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The conversion of biomass resources into 5-hydroxymethylfurfural (5-HMF) is of great significance for the
valorization of biomass into key chemicals and fuels. However, designing heterogeneous catalysts with
controllable Brensted and Lewis acid sites for achieving high yields of 5-HMF remains a challenge. Herein,
a highly efficient SAPO-34 nanocrystallites catalyst has been synthesized by a facile strategy, employing
commercial low-cost organosilane [3-glycidoxypropyltrimethoxysilane (AC-230)] together with seeds and
microporous template triethylamine. The complex functionalities of AC-230 were investigated by con-
ditional experiments and systematic characterizations. The resultant SAPO-34 nanocrystallites (SP-MS)
have an ultra-high external surface area (180 m? g73), large mesopore volume (0.51 cm® g™, a high
amount of accessible Brgnsted/Lewis acid, and good hydrophilicity. For the conversion of mono-, di-and
poly-saccharides into 5-HMF, SP-MS exhibited remarkable activity. Typically, an 81% yield of 5-HMF with
a complete glucose conversion was achieved in a biphasic NaCl-H,O/methyl isobutyl ketone solvent
system at 170 °C within 45 min, obviously better than other heterogeneous acid catalysts. According to
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the kinetic study, the Lewis acid sites over SP-MS decreased the apparent activation energy (85 kJ mol™)
of glucose isomerization, and then the abundant Brensted acid sites boosted the 5-HMF yields. More
attractively, the catalytic activity can be restored after at least four cycles. This work is anticipated to

rsc.li/greenchem provide insights into designing efficient and robust SAPO catalysts for 5-HMF production.

large spectrum of chemical intermediates and end-products
that are produced,® including furanic bio-polyester mono-

1 Introduction
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Intensive research on the efficient utilization of biomass
resources to produce advanced liquid fuels and chemicals has
been underway to address the shortage of fossil fuels and
associated environmental issues.'™ In particular, attention
has been focused on synthesizing high-value-added chemicals
from the abundant plant-derived carbohydrates.”® As a versa-
tile furan building block molecule, 5-HMF has been listed as
one of the “top-12 value-added biomass-derived platform
chemicals” by the U.S. Department of Energy based on the
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mers such as 2,5-furandicarboxylic acid (FDCA), 2,5-furandi-
methanol (BHMF) and 2,5-bis(hydroxymethyl)tetrahydrofuran
(BHMTHF).” *° 5-HMF can be obtained from the conversion of
several glucose-derived substrates via a tandem route in
aqueous solution, which is cooperatively catalyzed by both
Bronsted and Lewis acid sites."'™® Taking glucose as a typical
representative, the reaction network includes two key steps
(Scheme 1): isomerization of glucose to fructose facilitated by
Lewis acid sites and the dehydration of the obtained fructose
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Scheme 1 The proposed reaction pathway for the conversion of
glucose into 5-HMF over the acid catalyst.
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on Bregnsted acid sites to produce 5-HMF. Nevertheless, strong
acid sites simultaneously facilitate undesirable side reactions
such as rehydration of 5-HMF to levulinic acid and formic acid
as well as cross-polymerization of 5-HMF/intermediates to
humins.® Given such circumstances, constructing moderate
and adequate Lewis/Bronsted acid sites to catalyze the rapid
dehydration of carbohydrates toward 5-HMF is crucial for
minimizing side reactions and thus achieving a high yield of
5-HMF.

Hitherto, industrial production of 5-HMF, using mineral
acids (H,SO, and HCI) as the catalyst, by the dehydration of
the costly fructose has been performed. This process is
plagued by issues such as equipment corrosion and waste
treatment.’* Owing to the recoverability and low corrosivity of
heterogeneous acid catalysts, significant efforts have been
made to explore their catalytic application for 5-HMF pro-
duction, including ion exchange resins,'®> metal oxides,'® het-
eropoly acids,"” graphene oxide,'® aluminosilicate molecular
sieves,"” ™ and silicoaluminophosphate (SAPO) molecular
sieves. Among them, SAPO molecular sieves stand out for their
ultra-high (hydro)thermal stability, original porosity, tunable
acidity, and hydrophilicity.>*** Notably, as the most important
representative of SAPOs, the small-pore SAPO-34 with 8-mem-
bered ring (8-MR) channels and CHA cages exhibits unantici-
pated catalytic performance in the dehydration of carbo-
hydrates to high-valued platform chemicals. Dhepe et al. first
disclosed that SAPO-44 (analogue of SAPO-34) showed superior
catalytic activity compared with conventional aluminosilicate
(beta, MOR and USY) and other SAPO catalysts (SAPO-5,
SAPO-11, and SAPO-46) in the conversion of softwood hemi-
cellulose to furfural reaction, and 63% yield of furfural could
be achieved in the toluene/H,0 biphasic system.>® Zhang et al.
broadened the substrate range by employing SAPO-34 to
convert C6 sugars (glucose, fructose, and sucrose) into 5-HMF
in the high boiling-point solvent y-valerolactone.?® Recently, to
adjust the surface acidity of the catalyst, Wang et al. modified
SAPO-34 with Sn for glucose to 5-HMF reaction and achieved a
98.5% glucose conversion with 64.4% yield of 5-HMF in the
biphasic NaCl-H,O/tetrahydrofuran solvent system.>” As the
kinetic diameter of carbohydrates (e.g. glucose: 0.73 nm) and
product (5-HMF: 0.62 nm) are obviously larger than the micro-
pore size of SAPO-34 (0.38 nm), the reactions occur primarily
on the external acid sites of the catalysts. The narrow 8-MR
pore openings of SAPO-34 hinder the diffusion of reactants,
which suppresses the intracrystalline side reactions and sub-
sequent coke deposition. On the other hand, the abundant
intracrystalline acid sites of the large SAPO-34 crystals are not
utilized in the reaction.

Therefore, it would be highly desirable to synthesize highly
crystallized nanosized/hierarchical SAPO-34 with large external
surface area, since they can provide a large amount of accessi-
ble active sites and increased hydrophilicity, both of which
facilitate the further improvement of the catalytic performance
for 5-HMF productivity.>>>® Over the past decades, tremendous
efforts have been made to develop synthetic strategies for the
preparation of nanosized or hierarchical SAPO-34.%°
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Unfortunately, it remains a challenge hitherto to synthesize
SAPO-34 with ultra-high external surface area (>150 m> g™ %)
while maintaining good crystallinity (Table S1}), especially
when using inexpensive organic amine template.
Organosilanes have been proved to be the most prominent
crystal growth inhibitor to fabricate nanosized SAPO-34
through the formation of the R-Si-O-Al bond between organo-
siloxane groups and the inorganic framework.>**' Various
oxygen-rich small molecules, or polymers, such as citric acid,*?
B-cyclodextrin,®  1,2,3-hexanetriol,>® polyoxyethylene lauryl
ether®® and polyethylene glycol®>*® have also been claimed to
interact with the SAPO-34 framework via the coordination of
lone pair of electrons of oxygen atoms to limit the crystal
growth. It is thus envisioned that low-cost organosilanes,
which contain both an oxygen-containing group and an orga-
nosilane group, may have the potential for the efficient syn-
thesis of high-quality nanosized SAPO-34.

Here, the synthesis of SAPO-34 nanocrystallites with ultra-
high external surface area and large mesopore volume was rea-
lized under the assistance of AC-230, a commercial low-cost
epoxy group-containing organosilane coupling agent that is
widely used as an adhesion promoter for epoxy resin, glass
fiber, and thermosetting resin.?” The resultant products were
characterized systematically, and the formation mechanism of
SAPO-34 nanocrystallites was proposed. The high-silica
SAPO-34 nanocrystallites were evaluated for the conversion
of a variety of carbohydrates, affording remarkable 5-HMF
yields.

2 Experimental
2.1 Synthesis

Chemical reagents. Orthophosphoric acid (HzPO,4, 85 wt%),
tetraethyl orthosilicate (TEOS, 98 wt%), aluminium isopropox-
ide (Al(i-C3H,0);, 99 wt%), triethylamine (TEA, 99 wt%),
p-glucose (99 wt%), b-fructose (99 wt%), b-(+)-cellobiose
(99 wt%), p-(+)-sucrose (99 wt%), soluble starch (99 wt%), NaCl
(99.5 wt%) and methyl isobutyl ketone (MIBK, 99 wt%) were
purchased from Tianjin Kemiou Chemical Reagent Company.
Silica sol (31 wt%) was purchased from Shenyang Chemical
Industry Co., Ltd. Pseudoboehmite (72.5 wt%) was purchased
from  Shandong  Aluminum  Industry  Co., Ltd.
3-Glycidoxypropyltrimethoxysilane (CH,OCHCH,O(CH,),Si
(OCHj3);, AC-230, 99 wt%) was purchased from Nanjing
Aocheng Chem Co. ZSM-5 (Si/Al = 18), MCM-22 (Si/Al = 15),
USY (Si/Al = 8) and beta (Si/Al = 12.5) were purchased from
Nankai University Catalyst Co., Ltd. Strong-acid ion exchange
resin was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. All chemicals were used as received
without any further purification.

Preparation of milled SAPO-34 seeds. SAPO-34 seeds were
prepared according to our previous report.*®

Synthesis of SP-Mn. All syntheses were performed using the
hydrothermal method. A typical synthesis procedure was as
follows: H3;PO, and Al(i-C3H,0); were first added into de-
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ionized water and stirred for 30 min. Then, the organic tem-
plate TEA, SAPO-34 seeds, TEOS, and AC-230 were added in a
sequence. The amount of the seeds was calculated using the
following formula: seeds amount (x) = M(milled SAPO-34) x
100 / M(AL,O3 + P,05 + SiO,)ge;, Where milled SAPO-34 and
M(AL,O; + P,O5 + SiO,)ge stand for the weights of the milled
SAPO-34 and the dry mass of the three inorganic oxides in the
starting mixture. The mixture was stirred for 12 h and trans-
ferred into a stainless steel autoclave and heated at 200 °C for
24 h under rotation. The autoclave was cooled and the solid
product was recovered by filtration, washed three times with
deionized water, and dried at 110 °C, overnight. Finally, the
product was calcined at 600 °C for 4 h to remove the organic
species.

Synthesis of SP-n. The synthetic procedure of SP-n is the
same as SP-Mn except that SAPO-34 seeds are not added.

Synthesis of conventional SAPO-34 (SP-C). For comparison, a
reference sample SP-C with silica content similar to SP-MS was
synthesized using silica sol as the Si source and pseudoboeh-
mite as the Al source. The synthesis procedure was the same
as SP-n.

2.2 Characterization

The powder X-ray diffraction (XRD) patterns were recorded on
a PANalytical X' Pert PRO X-ray diffractometer with Cu-Ka radi-
ation (4 = 1.54059 A), operating at 40 kv and 40 mA. The
crystal morphology was observed by scanning electron
microscopy (SEM) using a field emission SEM (Hitachi
SU8020). Transmission electron microscopy (TEM) images
were recorded with a JEM-2100 electron microscope. Textural
properties of the calcined samples were measured by N,
adsorption at —196 °C on a Micromeritics ASAP 2020 analyzer.
The total surface area was calculated based on the Brunauer—
Emmett-Teller (BET) equation. The micropore volume and
micropore surface area were evaluated using the ¢-plot
method. The mesopore volume and mesopore surface area
were evaluated from the adsorption isotherm by the Barrett-
Joyner-Halenda (BJH) method. The temperature-programmed
desorption of ammonia (NH;-TPD) was carried out using a
Micromeritics Autochem II 2920 device. The calcined samples
(200 mg) were outgassed in a He flow at 600 °C for 60 min.
Then, the samples were cooled to 100 °C and subjected to a
flow of NH;/He for 60 min to saturate the sample with NH;.
Then, the samples were purged with a He flow to remove the
weakly adsorbed NH; molecules. The measurement of the des-
orbed NH; was performed from 100 °C to 650 °C at a heating
rate of 10 °C min~" under a He flow (20 mL min™"). The FTIR
spectra were collected on a Bruker Tensor 27 instrument. The
calcined samples were dehydrated at 400 °C for 1 h under a
vacuum of 1.0 x 10~ Pa, and the IR spectrum was recorded at
room temperature. Thermogravimetric and differential
thermal analysis (TG-DTG) were performed on a TA SDTQ600
analyzer at a rate of 10 °C min™" in air. All solid-state nuclear
magnetic resonance (NMR) experiments were performed on a
Bruker Avance III 600 spectrometer equipped with a 14.1 T
wide-bore magnet and a 4 mm MAS probe. The resonance fre-

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

quencies at this field strength were 150.9, 156.4, 242.9, and
119.2 MHz for *3C, ?’Al, *'P, and *°Si, respectively. *C cross-
polarization (CP)/MAS NMR spectra were recorded at a contact
time of 3 ms and a recycle delay of 2 s at a spinning rate of 12
kHz. >’Al MAS NMR spectra were recorded using one pulse
sequence at a spinning rate of 12 kHz. A total of 200 scans
were accumulated with a n/8 pulse width of 0.75 ps and a 2 s
recycle delay. Chemical shifts were referenced to (NH,)Al
(SO4),-12H,0 at —0.4 ppm. *'P MAS NMR spectra were
recorded with a n/4 pulse width of 2.25 ps and a 10 s recycle
delay. Chemical shifts were referenced to 85% H3;PO, at
0 ppm. >°Si CP NMR spectra were measured at a contact time
of 3 ms and a recycle delay of 2 s. Chemical shifts were refer-
enced to adamantane for *C and 4,4-dimethyl-4-silapentane
sulfonate sodium salt (DSS) for 2°Si. Trimethylphosphine
(TMP) adsorbed *'P MAS NMR spectra were collected using a
4 mm H-X-Y triple resonance probe under double resonance
mode. TMP-adsorbed *'P MAS NMR spectra were recorded
with a n/4 pulse width of 2.3 pus and a 20 s recycle delay at a
spinning rate of 12 kHz. Chemical shifts were referenced to
85% H3PO, at 0 ppm. For quantification, samples were
weighed and dehydrated at 400 °C under vacuum (<10~> Pa)
for over 12 h in a dry quartz tube, and TMP was subsequently
introduced into the tube at room temperature. Before NMR
measurements, the tube was opened in a glove box under dry
argon Ar atmosphere, and further treatment under vacuum at
100 °C was conducted to remove the physical adsorbed TMP.
The spectra were resolved using DMfit software with Gaussian-
Lorentz line shapes, using (NH,),HPO, (1.13 ppm) as the
quantitative external standard for *'P, respectively. Contact
angle measurements (sessile drop in the dynamic mode) were
performed at room temperature in a KRUSS DSA100 device
using ultrapure water as the test liquid. An inductively coupled
plasma optical emission spectrometer (ICP-OES) was carried
out using a PerkinElmer ICP-OES 7300DV device.

2.3 Catalytic reaction

The dehydration of carbohydrates to 5-HMF was performed in
100 mL thick-wall glass reaction vials. A biphasic system of a
saturated solution of NaCl (NaCl-H,0) and organic (MIBK) sol-
vents was used. In a typical reaction, 0.1 g calcined catalyst
and 0.1 g of carbohydrate were mixed with NaCI-H,O (2 mL)
and MIBK (8 mL) in the reactor. The vials were placed in the
preheated oil bath under stirring at 750 rpm. Then, the temp-
erature of the reactor reached the desired value in less than
2 min and a timer was started immediately. After the com-
pletion of the reaction, the reactor was quickly cooled in an
ice-water bath. The solid catalyst and the reaction mixture were
separated by centrifugation. The aqueous and organic layers
were separated and filtered through a 0.45 pm filter mem-
brane. The aqueous layer was analyzed by high-performance
liquid chromatography (Agilent HPLC 1100) equipped with a
Rezox™ ROA-Qrganic Acid H + column, refractive index detec-
tor (cell temperature of 45 °C), and 5 mM sulfuric acid
aqueous was used as the mobile phase with 0.5 mL min™" flow
rate. The organic layer was analyzed using a gas chromato-
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graph (Agilent GC 6890N), equipped with a flame ionization
detector (FID) and HP-FFAP column.

(moles of initial carbohydrate — moles of final carbohydrate(HPLC))
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tial decrease in the crystal size was verified by SEM and TEM
results. As can be seen, SP-MS presents the elliptical aggrega-

Carbohydrate conversion (mol%) = <1 -

moles of 5-HMF (HPLC + GC)
moles of initial carbohydrate

5-HMFyield(mol%) = x 100%

The spent solid catalyst was washed with deionized water,
dried at 110 °C and calcined at 600 °C for the recycling test.

For kinetic analysis, the conversion was achieved at less
than 20% by controlling the reaction time and reaction
temperature.

3 Results and discussion

3.1 Synthesis and physicochemical properties of SAPO-34
nanocrystallites

SAPO-34 nanocrystallites (SP-MS) were synthesized by using
organosilane AC-230 together with 5 wt% seeds and micro-
porous template TEA, with a gel molar composition of 4.5TEA/
1.0A1,05/1.0P,05/0.66TEOS/0.66AC-230/100H,O at 200 °C for
24 h. For comparison, a reference sample (SP-C) with Si
content similar to the product was prepared without the
addition of AC-230 and seeds. As illustrated in Fig. 1a, the as-
synthesized SP-MS shows relatively weak and broadened XRD
characteristic peaks of the CHA-type molecular sieve, implying
the nanocrystal nature of the SAPO-34 product.’® The substan-
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tion morphology with an average particle size of about 120 nm
(Fig. 1b). Further magnification revealed that the nanoparticles
consisted of ultra-small crystallites of 20 nm (Fig. 1c).
Comparatively, SP-C (Fig. S1f) exhibits typical cubic mor-
phology with a large particle size of ca. 8 pm, which evidences
a pronounced crystal growth inhibition in the AC-230-seeds-
TEA synthesis system.

The textural properties of the sample SP-MS were character-
ized by N, adsorption-desorption measurements. As shown in
Fig. 1d, the isotherms have steep uptakes near P/P, = 0 due to
the intrinsic microporous structure of SAPO-34. Additionally,
as compared to SP-C, the nanosized SP-MS exhibits an obvious
hysteresis loop at a higher relative pressure of P/P, > 0.9,
ascribed to the capillary condensation in the mesopores and
multilayer adsorption in the void space of the nanoparticles.
The wide mesopore size distribution for SP-MS is centered at
37 nm. Notably, SP-MS processes a very large external surface
area (180 m”> g”') and high mesopore volume (0.51 cm® g™%),
well consistent with its ultra-small primary crystal size.
Moreover, the large micropore surface area of 470 m> g~ and
micropore volume of 0.22 cm® g~ indicates its good micropore
integrity. It is noted that the synthesis of well-crystallized
SAPO-34 with such a high external surface area and mesopore
volume is rarely reported for amine template systems.
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Fig. 1 (a) XRD patterns, (b) SEM image, (c) TEM image, (d) N, sorption isotherms (insets show the pore size distributions), (e) NH3-TPD profiles and

(f) FT-IR spectra of SP-MS and SP-C. As-synthesized samples for (a); calcined sample for (b—f).
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The acid properties of the samples were investigated by
NH,-TPD and FT-IR. As seen in Fig. 1e, SP-MS, and SP-C have
similar acid strength, but SP-MS obviously possesses a higher
amount of weak acid sites and a smaller amount of medium/
strong acid sites, as compared with SP-C. The FT-IR spectra
of the samples (Fig. 1f) give a clear absorption at 3600 and
3625 cm™', assigned to bridging Si-OH-Al groups (Brgnsted
acid sites).”” Moreover, two additional signals at 3741 and
3675 cm™ ", originating from Si-OH and P-OH, respectively,*’
can be observed for SP-MS. The results of NH;-TPD and FT-IR
suggest that the addition of AC-230 introduces more defect
sites and modifies the acidity of SAPO-34.

3.2 Synthesis parameters and chemical environments of the
SAPO-34 crystals

To learn the pivotal parameters affecting the formation of
SAPO-34 nanocrystallites, a series of syntheses were carried out
based on the gel system of SP-MS. Detailed synthesis con-
ditions and the corresponding results are listed in Table 1.
The powder XRD patterns, SEM, and TEM images of the
selected samples are presented in Fig. S21 and Fig. 2.
According to the conditional experiment results, the crystal-
lization of the SAPO samples is significantly affected by orga-
nosilane AC-230 and seeds. In the absence of AC-230 and
seeds, cubic twinned crystals with a particle size of ca. 5 pm
(SP-1, Fig. 2a) were obtained. When AC-230 was employed as a
Si source, either solely or partially with TEOS, it can be seen
from Table 1 (SP-2, SP-3, SP-4, and SP-5) that the products
became amorphous (Fig. S2at), even if the crystallization time
was fully extended, indicating that simply adding AC-230 into
the synthesis system dramatically hinders the crystallization
process. Interestingly, with the co-existence of AC-230 and a
small amount of seeds, SAPO-34 nanocrystallites could be
readily achieved by employing TEOS and AC-230 as Si sources
simultaneously. When only 5 wt% seeds were introduced into
the gel, the product SP-M1 displayed similar morphology to
that of SP-1 with a slightly decreased particle size of 1 pm

View Article Online
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Fig. 2 SEM images of calcined SP-1 (a), SP-M1 (b), SP-M2 (c), SP-M3 (d),
SP-M4 (e), SP-M5 (f), and TEM images of calcined SP-M4 (g), SP-M5 (h).

(Fig. 2b). By increasing the molar ratio of AC-230/Al,0; of the
gel from 0.1 to 0.4, while keeping the TEOS/Al,O; ratio con-
stant at 0.4, all samples exhibited broad XRD peaks of SAPO-34

Table 1 Synthesis conditions and resultant products of hydrothermal synthesis

Gel composition

Sample TEOS AC-230 Seeds Product phase Product size Product composition
SP-MS* 0.66 0.66 5% CHA 120 nm Sig.173Al0.452P0. 37502
sp-c? — — — CHA 8 pm Sio.181Al0.450P0.36902
SP-1¢ 0.4 0 — CHA 5 um Sig.083Al0.524P0.30302
Sp-2¢ 0 0.4 — Amorphous — —

Sp-3¢ 0.4 0.1 — CHA + amorphous — —

SP-4“ 0.4 0.2 — Amorphous — —

Sp-5%¢ 0.4 0.2 — Amorphous — —

SP-M1“ 0.4 0 5% CHA 1pm Sio.003Al0.520P0.38702
SP-M2¢ 0.4 0.1 5% CHA 400 nm Sig.114A10.482P0.40402
SP-M3“ 0.4 0.2 5% CHA 250 nm Si.123Al0.479P0.30802
SP-M4“ 0.4 0.4 5% CHA 200 nm Sig.132A10.472P0. 30602
SP—MSZ 0.4 0.6 5% CHA 200 nm Sip.134Al0.470P0.30502
SP-M6 0 0.4 5% AFI + CHA — —

“Initial gel molar composition: TEA/Al,05/P,05/TEOS/AC-230/H,0 = 4.5/1.0/1.0/x/y/100. b For SP-C, pseudoboehmite and silica sol are used as the
Al source and Si source, respectively. Initial gel molar composition: TEA/Al,O3/P,05/SiO,/H,0 = 3.5/1.0/0.8/1.0/55. ¢ Crystallization time: 96 h.

This journal is © The Royal Society of Chemistry 2023
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(Fig. S2bf). SEM images (Fig. 2b-e) reveal that with the
increase of AC-230 in the initial gel, the secondary particle
sizes of the samples gradually decrease from 1 pm to 200 nm,
indicating that the addition of AC-230 can restrain the growth
of the crystals under the assistance of seeds. In addition, XRF
analysis shows a notable increase in product Si content from
SP-M1 to SP-M4, which evidences the incorporation of the
organosiloxane group into the framework of SAPO-34. Notably,
the chemical composition (Table 1, SP-M5) and morphology
(Fig. 2f and h) of the product remain nearly unaltered upon
further increasing the AC-230/Al,0; ratio. It is speculated that,
in the AC-230-seeds-TEA system, the capability of the organosi-
lane in the framework may have a maximum. Even in the pres-
ence of seeds, pure SAPO-34 cannot be synthesized using
AC-230 as the only Si source (Table 1, SP-M6). This may be
attributed to the bulk oxygen-containing group of the
AC-230 molecule, making the organosilane insufficient to con-
struct the CHA structure. In summary, the above experimental
results illustrate that the co-existence of TEOS/AC-230 and
seeds in the initial gel is crucial for the formation of SAPO-34
nanocrystallites.

N, adsorption isotherms and textural properties of the
samples are depicted in Fig. S3f and Table 2, respectively.
Besides the abrupt inclination at the high-pressure region,
there exist hysteresis loops at 0.5 < P/P, < 0.75 for the nano-
sized samples, ascribed to the capillary condensation in the

Table 2 Textural properties of the samples

Surface area Pore volume

(m*g™) (em®g™)
a b b b c
Sample SBET Smicro Sexter Vimicro Vimeso
SP-MS 649 470 180 0.22 0.51
SP-C 533 517 15 0.25 0.11
SP-1 549 525 24 0.26 0.07
SP-M1 549 545 4 0.27 0.00
SP-M2 644 537 107 0.26 0.25
SP-M3 630 479 151 0.23 0.35
SP-M4 645 461 184 0.22 0.39
SP-M5 596 420 176 0.21 0.44

“Total surface area is determined by the BET equation. ” Micropore
surface area, micropore volume and external surface area are deter-
mined by the ¢-plot method. “Mesopore volume is determined from
the adsorption isotherm by the BJH method.

(a) (b)
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mesopores. In comparison with the samples synthesized
without the use of AC-230 (SP-1 and SP-M1), an apparently
increased external surface area (107-184 m”> g~*) and mesopore
volume (0.25-0.44 cm® g™') from SP-M2 to SP-M5 were
achieved with the increased dosage of AC-230.

To investigate the local Si atomic environments and the
status of organosilane in the samples, the as-synthesized
SP-MS and reference sample SP-C were analyzed by solid-state
?9Si and '*C MAS NMR. Both samples exhibited complicated
29Si CP MAS NMR spectra (Fig. 3a), which contain a quintuplet
of resonance signals centered at —92, —95, —99, —104, and
—109 ppm, arising from tetrahedral Si(OAl), (n = 4, 3, 2,1, and
0) species in the SAPO-34 framework.*’ Meanwhile, an
additional broad resonance from —47 to —68 ppm attributable
to the Tn groups (Tn = RSi(OAl),(OH);_,, n = 2 and 3) can be
observed for SP-MS, confirming that the organo-siloxane
groups of AC-230 have been condensed into the framework.*?
The appearance of organosilane was also evidenced by '*C
MAS NMR spectroscopy (Fig. 3b). With the exception of two
strong signals at 48 and 9 ppm assigned to the methyl and
methylene groups of TEA, respectively, all the remaining weak
peaks can be ascribed to the organic groups of AC-230. The
organics of the as-synthesized samples were quantitatively ana-
lyzed by TG-DTA. As seen in Fig. S4(a) and Table S2,f the
organic weight losses rise from 12.6 to 16.9 wt% with the
increase of AC-230/Al,0; ratio, which is consistent with the
XRF results and confirms the increased incorporation of the
organosilane. From Fig. S4(b),T sample SP-M1 just shows one
exothermic peak centered at 432 °C in the DTA curve corres-
ponding to the combustion of TEA molecules encapsulated in
the CHA cages. The SAPO-34s synthesized with AC-230 exhibit
additional exothermic signals at around 312 and 596 °C,
ascribed to the thermal decomposition of the organosilane.

The *’Al and *'P MAS NMR spectra of the samples are pre-
sented in Fig. S5. The difference between SP-MS and SP-C is
hardly noticeable. The *’Al NMR spectra present a broad domi-
nant signal at 37 ppm together with two weak shoulders at 13
and —12 ppm, attributing to tetra-, penta-, and hexa-co-
ordinated Al species, respectively.”® The *'P NMR spectra give
solitary resonance at —29 ppm due to the tetrahedral PO,
species. The slightly asymmetrical profile of SP-MS suggests
the existence of not fully condensed P species.”® The detailed
deconvolution results are provided in Section 3.4.

02 -95 ppm99 -104 ppm
-92 ppm -99 ppm 110 ppm|
Xy,

-47~-68 ppm

48 ppm (A)

0 20 -40 60 80 -100 -120 -140
ppm

80 70 60 50 40 30 20 10 0 -10 -20

ppm

Fig. 3 2°Si CP MAS NMR spectra (a) and :*C MAS NMR spectra (b) of the as-synthesized samples.
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3.3 Formation mechanism of SAPO-34 nanocrystallites

On the basis of the above conditional experiments and charac-
terization data, AC-230 played a non-substitutable role in the
synthesis of SAPO-34 nanocrystallites. The presence of a small
amount of seeds, on the other hand, was also essential since
they promoted the formation of crystalline products. A poss-
ible crystallization process is therefore proposed and depicted
in Scheme 2. Classically, the hydrothermal synthesis of mole-
cular sieves involves two steps: (I) the induction period, which
is the process of assembling preliminary building units from
supersaturated gels to form the nuclei; (II) the crystal growth
period, referring to the rapid polymerization of the nutritive
material on the nuclei to form the massively-ordered crystal.**
Based on the Ostwald ripening mechanism, the smaller crystal
nuclei are prone to redissolve during the crystal growth period,
which in turn permits the larger crystalline particles to grow
even more. Therefore, even though more crystal nuclei are
formed in a short time with the assistance of the seeds, the

No additive
¢ G"’Mh

IS } Gxov‘\

1y 5225 ¢ ¢
Ow ¢ & t

M|crometer sized crystals

2SO‘SPed
Initial gel G“’W‘h -
Nanosized crystals
On\y AC-230
Growth \’_
o Amorphous
AC-230 nuclei
o [

organosiloxane group epoxy group

Scheme 2 Proposed crystallization process of the SAPO-34 products.
TEA and Si/Al/P species are omitted for clarity.
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aggregation of crystal nuclei results in a limited change in the
product morphology. In addition to three methoxysilane
groups, the AC-230 molecule contains an oxygen-containing
epoxy group, which strengthens the interactions between the
organosilane and the nuclei surface via the coordination of the
lone pair electrons of oxygen atoms.***>3¢ Through the hydro-
lyzed silanol group and epoxy group at both ends of the mole-
cule, the organosilane serves as an immobilization agent to
construct a segregated network of crystal nuclei, inhibiting the
redissolution and overgrowth of the crystal nuclei and thus
resulting in SAPO-34 nanoaggregates. In the absence of the
seeds, excessive AC-230 molecules may wrap up the rare crystal
nuclei, which severely obstructed the crystal growth to obtain
crystalline products.

3.4 Catalytic performance in the dehydration of
carbohydrates in 5-HMF

The catalytic performance of SAPO-34 samples was evaluated
in biomass-derived carbohydrate dehydration to 5-HMF reac-
tion, and the results are summarized in Table 3. Preliminary
experiments were carried out with glucose as the substrate due
to its greater availability and lower cost, in a low-boiling H,0O/
MIBK biphasic solvent system.*>*® As expected, the nanosized
SP-MS has obviously higher glucose conversion (49.2%) and
5-HMF yield (26.0%) than the reference sample SP-C (33.7%
and 5.9%) at 170 °C within 45 min. In addition, SP-MS exhibits
higher catalytic activity compared with SP-M3, SP-M4, and
SP-M5 (Table 3, entries 4-6), though these samples possess
comparable textural properties. This should be owing to the
higher Si content of SP-MS, which can provide more active
sites for carbohydrate conversion.

Previous reports showed that in the biphasic system, the
presence of NaCl increases the partition coefficient (Corg./Caq.)
of 5-HMF."7"*”*® By means of the “salting-out effect”, the pro-
duced 5-HMF immediately migrates from the aqueous phase
to the stable organic phase, thus promoting the dehydration
reaction by shifting the equilibrium towards the formation of
5-HMF and avoiding the side reactions. Therefore, NaCl-H,O/
MIBK solvent system was chosen for further catalytic study.

Table 3 Catalytic performance of samples in the dehydration of carbohydrates into 5-HMF ¢

Entry Catalyst Substrate Solvent” Conversion of substrate (%) Yield of 5-HMF (%)
1 Blank Glucose 8 mL MIBK + 2 mL H,0 9.4 6.3
2 SP-C Glucose 8 mL MIBK + 2 mL H,O 33.7 5.9
3 SP-MS Glucose 8 mL MIBK + 2 mL H,O 49.2 26.0
4 SP-M3 Glucose 8 mL MIBK + 2 mL H,O 37.8 14.0
5 SP-M4 Glucose 8 mL MIBK + 2 mL H,0O 42.5 20.8
6 SP-M5 Glucose 8 mL MIBK + 2 mL H,O 43.7 22.2
7 Blank Glucose 8 mL MIBK + 2 mL NaCI-H,0 13.8 2.1
8 SP-C Glucose 8 mL MIBK + 2 mL NaCI-H,O 82.1 51.4
9 SP-MS Glucose 8 mL MIBK + 2 mL NaCI-H,O >99 81.3
10 SP-MS Fructose 8 mL MIBK + 2 mL NaCI-H,O >99 84.8
11 SP-MS Sucrose 8 mL MIBK + 2 mL NaCI-H,O >99 70.4
12 SP-MS Cellobiose 8 mL MIBK + 2 mL NaCI-H,O >99 73.4
13 SP-MS Soluble starch 8 mL MIBK + 2 mL NaCI-H,O — 57.1

%0.1 g substrate, 0.1 g catalyst, 10 mL solvent, 170 °C, 45 min. 5 NaCl-H,0: saturated solution of NaCl.
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Results in Table 3, entries 8 and 9 clearly evidence the signifi-
cant increase in catalytic activity and selectivity for 5-HMF over
SAPO-34 catalysts when NaCl was added. Notably, a complete
glucose conversion with an 81.5% yield of 5-HMF was achieved
over SP-MS under the optimized reaction time (Fig. S67).
Neither levulinic acid nor formic acid was detected in the reac-
tion system, likely owing to the intrinsic medium-strength
acidity of SAPO-34, which inhibits the subsequent rehydration
of 5-HMF. Moreover, SP-MS is also highly active for the conver-
sion of other mono-, di- and polysaccharides (Table 3, entries
10-13), giving a complete conversion with high 5-HMF yields
(57-85%).

For comparison, a variety of heterogeneous acid catalysts
were employed to catalyze the conversion of glucose. As
depicted in Fig. 4, SP-MS outperformed all commercial alumi-
nosilicate zeolites and strong-acid ion exchange resins, despite
their large porosity (Table S31) and strong acidity (Fig. S77).
One explanation is that in the liquid-phase reaction, MIBK
molecules preferentially occupy the channels of the medium-
pore (10-MR) and large-pore (12-MR) zeolites to hinder the
internal diffusion of glucose, causing low utilization of the

F 1 Conversion of glucose|
I Yield of 5-HMF
100

9\3 8-MR

T 80

2

P

o3 n

c 60 - T80

.9 O

4 9:9

g 40- oo R

o BEBE

o N0 10-MR

20 10-MR

SP-MS ZSM-5 MCM-22 Y beta IER

Fig. 4 Glucose conversion and 5-HMF yield in the dehydration of
glucose reaction over heterogeneous acid-catalysts. IER: strong-acid ion
exchange resin. Reaction condition: 0.1 g glucose, 0.1 g catalyst, 2 mL
NaCl-H,O + 8 mL MIBK, 170 °C, 45 min.

(b)
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intracrystalline acid sites.*” More seriously, in a hot aqueous
solution, the frameworks of aluminosilicate zeolites are more
susceptible to severe collapse (especially for MCM-22 and beta,
as shown in Fig. S81) than those of small-pore SAPOs, result-
ing in the loss of active sites. While for the strong-acid ion
exchange resin, the poor catalytic activity should stem from
the absence of Lewis acid sites and inferior thermal stability.

As the carbohydrates have obviously larger kinetic dia-
meters than the micropore size of SAPO-34 (3.8 A), the catalytic
performance is believed to be strongly correlated with the
physicochemical properties of the external surface of SAPO-34
crystals. By using the bulky guest molecule TMP (5.5 A) as the
adsorbent, the corresponding *'P MAS NMR spectra were
measured, which can quantify the acid types distributed on
the external surface and their relative amounts, as well as
reveal the chemical environments of the SAPO framework
atoms.*® According to the deconvolution analysis of the spec-
trum of SP-MS (Fig. 5a), there are two types of framework P
atoms, including P-OH (-25 ppm) and predominant PO,
species (—29 ppm), in agreement with the FT-IR results.
Additionally, two resonance signals at —5 and —46 ppm, attrib-
uted to TMP chemisorbed on Brgnsted and Lewis acid sites of
the external surface, respectively, can be identified. The corres-
ponding acid densities were calculated to be 0.954 mmol g™*
and 0.317 mmol g, respectively.**® The considerable pro-
portion of Lewis acid sites might arise from the unsaturated Al
species coordinated with the Si—OH generated by the calcina-
tion decomposition of the organosilane.’® Comparatively, the
conventional SP-C is deficient in external Brensted and Lewis
acid sites, and framework defects (Fig. 5b). On the other hand,
the hydrophilicity of the catalyst has been recognized to play a
vital role in determining the distribution of the catalyst
between the aqueous and organic phases.>® As seen in Fig. 5¢
and d, the nanosized SP-MS is more hydrophilic than SP-C due
to its abundant terminal hydroxyl groups. This is beneficial for
the adsorption of water-soluble carbohydrates while avoiding
secondary reactions of 5-HMF dispersed in the organic
phase.>® Therefore, the superior catalytic performance of
SP-MS for carbohydrates dehydration should arise from its
larger amount of acid sites on the external surface and better
hydrophilicity.

(c) '

——SPC
-29 ppm
e -
+50
A -25 ppm i
%o S
: = 5 -40 -50 -60

ppm

Fig. 5 TMP adsorbed 3P MAS NMR spectra of SP-MS (a) and SP-C (b). Water contact angle measurements of SP-MS (c) and SP-C (d).

1402 | Green Chem., 2023, 25,1395-1405

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2gc04301g

Published on 14 January 2023. Downloaded by Dalian Institute of Chemical Physics, CAS on 11/17/2023 7:12:47 AM.

Green Chemistry

3.5 Kinetic studies

To obtain further insight into the intrinsic catalytic perform-
ance of SP-MS and SP-C, kinetic studies of glucose and fruc-
tose conversion were carried out. Generally, the hydrolysis or
dehydration of biomass is assumed to be a first-or second-
order reaction.’** Herein, we assumed that the rate for reach-
ing adsorption equilibrium is much faster than that of the
reactions, and the obtained experimental data shown in
Fig. S9t fit well with the first-order reaction rate equation.
Based on the linear Arrhenius plots (Fig. 6), the corresponding
apparent activation energy (E,), pre-exponential factor, and
rate constants at a reference temperature (140 °C) are summar-
ized in Table 4. It can be seen from the reaction network
(Scheme 1) that carbohydrate substrates and products are
inevitably converted to humins. Therefore, increasing reaction

(a) (b)

Ink
s
@

Ink

= spms — Ea=143kumol R?=0.999
© SPC_—— Ea=t42kJimol R'=0.999

= SP-MS —— Ea=85kJimol R*=0.999

® SP-C —— Ea=95kJ/imol R?=0.999
120 e 120

2.4x10° 24x10° 2.5x10° 2.5x10° 2.4x10° 2.5x10° 2.5x10° 2.6x10°
AT (KY) T (KY)

Fig. 6 Arrhenius plots for the conversion of glucose (a) and fructose(b).
Reaction condition: 0.1 g substrate, 2 mL saturated solution of NaCl +
8 mL MIBK, 0.1 g catalyst for glucose conversion, 0.02 g catalyst for
fructose conversion.

Table 4 Kinetic parameter values for the reaction rates over SP-MS and
SP-C

Substrate  Catalyst Ej(kf mol™) 1Ind4, In(kisooc) Activity”

Glucose SP-MS 85 14.50 -10.31 1.99 x 1073
Glucose SP-C 95 16.80 —10.70 1.35x 1073
Fructose SP-MS 143 33.12 -8.63 1.07 x 1072
Fructose SP-C 142 32.27 -9.12 6.52 x 1073

“Defined as (g of converted carbohydrate)/(g of catalyst)/(reaction
time, min) at 140 °C.

(a) (b)
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rates in the metastable aqueous phase is decisive to obtain a
high yield of 5-HMF. SP-MS shows faster reaction rates than
SP-C in both glucose isomerization and fructose dehydration,
coinciding with its higher external Brgnsted and Lewis acid
amount. Since the stable pyran ring structure of glucose, the
glucose isomerization step usually controls the overall rate of
the tandem reactions.’ This is also the exact case for SP-MS
and SP-C, as evidenced by the lower rate constant of glucose
isomerization than that of the subsequent fructose
dehydration.

In addition, SP-MS shows a lower E, for glucose isomeriza-
tion than SP-C (85 kJ mol ™" vs. 95 k] mol™"). The value is com-
parable to that of the classical Lewis acid catalyst Sn-Beta
(88 kJ mol™")."*> This evidences the superiority of SAPO-34
nanoaggregates, which provide accessible active Lewis acid
sites to reduce the reaction barrier without requiring extra
metal components. By contrast, both catalysts exhibit very
close E, values of 142-143 kJ mol™" for fructose dehydration,
implying their identical active sites for the reaction. Of course,
there is no doubt that the SP-MS could provide more accessible
Bronsted acid sites than SP-C to accelerate the fructose
conversion.

3.6 Reusability of the catalyst

Good reusability of the catalyst is of practical significance for
reducing production costs. Therefore, regeneration of the
SP-MS was evaluated for glucose conversion. Prior to the next
run, the recovered catalyst was washed with deionized water
and calcined at 600 °C to remove residual organic moieties de-
posited on the catalyst. As displayed in Fig. 7a, SP-MS main-
tains a high conversion of glucose during the 4 recycles. The
5-HMF yield shows a decrease after the first run, which,
however, reaches steady values of 64-68% in the subsequent
runs. After the reactions, there is no obvious framework col-
lapse or dissolution of the nanoaggregates, as evidenced by
XRD (Fig. 7b) and TEM (Fig. 7c) analysis. Given that ion-
exchange of H-type molecular sieves with Na“ can improve
their hydrothermal stability,>*>® it is supposed that during cal-
cination treatment, the Na" ions remaining on the spent cata-
lyst migrate to the interior of crystals and stabilize the host
framework, which can account for the decrease of 5-HMF yield
after the first run and the good reproducibility in subsequent

(c)
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Fig. 7 (a) Recycle reaction results of SP-MS. XRD patterns (b) and TEM image (c) of the used SP-MS after four recycles.
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runs. This speculation is well supported by composition ana-
lysis, as the fresh catalyst (ICP-OES result: Sig16Alp.47P0.3702)
underwent an obvious increase in Na content after the first
run (0.14Na,O-Sij 15Al0.47P0.3505), but it remained unchanged
afterwards (after 4™: 0.16Na,0-Siy5Aly.45P0570,). These
results evidence the good stability of SP-MS for glucose conver-
sion, even in a hot aqueous solution with high salt content.

4 Conclusions

Highly efficient SAPO-34 nanocrystallites catalysts with ultra-
high external surface area and large mesopore volume for
carbohydrates dehydration to 5-HMF were synthesized by uti-
lizing commercial organosilane AC-230 in the TEA template
system. When mono-, di- and polysaccharides were used as
substrates, separately, complete conversion was realized
together with a high yield of 5-HMF (57-85%). The characteriz-
ation results and kinetic analysis revealed that the combined
contribution of the unique CHA structure, moderate acid
strength, abundant accessible Brgnsted and Lewis acid sites,
and the hydrophilic surface of the catalyst, leads to its excel-
lent catalytic performance. Moreover, the catalyst presented
good stability after four reaction cycles. It is envisaged that
such a nontoxic, robust and active nanosized SAPO-34 catalyst
will hold great potential for high-value utilization of biomass.
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