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ABSTRACT

Here we developed a new method to quantitatively characterize the spatial distribution of
the Bronsted acidity of HZSM-5 zeolite on the crystal grains level indirectly. The Bronsted
acid sites of HZSM-5 zeolite completely covered or blocked by previous coke deposition
were released gradually from the outer surface to the center of the crystal grains via shrinking
core mode isothermal oxidation with high temperature and low oxygen concentration. The
spatial distribution of the coke was obtained based on the one-dimensional position
coordinate L, through building and solving an enhanced shrinking core model (ESCM). Then
the released acidity characterized by n-propylamine temperature-programmed decomposition
was correlated to the specific position of L,,. The results show that the acid density is roughly
homogenous while the acid strength is heterogeneous within the crystal grains. From the
outer surface to the center of the crystal grains, the strength of the Brensted acid sites

increase gradually.
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INTRODUCTION
As a typical shape-selective catalyst, HZSM-5 zeolite has been widely used in several

important process such as petrochemical process!?, methanol-to-olefins (MTO)*>”, methanol
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to hydrocarbons®!?, supercritical catalytic cracking!!"'®, etc. Bronsted acid sites stemming
from the presence of protons balancing the negative charge induced by the framework Al
atoms in tetrahedral sites (T-sites) provide the primary intrinsic catalytic activity for HZSM-5
zeolite. Effective characterization of the acidic properties is critical to the rational design and
preparation of individual HZSM-5 zeolites for specific applications.

The acidity of zeolite catalysts is generally characterized by bulk methods such as
NH3-TPD, FTIR and pyridine-FTIR!®, which provides the statistical average information on
the nature, density and strength of the acid sites. However, the importance of the spatial
distribution of the acid sites in HZSM-5 zeolite catalyst is gaining increasing attention due to
the requirement of rational catalyst design'’. The effects of the spatial distribution of the
acidity on the reactivity of HZSM-5 zeolite can be understood from two aspects. First, the
variation on the crystallographic distribution of the T-sites results in heterogeneous chemical
environment or intrinsic activity of the acid sites'®?°. Second, the accessibility of the reactant
molecules to the acid sites, steric constraint of the transition state geometry or the difficulty
of the diffusion of the products is affected by the locations of the acid sites either from the

perspective of channel system or crystal particle?! 2>,



Several new methods have been developed to locate the acid sites on different levels. On
the level of crystal unit cell, the challenging Al siting (i.e., location of the T-sites) can now be
partially analyzed by the combination of 2’Al 3Q MAS NMR spectroscopy and
computational chemistry methods (including QM/MM or DFT/MM)!%26 or MD-EXAFS
method®’. On the level of channel system, the approximate identification of the acid sites in
the channel intersections (ca. 0.9 nm) from those in the straight channels (0.53%0.56 nm) or
sinusoidal channels (0.51x0.55 nm) has also been investigated by the combination of ?’Al
MAS NMR with the features of some well-known probe reactions (e.g., constraint index (CI)
or Co(II) ion UV-vis DRS)%*32%32 The potential interactions of different acid sites might also
affect the acidic properties of individual acid sites. The short-range effect stemming from
spatial proximity of adjacent Bronsted acid sites has been investigated by 'H double quantum
(DQ) MAS NMR, 3C MAS NMR, Co(Il) ion UV-vis DRS or computational chemistry
method®¥3°. Although less mentioned, the long-range interaction of different acid sites has
also been primarily revealed by 'H MAS NMR*-7. In common, the above mentioned
investigations on the spatial distribution of acid sites is predominately based on the
characterization of the local chemical environment of individual acid sites.

On the level of crystal grains (in the scale of micron or sub-micron according to the
specific crystal size), however, the understanding of the acid distribution is quite limited due
to the lack of effective methods. Obviously, the local chemical environment characterization
methods are ineffective. The theoretical calculation methods are also invalid due to both the
insufficient computational ability to explore such a macro-system (i.e., a crystal grain)

containing more than millions of unit cells and the difficulty in constructing a crystal model



with rigorously consistent structure with that of a real zeolite!”-!°. Under this background, the
in situ monitoring of the probing reaction by fluorescence microscopy has been developed to
map the spatial distribution of active sites in heterogeneous catalysts on the level of single
catalyst particle or crystal particle’®>?. By using the stochastically occurred reaction of single
probe molecule, i.e., single-molecule fluorescence microscopy (SFM), the spatial resolution
of fluorescence microscopy has been enhanced from 250 nm (the diffraction limit) down to
ca. 10 ~ 20 nm***2, The SFM method has been applied to map the activity of the acid sites in
ZSM-22 and ZSM-5 zeolite, the results revealed that the spatial distribution of catalytic
activities in either ZSM-22 nanorod or ZSM-5 crystal particle is nonuniform due to the
existence of edge and defects even in a seemingly perfect crystal***>. The correlated
ultrastructure-reactivity information obtained by integration of transmission electron and
single-molecule fluorescence microscopy (SFM-TEM) confirmed the existence of intrinsic
differences in reactivity of the acid sites in different HZSM-5 crystal particles or even within
the same zeolite crystal particle®’. Very recently, a tip-enhanced fluorescence microscopy
(TEFL) method was developed to provide direct two-dimensional hyperspectral information
(without the complex post process of data required in SFM), and the results also recognized
the nonuniform spatial distribution of Brensted acidity within individual zeolite crystals**.
Therefore, the investigation of acid distribution on the level of crystal grains is necessary and
valuable.

However, the above mentioned methods based on SFM still have limitations on both the
quantitative and the qualitative characterization of the spatial distribution of acid sites of

HZSM-5 zeolite on the level of single crystal particle. First, the microscopic method only



provides local information in a specific catalyst particle, which might not represent the global
acid property of a lot of catalyst particles used in actual catalytic reaction. Second, although
the spatial resolution has been enhanced to ca. 10 nm within the two-dimensional plane,
actually the observed image is the overlapped results on the vertical direction of the “thin
section” with a thickness > 100 nm (ca. 100 nm for the actual section prepared by FIB or
200~300 nm for virtual section of focal plane), i.e., the resolution in the 3-dimensional space
is still limited. Third, neither the absolute acid density nor acid strength of individual acid
sites can be provided quantitatively.

In this work, in order to characterize the spatial distribution of acid sites of HZSM-5
zeolite on the level of crystal grains, we proposed a new idea based on the knowledge of
chemical reaction engineering to map the acidity of HZSM-5 zeolite from the outer surface to
the center of the crystal grains. Through the manipulation of coke deposition and shrinking
core mode oxidation, the acid sites at different positions along the omne-dimensional
coordinate (Ly) were previously masked and then released as designed. The density and the
strength of the released Bronsted acid sites were first characterized by the n-propylamine

d¥%  and then

temperature-programmed decomposition (n-propylamine TPD) metho
quantitatively correlated to L,,, which was obtained by solving an enhanced shrinking core
model (ESCM) accounting for the coke oxidation process.

EXPERIMENTAL

Preparation of coked HZSM-5 zeolite

Particle HZSM-5 zeolite catalyst (20-40 mesh) was prepared from pure HZSM-5 zeolite

powder (Si02/Al,03; = 50, Nankai University Catalyst Co.,Ltd.) without any binder or matrix.



The coke deposition was achieved through the supercritical catalytic cracking of n-dodecane
at 500°C and 4.0 MPa for 4 h. In a typical run, 1.000 g HZSM-5 catalyst particles were
loaded in a fixed-bed reactor!®. After the pressure and temperature had been raised to the set
points by compressed nitrogen and electoral heating, respectively, the catalyst was activated
at 500°C for 1 h with flowing nitrogen (200 cm?®/min). Then liquid n-dodecane reactant was
fed into the reactor by a high pressure liquid chromatography pump (SSI-I series) with a flow
rate of 1.00 cm*/min at room temperature. The evolution of the conversion of n-dodecane was
tracked by the analysis of the liquid product samples through gas chromatography analysis
using n-tridecane as internal standard substance. When the time on stream reached 4 h, the
reaction was terminated by stopping feeding, turning off heating and releasing pressure
sequentially. The catalyst bed was purge by nitrogen (500 cm?/min for 15 min and then
reduced to 200 cm’/min) to remove the trapped or adsorbed species until cooled down to
room temperature. The coked HZSM-5 zeolite catalyst prepared by several individual runs
was mixed together for the following investigations of coke oxidation and acidity or other
characterizations.
Isothermal oxidation of coked HZSM-5 zeolite

Two series of isothermal oxidation of the coked HZSM-5 zeolite was conducted by using
2.1% O» (air/nitrogen volume ratio = 1/9) as carrier gas at 640°C and 680°C, respectively. For
each series, a completely oxidation run was firstly carried out to acquire the profile of the
isothermal oxidation. Then a series of partial isothermal oxidation runs with designed
oxidation degrees were conducted by controlling the oxidation time. In a typical run of

isothermal oxidation at 640°C (or 680°C), 150 mg coked HZSM-5 catalyst sample was placed



in a U-shaped quartz tube. The sample was pretreated at 230°C for 40 min under pure
nitrogen. A bypass line was designed for the carrier gas, and flow rate of the carrier gas that
passing the coked catalyst sample was generally set to 50 cm?/min. Then, the temperature
was raised to 640°C (or 680°C) with a ramp rate of 20 °C/min. As the temperature tended to
stabilize at 640°C (or 680°C), an air stream (pretreated by CO> removal and drying) with flow
rate of 50 cm’/min was mixed to the main pipeline of the carrier gas to initiate the oxidation
reaction. The contents of H>O and CO; in the outlet gas stream were measured by a dew point
transmitter (SF52, Michell Instruments) and an infrared carbon dioxide analyzer (GXH-1050,
JUN-FANG-LI-HUA Technology-research Institute Beijing China), respectively. When the
operating time of the oxidation reaction reached the preset value, the air stream was switched
off (the flowing nitrogen was preserved) and the furnace was open to quench the U-shaped
tube in atmosphere immediately. The released volume of the micropores of the series sample
prepared by partial isothermal oxidization at 680°C were measured by nitrogen
adsorption-desorption isotherms at -196°C on a physical adsorption instrument of
JW-BK200C (JWGB SCI. & TECH).
Acidity characterization

Based on the mechanism of the decomposition reaction of alkyl amine over Bronsted acid
sites®, the Brensted acidity of HZSM-5 =zeolite was characterized by the
temperature-programmed decomposition of n-propylamine (n-propylamine TPD) method*®
on a self-designed setup'®. In a typical run, ca. 20 mg catalyst sample was first placed in a
U-shaped quartz tube and heated up to 550°C from room temperature (20 °C/min), and then it

was degassed at 550°C for 1 hour in 30 cm?®/min flowing nitrogen. After cooled down to



175°C, the n-propylamine adsorption was conducted by switching the carrier gas to
n-propylamine saturated (at 0°C) nitrogen gas for 15 min. Thereafter, pure nitrogen was
switched back to remove the physically adsorbed n-propylamine at 175°C for 30 min. After
passing through a gas-washing cuvette containing H>SO4 aqueous solution (1.0 mol/L),
which was designed to remove the physically desorbed n-propylamine or ammonia produced
by n-propylamine decomposition under a low temperature condition (provided by ice-water
bath for the suppression of the oligomerization of propylene), the gaseous stream flowing out
the U-shaped tube was introduced to a flame ionization detector (FID) detector. When the
FID signal tended to stabilize, the sample was heated up to 720°C with a ramp rate of
10 °C/min, while the content of propylene produced by r-propylamine decomposition was
recorded by the FID detector simultaneously. The acid density was calculated from the
integral area of the n-propylamine TPD profiles, which was verified in Figure S1 and Figure
S2. While the acid strength was evaluated by taking the maximum temperature or the average
temperature of the n-propylamine TPD profiles as an apparent index, which was proved to be
positively related to the intrinsic acid strength (deprotonation energy, Epep) of the Bronsted
acid sites (Figure S3). The possible influences of diffusion and re-adsorption/desorption on
the measurement of acid strength from n-propylamine TPD profiles have been exclude
(Figure S4).

Following the procedure introduced in our previous work*’, the n-dodecane TPSR method
(denoted as n-Ci2 TPSR) was used to reflect the acidic properties of HZSM-5 zeolite from
another perspective. Although it was not possible to distinguish Brensted acid from Lewis

acid, this method was used to evaluate the effective acid sites that can catalyze the probe



reaction of n-dodecane cracking semi-quantitatively.
RESULTS AND DISCUSSION
Completely deactivated HZSM-5 prepared by coke deposition

The model reaction of supercritical catalytic cracking of n-dodecane at 500°C under 4.0
MPa with WHSV = 45 h'! was applied to deposit sufficient coke so as to deactivate all the
Brensted acid sites of HZSM-5 zeolite. In Figure 1a, the evolution of the catalytic activity vs.
time on stream (TOS) clearly demonstrates that completely deactivation of HZSM-5 had been
achieved when TOS reached 240 min. According to the temperature-programmed oxidation
(TPO) analysis (Figure S5), the coke content and H/C molar ratio of the completely
deactivated HZSM-5 (denoted as Coked-HZSM-5) were calculated to be 9.85 = 0.09 wt.%
and 0.38 £ 0.02, respectively.

In order to assess the potential effects of the manipulation of coke deposition and oxidation,
the acidic and physical properties of fresh HZSM-5, Coked-HZSM-5 and regenerated
HZSM-5 (completely oxidized by isothermal oxidation at 680°C using 2.1% oxygen) zeolite
catalysts were compared. The acidity characterized by n-propylamine TPD method was
shown in Figure 1b. Obviously, the coke deposition can cause the loss of the majority of the
Bronsted acid sites (94.4%) and the shift of the maximum temperature (7m) towards higher
temperature, while the following oxidation can successfully recover most of the acidity
(97.8%) as expected. Based on the nitrogen adsorption-desorption analysis (Figure S6), all
the micropores of Coked-HZSM-5 have been lost while the majority of the micropores (91%)
can be recovered again by oxidation (Table 1). The characteristic variation on the XRD

pattern caused by coke deposition also appeared'®, but the crystal structure can be reversibly



recovered by the following oxidation (Figure S7). Thus, the manipulation of coke deposition

and oxidation is proved to be an effective strategy to mask and release the Bronsted acid sites

without obvious irreversible damage on textural or crystalline properties of HZSM-5 zeolite.
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HZSM-5 zeolite versus TOS in the supercritical catalytic cracking of n-dodecane (500°C, 4.0 MPa and WHSV = 45 hr%); (b) comparison of the

acidity of fresh, completely coked and regenerated HZSM-5 by n-propylamine TPD method [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 1  The textural properties of fresh HZSM-5, coked-HZSM-5, and regenerated HZSM-5 zeolite catalysts

Samples
Fresh HZSM-5
Coked-HZ5M-5

Calibrated Coked-HZSM-5¢ 0
Regenerated HZSM-5

Stticre” (M*/g) Skxterna (M7/g)
3372 232
0 11.0
122
304.5 387

“Calculated by the t-plot method.

Bspecific surface area calculated by BET method.

“Calculated according to the quantity of N2 adsorbed at P/P0 = 0.99.
“The calibration is conducted by converting the basis mass of the coked-HZSM-5 sample from the apparent sample mass (containing both the pure
HZSM-5 zeolite and deposited coke) to the pure HZSM-5 zeolite (subtracting the mass of coke from the mass of the coked-HZSM-5 sample).

Sget (m?/g)

3604
11.0
122
3432

Viticrs” (cm®/g)
0.137

0

0

0.125

Vistermal (€m®/g) Vrowi® [cm®/g)
0.043 0.180
0.055 0.055
0061 0.061
0.068 0.193

Combined with the coke content and textural data, the apparent average coke density p.4

was calculated to be 0.828 x 10° kg/m® by Equation (1). As a type of complex polycyclic

aromatic hydrocarbons*®, the direct measurement of the intrinsic density of the coke

deposited in micropores is quite difficult. The value of 1.22 x 10 kg/m?, as the density of

coal with H/C ratio of 0.8, was generally taken as a reference density for internal coke based

on the similarity of H/C ratio*>*. However, the significant deviation of the H/C ratio of the

coke in this work (0.38) from that of coal makes the reference intrinsic coke density (1.22 x



10° kg/m?) not applicable. Since it is a feasible idea to predict the density of organic materials
from the elemental composition®!, the density data of several known polycyclic aromatic
hydrocarbons with different H/C ratios has been surveyed based on open database to estimate
the intrinsic density of the coke deposited on Coked-HZSM-5 (Table S1). Then, an empirical
exponential correlation was made between the intrinsic density and H/C ratio within the
range of 0.4 < H/C ratio < 0.80 (Figure S5). Then the intrinsic density of the deposited coke
is extrapolated to be 1.73 x 10° kg/m® according to its H/C ratio, which is approximately
twice of the apparent density. This indicates that the coke spatial distribution is nonuniform,
i.e., approximate half of the micropores are lost due to the pore blockage rather than site

coverage by coke.

Ccoke 0.0985

—— _ 1-Ccoke __ _1-0.0985  __ 3 3
Pea = Yro—vr; = 01930061 0.828 x 10° kg/m (1)

where p., is the average apparent coke density of coked-HZSM-5 simply calculated by
dividing coke content by the lost pore volume, kg/m?; ccore is the apparent coke content, wt.%;
Vro and Viy are the total pore volume of regenerated HZSM-5 and Coked-HZSM-5,
respectively, cm’/g.

Since granular HZSM-5 catalyst (20-40 mesh, sub-millimeter size) was used to prepare the
Coked-HZSM-5 zeolite, which consists of the massive aggregates of crystal grains, it is
necessary to check whether the isothermal oxidation is controlled by intra-crystal or
inter-crystal (i.e., intra-particle) process. Therefore, the Coked-HZSM-5 catalyst sample was
ground to a small particle size (60-80 mesh), and then the isothermal oxidation profiles of
different particle sizes were acquired under the same conditions of isothermal oxidation

(Figure S9). Since no obvious difference can be found in Figure S9, the isothermal oxidation



of Coked-HZSM-5 catalyst was not controlled by the intra-particle coke oxidation process.
The possible effect of external diffusion on the isothermal oxidation was also excluded by
comparison of the isothermal oxidation profiles obtained with different flow rates of carrier
gas (Figure S10).

In summary, the manipulation of coke deposition and oxidation is an effective method to
mask and release the Bronsted acid sites of HZSM-5 zeolite catalyst on the level of crystal
grains without obvious damage of crystal or textural structures. However, the nonuniform
coke distribution also brings complexity for the following process modelling.

Quantitative description for coke oxidation process

If the oxidation of the Coked-HZSM-5 conforms to the shrinking unreacted model (SCM),
then the acid sites released from the outer surface to the center of the crystal grains can be
tracked accordingly. Generally, the typical SCM is based on two assumptions: first, the solid
particles have regular geometry (generally assumed to be sphere) and single particle size;
second, the spatial distribution of the solid reactant within the whole solid particle is
uniform>?. However, the situation is much more complicate in this work since the commercial
HZSM-5 zeolite powder consists of crystal grains with different shapes (nonspherical) and
sizes (Figure S11) and the spatial distribution of the coke is also nonuniform as mentioned in
section 3.1.

In order to quantitative describe such complicate oxidation process, we proposed an
enhanced shrinking core model (ESCM), which is quantitatively described by Equation (2~4).
The critical improvements of ESCM compared with the typical SCM are introduced below.

Firstly, a one-dimensional pseudo-position coordinate (Lp) 1s defined as the reaction



coordinate on the basis of the CO; generation data during the isothermal oxidation of
Coked-HZSM-5. From another perspective, dL, can be regarded as the thickness of coke
layer of the surface reaction zoon. Secondly, a volume expansion coefficient (J.) is
introduced to account for the nonuniform spatial distribution of coke. The main assumption is
that the coke deposited within the micropores of HZSM-5 zeolite is discontinuous, the total
volume deactivated by a differential element volume of coke is the sum of the exact volume
occupied by coke and the adjacent void volume blocked by corresponding coke. Thirdly, the
real-position coordinate (L), defined as the thickness of the oxidized layer (similar to “ash
layer” in typical SCM) of the nonspherical Coked-HZSM-5 crystal grains (or the shortest
distance from the outer surface of crystal grains to the reaction front), can be calculated by
the combination of L, and d.. Fourthly, the parameter S,, defined as the total surface area of
the shrinking unreacted core of all the crystal grains contained in the Coked-HZSM-5 sample,
can be decoupled from L,. Then the relationship of V), (the volume of the released micropores
in the oxidized layer)-S,-L, can now be deduced from experimental measurement rather than
be simulated by the volume formula of an arbitrary geometry. Thus, problem caused by the
complexity of non-regular shape (nonspherical) and crystalline grain size distribution of the
commercial HZSM-5 zeolite catalyst can be solved. Fifthly, the differential intrinsic coke
density (p.s) 1s involved to calculate the exact differential volume occupied by individual coke
element from the mass of the coke that has already been oxidized. Additionally, the degree of
the oxidation of Coked-HZSM-5 (X.) can be defined from the solid phase, i.e., the removal of
coke deposited on the catalyst (Equation (5)). One the other hand, an approximate expression

of X. (Equation (6)) can also be derived from the generation of the main gaseous phase



product of COz. Since the H/C ratio is fairly low, the deviation in the calculation of X. caused
by the variation of the instantaneous H/C ratio during the shrinking core mode oxidation

process is limited and negligible.

Vp = J,” 8.5,dL, )
Ly = [,7 8dL, 3)
Pet = Pca * Pcale “)
X, = Jo? Spperdly (5)

Ly
fo Sp pCIde

t
X ~ fOYCOZdt
c ™~ %
fO Ycozdt

(6)
where p.4 is the ratio of differential apparent coke density corresponding to the location of L,;
Yco, 18 the volume fraction of CO; in the gaseous stream effluent from the U-shaped
oxidation reactor, %; and ¢ is the time on stream of the isothermal oxidation of
Coked-HZSM-5, s.
Shrinking core mode isothermal oxidation of Coked-HZSM-5

The next issue is to find the appropriate operating conditions, under which the shrinking
core mode oxidation of Coked-HZSM-5 can be achieved. Inspired by our previous work on
coke characterization'’, we consider that the opportunity that the shrinking core mode
oxidation of the coke deposited in porous zeolite catalyst is preferred might arise in the
isothermal oxidation under conditions of high temperature and low oxygen concentration.
Such idea is based on the following facts. Firstly, the oxidation of the coke deposited in the

porous catalyst at low temperature (450°C) was considered to follow homogeneous model

rather than SCM?>2. Secondly, the SCM model is applicable when the chemical reaction rate is



very rapid while the diffusion of gases is sufficiently slow>. Thirdly, according to the
Arrhenius equation, the relative magnitude of the chemical reaction rate vs. diffusion rate of
the gaseous reactant can be enhanced by raising temperature since the activation energy of
chemical reaction is much greater than that of the physical diffusion. Finally, the low oxygen
concentration is helpful to narrow the zoon of the reaction front between the unreacted core
and oxidized layer'?.

We propose a discriminant criterion for the shrinking core mode oxidation on the basis of
comparing the “fingerprints” extracted from tracking the evolution of the released acid sites
with increasing oxidation degree under different candidate operating conditions of isothermal
oxidation. In order to extract the “fingerprints” comprehensively, the n-propylamine TPD and
n-dodecane TPSR methods were involved to characterize the released Brensted acidity and
effective acidity, respectively. The diversity of the two probe reactions (n-propylamine
decomposition vs. n-dodecane cracking) stems from the differences in both the difficulty of
individual probe reactions and the size of individual probe molecules. The n-propylamine
TPD is certainly occurring at Bronsted acid sites and the requirement for acid strength is
limited*. While the n-C1» TPSR requires relatively strong acid strength but not limited to
Bronsted acid sites. Additionally, the difference in molecule size of the two probe molecules
might also lead to different potential effects of the host framework atoms on the guest probe
molecule®®. The diversity of the above two methods provides the opportunity to extract the
“fingerprints” of acid sites released comprehensively.

Isothermal oxidation of Coked-HZSM-5 at 640°C and 680°C using 2.1% O> as carrier gas

were chosen as the candidate operating conditions for the shrinking core mode oxidation.



Theoretically, if the isothermal oxidation carried out under the candidate conditions conforms
to SCM, the sequence of acid sites released should be solely determined by the spatial
distribution of individual acid sites and should not be affected by the oxidation temperature.
In other words, the “fingerprints” of the released acid sites extracted from the two candidate
operating conditions should coincide. Else, if agrees with the homogeneously model, the
sequence of the individual acid sites released by isothermal oxidation should be affected by
the operating temperature. Although no definite correlation has been found between the coke
nature and the strength of the deactivated acid site®*, the difficulty of the oxidation of the
coke is expected to increase with the increasing strength of the acid site covered or blocked.
In order to verify this speculation, the coke deposited on a reference catalyst sample of
H-[Fe]-MFI, which has definite weaker intrinsic acid strength than H-[Al]-MFI (i.e., general
HZSM-5 zeolite)®, was produced in the same way to the preparation of Coked-HZSM-5
sample. TPO measurements were applied to identify the difficulty in coke oxidation.
According to the TPO profiles in Figure S12, the coked H-[Fe]-MFI exhibits significant
lower peak maximum (7m) than that of coked H-[AI]-MFI (515°C vs. 584°C) as expected.
The oxidation of the coke with higher 7i, in TPO profile should have priority over the coke
with Tr if the isothermal oxidation was operated at higher temperature due to the difference
in oxidation activation energy, which has been proved by the comparison of the isothermal
oxidation of the coked H-[Fe]-MFI and coked H-[Al]-MFT at different temperature shown in
Figure S13.

The evolution of the n-propylamine TPD profiles with increasing conversion of coke

oxidation reaction (denoted as X.) exhibit similar trends for the isothermal oxidation



conducted at 640°C and 680°C in Figure 2a and Figure 2c, i.e., the main Bronsted acid peak
temperature decreases with increasing X.. This preliminary proves that the coke oxidation
follows SCM. Although, the distribution of effective acidity is quite different from the
distribution of Brensted acid (Figure 2b vs. Figure 2a or Figure 2d vs. Figure 2c¢), the similar
evolution of the n-Ci2 TPSR profiles with increasing X. for isothermal oxidation at 640°C
(Figure 2b) and that at 680°C (Figure 2d) provides additional support for the applicability of
SCM from another perspective. The quantitative comparison of the evolution of both acid
amount and apparent acid strength (characterized by an index of the average temperature of
corresponding profiles) with X. (Figure S14) clearly confirms that the processes of the acid
release during the isothermal oxidation at 640°C and 680°C are consistent. Therefore, it can
be concluded that the “fingerprints” extracted from the evolution of the released acid sites
during the two candidate isothermal oxidation operations (640°C and 680°C) coincide with
each other.

Further, a control experiment was also designed to extract the “fingerprints” of the released
acid sites during normal TPO treatment of Coked-HZSM-5 (using air as carrier gas). As
shown in Figure S15, the evolution of the properties of the released acid sites characterized
by either n-propylamine TPD or n-Ci> TPSR profiles exhibits different trends (“fingerprints”)
to those of the isothermal oxidations shown in Figure 2 and Figure S14. The different
“fingerprints” of the released acid sites obtained by normal TPO proves that the matching
“fingerprints” of the released acid sites obtained by isothermal oxidation at 640°C and 680°C
is not accidental but inevitable. Additionally, the faster increase of apparent acid strength of

the released acid sites with increasing oxidation degree during the TPO process than that



during the isothermal oxidation process (Figure S15e) confirms that the coke which is

difficult to oxidize prefers to deposit on strong acid site.
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FIGURE 2 Evolution of the released acidity of Coked-HZSM-5 zeolite during isothermal oxidation using 2.1% oxygen (balanced by nitrogen)
as carrier gas: (a) n-propylamine TPD profiles of isothermal oxidation at 640°C; (b) n-C4, TPSR profiles of isothermal oxidation at 640°C; (c) n-
propylamine TPD profiles of isothermal oxidation at 680°C; (d) n-C,» TPSR profiles of isothermal oxidation at 680°C [Color figure can be viewed
at wileyonlinelibrary.com]

In summary, the isothermal oxidation of Coked-HZSM-5 at high temperature (> 640°C)
and low oxygen concentration (2.1%) conforms shrinking core model and can be used to
investigate the spatial distribution of acid sites on the level of crystal grains.

Solution of the enhanced shrinking core model (ESCM)

In order to correlate the released acidity of partially oxidized Coked-HZSM-5 with distinct

spatial position on the level of crystal grains, the real-position coordinate L., should be

calculated.



The first step is to calculate the pseudo-position coordinate L, by solving the ESCM
according to the in situ CO> generation data monitored during isothermal oxidation at 680°C
using 2.1% oxygen as carrier gas. The details for the calculation of L, can be found in the
supplementary materials and the solution is expressed by Equation (7). Obviously, the spatial
scanning on the level of HZSM-5 zeolite crystal grains has been successfully converted to the
time scanning of CO; generation data during the isothermal oxidation of the coke deposited
Coked-HZSM-5 zeolite, the calculation of which is fairly simple. Then, combining the
intrinsic coke density correlated from the differential H/C ratio of coke and the V), measured
by nitrogen adsorption-desorption isotherms, the equations of coke spatial distribution
(Equation (2) & Equation (3)) can be completely solved.

Ly _ fot(Y02,o_rsv(1+5coz)ycoz)dt

— ;0
Lopo fot (YOZ,O_ rsp(1+5C02)YC02)dt

(7

where Yy, is the volume fraction of oxygen at the inlet of the oxidation reactor, 7y, is the
split ratio of the carrier gas (e.g. rs = 10 when the actual flow rate of carrier gas passing
through the catalyst bed i1s 50 mL/min and the total flow rate of the carrier gas is 500
cm’/min); 8co, 1is the chemical expansion coefficient of coke oxidation reaction
corresponding to CO»; ¢ is the time on steam of the coke oxidation reaction.

Since L, was obtained indirectly from the gaseous CO; generation data during the
isothermal oxidation process rather than from the direct observation from solid crystal grains.
The calculation of L,. might be challenged. For instance, whether the coke was distributed all
over the whole crystal grain or was only limited in a local region? The complete loss of
micropores of Coked-HZSM-5 in Table 1 proves that at least all the outer surface of

Coked-HZSM-5 zeolite particles has been covered or blocked by coke. Then the remaining



adverse situation is that the coke might only deposit in an annular region beneath the external
surface of the crystal particles. If so, there should be a sharp rise in the amount of the released
acid sites at the last stage of isothermal oxidation process due to the sudden exposure of
massive unoccupied micropores beneath the annular coke belt. Obviously, the actual results
shown in Figure S14a and Figure S14b are not so. Therefore, L, can be recognized as the
pseudo-position coordinate of crystal grains with confidence. The geometric meaning of L,
is the pseudo-radius of the minimum inner tangential circle of the crystal particle, while it is
related to half of the thickness of the largest HZSM-5 zeolite crystal grain in b-axis direction
in practice.

In practical calculation of L, and correlation with other variables, the degree of coke
oxidation (Xc) is replaced by X. (modified X. discussed in Supplementary Material). The
evolution of L,/Ly with increasing degrees of coke oxidation is shown in Figure 3a. In the
initial stage of isothermal oxidation, the increase of L, is quite slow, while at the last stage L,
increases rapidly. This indicates that most of the coke deposited on the region close to the
outer surface of the HZSM-5 zeolite grains. There are two possible reasons: one is the
extremely nonuniform distribution of the deposited coke within the crystal grains; the other is
the nonuniform nature of the crystal grain size distribution.

According to the nitrogen adsorption-desorption analysis of the series of samples obtained
by isothermal partial oxidation at 680°C using 2.1% oxygen as carrier gas (Figure S18 &
Table S2), the evolution of the accessible pore volume (7)) with increasing degrees of coke
oxidation is tracked. In order to verify whether the acid density varies with its spatial

distribution, the trend of the evolution of relative ¥}, vs. X is compared with the relative acid



amount characterized by n-propylamine TPD during isothermal oxidation at 640°C and
680°C. It should be noted that both the relative V), and the relative acid amount have been
converted from the “gross-based” original data to the “dry-based” data (i.e., subtract the mass
of the residual coke of the partially oxidized sample) for the following calculation. As shown
in Figure 3b, the evolution of relative V), is consistent with the evolution of acidity,
demonstrating that the acid density is uniform within the whole crystal grains. Thus, the
relative acid amount can also be applied to represent the relative V), for further calculation.
From another point of view, the relationship between ¥, and X; is nonlinear, indicating that
the spatial distribution of the coke is nonuniform.

The differential apparent coke density (p.4 - pca) can be used as an index to express the
mass-based spatial distribution of coke deposited on Coked-HZSM-5, the physical meaning
of which is the mass of coke deposited per unit volume at any position. Through combining
Equation (2) and Equation (5), (pc4 * pca) can be expressed by Equation (8). The differential
intrinsic coke density (p.;) can be calculated by combining the differential H/C ratio (Figure
S17) and the correlation between intrinsic coke density and H/C ratio (Figure S8). Then the
volume expansion coefficient d. can be calculated by differential apparent and intrinsic coke
density according to the Equation (4). The relationships of the above calculated variables
versus X. are shown in Figure 3c. The associated positive peak of volume expansion
coefficient and negative peak of apparent coke density at X. = 0.154 can be interpreted as the

characteristic of the pore mouth coke.

dx(/dLy

Loo
de/de fo P SppcIde (8)

(m ’ pcA) =

According to Equation (3), the real-position coordinate (L,») can be calculated by previous



obtained variables of L, and J.. Then spatial distribution of the coke deposited on
Coked-HZSM-5 is plotted using the relative L, (L.»/L:y*) as the position coordinate (Figure
3d). According to the definition of J., the physical meaning of reciprocal of J. (1/d.) is the
fraction of the volume element that is filled with coke. Thus, 1/d. can be taken as the
volume-based spatial distribution of coke deposited on Coked-HZSM-5. In Figure 3d, the
characteristic peak of pore mouth coke appears at the location of L,,/L,,” = 0.179. According
to the geometric meaning of L,,” (half of the thickness of the largest crystal grain along the
b-axis direction), the absolute value of L,,” is estimated to be ca. 356 nm according to SEM
image of HZSM-5 zeolite (Figure S11). Then characteristic region of pore mouth coke is
approximate 64 nm beneath the outer surface. The analysis about the geometric
characteristics of the HZSM-5 zeolite can be found in Figure S19 and corresponding

supplementary materials.
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In summary, the ESCM model can be solved successfully by combining the isothermal
coke oxidation data (Y¢o, vs. ?), nitrogen adsorption-desorption data (V) vs. Xc ) and intrinsic
coke density data (correlated with differential H/C ratio). Then the spatial distribution of coke
along with the real-position coordinate (Lp) of the HZSM-5 crystal grains with uncertain
shapes and a particle size distribution can be constructed according to the solution of ESCM.
Spatial distribution of the Brensted acid strength

In this section, the spatial distribution of acid strength will be built by combining the
real-position coordinate (L) and the index of apparent Bronsted acid strength characterized
by n-propylamine TPD method.

Taking the degree of coke oxidation (X.’) as an intermediary, a preliminary correlation of



the acid strength and real-position coordinate was obtained based on the data in Figure 3a
and Figure S14c. As shown in Figure 4a, a significant difference in the index of apparent acid
strength can be observed for the acid sites locating at different position of the HZSM-5
crystal grains. According to the basic theory of n-propylamine TPD method, the decrease of
temperature means the enhancement of acid strength, thus the acid sites at the center of the
crystal grains are stronger than those close to the outer surface. Although the index of
apparent acid strength is certainly influenced by the confinement effects®, the exquisite
method design in this work makes it possible to reflect the spatial distribution of the intrinsic
acid strength by the index of apparent acid strength (details discussion can be found in
Supplementary Material). This results reveal that the acid strength is nonuniform on the level
of HZSM-5 crystal grains, which can provide an alternate explanation for the observed
difference in the catalytic activity of the Bronsted acid sites at different region of a single
HZSM-5 particle according to fluorescence microscope method**+-44,

However, the form of the index of apparent acid strength used in Figure 4a is the raw data
of cumulative average acid strength of the partially oxidation Coked-HZSM-5 prepared by
isothermal oxidation at 680 °C rather than the differential acid strength of the individual acid
sties. In order to express the acid strength distribution more clearly, the differential acid
strength distribution profile can be calculated by Equation (9) and the results are shown in
Figure 4b. Obviously, the differential acid strength increases from the outer surface to the

center of the crystal grains gradually.

d((M)-FAD(Lm)> d((M)'FAD(LTp)>

Fap(Lrp) _ Fap(Lrp)
Eap (Lrp)dLrp d(FAD (L,-p))

Eas(Lrp) = ©)

where E4s(Liy) and E4p(Lip) are the distribution density functions of acid strength and acid



density at the position of L,,, respectively; while Fus(L,») and Fap(L:,) are the distribution

Fas (Lrp) -

functions of acid strength and acid density at the position of L, respectively; and Fap(irg) is
AD\“rp

the cumulative average acid strength.
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FIGURE 4 The spatial distribution of the Brensted acidity of the HZSM-5 zeolite on the level of crystal grains: (a) cumulative average acid
amount and index of apparent acid strength; (b) differential acid amount and index of apparent acid strength [Color figure can be viewed at
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In summary, the spatial distribution of the acid strength of HZSM-5 zeolite on the level
crystal grains can be clearly mapped by the coke manipulating methods proposed in this work.
According to this new method, it is revealed that Bronsted acid strength increases from the
outer surface to the center of the crystal grains of HZSM-5 zeolite. This work provides an
opportunity to explore the unknown long-range interaction of individual acid sites, which is
helpful to support the rational design of HZSM-5 zeolite catalyst.

CONCLUSION



Through the combination of the coke manipulation (first deposition by supercritical
catalytic cracking of n-dodecane and then regeneration by shrinking core mode oxidation)
and a bulk acidity characterization method of n-propylamine TPD, we developed a feasible
method to map the spatial distribution of the Bronsted acidity (acid density and strength) of
HZSM-5 zeolite on the level of crystal grains. The shrinking core mode oxidation of the coke
deposited on HZSM-5 zeolite is an essential prerequisite to build such new method, which
can be achieved by isothermal oxidation under conditions of high temperature (> 640°C) and
low oxygen concentration (2.1 vol.%). An enhanced shrinking core model (ESCM) was
proposed to bridge the gap between the experimental coke oxidation data and the spatial
coordinate on the level of crystal grains of HZSM-5 zeolite. By solving the ESCM, the
one-dimensional position coordinate (L), defined as the thickness of the oxidized layer, can
be calculated simultaneously with the spatial distribution of coke. Then the Brensted acidities
of a series of HZSM-5 samples prepared by different extent of partial oxidation under
shrinking core mode were characterized by n-propylamine TPD method. The results reveal
that the acid density is uniform on the level of crystal grains while the acid strength rises
from the outer surface to the center of HZSM-5 zeolite crystal grains. This method has two
significant advantages in studying the acidic properties on the level of crystalline particle:
first, the difficult direct spatial scanning of acidity within the crystal grains can be converted
to the easy indirect time scanning of coke oxidation under shrinking core mode; second, a
feasible, inexpensive bulk method of n-propylamine TPD can be used to characterize the
spatial distribution of the acidity. According to the mechanism, this method can be extended

to map the spatial distribution of coke or acidity of other types of valuable zeolite catalysts.
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