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In recent years, air pollution due to the emission of SO, exhaust
gases from transportation fuel has become of major concern to
mankind. To minimize the negative health and environmental
effects of the exhaust gases, deep desulfurization for the
production of ultra-clean fuels is necessary and urgent.'”
Several new technologies have been explored to meet the
demand for ultra-clean fuels.** Among these, adsorptive
desulfurization (ADS) has been considered as a promising
method for reducing the sulfur content of fuels, due to its low
cost and mild conditions.** So far, various types of adsorbents
have been reported for desulfurization, such as metal oxides,
active carbon, clays, mesoporous materials, zeolites and metal-
organic frameworks.>”"** The metal-organic framework HKUST-
1 is reported to have a high adsorption capacity, but its high
price and poor stability are unfavorable for application. Zeolite
beta has a fast adsorption rate, but its adsorption capacity is
low. In this paper, we report for the first time the synthesis of
two kinds of HKUST-1 and zeolite beta composites as adsor-
bents for the removal of aromatic sulfur compounds from
model gasoline, aiming to make full use of their respective
advantages.

One of the two composites that has been synthesized is
HKUST-1@nanosized zeolite beta (designated as HKNB). A
HKUST-1 mother liquor was heated at 120 °C for 24 h, and then
pre-synthesized nanosized zeolite beta and P123 were succes-
sively added to the HKUST-1 reaction mixture. The mixture was
finally heated at 120 °C for 12 h (for full details see Scheme 1a
and S4 in the ESIt). Pristine HKUST-1 has an octahedral shape
with sharp edges with an average diameter of approximately 18
pm (Fig. 1a). Nanosized zeolite H-beta was crystallized at 120 °C
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materials exhibited a higher adsorption capacity and faster adsorption rate than their corresponding
mechanical mixture of HKUST-1 and zeolite beta when the sulfur concentration was at around 100 ppmw.

for 24 h within the pores of polystyrene microspheres (see
Fig. S3 in the ESIf). The as-synthesized zeolite beta nano-
particles (designated as NB) have a well-defined spherical
morphology and are highly dispersed with an average diameter
of approximately 300 nm (Fig. 1b). As shown in Fig. 1c, NB is
uniformly distributed on the surface of HKUST-1, forming
a core-shell structure.

The other composite is zeolite beta microspheres@HKUST-1
(designated as HKMB), which was synthesized through a step-
by-step seeding procedure (for full details see Fig. S4 in the
ESIY). Zeolite H-beta microspheres were dipped, in sequence, in
(a) a Cu(CH3COO0),-3H,0 ethanol solution for 20 min, (b)
ethanol for 5 min, (c) a trimesic acid (H;BTC) ethanol solution
for 40 min, and (d) ethanol for 5 min. In step (a) the Cu ions
were exchanged with zeolite H-beta spheres and the carboxyl
groups of H;BTC were bonded with Cu®" during step (c). The
processes from step (a) to step (d) represent a cycle. After cycling
several times, the zeolite beta spheres with a seed layer were
dried at 60 °C for 30 min. After drying, they were added to the
HKUST-1 mother liquor and heated at 120 °C. The procedure is
shown in Scheme 1b.

Zeolite H-beta microspheres (designated as MB) were crys-
tallized from clear homogeneous solutions within the pores of
anion-exchange resin beads' (see Fig. S3 in the ESIY), and the
average diameter of MB is about 550 um. From Fig. 1d-f, it can
be seen that nanosized HKUST-1 is distributed uniformly on the
surface of MB. Moreover, HKUST-1 is not only loaded on the
surface but also in the pore channels of the MB beads (see Fig
S1-S3 in the ESIt). Besides, the color change from white for bare
MB to blue for HKMB (see Fig S4 in the ESI{) is strong evidence
of the successful loading of HKUST-1 on MB. It is worth noting
that without the step-by-step seeding procedure, HKUST-1 can
hardly be loaded on MB.

Fig. 2a shows the powder X-ray diffraction (PXRD) patterns of
the different samples. The main diffraction peaks of HKNB are
well matched with those of as-synthesized HKUST-1, and no
obvious PXRD peaks of zeolite beta nanoparticles can be
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Scheme 1 Schematic illustration of the synthesis procedure of HKNB and HKMB.

detected, which is attributed to the low content of NB in the
HKNB composite as well as an overlap of the peaks. Unlike
HKNB, the PXRD pattern of HKMB shows relatively strong
peaks at 2¢ = 7.5°and 22.4°, which are attributed to the (101)
and (302) reflections of zeolite beta and a few weak intensity
peaks at 26 values of 9.5°, 11.7°, 17.5° and 19.0°, which are
associated with the HKUST-1 structure.*>'® These results signify
the successful growth of HKUST-1 on/in MB in HKMB.

The samples were further characterized by FT-IR spectros-
copy and the results are shown in Fig. 2b. For zeolite beta, the
wavenumbers at 820-750 cm ™ " represent the O-T-O (T = Si, Al)
symmetric stretching vibration, while the peaks at 1092 cm™"
and 1224 cm ™" belong to the external and internal asymmetric
stretching vibrations of the Si-O(Al) bonds.*”*® The absorption
bands at 455, 525 and 575 cm ™' are characteristic of zeolite

beta.’* The broad band in the 3500-3300 cm™ ' region
confirms the presence of the OH groups in zeolite beta. The IR
spectrum of HKUST-1 is in good agreement with that reported
in the literature.® The absorption bands at 1645 cm !,
1565 cm ™', 1450 cm ' and 1375 cm™ ' are assigned to the
asymmetric and symmetric stretching vibrations of the
carboxylate groups in BTC, respectively. The peaks in the lower
wavenumber region of 1300-700 cm " can be attributed to the
out-of- plane vibrations of BTC, and an obvious absorption peak
at 500 cm ™' can be ascribed to the Cu-O stretching vibrations.?
Both HKNB and HKMB possess similar main characteristic
peaks of HKUST-1 and zeolite beta, proving the successful
synthesis of the HKUST-1 and zeolite beta composites.

The thermogravimetric analysis results are shown in Fig. 2c.
In the case of zeolite beta, the weight loss is due to the release of

300um

Fig.1 SEM images of (a) HKUST-1, (b) NB, (c) as-prepared HKNB, (d) the MB surface [(inset) MB], (e) the HKMB surface [(inset) HKMB] and (f) the

EDX mapping of the Cu in HKMB.
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Fig. 2
analysis of HKUST-1, NB, MB, HKNB and HKMB.

water. For HKUST-1 and the two composites, below 300 °C, the
weight losses can be ascribed to the elimination of free water,
guest molecules and crystallization water, respectively. The
sharp weight losses occurring at 350 °C are derived from the
decomposition of organic ligands (BTC), which suggests the
collapse of the HKUST-1 framework. Based on the thermogra-
vimetric analysis, the loadings of HKUST-1 were calculated to be
68.5 wt% and 34.3 wt% in HKNB and HKMB, respectively.
The textural properties of the five samples were further
studied and the N, adsorption-desorption isotherms are shown
in Fig. 2d. The isotherm for HKUST-1 is of type I with a small
hysteresis loop, indicating the microporous character of the
framework, with 0.9 nm by 0.9 nm square channels.”® The
hysteresis loop may originate from a small portion of meso-
pores produced by the aggregation of small HKUST-1 crystals.
For both zeolite beta and the composites, the isotherms are
a combination of type I and type IV and there are type H2

(a) PXRD patterns, (b) FT-IR spectra, (c) TG curves, (d) N, adsorption—desorption isotherms and (e, f) pore size distributions using DFT

hysteresis loops at lower relative pressures, indicating the
coexistence of micropores and mesopores.'*** The BET surface
areas (Table 1) of the samples concerned decrease in the order
of HKUST-1 > HKNB > NB > MB > HKMB. For HKNB, although
the loading of NB makes the BET surface area decrease to some
extent, the value still remains at a high level (808.13 m> g™ ).
The BET surface area of HKMB is less than those of HKUST-1
and MB because HKUST-1 occupies the internal channels of
the MB crystals in HKMB. The pore size distributions of the five
samples are shown in Fig. 2e and f. Compared with HKUST-1,
which has micropores that are mainly concentrated at around
0.86 nm, with a small amount of mesopores at 3.65 nm, HKNB
has fewer micropores at 0.86 nm due to it having less HKUST-1
content. For HKMB, the mesopore size is larger than that in MB,
while the pore volume is smaller than that in MB, which is due
to the loading of HKUST-1 in the channels and on the surfaces
of the MB microspheres (see Fig. 2 and Table 1). More

Table 1 Texture properties of the samples calculated from nitrogen adsorption isotherms

Sample Sper® (m> g™ ") Smicro” (M* g1 Smeso (M> g™ 1) Vpore (cm® g71) Vinico” (em® g71) Vineso (cm® g7 1) Pore size (nm)
HKUST-1 941.14 874.47 66.67 0.481 0.405 0.076 2.04
NB 605.82 416.02 189.8 0.491 0.192 0.299 3.24
MB 574.20 274.76 299.44 0.742 0.123 0.619 5.17
HKNB 808.13 747.97 60.16 0.409 0.344 0.065 2.03
HKMB 557.23 457.01 100.22 0.759 0.211 0.548 5.45

@ BET method. ? #Plot method.
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(a) Adsorption capacities of thiophene on the adsorbents. Reaction conditions: model oil, 2 mL; adsorbents, 20 mg; reaction time, 4.7 h;

room temperature. (b) and (c) the effect of time on the adsorption desulfurization capacity for thiophene over different adsorbents. Reaction
conditions; model oil, 2 mL; adsorbents, 20 mg; S-concentration, 100 ppmw; room temperature.

importantly, the existence of micropores at 0.86 nm in HKMB is
also strong evidence that HKUST-1 has been successfully loaded
on MB.

To study the adsorption performance of HKNB and HKMB,
the adsorption isotherms of thiophene from isooctane solution,
with a sulfur content ranging from about 100 to 440 ppmw, are
plotted in Fig. 3a. The effects of time on the adsorption desul-
furization capacity for thiophene over different adsorbents at
a sulfur concentration of about 100 ppmw are given in Fig. 3b
and c. For comparison, two mechanical mixture samples were
made by mixing 68.5% HKUST-1 and 31.5% NB (marked as HK
+ NB), and 34.3% HKUST-1 and 65.7% MB (marked as HK +
MB), respectively. For aromatic sulfur compound adsorption,
three factors should be considered: (1) the acid-base interaction
between the adsorbent and adsorbate;*?¢ (2) the m-complexa-
tion interaction between the metal sites and the delocalized 7
electrons of the aromatic ring;>*° (3) the pore structure of the
adsorbent.>”**3* Fig. 3a reveals that the adsorption capacities
for thiophene increase in the order of MB < NB < HKMB < HKNB
< HKUST-1 when the sulfur concentration is higher than 300
ppmw. The adsorption capacities of NB and MB for thiophene
are negligible. Compared with the composites, HKUST-1 has the
highest adsorption capacity for thiophene.

This is because HKUST-1 has a lot of unsaturated Cu** metal
centers after the heat and vacuum treatment, which act as
a Lewis acid and can adsorb alkaline thiophene through an
acid-base interaction.** Therefore, the adsorption capacity of
the composites decreases with a decrease in the HKUST-1
content. However, when the sulfur concentration is below 300
ppmw, HKNB has a higher adsorption capacity than that of
HKUST-1. For example, HKNB has an adsorption capacity of
0.14 mmol S g~' at 108 ppmw, which is higher than the
0.11 mmol S g~ for bare HKUST-1. This can be explained from
Fig. 3b, which shows that the adsorption amounts of all of the
HKUST-1-containing samples increase sharply over the first 2 h
of adsorption desulfurization, and that the adsorption rate of
HKNB is faster than those of HKUST-1 and HK + NB. This could
be due to a synergistic effect between HKUST-1 and zeolite beta.
The adsorption of zeolite beta nanoparticles enveloped over the
HKUST-1 crystals causes the enrichment of thiophene around

This journal is © The Royal Society of Chemistry 2018

HKUST-1, resulting in a higher thiophene concentration around
HKUST-1 than that in the solution, and thus accelerating the
adsorption rate of HKUST-1 for thiophene in HKNB. After 4 h,
the adsorption desulfurization reaches equilibrium and
remains stable for HKNB, but the adsorption capacities of
HKUST-1 and HK + NB still to rise because the adsorption of
HKUST-1 has not reached the saturation point. As seen from
Fig. 3¢, HKMB has a higher adsorption capacity (0.06 mmol S
g~ ') than those of MB (0.01 mmol S g™ ), HK + MB (0.03 mmol S
¢~ ") and HKUST-1 (0.05 mmol S g~ ') after the first 1 h, and
a faster adsorption rate, reaching its saturated adsorption
amount faster than HKUST-1, which may attributed to the
loading and high dispersivity of nanosized HKUST-1, as well as
the existence of mesopores.** In addition, HKMB can be recy-
cled easily using a simple decantation method.

In summary, HKMB and HKNB have been successfully
prepared using a step-by-step seeding approach and a sol-
vothermal method, respectively, and they were used to remove
thiophene from a model gasoline isooctane solution. Both of
the samples showed a higher adsorption capacity and faster
adsorption rate than their corresponding mechanical mixtures
of HKUST-1 and zeolite beta when the concentration of sulfur
was at about 100 ppmw due to synergistic effects between
HKUST-1 and zeolite beta. HKNB had an even faster adsorption
rate and a comparable amount of adsorption capacity than
HKUST-1 when the concentration of sulfur was less than 300
ppmw. HKMB can be recycled easily using a simple decantation
method. This research opens up synthetic pathways to an
extensive number of zeolite and MOF composites for desulfur-
ization and other potential applications in the future.
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