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Abstract SAPO-34, a silicoaluminophosphate zeolite, has
been synthesized by the hydrothermal method with the
addition of different molecular weights of polyethylene
glycol (PEG), and has been characterized with XRD, SEM,
N, adsorption—desorption, FT-IR, and NH; temperature-
programmed desorption (NH3-TPD). We studied SAPO-34
as a catalyst in the methanol-to-olefins (MTO) reaction, in
a fixed-bed reactor. The results show that the chain length
of PEG has a great influence on the particle size and
morphology of SAPO-34. PEG acts as inhibitor in the
crystallization process. With the increase of the chain
length of PEG used in the synthesis, from a relative
molecular weight of 400-6000, the morphology of SAPO-
34 changes gradually from cubic to nanoplate-like and then
changes to cubic again. The particle size decreases mark-
edly at first and then increases to some extent. The catalytic
stability in the MTO reaction also increases first and then
decreases, with all the catalysts having almost the same
selectivity to olefins. When the sample is synthesized with
PEG800, the particles become nanoplate-like with a
thickness of 46 nm on average, and the catalytic stability is
appreciably prolonged, which is attributed to the shorter
diffusion paths of the reactants in the zeolite.
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Introduction

Zeolites with shape selectivity, high surface area, and high
thermal stability, such as ZSM-5, TS-1, and SAPO-34
[1-7], are increasingly common in the field of catalysis,
because microporous materials with selected properties and
functions are in extreme demand in the contemporary
chemical industry. SAPO-34, a silicoaluminophosphate
zeolite with a large chabazite (CHA) framework structure
and small 8-ring pore (0.38 nm x 0.38 nm), has attracted
great attention as a catalyst in a number of reactions, such
as hydrogen purification, CO,/CH, separation, the dehy-
dration of fructose into HMF, and the conversion of
methanol-to-olefins (MTO) [8—11]. Among the reactions
mentioned above, the MTO reaction plays an important
role in the chemical energy industry. It has been shown that
the MTO process is an extremely successful process for the
production of light olefins, because it is a non-petro-
chemical route, and methanol is very inexpensive as a raw
material. With the rapid rise of energy consumption,
research of MTO and SAPO-34 is obviously necessary and
urgent.

Since the Union Carbide Corporation invented SAPO
molecular sieves in the 1980s [12], numerous experiments
have been conducted to optimize the catalytic properties of
SAPO-34 catalysts, including changing the materials and
synthesis methods, such as the hydrothermal synthesis
method and steam-assisted dry gel conversion method
[13, 14]. Lee et al. [15] discovered that SAPO-34 synthe-
sized with a mixture of both morpholine and tetraethyl
ammonium hydroxide (TEAOH) as the template could
reduce the particle size and lead to morphological changes
compared with using a single template. Wang et al. [16]
synthesized SAPO-34 crystallites with smaller crystallites
(160 nm), larger surface areas (648 mz/g), and more acid
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sites than the catalysts synthesized with the traditional
method via a two-step hydrothermal crystallization.
Charghand et al. [17] used the ultrasound-assisted
hydrothermal method and synthesized SAPO-34 with a
higher surface area, perfect crystallinity, and uniform par-
ticle size. Alvaro-Mufioz et al. [18] shortened the crystal-
lization time from days to several hours by using
microwave-assisted hydrothermal synthesis and obtained
nanocrystalline SAPO-34 catalysts. Yang et al. [19]
obtained mesoporous SAPO-34 by introducing poly-
ethylene glycol (PEG20000) as a mesogenerator during the
synthesis process and tested the catalyst in the dehydration
of fructose into HMF. Cui et al. [20] synthesized SAPO-34
with PEG2000 and obtained samples with a coarse and
rough surface containing a large number of mesopores.
Razavian and Fatemi [21] found almost the same result in
their research and concluded that PEG could act as both a
crystal growth inhibitor and mesogenerator, which depen-
ded on the synthesis condition. Xu et al. [22] reached a
similar conclusion when synthesizing SAPO-34 and ZSM-
5 small crystals with PEG as crystal growth inhibitor.

According to Guo et al. [23], wandering PEG polymer
molecules surround the surface of preformed particles to
postpone further growth. In addition, the chain length of
PEG is capable of affecting the particle size and mor-
phology. Much research has been carried out with PEG, but
the effect of the polymerization degree of the PEG on the
synthesis of SAPO-34 and the performance of SAPO-34
synthesized with different chain lengths of PEG in the
MTO reaction have never been reported.

In this work, PEG with different polymerization degrees
was introduced as a molecular sieve growth inhibitor during
the hydrothermal synthesis of SAPO-34 catalysts. The
addition of PEG with different polymerization degrees in the
synthesis can reduce the particle size and change the mor-
phology from cubic to nanoplate-like, which is in favor of the
mass transfer in the MTO reaction. The effect of PEG on the
textural properties of SAPO-34 catalysts is investigated by
SEM, XRD, FT-IR, NH; temperature-programmed desorp-
tion (NH3-TPD), and N, adsorption—desorption.

Experiment
Materials

Pseudoboehmite (58% Al,03) was purchased from Shan-
dong Aluminium Industry Co., Ltd., China. Phosphoric acid
(85%), methanol (AR) and polyethylene glycol (PEG400,
PEG800, PEG2000, and PEG6000) were purchased from
Tianjin Guang Fu Fine Chemical Research Institute Co.,
Ltd., China. LUDOX As-40 colloidal silica (40 wt% sus-
pension in water) was purchased from Sigma-Aldrich.
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TEAOH 35 (wt% aqueous solution) was purchased from
Zhenjiang Runjing High Purity Chemical Co., Ltd., China.

Synthesis of SAPO-34

SAPO-34 crystals were prepared in the reaction mixtures
with molar compositions of 1 Al,05:0.2 SiO,:1 P,05:70
H,0:2 TEAOH. In the synthesis of sample-400 to sample-
6000, 5 g of various molecular weights of PEG (PEG400,
PEGS800, PEG2000 and PEG6000) was introduced into the
above mixture. For the synthesis of sample-0, no PEG was
added into the mixture. The preparation of SAPO-34 cat-
alysts was conducted as described in Ref. [20]. In a typical
preparation of sample-400, 5.79 g deionized water was
mixed with 4.48 g pseudoboehmite first, and then 5.91 g
phosphoric acid was added dropwise. After continuous
stirring for 1h, 0.77 g silica sol was added into the
resultant solution slowly, and then stirred for 1 h continu-
ously. Finally, 5 g PEG400 was introduced into the mix-
ture. The reaction mixture was further stirred for 2 h, until
a homogeneous mixture was obtained. Then the mixture
was transferred into a Teflon-lined autoclave and aged at
120 °C for 24 h. Subsequently, the autoclave was heated at
200 °C for 48 h. The product was separated after the
autoclave cooled down to room temperature, and washed
with deionized water 3—4 times. Then the product was
dried at 120 °C for 24 h, followed by calcination at 550 °C
for 5 h at a heating rate of 2.5 °C/min. In order to exclude
the effect of PEG concentration, different amounts of PEG
800 (0.67, 2, and 10 g) were introduced into the above
mixture, synthesized and treated in the same way. The
samples are designated as S—x—y, with x and y representing
the molecular weight and the grams of PEG, respectively.

Characterization

XRD analysis was conducted on a Rigaku D/max 2500
diffractometer using a graphite monochromator with Cu Ka
radiation (4 = 0.15418 nm) at a scanning rate of 8°/min from
5° to 40°. SEM images were obtained from an S-4800 field-
emission scanning electron microscope with an accelerating
voltage of 5 kV. FT-IR spectra of the catalysts were obtained
by a Bruker Vertex 7.0 Fourier transform infrared spectrom-
eter using the KBr technique. The infrared absorbance spectra
were recorded from 4000 to 400 cm ™" with a resolution of
4 cm™"'. N, adsorption/desorption isotherms were measured
on a Micromeritics Tristar 3000 apparatus at —196 °C. The
specific surface areas were calculated by the Brunauer—-Em-
mett-Teller (BET) equation, and the micropore surface areas
and micropore volumes were calculated by a #-plot. The sur-
face acidity of the catalyst was measured by NH3-TPD on a
Xianquan TP-5076 TPD analyzer equipped with a thermal
conductivity detector. The heating rate was 10 °C/min.
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Methanol-to-Olefins Reaction in a Fixed-Bed
Reactor

A1 gsample of SAPO-34 catalyst (2040 mesh) mixed with
1 g quartz, of the same particle size, was added into a quartz
tube reactor (L = 320 mm, d = 12 mm). The temperature
of the reactor was maintained at 425 °C, and the temperature
fluctuations during the reaction were kept less than 0.5 °C.
The system was protected by a constant N, flow of
60 cm® min~' to make the reactants flow through the cata-
lysts at a particular flow rate and to protect the catalysts from
reacting with air. A mixed solution of methanol and H,O was
fed into the reactor by a micropump. The molar ratio of
methanol/H,O was 1:1. In order to evaluate the life of the
catalyst accurately, the weight hourly space velocity
(WHSYV) of the methanol was kept at 2 h™! (2 g methanol
per gram catalyst per hour), as per the industry standard.

Product Analysis

The products were analyzed by an online gas chromatograph,
SP-2100, with a flame ionization detector and a packed-
column KB-PLOT-Q (50 m x 0.32 mm x 10 um) to sep-
arate the C—Cg hydrocarbons. The temperature of the col-
umn was maintained at 60 °C for 4 min and then increased to
180 °C at a heating rate of 20 °C/min. C,—C; were the main
products and C4—Cg were the main byproducts. The con-
version of methanol X ,emanor and the selectivity to C,—Cs,
Sca_c3, were calculated as follows:
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Fig. 1 XRD patterns of SAPO-34 synthesized with PEG

20.6°, 24.9°, 25.9°, 30.6°, and 31.0°, indicating that all the
samples were successfully crystallized with a high degree
of crystallinity and are related to SAPO-34 without any
crystalline impurities, as reported in Refs. [24, 25]. In
addition, the peak at 20.6° partly indicates the particle size
of the sample [16]. From the height of the peak at 20.6° in
the XRD patterns, we can see that the particle size becomes
smaller when PEG was introduced. In addition, the S-800
samples (S-800-0.67, S-800-2, S-800-5, and S-800-10),
which are synthesized with PEGS800, exhibit the least
intense reflection and have a relatively ill-defined pattern at
the 20.6° peak, which suggests that the crystallite size of
S-800 samples is significantly smaller than those of all the
other samples. It can also be observed that the S-800 pat-
terns are decreasing in peak intensity and are broadening;

x 100%, (1)

Xmethanol = 1 —
methano ne, + 2n¢, + 3n¢, + 4ne, + Sne, + 6ne, + Tne, + 8ng,
and
s _ 2”elhy]ene + 3npmpylene % 100%
27O gy + 21, + 30, + dne, + Sneg + 6ng + Te, + 81, 07
(2)

where n is the mole of the product detected by the online
gas chromatograph.

Results and Discussion

Characterization of SAPO-34 Prepared
with Different Molecular Weights of PEG

XRD patterns of the synthesized SAPO-34 are shown in
Fig. 1, which clearly show the well-resolved peaks in the
range of 5°—40°. It can be obviously observed that all the
catalysts synthesized with or without PEG have the CHA
structure of SAPO-34 at 20 = 9.5°, 12.9°, 15.0°, 17.7°,

this change shows that the average particle size of the
S-800 samples is around 200 nm [15, 16]. The relative
crystallinity, calculated by comparing the total intensity of
the five characteristic peaks of SAPO-34 at 20 = 9.5°,
12.9°, 15.0°, 17.7°, and 20.6°, are listed in Table 1 [26].
The crystallinity of S-O is taken as 100%. The results
indicate that the relative crystallinity of SAPO-34 decrea-
ses with the addition of PEG. As the molecular weight of
PEG increases from 400 to 800, the relative crystallinity of
the samples decreases slightly. Subsequently, the relative
crystallinity increases with increasing molecular weight of
PEG from 800 to 6000. What causes the phenomenon is the
addition of PEG that acted as a crystal growth inhibitor of
SAPO-34 during the synthesis, because different molecular
weights of PEG can hinder the crystal growth of the cat-
alysts to different extents. However, the SAPO-34 samples
synthesized with different amounts of PEG 800 have
similar particle sizes and relative crystallinities.
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52218}3 41;2)1(5;215 properties of Sample Average particle size (nm) Relative crystallinity (%) SBFET Smizcm Sexﬁ Vmic{o
(m%g) (m%/g) (m7/g) (cm/g)
S-0 1931 100 592 582 10 0.268
S-400-5 467 88 609 586 23 0.274
S-800-5 267 84 626 580 46 0.271
S-2000-5 580 91 603 582 21 0.275
S-6000-5 1536 98 596 584 12 0.276
S-800-0.67 272 83 / / / /
S-800-2 284 84 / / / /
S-800-10 281 83 / / / /

Sget is BET surface area, Sp,icro 1S micropore surface area, Sy is external surface area, Vyjcro 1S micropore

volume

Figure 2 shows the SEM images of SAPO-34 catalysts
synthesized with different molecular weights of PEG. It
can be seen from the images that sample-0, which was
synthesized without PEG, is a typical cube-like SAPO-34
with an average particle size of 1931 nm. With the addition
of different molecular weights of PEG, the particle size and
morphology of the catalysts change to some extent. The
average particle size of each sample is listed in Table 1. It
can be observed that the average particle sizes of SAPO-34
decrease with the increasing molecular weight of PEG
from 400 to 800. However, as the molecular weight of PEG
increases from 800 to 6000, the average particle sizes of
the samples increase. The particles in the SEM images of
S-400-5 and S-2000-5 almost have the same morphology.
Most of the particles shown in the images of S-400-5 and
S-2000-5 are not very cube-like. Some defects can be
noticed easily on the surface of the cube. The reason for
this phenomenon is inhibition during the crystallization
process caused by the introduction of PEG. The SEM
image of S-800-5 shows that all the crystals exhibit uni-
form nanoplate-like morphology, with an average particle
size of 267 nm, which is in good agreement with the XRD
results obtained above. Particularly, the thickness of each
plate is thin and has an average particle size of 46 nm,
which is in favor of mass transfer.

Figure 3 shows the SEM images of SAPO-34 catalysts
synthesized with different amounts of PEG800. The SEM
images show that all the samples synthesized with different
amounts of PEG800 exhibit uniform nanoplate-like mor-
phology. The average particle sizes of the samples are
listed in Table 1. It can be concluded that the differences of
the morphology and particle size among S-400-5 to
S-6000-5 were not caused by the different amounts of
added PEG.

In order to illustrate the formation mechanism of
nanoplate-like SAPO-34, a schematic crystallization pro-
cess is sketched in Scheme 1. To emphasize the effect of
the growth inhibitor PEG, the formation mechanism of
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cube-like SAPO-34 is also sketched in Scheme 2 for
comparison. As we can see in Scheme 2, the precursor
solution partially crystalized to form disc-like particles at
first. Secondly, the disc-like particles changed to be
nanoplate-like with further crystal growth. Then the
nanoplate-like crystals stacked one-by-one, and finally, the
cube-like particle took shape [19, 27]. For the nanoplate-
like sample, PEG was introduced into the precursor solu-
tion and existed in a chain-like state in it. When the
nanoplate-like particles were formed, the chains of PEG
adhered on the surface of the particles to form a protective
film, which can protect the particles from stacking upon
each other. Therefore, the length of the chain has a strong
effect on the formation of the nanoplate [23]. If the chains
are not long enough, the protective film, which is formed
by the chains of PEG, would be too thin to prevent the
particle from touching other particles. If the chains are too
long, they are more likely to intertwine with each other and
cannot adhere well to the surface of the particles or form a
protective film.

The FT-IR spectra of SAPO-34 samples synthesized
with different molecular weights of PEG are given in
Fig. 4. The FT-IR spectra of all the samples are similar and
agree with the typical FT-IR spectra of SAPO-34 reported
in Ref. [28]. Framework vibrations can be observed at 490,
632, 730, 1095, 1651 and 3445 cm ™', which are similar to
those of the CHA structure [29]. The absorption peaks at
490 and 632 cm ™" are T-O bending bands of SiO4 and D-6
rings, and the bands at 730 and 1095 cm ™' correspond to
the symmetric stretch vibration of P-O and Al-O and
asymmetric stretch vibration of O-P-O, respectively.
Furthermore, the peak at 1651 cm™! is the vibration of
hydroxyl groups from adsorbed water on the samples. The
last band at 3445 cm™! is attributed to Si—-OH and P-OH
groups interacting through H-bonds [30].

The textural properties of the calcined catalysts were
analyzed by nitrogen adsorption—desorption at —196 °C.
The isotherms of SAPO-34 synthesized with different
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Fig. 2 SEM image of SAPO-34
synthesized with different
molecular weights of PEG: a S-
0, b S-400-5, ¢ S-800-5, d S-
2000-5, e S-6000-5
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molecular weights of PEG are shown in Fig. 5. The BET
specific surface areas, micropore surface areas, and
micropore volumes of the samples are listed in Table 1. It
can be observed that all the samples present type I iso-
therms according to the IUPAC classification [31, 32].
With the addition of PEG, the external surface area of the
samples increased, but the micropore surface area almost
have no change. This phenomenon is caused by the
decrease of the particle size, which is shown in the SEM
images. The additional nitrogen uptake and small hys-
teresis loop at high relative pressure in the isotherm of
S-800-5 are caused by the interparticle spaces in the
mesopore-size range [18]. It is necessary to mention that
the technique used here is not the most appropriate method
to detect the surface and pore volume of micropore mate-
rials, like SAPO-34, unambiguously. The results here
should be used only for comparison [18].

S-4800 5.0KV 10.0mm X20.0K SEM

NH;-TPD was used to measure the acid properties of
the samples. As shown in Fig. 6, two distinct NH;3 des-
orption peaks can be seen in the NH3-TPD profiles at
180-220 °C and 400-500 °C. They are similar to the
reported reference data for the acid properties of SAPO-
34 [33]. Usually, the desorption temperature is a measure
of the strength of the acid sites. The temperature des-
orption peaks at 180-220 °C are representative of the
weak acid sites, which correspond to P-OH hydroxyl
groups that are not fully coordinated by AlO, tetrahedra.
The temperature desorption peaks at 400-500 °C are
representative of the strong acid sites [34], which corre-
spond to the incorporation of silicon into the framework
of the SAPO-34 catalyst. The details of the concentrations
of acid sites calculated by the areas of the temperature
desorption peaks are shown in Table 2. It can be observed
that the addition of PEG with different polymerization
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Fig. 3 SEM image of SAPO-34
synthesized with different
amounts of PEG 800: a S-800-
0.67, b S-800-2, ¢ S-800-5, d S-
800-10

Scheme 1 Schematic PEG
representation of crystallization
process of nanoplate-like

”?“IE/I;(())I? Si]ing]l;(s;iggg with Partial Further crystal
o crystallization ; growth
"o A%
Precursor solution Nanoplate-like
The stack of
nanoplate

degrees has no systematic effect on the concentration of
the weak acid sites. However, a slight decrease can be
seen in the concentration of the strong acid sites with the
addition of PEG, which is the same result that was
reported in Ref. [31]. Therefore, the longer the chain of
PEG is, the fewer strong acid sites will occur. As the
strong acid site corresponds to the incorporation of silicon
into the framework of SAPO-34 catalyst [35, 36], we can
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Nanoplate-like

speculate that the long chain of PEG can hinder silicon
from incorporating into the framework to some extent.

Catalytic Performance of SAPO-34
for the Methanol-to-Olefins Reaction

The catalytic performance of SAPO-34 synthesized with
the addition of PEG in the methanol-to-olefins reaction
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Scheme 2 Schematic
representation of crystallization
process of cube-like SAPO-34

Further crystal
synthesized with TEAOH Rkl Y
crystalllzatlon growth

Precursor solution Nanoplate-like

The stack of
nanoplate
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Fig. 4 FT-IR spectra of SAPO-34 synthesized with different molec- Fig. 6 NH;-TPD profiles of SAPO-34 synthesized with different
ular weights of PEG molecular weights of PEG

600 S-6000-5 Table 2 Acid properties of SAPO-34 samples
P_’? Sample Weak acidity Strong acidity Total acidity
23 500 S-2000-5 (mmol/g) (mmol/g) (mmol/g)
“E ]
S 400 |, oudiasssss S-0 0.59 0.70 1.29
2 S-400-5 0.58 0.67 1.25
2 300, it S-400-5 $-800-5 0.65 0.66 131
> $-2000-5 0.62 0.64 1.26
€ 200 S-6000-5 0.66 0.62 1.28
3

100 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0 . . ) o
Relative pressure (plp,) has been investigated and the results are given in Fig. 7.

All the samples show a high methanol conversion (100%)
Fig. 5 N, adsorption—desorption isotherms of SAPO-34 synthesized and high selectivity (80—-86%) to ethylene and propylene
with different molecular weights of PEG during the stable online reaction time. The methanol
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Fig. 7 Catalyst performance for the MTO reaction over SAPO-34
synthesized with different molecular weights of PEG (reaction
conditions: T = 425 °C, P = 1 atm, 1.00 g catalyst mixed with 1 g
quartz sand, 56.07 cm’/min N, CH;0H:H,0 = 1:1 (mol), WHSV
(CH;0H) =2 h™")

conversion over the SAPO-34 catalysts synthesized with
PEG exhibits remarkably enhanced catalyst lifetimes, and
the lifetimes of SAPO-34 synthesized with PEG400,
PEGS800, PEG2000, and PEG6000 are 306, 456, 366, and
216 min, respectively, which are much longer than
186 min for the conventional cube-like SAPO-34. The
lifetime here represents the duration of time when the
conversion of methanol is above 99%. Most likely, the
changes in the performance of catalysts result from a
combination of several effects: the particle size, the
crystallinity, the concentration of strong acid sites, and the
surface areas. Normally, SAPO-34 with a smaller con-
centration of strong acid sites exhibits slower catalyst
deactivation and longer lifetimes. In contrast, a higher
concentration is good for the conversion of methanol. This
is why the sample synthesized without PEG has a higher
selectivity than the other samples at the beginning of the
reaction, but the sample synthesized without PEG exhibits
a short lifetime. The reason could be that the bigger bulk
crystal size of sample-0 leads to a longer diffusion path.
With a longer diffusion path, the carbon chain of the
products gets longer and longer with further conversion
on the strong acid sites [37]. Finally, when the carbon
chain is long enough to plug up the pore, the products
inside the particles can no longer diffuse to the outside,
which causes the fast carbon deposition and final deacti-
vation [38]. In contrast, the nanoplate-like SAPO-34 with
a smaller particle size, which is in favor of mass transfer,
can greatly enhance the diffusion of the products inside
the crystals, and thus inhibits the catalyst deactivation. As
the reaction time continues, the carbon deposition makes
the pores become smaller, and then long carbon chain
products, like Cs to Cg, have difficulty diffusing out of the
particles, which is why the selectivity gets higher as the
reaction time increases.
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Fig. 8 Catalyst performance for the MTO reaction over SAPO-34
synthesized with different amounts of PEG800 (reaction conditions:
T =425°C, P =1 atm, 1.00 g catalyst mixed with 1 g quartz sand,
56.07 cm®/min N, CH;0H:H,0 = 1:1 (mol), WHSV
(CH;0H) =2h™ 1

The catalytic performance of SAPO-34 synthesized with
different amounts of PEG800 in the MTO process has been
investigated and the results are given in Fig. 8. It can be
observed that all the samples show excellent MTO per-
formance. No appreciable difference could be seen on
methanol conversion or selectivity among the samples.
According to this result, it can be concluded that the dif-
ferences on the MTO performance among S-400-5 to
S-6000-5 were not caused by the different amounts of the
added PEG.

Conclusions

SAPO-34 catalysts with different morphologies and parti-
cle sizes are synthesized by the hydrothermal method in
which PEG acted as a crystal growth inhibitor. Compared
with the traditional cube-like SAPO-34, the samples syn-
thesized with PEG400 and PEG2000 are not very cube-like
and have an obviously smaller particle size. Some defects
could be noticed easily on the surface of the cube. The
sample synthesized with PEG6000 has similar morphology
with the traditional cube-like SAPO-34. But the average
particle size, which is 1536 nm, is smaller than the typical
one of 1931 nm. Nanoplate-like SAPO-34 with a thickness
of 46 nm has been successfully synthesized with the
addition of PEG800. PEG800 was charged into the syn-
thesis to inhibit the intergrowth of the primary crystals via
adherence to the surface of the primary crystal, thus,
allowing the nanoplate-like catalyst to take shape.

An enhanced lifetime in the MTO reaction on the
nanoplate-like catalyst was obtained. The prolonged life-
time has been attained without noticeable loss of selec-
tivity. The strong acid sites and the improved mass transfer
are the main causes of the prolonged catalytic lifetime of
the nanoplate-like catalyst.
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