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S.1 Experimental Procedures
Catalyst Preparation

Typically, the TEOS (Tetraethyl orthosilicate) was mixed with the TBAOH
(Tetrabutylammonium Hydroxide) solution and aged at room temperature for 6 h with
vigorous stirring, followed by the addition of iron citrate, copper acetylacetonate and
deionized water. The molar composition of the final mixture was 4 TEOS : 1 TBAOH :
100 H20 : x Fe203 : 0.08 CuO (x =0, 0.02, 0.04 and 0.06). Further aging for 8 h at 50 °C,
the resultant mixture was transformed into a Teflon-lined stainless-steel autoclave. After
crystallizing at 170 °C for 72 h, the precipitate was washed with deionized water to
neutrality and then dried overnight at 100 °C. This microporous silicalite-2 samples were
denoted as P-MEL@Cu (Pure silica Cu encapsulated MEL zeolite) and P-MEL@Cu/Fe
(Pure silica Cu/Fe encapsulated MEL zeolite), respectively.

A partial of Cu/Fe encapsulated silicalite-2 was further handled in an organic alkali
(TBAOH) solution. Typically, 0.015 M/L aluminum isopropoxide (Aladdin) was
dissolved in 0.1 M/L TBAOH solution, the relationship between the amount of aqueous
solution and the as-prepared P-MEL@Cu/Fe was 30 ml per 1 g. The as-prepared P-
MEL@Cu/Fe was treated with an alkaline solution at 170 °C for 72 h. Similarly, the
precipitate was filtered, washed with deionized water to neutrality, and dried overnight at
100 °C. Finally, after calcination in static air at 550 °C for 6 h, these samples were
denoted as H-MEL@Cu (it was synthesized from P-MEL@Cu, the Si/Al ratio and the
contents of Cu were shown in Table 1) or H-MEL@Cu/Fe-1, H-MEL@Cu/Fe-2 and H-
MEL@Cu/Fe-3 (they were synthesized from P-MEL@Cu/Fe and the Si/Al ratio or the

contents of Cu and Fe were listed in Table 1).
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Catalyst Characterization

X-ray powder diffraction (XRD) patterns were identified with a Bruker DS
diffractometer with Cu Ka radiation at 20 angle of 5°-50°. Nitrogen adsorption/desorption
measurements were recorded at -196 °C on a Micromeritics ASAP2010 instrument, while
the nonlocal density functional theory (NLDFT) and Barrett—Joyner—Halenda (BJH)
model were employed to analyze the pore size distribution of the samples. Scanning
electron micrograph (SEM) images of calcined zeolites were obtained using a Hitachi
S4800 instrument under operating condition at 10 kV (acceleration voltage).
Transmission Electron Microscopy (TEM) image were obtained on a JEM-2100F
instrument under operating condition at 200 kV (acceleration voltage). The energy-
dispersive X-ray spectroscopy (EDS) elemental mapping was recorded with a ZEISS
Ultra 55 instrument. The contents of Si, Al and transition metals were determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES) using an OPTIMA
7000DV (Perkin Elmer) spectrometer. Temperature programmed reduction with Hy (Ho-
TPR) experiments were recorded on an AutoChem II 2920 chemisorption analyzer.
Sample was pretreated under Ar flow (50 mL/min) at 500 °C for 60 min, and the
temperature and detector signals was conducted in a flow of 10% Hx/Ar (50 mL/min)
from 100 °C to 800 °C at a heating rate of 10 °C/min. Surface chemical analysis of
transition metals was characterized by X-ray photoelectron spectroscopy (XPS) were
recorded on a Thermo Fisher Escalab 250Xi instrument equipped with an Al Ko micro-
focused monochromator. Electron paramagnetic resonance (EPR) spectra at X-band were
recorded with a Bruker EMXplus-10/12 instrument. In situ FT-IR experiments were

performed on a Bruker Vertex 70 spectrometer equipped with an MCT detector cooled by
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liquid nitrogen. All spectra were recorded with a resolution of 4 cm™ and a scan interval
of 1 min. The adsorption experiments of mesitylene were carried out in an intelligent
gravimetric analyzer (IGA-003; HIDEN), which was used to determine the adsorption
kinetics curves of mesitylene. The total acid concentration and the external acid amount
of zeolites were detected by pyridine infrared (Py IR) and 2,6-di-tert-butyl pyridine
infrared (2,6-DTBPy IR). All samples were pressed into a self-supporting wafer prior to
IR measurements. The sample was degassed under vacuum at 400 °C for 4 hours and
cooled to room temperature in an IR cell. The total acid amount and the external acid
were determined using Py and 2,6-DTBPy as probe molecules, respectively. Hereafter,
the Py and 2,6-DTBPy sample wafers were adsorbed for half an hour at room
temperature and degassed for 1 hour at 150 °C. After cooling to room temperature, the
infrared spectrum was collected using a Bruker Vertex 70 spectrometer. Beer's law was
used to quantitatively assess the concentration of acidic sites.! To calculate the total
Brensted and Lewis acid sites, the 1.67 cm? pmol! and 2.22 cm? umol! as molar
extinction coefficients of Py IR were employed, respectively. In addition, the molar
extinction coefficient of 2,6-DTBPy IR for calculation of the external Brensted site was
2.84 cm? umol™!.
DFT Calculation

The geometry optimization of compounds were carried out at using the DFT
(density functional theory) method under the hybrid B3LYP function at basis set
LANL2DZ with Gaussian 03 program 2, and the corresponding frontier molecular orbital
calculation and mulliken charge analysis were performed using the optimized structure at

the B3LYP/ LANL2DZ level of theory.
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Catalytic tests

Typically, liquid-phase alkylation reaction was carried out in a three-necked round
bottom flask. Firstly, 40 mmol of mesitylene was added to 100 mg of the zeolite catalyst
that was activated at 100 °C for 4 hours prior to reaction, and the reaction mixture was
kept at 100 °C for 0.5 hours under stirring. Secondly, 4 mmol of benzyl alcohol was
added, and the time was regarded as the initial reaction time. Finally, the reaction mixture
was periodically taken out, and analyzed by a gas chromatograph (Agilent 7820A) with a

methylsiloxane capillary column (HP-1) connected to a flame ionization detector (FID).

TEOS + TBAOH

Hydrolysis Alkali (TBAOH)
g treatment
H,0 Al Enrichﬁ

Cu species

Fe species
| " ﬁ

g ﬂ
Hydrothermal
Ageing Crystallization

Scheme S1. Schematic illustration of synthesis strategy
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S.2 Characterization Results of Zeolites
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Figure S1. EDS mapping image of (a) H-MEL@Cu,
(b) H-MEL@Cu/Fe-1, (b) H-MEL@Cu/Fe-2 and (d) H-MEL@Cu/Fe-3.
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Figure S2. NLDFT (a) and BJH (b) pore size distributions of different MEL zeolite samples.
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Figure S3. UV-vis spectra of (a) H-MEL@Cu, (b) H-MEL@Cu/Fe-1,
(c) H-MEL@Cu/Fe-2 and (d) H-MEL@Cu/Fe-3.

Note: To obtain more information about the active ingredients of the metal, the
samples were studied by UV-vis spectroscopy. For the H-MEL@Cu sample, the
absorption band at ~213 nm corresponded to the isolated Cu*" ions due to O — Cu?**
charge transfer . The peak at ~264 nm was related to Cu®" ions *. In addition, an
adsorption band near 315 nm indicated the presence of an oligomer species [Cu?*-O?-
Cu?] and Cu(I)-O" > ©. Furthermore, the wide absorption of 380-800 nm was
attributed to the bulky CuO aggregation ’. For Fe encapsulated samples, < 300 nm
peaks can be attributed to isolated Fe in the framework position, 300-400 nm for
oligonuclear Fe**,O, clusters, and > 400 nm for Fe,Os particles 8. It was seen from
Figure S3 that the main adsorption band was less than 300 nm, indicating that Fe
species in the H-MEL@Cu/Fe-1, H-MEL@Cu/Fe-2 and H-MEL@Cu/Fe-3 mainly
existed in the form of isolated Fe*". In addition, it was worth noting that the adsorption
band at 213 nm was assigned to the isolated Cu®" ions.
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Figure S4. EPR spectra of (a) H-MEL@Cu, (b) H-MEL@Cu/Fe-1,
(c) H-MEL@Cu/Fe-2 and (d) H-MEL@Cu/Fe-3.

Note: Single EPR signal at g = 2.1 on H-MEL@Cu sample was attributed to Cu(II)
species *!!. For H-MEL@Cu/Fe-x MEL zeolites, the EPR spectra showed three
signals, the signals g = 2.0 and g = 4.3 were derived from highly symmetric isolated Fe
ions or oligomeric clusters and tetrahedral coordination Fe(IIl) species, respectively '
13, In addition, the signal g = 2.0 overlapping with the signal g = 2.1 was attributed to
the Cu(II) species.

S.3 Catalytic Performance of Zeolites
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Figure S5. Friedel-Crafts alkylation of mesitylene with benzyl alcohol.
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Figure S6. FTIR spectra of pyridine (a) and 2,6-di-tert-butyl pyridine
(b) adsorption on different MEL zeolite samples.

Note: Here, the acidity of the zeolite samples were determined by the infrared absorption
of pyridine and 2,6-DTBPy on H' form H-MEL@Cu/Fe zeolites. Pyridine with a
sufficient small size (a kinetic diameter = ~0.5 nm) can enter the interior of MEL zeolites
(0.53 x 0.54 nm) to detect internal and external acid sites.!* !> As shown in Figure S6(a),
The absorption of pyridine on all samples exhibited two bands at about 1546 and 1450
cm’!, which were assigned to the Bronsted acid sites and Lewis acid sites, respectively.'®
The acidity of obtained MEL zeolites were calculated by using Beer's law and the
corresponding results were shown in Table S1.!7 It can be seen from Table S1 that the
Brensted acidity of H-MEL@Cu/Fe-x were higher than H-MEL@Cu, and Brensted acid
sites of zeolites were from tetracoordinated Al atoms that can connect with Si atoms
through the bridging oxygen in the form of Si-OH"—AL,'® which indicated that additional
Fe species can influence the coordinated environment of Al species. In comparison, the
H-MEL@Cu/Fe-x showed a lower Lewis acidity than H-MEL@Cu, but the Lewis acidity
of H-MEL@Cu/Fe-x increased in the order of H-MEL@Cu/Fe-1 < H-MEL@Cu/Fe-2 <
H-MEL@Cu/Fe-3. It was mentioned that the mesitylene with a kinetic diameter of ~0.87
nm cannot enter the MEL micropore channel to participate in the alkylation reaction,
suggesting that the alkylation between mesitylene with benzyl alcohol can exclusively
occurred on the external surface.!” The 2,6-DTBPy with a kinetic diameter of ~0.8 nm
was employed as an external surface acidic probe molecule 2° to estimate the external
Bronsted acidity of H-MEL@Cu/Fe zeolites. As shown in Figure S6(b), the band at
~1616 cm™ was characteristic of the external Brensted acid sites, Table S1 listed the
corresponding quantitative data. It can be seen from Table S1 that the external Bronsted
acidity of H-MEL@Cu/Fe samples increased in the order of H-MEL@Cu < H-
MEL@Cu/Fe-1 < H-MEL@Cu/Fe-2 < H-MEL@Cu/Fe-3 on a certain degree, which was
consistent with aforementioned analysis of textual properties of the samples that can
improve the accessibility of external surface with increasing the content of Fe species.
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Table S1. Acidity of resultant MEL zeolite catalysts

Acid sites ® External acid sites °
Catalyst B (mmolg!) L (mmolg!) B/L® B (mmol g)
H-MEL@Cu 0.048 0.577 0.08 0.026
H-MEL@Cu/Fe-1 0.069 0.406 0.17 0.029
H-MEL@Cu/Fe-2 0.066 0.449 0.15 0.032
H-MEL@Cu/Fe-3 0.056 0.459 0.13 0.035

2 Measured by FT-IR spectra of adsorbed pyridine.
®Measured by FT-IR spectra of adsorbed 2,6-di-tertbutylpyridine.
¢ B/L= Bronsted acid sites/Lewis acid sites.

Figure S7. The highest occupied molecular orbital surfaces, mulliken charge distribution and

energy levels of (a) Cu@mesitylene intermediate (b) Fe@mesitylene intermediate
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Figure S8. In situ FT-IR spectra of alkylation between mesitylene
with benzyl alcohol over H-MEL@Cu/Fe-2 at various time.

Note: The intensity of the bands at ~683 cm ™! and ~831 cm™! was attributed to the ring
bending vibration and =C—H stretching vibration of mesitylene, the peaks at ~1600 cm !
and ~1470 cm™! were caused by the C=C stretching vibration of the aromatic ring
skeleton of mesitylene. The band at ~1090 cm™ was assigned to the C—O—C stretching
vibration of dibenzyl ether, and the peak at ~1225 ¢cm™ was arisen from the C-C
stretching vibration of 2-benzyl-1,3,5-trimethylbenzene. It was observed that the dibenzyl
ether was gradually appeared after 5 minutes, and the corresponding 2-benzyl-1,3,5-
trimethylbenzene can also be obviously found at 20 minutes, which was attributed to the
fact that the main product was benzyl ether rather than 2-benzyl-1,3,5-trimethylbenzene
in the initial period of reaction 2!-22,
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Figure S9. Leaching test of H-MEL@Cu/Fe-2.

Note: After the alkylation reaction of mesitylene and benzyl alcohol for 5 hours, the
catalyst was filtered off and the reaction was continued under the same conditions. As
can be seen from the Figure S9, the conversion of the reaction after the removal of the
catalyst was nearly unchanged, indicating that the catalyst can strongly inhibit the
leaching of loaded metal species.

S.4 Calculation of Thiele modulus (¢) and Effectiveness factor (n)

The Thiele modulus (@) and effectiveness factor (n) were defined as depicted in
Equation (1) and (2) respectively 2*. Generally, the Thiele modulus and effectiveness
factor were used to describe the internal diffusion limitation and catalyst utilization

degree in reaction engineering.

intrinsic rate ( 1 )

o= length\/

diffusion coefficient

5= measured activity 2)
activity without diffusion limitation
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For a reaction with first-order reaction rate and the spherical-like catalyst particles, the

Thiele modulus (¢) and effective factor () can be calculated as follows: 242
QY= 1 i :£\/kext,alkNext,H*Fext,mera/ (3)
3 D 3 DA,eff
e @

o ;[tanh(&o) _QJ
Where r was the particle characteristic radius, measured from TEM images, k was
intrinsic reaction rate constant, Dgey was effective diffusion coefficient, Kexsaik
represented the effective rate constant associated with alkylation reaction occurred on the
external surface. New m+ was denoted the concentration of external Brensted acid sites,
Fextmetar was the concentration of metal active sites on external surface. The
corresponding kexsaikNext, H+Feximerar and Dy efr parameters were calculated based on the
following rate equation (9) of alkylation and adsorption kinetic curves (12).

For the investigated MEL zeolites, the alkylation of mesitylene with benzyl alcohol
occurred exclusively on the external surface area. Because an excess amount of
mesitylene was used (molar ratio of mesitylene to benzyl alcohol = 10:1), the alkylation
can be approximated as pseudo-first order reaction 2°, respectively. The reaction model
was established as follows: 2’

dc,/dt=k,, N _F.  .C

ext,H* "~ ext,metal ~~'4 (5)
- 2
© (6)
C = CE _CA
N Y (7)
By substitution of Cp (7) into equation (5), the rate equation became:
dCA /dt = -kext,alkNaﬂ)H* Ft;\'t,metal (1+T) CA (8)
Integration of equation (8) gave the rate integral form of the rate equation (9):
0
ln& = kexf,alkNeY, H* F;Xf,ﬂl@td1(1+r) t
/ h )

Where C4” was the initial benzyl alcohol concentration in the solution (mmol L), C4 was
the concentration of benzyl alcohol in the solution (mmol L™). The t was the selectivity of

alkylation and etherification, ¢ was the reaction time (s), Cp and Cc were the
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concentrations of 2-benzyl-1,3,5-trimethylbenzene and dibenzyl ether in solution (mol L),
respectively. The constant of the external acid sites of the alkylation reactions rate was
Kextak (1 [mol Hex']'). When In(C4%/C,4) was plotted to ¢, a straight line with slop
[Kkext,atkNext, H+F ext,metar] Was obtained.

The effective diffusion coefficient (D4ey) was calculated through adsorption kinetics
curves of mesitylene on the MEL zeolite. According to Fick's law, the diffusion equation

was: 2

DA(@Cﬁ@CJ_ oc (10)
o, ror) ot

Where D, is diffusion coefficients, C is diffusion concentration, » is radial coordinates, ¢
is the diffusion time.
When the adsorbent was considered to be a spherical particle, the mathematical solution

for the transient diffusion equation can be defined as following well-known form: %°

- = "Dt
Q-0 _ 1-622126)(})[-112 T D et
n

2
T

Q-0 m'A (11)
For short time periods, Equation (11) can be further described as: *°
Q[ *Qo ~ i DA,eff ﬁ
Q.-0, ~a\V r’ (12)

Where D¢y (m?s™) was the effective diffusion coefficient, » (m) was the particle radius,
Qo was the initial weight of the adsorbent (g), Q. and O, (g) were the amount of adsorbent
at equilibrium and time ¢ (s), respectively. Based on the adsorption kinetic curves (Figure
S10), intra-crystalline diffusion coefficients of mesitylene within the various zeolites can
be estimated *!, the transient fractional uptakes can be described by the following

equation (12) in the range of fractional uptake less than 70%. As shown in Figure S11,

the (Or-00)/(Q-Qo) was plotted versus /, a straight line with a slope ( 6 |P.s ) can be

obtained. As a result, the diffusion time constant D4 .z (s') and diffusion coefficient

Do (m* s can be found from the slope of the line.
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Figure S10 Mesitylene fraction adsorption uptakes on various zeolite samples
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Figure S11. Plots of the fractional adsorption uptakes of mesitylene against the square root

Note: Assuming diffusion into porous spheres, the transient fraction uptakes can be
described by the equation (12) in the region with uptake less than 70% 3'.
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Table S2 Parameters used in estimation of Thiele modulus in alkylation

over the various zeolite catalysts

Parameters Samples, Symbol and unit Value
Initial benzyl alcohol concentration  C%, (mol/L) 3.53 x 1073
H-MEL@Cu, Dy (s) 5.28 x 103

H-MEL@Cu/Fe-1, Do (sV) 0.19 x103
H-MEL@Cu/Fe-2, Do (sV) 0.10 x107
H-MEL@Cu/Fe-3, Da/r’ (s) 0.11 x 107

Diffusion time constant®

H-MEL@Cu, r(m) 2.56 x107
) ) H-MEL@Cu/Fe-1, r (m) 6.05 x107
Particle radius®
H-MEL@Cu/Fe-2, r (m) 3.16 x107
H-MEL@Cu/Fe-3, r (m) 6.72 x107
H-MEL@Cu, k(s 0.04 x 10
H-MEL@Cu/Fe-1, k(s 0.10 x 10
Intrinsic reaction rate constant®
H-MEL@Cu/Fe-2, k(s 0.14 x 10*
H-MEL@Cu/Fe-3, k(s 0.18 x 10

aThe diffusion time constant was obtained based on the slop shown in Fig. S10, "Particle radius was
calculated as the equal to the volume of sphere 2, °Intrinsic reaction rate constant was calculated by the
equation (3) and (9).

Note: It was observed that diffusion time constants for the resultant zeolite samples were
in the range of 10~107, indicating that the diffusion of mesitylene molecules within the
channels of zeolites was intra-crystalline diffusion rather than the inter-crystalline
diffusion *2. In addition, the H-MEL@Cu exhibited larger diffusion time constant than H-
MEL@Cu/Fe-x, suggesting that Cu species were beneficial to improving the adsorption
of mesitylene and additional Fe species weakened the adsorption of mesitylene owing to
the partial coverage of Cu species by Fe species, which was in agreement with analysis of
DFT calculation and H>-TPR results.
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