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Abstract—Supercritical water (SCW) impregnation is an efficient and feasible method that has been used to prepare
highly dispersed supported catalysts, but few studies have investigated the stability of support materials in supercritical
water. Thus, our aim was to investigate the hydrothermal stability of zeolite supports (ZSM-5, TS-1, ZSM-35, HY, 13X,
Beta, SAPO-11 and SAPO-34) as model compounds in supercritical water. Results showed that almost all of zeolites
suffered from crystallinity change, structural properties degradation, obvious desilication and dealumination. The
decrease of surface areas and the collapse of crystalline structures in HY, 13X, Beta, SAPO-11 and SAPO-34 were more
serious compared to ZSM-5, ZSM-35 and TS-1. The micropore areas and acidity of all SCW-treated zeolites were
reduced. 13X with lower Si/Al ratio had higher hydrothermal stability than HY due to the formation of extra-frame-
work Al (EFAL). EFAI also generated strong Lewis acid sites determined by ammonia temperature-programmed
desorption and *’Al magic angle spinning nuclear magnetic resonance. Desilication and dealumination were simultane-
ous, and led to the increase of framework Si/Al ratio. ZSM zeolites (ZSM-5, ZSM-35 and TS-1) had higher hydrother-
mal stability than HY, 13X, Beta, SAPO-11 and SAPO-34 in SCW.
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INTRODUCTION

Supercritical water (SCW) has received considerable attention
recently as a new chemical reaction field for synthesizing catalysts
of metal oxide particles [1-3]. Various kinds of nanoparticle prepa-
ration techniques have been developed based on supercritical water
as a preparation method [1,4-10]. Among them, supercritical water
impregnation (SCWI) is generally acknowledged as a method for
preparing supported catalysts [10-16]. By utilizing the high diffu-
sivity of supercritical water, SCWI method allows nanoparticles to
deposit on support surfaces as well as inside the pores in highly
dispersed conditions.

According to previous studies, many reports have deposited
nanoparticles into porous materials enhanced by gas-like transport-
ing properties of SCW to obtain catalysts with high performance.
For example, Otsu and Oshima exploited the reactive properties of
SCW to deposit nanoparticles of several metals in the pores of
porous materials [10-12]. Zhao et al. reported the improvement of
dispersity in CeO, nanoparticle deposition onto multiwall carbon
nanotubes when the catalysts were prepared with SCW [13]. Xu
and Teja deposited o-Fe,O; nanoparticles on activated carbon and
obtained egg-shell and uniform dispersions by the SCWI method
[14]. Qiu et al. prepared a series of catalysts by depositing metal
oxide particles onto the activated carbon using the SCWI method
for the removal of H,S from hot coal gas [15,16]. As stated above,
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the SCWI method in preparing catalysts is a promising method,
which not only can make particles have a uniform size and stabiliz-
ing chemical composition, but also uses the water as a reaction me-
dium, avoiding the use of toxic solvents and simplifying the pro-
cess and post-treatments.

However, in the SCW system, water molecules are highly reac-
tive in interacting with material surfaces, including catalyst sup-
ports, thus altering surface physicochemical properties and causing
severe corrosion or decomposition of these materials. To date, very
limited information has been available for the structure alterations
of catalyst supports in SCW system. Many studies have primarily
focused on the degradation characteristics of target contaminants
with supported catalysts in SCW conditions, such as CuO/ZSM-5
[17,18], CuO/ZSM-48 [17,19], CuO/HY [17], ZSM-5 [20,21], Beta
[2021], HY [2021], SAPO-11 [21], MCM-41 [21], MoO,/ALO,
[22], CeO,/ALO; [23], La,O5/ALO; [23], MgO/ALO; [23], Pt/ALO;
[24], Ru/ALO; [24], WO,/TIO, [25], PUTIO, [26], yet few studies
have investigated the hydrothermal stability of these catalyst sup-
ports. However, for carbon materials, there are some reports refer-
ring to the physicochemical property changes under SCW condi-
tions. Ashraf and Dastgheib reported the interactions of SCW with
a series of carbon materials (e.g,, graphite plate, highly ordered pyro-
lytic graphite, porous graphite sample, diamond-coated stainless
steel sample) under oxic or anoxic conditions [27]. Matsumura and
Xu studied the gasification characteristics of a granular coconut-
shell activated carbon in SCW (600-650 °C, 25.5-34.5 MPa) [28]. San-
chez and Salvador utilized SCW activation to regenerate phenol-
saturated activated carbon, leading to increases in the values of the
specific surface area and the point of zero charge [29]. Nevertheless,
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there are a huge number of other materials applied for catalyst sup-
ports (e.g., zeolites, ALO;, TIO,), so it is necessary to systematically
study the physicochemical property changes and hydrothermal sta-
bility of supports for making catalysts with superior activity and
favorable stability using SCWI.

Hence, it was of interest to investigate the physicochemical prop-
erty changes and hydrothermal stability of eight microporous zeo-
lites (TS-1, ZSM-5, ZSM-35, 13X, Y, Beta, SAPO-11 and SAPO-34)
as model compounds in SCW at 385 °C, 22.5+0.2 MPa and 10 min.
The changes of physicochemical properties in zeolites, which could
act as an instrument for stability evaluation, were observed by X-
ray diffraction, inductively coupled plasma-optical emission spec-
trometer, N, adsorption-desorption, ammonia temperature-pro-
grammed desorption, Fourier transform infrared spectroscopy, ~’Al
and *Si magic angle spinning nuclear magnetic resonance charac-
terizations. Physicochemical properties included crystalline structure,
pore structure, Si/Al ratio, acid site distribution and acid content.

MATERIALS AND METHODS

1. Materials

ZSM-5 (SiO,/AL,0,=25), HY (SiO,/AL,0;=3.5) and SAPO-11
(Si0,/P,045/AL,0;=0.7 : 1 : 1) were purchased from the Catalyst Plant
of Nankai University. SAPO-34 (SiO,/P,05/ALO;=04:1:1), ZSM-
35 (SiO,/Al,0,=40) and TS-1 (SiO,/TiO,=75) were obtained from
Shanghai Zhuoyue Chemical Technology Co., Ltd. Beta (SiO,/
Al,0,=40) was purchased from Nanjing Jicang Nano Technology
Co,, Ltd. 13X (SiO,/ALO;=2.5) was acquired from Sinopharm
Chemical Reagent Co., Ltd. Ultrapure water was prepared in the
laboratory by using an ultrapure water production system (Sich-
uan Wo Te Instruments Equipment Co., Ltd.).
2. Supercritical Water (SCW) Treatment Processes

The studied zeolites were washed by ultrapure water, and dried
at 100°C for 12h prior to SCW experiments. A batch autoclave
reactor with a backpressure regulator (upper pressure limit of 30
MPa) and a thermocouple temperature sensor (upper operating
temperature of 700 °C) were used in the experiments. Experimen-
tal solutions were prepared by addition of zeolites and ultrapure
water with a mass ratio of zeolite to water of 12.5. All experiments
were involved using a batch autoclave reactor made of stainless steel
(sus 316) having an inner volume of 150 mL.

The quantitative zeolite powders and ultrapure water were added
to the autoclave, which was then heated at a constant rate until a
final temperature was attained (the time for this heating step was
about 115 min in most experiments). The autoclave was then main-
tained at the reaction temperature (about 385 °C) and reaction pres-
sure (22.5+0.2 MPa) for a specified reaction time (about 10 min).
Finally, the autoclave was cooled to room temperature in a cool
water bath to stop the reaction. The resulting zeolites were isolated
from the mixture by using a membrane filter, washed several times
with ultrapure water and to remove residues, and then dried at
105°C for 12 h in an oven.
3. Zeolite Characterization

The powder X-ray diffraction (XRD) analysis of parent zeolites
and all SCW-treated samples was recorded on an Empyrean ana-
Iytical diffractometer with Cu-Ker radiation (k=1.54 A) using 45 KV

tube voltage, and 40 mA tube current scan range was from 5 to 50
degree 2 - theta. X-ray powder patterns were used to calculate rel-
ative crystallinity (RC) of all the zeolites based on the intensity of
the 5 strong characteristic peaks.

High-resolution transmission electron microscopy (HRTEM)
images were obtained with a JEOL JEM-2100F instrument operat-
ing at 200 kV. Samples were suspended in ethanol with ultrasonic
treatment and dropped on an ultra-thin porous carbon grid.

The bulk Si, AL, P and Ti of the zeolite samples were determined
by inductively coupled plasma-optical emission spectrometer (ICP-
OES; Optima model 7000DV, PerkinElmer, USA) after dissolution
of the solids in the mixture of HNO,/HF/HCI (1:1:3).

The N, adsorption-desorption measurements at 77 K were per-
formed on a Micromeritics ASAP 3020 surface area analyzer (Mi-
cromeritics Instrument Corp., Norcross, GA). The BET surface area
(Sper) was obtained through the BET method. The micropore and
mesopore distributions were determined by applying the t-plot and
BJH theories, respectively. The BET particle diameter was calcu-
lated as dpzr derived from the formula 6/(Sperxdensity) [30].

The acid properties of these zeolites were determined by am-
monia temperature-programmed desorption (TPD), employing a
Micromeritics AutoChem 2920 instrument with a thermal con-
ductivity detector (TCD) using helium as carrier gas. The sample
(100 mg) was pretreated at 450 °C in He (40 mL min™") for 1 h. After
cooling to 100 °C, pure NHj; (40 mL min™') was passed through the
sample for 30 min. Subsequently; a flow of He (40 mL min™') was
passed through the reactor during 60 min to remove weakly ad-
sorbed ammonia on the zeolite. Desorption of NH; in the effluent
He stream was measured in the range of 100-700 °C with a heating
rate of 10 °C min ™.

The characteristic vibration bands of the samples were analyzed
by Fourier transform infrared spectroscopy (FTIR) (Thermo Sci-
entific Nicolet iZ10 spectrometer, USA) at a resolution of 4cm™ in
the range of 400-4,000 cm™" with KBr pellet at a resolution of 4 cm™.

*Si and *Al magic angle spinning nuclear magnetic resonance
(MAS NMR) spectra were recorded on a Bruker AVIII-HD600
MHz solid-state NMR spectrometer using a ZrO, rotor. The *Si
resonance frequency was 52.6 MHz and the spinning rate 10 kHz.
Spectra were obtained after irradiation of the sample with 1.7 ps
excitation pulse and 20s relaxation delay. The Al spectra were
recorded at 79.5 MHz with a spinning rate of 14 kHz using 1.22 s
excitation pulse and 30 s relaxation delay. The MAS NMR Spectra
were normalized to the same mass of sample.

RESULTS AND DISCUSSION

1. XRD Pattern of Zeolites

The X-ray patterns of parent and SCW-treated zeolites are shown
in Fig. 1. The XRD patterns of SAPO-34, SAPO-11, Beta, HY
(13X), ZSM-5 (TS-1) and ZSM-35 were consistent with the CHA,
AEL, BEA, FAU, MFI and FER structures of these zeolites [31-34].
Compared to HY, 13X had the same framework type (FAU) and
lower Si/Al ratio. TS-1 (titanium silicalite) and ZSM-5 (aluminosil-
icate) also had the same framework type (MFI). The hydrothermal
stability of different crystalline structures in zeolites was distinctly
different, as shown in Fig. 1. The crystalline structures of ZSM-35,
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Fig. 1. XRD patterns of zeolites before and after SCW treatment at 22.5 MPa, 385 °C and 10 min.
Table 1. The effect of SCW treatment at 22.5 MPa, 385 °C and 10min on relative crystallinity and dg; of zeolite
ZSM-5 TS-1 ZSM-35 13X HY Beta SAPO-11 SAPO-34
RC (%) SCW-treated 100 100 100 100 - -- -- --
Parent 92 96 92 80 -- - - --
dper (nm) SCW-treated 18.56 16.59 18.95 33.92 26.7 65.66 137.5 108.9
Parent 16.44 16.52 15.87 9.75 1.7 10.61 32.67 9.89

ZSM-5 and TS-1 did not completely collapse after SCW treatment,
and the characteristic diffraction peaks could be observed from
Fig. 1. Relative crystallinity of the three SCW-treated zeolites in-
creased as listed in Table 1. Nevertheless, the intensity of the XRD
peaks of 13X and Beta after SCW treatment decreased significantly.
According to FTIR data (Fig. 4), we could observe that 13X kept
the band at 560 cm™, but the band of Beta at 575cm ™ disappeared
in the corresponding spectra. Due to the bands at 560 and 575
cm " assigned to the existence of double ring by tetrahedral SiO,
and AlO, units, the results indicated that the crystalline structure
of SCW-treated 13X was maintained to a certain extent, but the
structure of Beta completely collapsed. As listed in Table 1, the
crystallinity of SCW-treated 13X also increased. The following rea-
sons for increasing the crystallinity of zeolites due to SCW  treat-
ment might be made:

(1) An increase in crystallinity could be due to the extraction of
extra-framework aluminum from zeolites [35];

(2) An agglomeration of zeolites could explain an increase in
crystallinity [36].

Because of the increase of dg;; after SCW treatment as shown
in Table 1, a possible explanation for the increase of relative crystal-
linity can be attributed to the agglomeration of zeolites [36]. The
agglomeration was also observed in the TEM images of parent and
SCW-treated 13X in Fig. S1.

But the crystalline structures of SAPO-34, SAPO-11, Beta and
HY completely collapsed in SCW. The new XRD peaks of SCW-
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treated SAPO zeolites (SAPO-34 and SAPO-11) could be attributed
to a synthetic aluminum phosphate of the tridymite structure type
[37]. The hydrothermal stability and relative crystallinity of Beta
decreased with increase of temperature and steam pressure, espe-
cially when the value increased higher than 200 kPa [38]. As shown
in Fig. 1, high temperature and high pressure in SCW led to the seri-
ous collapse of the crystalline structure in Beta. Generally speak-
ing, Si/Al ratio of zeolites has a significant role in hydrothermal
stability; lower Si/Al ratio could improve hydrothermal stability
[39,40]. 13X had higher hydrothermal stability than HY. A possi-
ble explanation is that an increased stability upon incorporation of
aluminum (extra-framework Al) near the surface of zeolites was
found in SCW, aluminum atoms in this position were capable of
protecting the framework against hydrolysis [39]. The effect of sur-
face aluminum species on stability was much more than that of
aluminum within the pore walls [39]. NH;-TPD and “Al MAS
NMR data (Fig. S2) verified the formed extra-framework Al (EFAL)
after SCW treatment. In addition, as listed in Table 1, SCW-treated
zeolites increased relative crystallinity, due to the crystalline struc-
tures in a state of incomplete collapse.
2. Structural Characteristics of Zeolites

As shown in Fig. S3, according to the IUPAC classification [41],
N,-adsorption-desorption isotherms of parent zeolites are of clas-
sic type I with H3 or H4 hysteresis loop contributed to slit-shaped
pores [42,43]. The structural characteristics of parent and SCW-
treated zeolites derived from the isotherms (Fig. S3) are listed in
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Fig. 2. BET surface area of parent and SCW-treated zeolites at 22.5
MPa, 385 °C and 10 min.

Table S1. The BET surface areas of SAPO-34, SAPO-11, beta, HY
(13X), ZSM-5 (TS-1) and ZSM-35 before and after SCW treatment
are shown in Fig. 2. The decreased percentage of surface area and
pore volume in zeolites before and after SCW treatment is sum-
marized in Table 2. The surface area and pore volume of all zeo-
lites decreased. SCW-treated ZSM zeolites (TS-1, ZSM-5 and ZSM-
35) with the lowest level of decreased percentage of BET surface
area (0.003%, 10.1% and 39.8%, respectively) had higher hydro-
thermal stability than 13X, HY, Beta and SAPO zeolites. In addi-
tion, TS-1 had higher hydrothermal stability than ZSM-5. A possible
explanation is that titanium atoms in tetrahedral positions had strong
hydrophobic properties [32]. The decreased percentage of microp-
ore surface area of TS-1, ZSM-5 and ZSM-35 was 5%, 17.5% and
46.0%, respectively.

After SCW treatment, the decreased percentages of BET and
micropore surface area in 13X were smaller than those of HY, as
listed in Table 2. 13X had higher hydrothermal stability than HY,
which was in agreement with XRD data. As shown in Table S1, the
values of external surface area in 13X, HY and ZSM zeolites in-
creased after SCW treatment. High value of external surface area
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was advantageous in the regeneration process of catalytic cracking
catalysts, because the removal of coke from the external surface was
easier and less aggressive than the combustion of the internal one
[44,45]. In addition, high external surface area implied a high pro-
portion of external acid sites and might have high catalytic crack-
ing activity [44,45].

The decreased percentage of micropore surface area of Beta was
86.9% (Table 2). A small amount of micropore structure still re-
mained in Beta as well as HY. HY-generated H3 hysteresis loop
contributed to slit-shaped pores, but the H4 hysteresis loop of Beta
almost disappeared, as shown in Fig. S3. Moreover, ZSM-35 and
13X also generated obvious hysteresis loops H3 and H4. The de-
creased percentage of micropore surface area in SCW-treated SAPO
zeolites was 100%, due to a synthetic aluminum phosphate of the
tridymite structure type obtained from the XRD patterns. Based
on the obtained results, it could be concluded that ZSM zeolites
have higher hydrothermal stability than other zeolites. The hydro-
thermal stability of 13X with lower Si/Al ratio was higher than HY
in SCW. The micropore structure of SAPO zeolites disappeared
after SCW treatment due to the crystal-phase transformation.

3. NH;-TPD Spectra of Zeolites

NH,-TPD is a frequently used method for determining the acid
strength distribution. NH;-TPD profiles of parent and SCW-treated
zeolites are shown in Fig. 3. In the temperature range of 100 to
700 °C, giving rise to three main peaks (L, M and H) at low (100-
300 °C), moderate (300-500 °C) and high temperature (500-700 °C),
respectively. The three peaks correspond to the weak, moderate and
strong acid sites [46]. The L peak was attributed to the desorption
of strongly physisorbed and chemisorbed NH; on external silanol
groups. The M peak was due to NH; desorption from weak Bron-
sted (B) and Lewis (L) acid sites, while the H peak represented
NH; desorption from strong Bronsted acid sites and Lewis acid
sites [46].

There are two main peaks (L and M) in the profiles of the parent
ZSM zeolites (TS-1, ZSM-5 and ZSM-35) in Fig. 3, and the distri-
butions of acid sites were similar. The weak L acid sites of the M
peak were assigned to unsaturated tetrahedrally coordinated tita-
nium atoms, extra-framework Al species (Al(OH); and Al(OH)™")
and framework defects (coordinatively unsaturated framework Al
atoms) [47,48]. In addition, a decrease of acid amount matched an

Table 2. The decrease of surface area and pore volume in zeolites before and after SCW treatment at 22.5 MPa, 385 °C and 10 min

BET surface Micropore surface External surface Total pore Micropore Mesopore

area (%) area (%) area (%) volume (%) volume (%) volume (%)
ZSM-5 10.1 17.5 —42.2 -2.8 18.2 —108.0
TS-1 0.003 5.0 -35.7 -9.1 22 -24.6
ZSM-35 39.8 46.0 —45.4 17.6 46.5 -9.6
13X 71.2 84.2 —40.6 479 83.3 -18.1
HY 90.6 95.2 -50.0 26.0 98.2 -360.5
Beta 83.9 86.9 76.1 794 86.7 75.8
SAPO-34 90.1 100.0 =375 74.2 100.0 -11.8
SAPO-11 76.0 100.0 27.9 57.7 100.0 45.5

The decreased percentages of surface area and pore volume were calculated according to the following formula: (Surface area (parent)—
Surface area (SCW-treated))/Surface are (parent); (Pore volume (parent)—Pore volume (SCW-treated))/Pore volume (parent)

Korean J. Chem. Eng.(Vol. 35, No. 9)
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Fig. 3. NH,-TPD profiles of zeolites before and after SCW treatment at 22.5 MPa, 385 °C and 10 min: (a), (b), (c), (d), (e), (f), (g) and (h) were
ZSM-5, TS-1, ZSM-35, Beta, 13X, SAPO-11, SAPO-34 and HY zeolites, respectively.

Table 3. ICP-OES data of parent zeolites and zeolites treated by SCW at 22.5 MPa, 385 °C and 10 min

Molar ratio Molar ratio
Sample — — Sample — —
Si/Al Si/P Si/Al Si/P
HY 5.40 HY 5.18
ZSM-35 34.06 ZSM-35 30.44
ZSM-5 24.92 ZSM-5 20.00
TS-1 69.41° TS-1 60.76°
Parent SAPO-34 3.08 2.88 SCW-treated SAPO-34 1.92 1.80
SAPO-11 0.50 0.46 SAPO-11 0.48 0.48
13X 2.50 13X 2.26
Beta 22.02 Beta 20.18

“Si/Al=Si0,/ALO,
¥Si/P=Si0,/P,0;
Si0,/Ti0,

increase of Si/Al ratio in zeolites [49]. Therefore, the obvious de-
crease of acid amount in the SCW-treated ZSM zeolites signified
the decrease of Al and Ti (TS-1) content. According to ICP-OES
data (Table 3), Si/T (Al or Ti) ratio of parent zeolites in the solid
(framework and extra-framework) was higher than SCW-treated
zeolites, indicating the increase of T relative content. But, accord-
ing to NMR data, Si/Al ratio of SCW-treated zeolites in the frame-
work was higher than parent zeolites. These results indicated that
SCW treatment increased extra-framework (strong L acid sites=H
peak) but decreased framework T (Al or Ti) contents.

In addition, a weak H peak in the profiles of the SCW-treated
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ZSM zeolites could be due to strong L acid sites derived from some
extra-framework alumina species formed by dihydroxylation [48].
The dehydroxylation in the neighborhood of a lattice Al atoms
was always accompanied by its release from the framework [48].
According to XRD data, the crystalline structure remained in 13X
as well as the ZSM zeolites, and also exhibited a similar tendency
that the acid amount of L peak decreased obviously and gener-
ated an obvious H peak, which could be assigned to strong L acid
sites in the NH;-TPD profiles.

The NH,-TPD profiles (Fig. 3) of Beta, HY and SAPO zeolites
(SAPO-34 and SAPO-11) before and after SCW treatment are
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Fig. 4. FTIR spectra of zeolites before and after SCW treatment at 22.5 MPa, 385 °C and 10 min: (a), (b), (c), (d), (e), (f), (g) and (h) were
ZSM-5, TS-1, ZSM-35, Beta, 13X, SAPO-11, SAPO-34 and HY zeolites, respectively.

shown in Fig. 3. After SCW treatment, Beta and HY remained a
small amount of micropores similar to 13X and ZSM zeolites, and
also generated an obvious H peak. But SCW-treated SAPO zeolites
did not generate a new H peak and had no the micropore struc-
ture due to the complete collapse of the crystalline structure after
the phase transformation (Fig. 1). The possible explanation for these
observations is that SCW treatment resulted in the appearance of
an H peak (strong L acid sites) due to the remaining micropore
structure in SCW-treated zeolites.

4. FTIR Spectra of Zeolites

FTIR results of parent and SCW-treated zeolites are shown in
Fig, 4. The bands in the spectrum around 400-500 cm™" are due to
the T-O bending vibrations of the SiO, and AlO, internal tetrahe-
dral [50-53]. The bands at 500-650 cm ™" are assigned to structure-
sensitive vibrations of double rings in the framework of zeolites.
The adsorption signals between 1,000 and 1,200 cm ™" are attributed
to the asymmetric stretch of Si-O-T linkage (where T=Si, Al and
P). The bands of parent and SCW-treated 13X at 970 and 997 cm™"
also were due to the asymmetric stretch of Si-O-T linkage (where
T=Si and Al). Bands in the lattice region of 400-1,300 cm™ are mostly
the vibration bands in the framework of zeolites. The bands around
1,602 cm™" are assigned to deformational vibrations of adsorbed
water molecules [52].

The peaks of SCW-treated 13X and ZSM zeolites at 500-650
cm™! could be observed, which were attributed to the existence of
double rings (crystalline structural characteristics). The decrease of
the peak intensity in SCW-treated 13X and ZSM-35 was more seri-
ous than that of ZSM-5 and TS-1, which was in agreement with
BET data (Table 2). The peaks at 1,091 cm™ (ZSM-5), 1,081 cm ™"
(ZSM-35) and 970 cm™" (13X) were observed to shift towards higher

wavenumbers with increasing Si/Al ratio of the three zeolites (alu-
minum silicate) [50]. This shift is due to the slightly lower mass of
Al as compared to that of Si [50]. The bands at 1220 (ZSM-5) and
1232 (TS-1) cm ™ not only specified the existence of pores with 3D
channel [51], but also the bands around 450, 545 and 800 cm™*
indicated the crystalline structure of ZSM-5 and TS-1. The bands
at 400-900 cm ™" were assigned to the crystalline structure of SCW-
treated ZSM-35 and 13X. As shown in Fig. 4, FTIR spectra speci-
fied that 13X and ZSM zeolites maintained their crystalline struc-
ture in different degrees after SCW treatment, which was consistent
with XRD and BET data.

The band at 971 cm™" (TS-1) was associated with the stretching
Si-O vibrational mode perturbed by a polymeric structure formed
by [SiO,] and [TiO,] units [54]. The decrease in the adsorption peak
strength was observed in Fig. 4 due to the decrease of Ti content
in SCW-treated TS-1. The bands around 651, 664, 525 and 510
cm™ signified the existence of double ring structures in parent SAPO-
34, SAPO-11, Beta and HY, but disappeared after SCW treatment.
According to XRD and FTIR results, the crystalline structures of
the SCW-treated zeolites collapsed (TS-1, ZSM-5, ZSM-35 and
13X) and even disappeared (SAPO-34, SAPO-11, Beta and HY),
and SCW treatment increased Si/Al ratio of ZSM-5, ZSM-35 and
13X.

5. ”Si and ” Al MAS NMR Spectra of Zeolites

For revealing the transformation of Si and Al in zeolites after
SCW treatment, the ’Si and Al NMR MAS spectra of parent and
SCW-treated ZSM-5 as a representative zeolite are shown in Fig. 5.
In the Si NMR MAS spectra, the resonances around —112 ppm,
—106 ppm, —102 ppm, and —91 ppm were assigned to Si(4Si, 0Al),
Si(3Si, 1Al), Si(3Si, 0Al) and Si(1Si, 3Al) corresponding to Q*(0AL),

Korean J. Chem. Eng.(Vol. 35, No. 9)
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Fig, 5.Si and ”Al MAS NMR spectra of parent and SCW-treated
ZSM-5 at 22.5 MPa, 385 °C and 10 min.

Table 4. *Si and “Al MAS NMR spectra of ZSM-5 before and after
SCW treatment at 22.5 MPa, 385 °C and 10 min

ZSM-5 SCW-treated ZSM-5

Framework Si/Al ratio” 19.1 30.3
Bulk Si/Al ratio 249 20.0
Intensity (%)"
Si(4Si, 0AI) 78.7 92.9
Si(3Si, 1Al) 21.3 41
Si(1Si, 3Al) 30
Intensity (%)°
Tetrahedral Al 78.1 28.9
Octahedral Al 21.9 71.1

“Calculated using the formula in [56]

*Obtained from *Si NMR

‘Obtained from Al NMR

Q*(1Al), Q*(0Al) and Q*(3Al) [36,40,55]. After SCW treatment, the
impure peaks in the range of —87 to —100 ppm, which were attri-
buted to different acid sites, disappeared as well as —102 ppm, and
the new peak at —91 ppm was observed corresponding to the frame-
work Al in Si(1Si, 3Al). The peak strength around —106 ppm also
markedly decreased. These results indicated the decrease of acid,
Al and Si content in SCW-treated ZSM-5 was consistent with the
NH,-TPD profiles (Fig. 3). The reduction of peak strength at —112
ppm was also remarkable, attributed to the decrease of Si content
in Si(4Si, 0AI) related to the obvious desilication in SCW-treated
ZSM-5. As shown in Table 4, the framework Si/Al ratio increased
from 19.1 to 30.3, and the relative intensity of Si(4Si, 0AI) increased
from 78.7% to 92.9%. After SCW treatment, the unobvious peak
of Q*(0Al) indicated an increase of Q*(0A1)/Q*(0AL), and was ac-
companied by the increase of zeolite crystal size [40], which was
consistent with the agglomeration of zeolites and the increase of
dger according to XRD and BET data. The dealumination and the
desilication of ZSM-5 were simultaneous in SCW, but the dealu-
mination was more serious. The results also could be observed from
FTIR data (Fig. 4).

The Al NMR MAS spectra of parent and SCW-treated ZSM-
5 are depicted in Fig. 5. The spectrum of parent ZSM-5 was domi-
nated by a signal at 56.6 ppm assigned to tetrahedral coordinated
framework Al [40,57]. A weaker signal at 1.2 ppm related to octa-
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hedrally coordinated extra-framework Al [57]. The relative inten-
sity of tetrahedral (framework) and octahedral (extra-framework)
Al in ZSM-5 before and after SCW treatment are shown in Table
4. 78.1% of tetrahedral Al decreased to 21.9%, but 28.9% of octa-
hedral Al increased to 71.1%, due to the formation of a consider-
able amount of extra-framework by leaching framework Al from
the zeolite lattice, which corresponded to the generation of strong
or weak Lewis acid sites obtained from the NH;-TPD result. The
appearance of a new signal around 33 ppm signified a deformed
tetrahedral framework Al or a penta-coordinated Al [57] and
could be a transition state between tetrahedral Al and coordi-
nated Al in SCW. The Al NMR MAS spectra also showed the
dealumination. Generally speaking, desilication of zeolite frame-
work was because hydroxide ions attack Si-O-Si bonds in the zeo-
lite framework, often occurring in hot liquid water, as shown in
Eq. (1) [58]. Dealumination was attributed to hydronium ions attack-
ing Si-O-Al bonds, often occurring in steam environment, as shown
in Eq. (2) [58].

=Si— O—Si=+H- OH<«>=Si—- OH+OH-Si= (1)
=Al - O-Si=+H- OH«>OH-Si=+OH +Al )

Both of the two degradation mechanisms existed during SCW
treatment process, due to the state of SCW between liquid and steam.
The attack rate of ions to framework bonds was quick in SCW
and thus resulted in the serious collapse of crystalline structures in
the zeolites.

CONCLUSIONS

The hydrothermal stability of zeolites in Supercritical water (SCW)
mainly depended on their framework type, Si/Al, constituent ele-
ments in this study. The collapse of crystalline structure in 13X,
HY, Beta, SAPO-11 and SAPO-34 was more serious than ZSM
zeolites (TS-1 (titanium silicalite), ZSM-5 and ZSM-35). The crys-
talline structures of HY, Beta, SAPO-11 and SAPO-34 completely
collapsed. The increase of relative crystallinity in 13X, TS-1, ZSM-
5 and ZSM-35 was attributed to the increase of particle sizes due
to the zeolite agglomeration. With the same framework type, 13X
had higher hydrothermal stability than HY because the existence
of extra-framework Al (EFAL) formed by leaching framework
work could protect the framework against hydrolysis. Micropore
surface areas of all zeolites decreased, but external surface area of
13X and ZSM zeolites increased. BET surface areas also decreased,
except for TS-1 with the decrease of micropore surface area, the
increase of external surface area and almost invariable BET sur-
face area. TS-1 had the highest hydrothermal stability in the zeo-
lites. Therefore, Titanium silicalite zeolite was more stable than
aluminosilicate and silicoaluminophosphate zeolites.

After SCW treatment, the acid content of ZSM-5, TS-1, ZSM-
35 and 13X was greatly reduced. SCW-treated zeolites generated
strong Lewis acid sites due to the formation of EFAL, which the
micropore structure remained in the zeolites. Desilication was
simultaneous with dealumination in SCW, but dealumination was
more serious. This phenomenon resulted in the increase of frame-
work Si/Al ratio and the decrease of total acid content. During
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SCW treatment process, tetrahedral (Framework) Al was trans-
formed to deformed tetrahedral framework Al or penta-coordi-
nated Al, and then octahedral (extra-framework) Al According to
the obtained results, some theoretical basis can be provided for
making supported catalysts using supercritical water impregna-
tion. In addition, SCW treatment can modify and regenerate zeo-
lites to produce new zeolites or materials.
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Fig. S1. TEM images of parent and SCW-treated 13X at 22.5 MPa, 385 °C and 10 min.
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Fig. $2.” A1 MAS NMR spectra of parent and SCW-treated 13X at 22.5 MPa, 385 °C and 10 min.
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Table S1. Texture characteristics of parent zeolites and zeolites treated by SCW at 22.5 MPa, 385 °C and 10 min

BET Micropore External Average Average Total pore Micropore
surface surface area surface pore width particle volume volume
area (m*/ 2) (m?/ 2) area (m?/ 2) (nm) size (nm) (m?/ g) (m?/ g)
ZSM-5 365 320 45 2.09 16.44 0.193 0.143
TS-1 363 321 42 2.12 16.52 0.197 0.136
ZSM-35 322 300 22 3.22 15.87 0.262 0.127
13X 615 551 64 2.48 9.75 0.378 0.246
Parent HY 631 611 20 1.73 11.54 0273 0230
Beta 565 406 159 3.80 10.61 0.535 0.180
SAPO-34 607 567 40 2.18 9.89 0.329 0.253
SAPO-11 183 122 61 527 32.67 0.246 0.055
ZSM-5 328 264 64 2.67 18.31 0.221 0.117
TS-1 362 305 57 2.38 16.59 0.215 0.139
ZSM-35 194 162 32 453 26.31 0.216 0.068
13X 177 87 90 4.58 33.92 0.197 0.041
SCWreated — pyy 59 29 30 2671 70.66 0.202 0.004
Beta 91 53 38 4.93 65.66 0.110 0.024
SAPO-34 55 55 6.06 108.90 0.085
SAPO-11 44 44 9.13 137.51 0.104
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