product that did not affect product 
mass balances. In contrast, temporal product concentrations (functions 
of time rather than of XBA) overlapped for equivalent catalyst mass 
loadings (0.1 g BEA) when [TMB]0/[BA]0 and [BA]0/[H+]0 both 
differed (Fig. 13b). This overlap of temporal product concentrations is 
only made possible by the condition that [BA]/[H+] ≫ 1. In the presence 
of deactivation, higher product formation rates on [TMB]0/[BA]0 = 17 
than [TMB]0/[BA]0 = 33 were tempered by concomitantly higher 
coking rates for [TMB]0/[BA]0 = 17, causing their net product forma-
tion rates to converge. If [BA]/[H+] ≪ 1, then no rate changes would 
manifest from deactivation due to the excess of active sites. Therefore, 
the differences in [TMB]0/[BA]0 effectively probed deactivation 
because [BA]/[H+] ≫ 1 was satisfied. 

4. Conclusions 

This work demonstrated that reaction and deactivation kinetics in 
(hierarchical) zeolites were closely intertwined in systems involving 
(poly)substituted aromatic molecules that rapidly underwent coking. 
The susceptibility of (hierarchical) zeolites to the kinetic consequences 
of coking depended on nuanced textural and chemical properties (i.e., 
mesoporosity, parent architecture, crystal size, proton density, silanol 
density), which we controlled by independently changing deactivation 
rates as a function of [TMB]0/[BA]0 on a single zeolite (BEA) for the 
alkylation-etherification probe network at the nexus of this work. 

For a constant reaction time of 120 min, foulant accumulations 
decreased and XBA increased with [TMB]0/[BA]0. Between the two 
foulant classes (low organics and graphitic coke), a significantly higher 
slope extracted from linear regression of coke accumulation (wt.-%) as a 
function of ln([TMB]0/[BA]0) indicated that coke caused measurable 
damping of alkylation and etherification rates, whereas low organics did 
not. We concluded that coke formation was largely propagated by TMB 
solvent molecules that underwent polyalkylation, which was seeded by 
DBE in quantities too small to prevent observably closed BA mass bal-
ances for [TMB]0/[BA]0 = 11–119. This coke manifested in measurable 
deactivation rate constants (kD,0) extracted from a second-order decay 
law fit to initial concentration data. These kD,0 scaled logarithmically 
with [TMB]0/[BA]0. Separable reaction-deactivation kinetics enabled 

extraction of apparent rate constants, which we inferred changed as the 
confining environments around zeolitic protons were progressively 
occluded by coking. Values of apparent rate constants approached those 
of their intrinsic counterparts as [TMB]0/[BA]0 increased, demon-
strating that the accumulations (and hence, impacts) of coke decreased 
when fewer oxygenated coking seeds were present. Hierarchical zeolites 
delayed the onset of kinetically relevant deactivation, despite accumu-
lating more coke than their microporous parents at equivalent XBA. 
These kinetics insights provided necessary intuition and contextualiza-
tion for deactivation in (hierarchical) zeolites, and more generally, in 
solid porous catalysts for diffusion-constrained reaction systems. 
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