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Abstract

A one-pot direct synthesis of Cu-SAPO-34 has been achieved that allows more than
90% vyield in the material synthesis. By this method it is easy to control the Cu-loading
in the Cu-SAPO-34. It is presented that a maximum in hydrothermal stability with very

high activity for NOx SCR with NH3 is obtained for an optimum Cu loading.
Keywords

One-pot synthesis, silicoaluminophosphate, SAPO-34, selective catalytic reduction

(SCR), nitrogen oxides (NOx)
Highlights

- Rational direct synthesis of Cu-SAPO-34 by using the co-directing templates.
- Easy control of Cu-loading in Cu-SAPO-34 materials, and very high solid yields.
- High activity and stability for SCR of NOx.
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1.- Introduction

Nitrogen oxides (NOx), involving nitric oxide (NO), nitrogen dioxide (NO,) and nitrous
oxide (N,0) are major air pollutants [1]. NOx is generated primary by the combustion
of fossil fuels, both in transportation and industrial processes. However, transports,
and especially those working with diesel engines, are the main sources of NOy
emissions [2]. Selective catalytic reduction (SCR) of NOx by ammonia has become the
most used emission control [3], and catalysts based on vanadia are in commercial use
since 2005 for diesel vehicles[4]. However, vanadia catalysts suffer some serious
drawbacks, as oxidation of SO, to SOz (which would react with H,O resulting in H,SO4),
and low activity and selectivity at high temperatures due to the sintering of vanadia

species [5].

The discovery of copper-exchanged zeolites as active and stable catalysts for the SCR
of NOx by Iwamoto et al. introduced an attractive alternative to vanadia-based
materials [6]. Several metal-exchanged molecular sieves, primary medium and large
pore zeolites, have been reported in the last two decades for the SCR of NOx [7].
Unfortunately, those materials present low hydrothermal stability when reacting
under harsh conditions (presence of steam at high temperatures). Recently, BASF
researchers have described that copper-containing small-pore chabazite zeolite shows
much better hydrothermal stability than large pore zeolites (Cu-Beta or Cu-Y) [8]. This
description has revived the industrial interest in metal-containing molecular sieves for
NOx abatement [9]. In this sense, Lobo et al. [10] have reported that the higher
hydrothermal stability and better catalytic behavior of Cu-CHA for SCR of NO, is due to
the localization of copper atoms coordinated to the double six-membered rings units

(D6-MR) present in the large cavities of chabazite structure.

Conventionally, those metal-containing molecular sieves are obtained by post-
synthesis ion-exchange procedures. Indeed, several steps, such as hydrothermal
synthesis of the molecular sieves, calcination, metal ion exchange, and calcination are

required to get the final metal-containing molecular sieves.

Recently, Xiao et al [11] have nicely reported the direct preparation of Cu-SSZ-13

zeolite (SSZ-13 is the silicoaluminate form of the CHA structure) by using a low-cost



copper-amine complex (Cu®" with tetraethylenepentamine, Cu-TEPA) as an efficient
template. This methodology allowed the direct introduction of extra-framework
copper species in the CHA cages, revealing promising results in SCR of NOx reaction.
Despite the remarkable impact that this discovery could have on the NOx field, the
materials reported in this manuscript suffer from important drawbacks. SSZ-13
syntheses with several Si/Al ratios (5, 7.5, 12.5, and 17.5) were attempted, but the final
Si/Al ratios into the solids were much lower (4.1, 4.3, 5.3, and 7.5, respectively). These
values clearly indicate that large part of the initially introduced silicon species
remained in solution when the Si/Al ratio was increased, notoriously affecting to the
SSZ-13 yield. Moreover, the desired industrial catalysts for the SCR of NOx must show
high hydrothermal stability due to the reaction conditions, i.e. high temperature and
presence of steam. It is well known that zeolites with low Si/Al ratio (less than 10)
suffer severe dealumination processes in presence of steam at high temperature [12].
In fact, the SCR of NOx experiment described by Xiao was performed on the sample
with Si/Al ratio of 4.1 under mild conditions (low space velocity), and the stability of
the synthesized samples under hydrothermal treatments was not studied.
Furthermore, the different Cu-SSZ-13 examples reported by Xiao et al. show similar Cu
loadings (Cu/Si = 0.09-0.10), indicating that the amount of Cu on SSZ-13 samples

cannot be easily varied in a controlled manner.

In addition to SSZ-13, the chabazite molecular sieve can be synthesized as
silicoaluminophosphate form, SAPO-34 [13]. Cu-exchanged SAPO-34 has also been
shown as a very stable and active material for SCR of NOx [14]. In the last years, some
groups have attempted the direct preparation of Cu-SAPO-34 in order to achieve an
inexpensive and more efficient synthetic route for this metal-substituted material [15].
In those cases morfoline and copper oxide were used as organic structure directing
agent (OSDA) and copper source, respectively. Those crystalline Cu-SAPO-34 materials
show very low Cu contents [Cu/(Al+P) = 0.02], and samples with higher Cu loadings
direct into amorphous materials, low solid yields (lower than 70% of initial sources),
and mixture of metal in framework positions and extra-framework cationic
positions.[15c] During the preparation of the present manuscript, a very interesting

paper studying the effect of the synthesis approach (cation exchange, chemical vapor



deposition and direct synthesis) on the nature of the Cu active site, and therefore, on
the SCR of NOx activity, has been published.[16] In that work, the authors showed the
direct synthesis preparation of Cu-SAPO-34 material by using a combination of
templates, such as the Cu2+—triethylenetetramine complex and tetraethylammonium
cations, obtaining interesting catalytic results for the SCR of NOx. Those experiments
were performed in absence of steam, and moreover, the catalyst stability tests against

severe ageing treatments were not carried out.

Herein, we will show a very detailed and rationalized “one-pot” Cu-SAPO-34
preparation, from the use of a Cu-complex (Cu®* with tetraethylenepentamine, Cu-
TEPA) as the unique template, to the cooperative and fundamental role of a small
organic molecule (as diethylamine, DEA) acting as co-template. Following this
rationalized direct synthesis methodology, the Cu-loading in extra-framework positions
into the material can be easily controlled, and the final solid yields obtained are very
high (larger than 90% of expected solids from initial precursors). Those Cu-SAPO-34
samples are extremely active and hydrothermally stable when tested in the SCR of NOx
reaction under very severe reaction conditions (very high space velocity, and presence
of steam at very high temperatures). The combination of the direct synthesis of Cu-
SAPO-34 together with hydrothermal stability and excellent catalytic results obtained
for the SCR of NOx introduces new opportunities for the industrial use of this type of

material.

2.- Experimental

2.1.- Synthesis

2.1.1.- Direct syntheses of Cu-SAPO-34 materials

In a general procedure for the Cu-SAPO-34 preparation, the Cu-complex was firstly
prepared by mixing a 20%wt of an aqueous solution of copper (ll) sulfate (98%wt, Alfa)
with the tetraethylenepentamine (TEPA, 99%wt, Aldrich). This mixture was stirred for
2 hours until complete dissolution. Secondly, distilled water and phosphoric acid (85%

wt, Aldrich) were added and stirred during 5 minutes. Third, alumina (75%wt, Condea)
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and silica (Ludox AS40 40%wt, Aldrich) sources were introduced in the gel mixture.
Finally, diethylamine (DEA, 99%wt, Aldrich) and SAPO-34 seeds (5%wt of expected final
yield), if required, were added in the gel, and the mixture was stirred during 30
minutes. The resulting gel was transferred to an autoclave with a Teflon liner, and
heated at 1502C under static conditions during the required time (see experimental
conditions for each sample in Table 1, Table 3, or Table 4). Crystalline products were
filtered and washed with abundant water, and dried at 1002C overnight. The samples

were calcined at 5502C in air to properly remove the occluded organic species.

2.1.2.- SAPO-34 synthesis for post-synthesis Cu-exchange

SAPO-34 was synthesized following the procedure describe in the literature [17]. The
molar gel composition was: 2 DEA: 0.6 SiO,: 1 Al;03: 0.8 P,05: 50 H,0, keeping the
mixture autoclaved at 2002C during 72 hours. The resulting product was filtered and
washed with distilled water, and dried at 1002C overnight. The sample was calcined at
5502C in air to remove the occluded organic species.

In order to perform the Cu ion exchange on this SAPO-34 material, the calcined sample
was first washed with NaNO; (0.04M), and afterwards, the sample was exchanged at
room temperature with a Cu(CH3CO,), solution (solid/liquid ratio of 10g/L). Finally, the

sample was filtered and washed with distilled water, and calcined at 5502C for 4 h.

2.2.- Characterization

X-ray diffraction (XRD) measurements were performed on a multisample Philips X’Pert
diffractometer equipped with a graphite monochromator, operating at 40 kV and 45
mA, and usig Cu K, radiation (A = 0,1542 nm).

The chemical analyses were carried out in a Varian 715-ES ICP-Optical Emission
spectrometer, after solid dissolution in HNOs/HCI/HF aqueous solution. The organic
content of as-made materials was determined by elemental analysis performed on a
SCHN FISONS element analyzer. Thermogravimetrical analysis was evaluated using a
Mettler Toledo thermo-balance.

Textural properties were determined by N, adsorption-desorption isotherms measured

on a Micromeritics ASAP 2020 at 77 K.



The morphology of the samples was studied by scanning electron microscopy (SEM)
using a JEOL JSM-6300 microscope.

The NMR spectra were recorded at room temperature on a Bruker AV 400
spectrometer MAS. 295 NMR spectra were recorded with a spinning rate of 5 kHz at
79.459 MHz with a 55° pulse length of 3.5 ps and repetition time of 180 s. *’Al MAS
NMR spectra were recorded at 104.2 MHz with a spinning rate of 10 kHz and a 9° pulse
length of 0.5 us with a 1 s repetition time. Solid-state *'P NMR spectra were recorded
at 161.9 MHz with a spinning rate of 10 kHz, a /2 pulse of 5 us with 20 s repetition
time.

29Si, 2’Al and 3'P chemical shifts were referred to tetramethylsilane, AI3+(HZO)6, and

85% H3PQy, respectively.

2.3.- Catalytic experiments.

The activity of the samples for the selective catalytic reduction of NOx using NH3 as
reductor was tested in a fixed bed, quartz tubular reactor of 2.2 cm of diameter and 53
cm of length. The total gas flow was fixed at 300 ml/min, containing 500 ppm of NO,
530 ppm of NHs, 7% of O,, and 5% of H,0. The catalyst (40 mg) was introduced in the
reactor, heated up to 550 2C and maintained at this temperature for one hour under
nitrogen flow. After that the desired reaction temperature was set (170-5502C) and
the reaction feed admitted. The NOx present in the outlet gases from the reactor were

analyzed continuously by means of a chemiluminiscence detector (Thermo 62C).

2.4.- Steaming procedures

The hydrothermal stability of metal-containing molecular sieves was studied by

steaming with water (2.2 mL/min) at 6002C or 7502C during 13 hours in an oven.

3.- Results

3.1.- Direct synthesis of Cu-SAPO-34 using Cu-TEPA as the unique organic template.



We have first studied the use of the Cu-complex formed by Cu®* with
tetraethylenepentamine (TEPA) in the typical synthesis conditions of SAPO-34 as the
unique organic template. Two different molar ratios of Cu-complex, three of water,
and two P/Al ratios [and consequently two Si/(P+Al)] were screened in order to
synthesize Cu-SAPO-34 by a “one-pot” methodology. The experimental design
performed is summarized in Table 1.

As it can be seen in Figure 1, Cu-SAPO-34 materials were only achieved when a large
amount of complex was introduced in the synthesis media [Cu-TEPA/(AI+P)=0,5]. If the
Cu-complex content was reduced [Cu-TEPA/(AI+P)=0,2], amorphous materials were
obtained. Figure 2 shows the XRD patterns of the SAPO34-1 (as referred in Figure 1) in
as-prepared form and after calcination in air at 5502C. The XRD patterns confirm the
CHA structure of those samples, and also reveal their stability after regular calcinations
in air at 5502C. The other synthesized Cu-SAPO-34 samples in the present study (see
Figure 1), show similar XRD patterns.

Chemical analyses were performed on synthesized Cu-SAPO-34 materials in order to
study their real Cu-content. As seen in Table 2, SAPO34-1 and SAPO34-4 samples show
higher Cu-contents [Cu/(Al+P)=0.21] than the other SAPO34 samples [Cu/(Al+P)=0.13-
0.14]. It seems that under these synthesis conditions, the gel dilution plays an
important role in the Cu-loading, achieving larger Cu-loadings for lower water content
[H,O/(Al+P)=10]. Elemental analyses indicate that the occluded organic molecules
(TEPA) remain intact after the crystallization processes (see experimental C/N ratios in
Table 2).

SAPO34-1 and SAPO34-6 samples, both prepared under very different synthetic
conditions and also containing different copper loadings (see Table 2), were selected
to study their catalytic behavior on the SCR of NOx reaction. Those samples show
medium-activity (see Figure 3) when tested with of 5% of water in the feed and very
high gas hourly space velocity, 450,000 ml/h.g..:. However, SAPO34-6, which contains
lower Cu-loading in the solid, presents better activities at high temperatures. More
interestingly, SAPO34-6 shows similar activity than Cu-exchanged SAPO-34 (see
experimental section for details). Those results clearly indicate the importance of
controlling the Cu amount in extra-framework positions into the final solids for the

catalytic activity on the SCR of NOx.



3.2.- Direct synthesis of Cu-SAPO-34 using different amounts of Cu-TEPA with an
excess of TEPA molecules.

As reported above, the large amount of copper-complex required in the synthesis
media [Cu-TEPA/(AI+P) = 0.5] to achieve Cu-SAPO-34 materials promotes a very large
loading of copper in the final solid [Cu/(Al+P) between 0.13-0.21, see Table 2]. If Cu-
TEPA complex quantity is reduced from the synthesis gel, only amorphous materials
were achieved (see Figure 1). Therefore, a new strategy must be defined in order to
synthesize SAPO-34 materials by direct methodologies but with controlled Cu-loadings.
In this sense, we decided to prepare a new set of experiments where defined ratios of
Cu-complex were fixed [Cu-TEPA/(P+Al) = 0,1, 0,2, 0,3, 0,4] in combination with an
excess of TEPA molecules (see experimental design in Table 3), which would act as co-
organic space fillers, and consequently, would permit the diminution of Cu atoms in
the final crystalline materials.

Unfortunately, only mixtures of SAPO-34 and amorphous materials were obtained in
all experiments when the combination of Cu-TEPA complex and TEPA molecules was
used for the direct preparation of Cu-SAPO-34 materials (see Figure 4). Figure 5 shows

the low crystalline nature of the achieved samples.

3.3.- Direct synthesis of Cu-SAPO-34 using different amounts of Cu-TEPA with a
cooperative OSDA (diethylamine, DEA).

In order to improve the crystallization of SAPO-34 with reduced and controlled Cu-
complex amounts, we decided to study the introduction of a different cooperative
OSDA, such as diethylamine (DEA), which is an organic molecule widely used in the
preparation of regular SAPO-34 [17]. In this sense, controlled quantities of Cu-complex
[Cu-TEPA/(AI+P) = 0.05, 0.1, 0.15 and 0.2] were studied by adding into the mixture an
excess of the cooperative organic molecule DEA, keeping constant the total amount of
organic molecules [Cu-TEPA/(Al+P) + DEA/(AI+P) = 0.5]. The experimental design is
summarized in Table 4.

As seen in Figure 6, SAPO-34 materials were obtained with different amounts of Cu-
complex in the synthesis media, when the Si/(Al+P) ratio was fixed in 0.2, after 7 days

at 1502C. Interestingly, the preparation of fully-crystalline SAPO-34 can be remarkably
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improved when small amounts of SAPO-34 seeds (5%wt of expected final yield) were
introduced in the mixture (see Figure 6). The XRD patterns of the as-prepared SAPO34-
7, -8, and -9, synthesized with different Cu amounts in the synthesis mixture, are listed
in Figure 7.

The characterization of those directly-synthesized Cu-SAPO-34 materials by UV-Vis
spectroscopy confirms the stability of the Cu-complex after the crystallization. UV-Vis
spectra of the Cu-TEPA complex in solution and the as-prepared Cu-SAPO-34 materials
exhibit a strong band at 270 nm, revealing that Cu-TEPA complex is retained intact
after crystallization inside the SAPO-34 materials (see Figure 8). Those occluded Cu-
complex molecules lead the presence of cationic copper extra-framework species after
organic removal by calcination.

Chemical and elemental analyses were performed on those three Cu-SAPO-34
materials synthesized by the cooperative OSDA direct methodology (see Table 5).
Those analyses demonstrate that different and controlled loading of copper into the
final solids is obtained by following the present methodology [see Cu/(P+Al) in Table
5]. Moreover, a good correlation between the amount of DEA and TEPA into the final
solids is found depending on the initial theoretical ratio of Cu-TEPA (the larger the
theoretical Cu-TEPA ratio, the higher the content of TEPA into the final solid), clearly
evidencing a controlled insertion of the Cu-complex during the nucleation-
crystallization processes.

More importantly, the final solid yields of the Cu-SAPO-34 materials obtained after
their calcination are higher than 90%. Those values are much higher than previously
reported yields on the direct synthesis of Cu-SAPO-34 provided by researchers at BASF
(~70%) [15c].

SEM images of the three directly-synthesized Cu-SAPO-34 materials reveal cubic

crystals with similar averaged sizes (6-10 um).

The catalytic activity of those Cu-SAPO-34 materials was studied under severe catalytic
conditions (presence of 5% of water in the feed and very high gas hourly space
velocity, 450,000 ml/h.g..t). As reported in Figure 10, those materials proceed very well
for the SCR of NOx. Particularly, SAPO34-8 shows an exceptional catalytic profile,

indicating that the intermediate extra-framework Cu-loading [Cu/(Al+P) = 0.07] seems
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to be the optimum metal charge for those materials. Those catalytic results clearly
indicate that SAPO-34 materials, especially SAPO34-8, are very active for SCR of NOx
reaction. At this time, further analysis on the product distribution must be performed

in order to study the selectivity of those materials towards the desired N, formation.

Additional characterization has been performed on the optimum SAPO34-8 in order to
study its microporosity, and the coordination of the atoms present in the support. The
N, adsorption isotherm at 77 K shown in Figure 11 reveals the microporous nature of
SAPQO34-8, with a micropore volume of 0.14 cm3/g. The coordination of the atoms
present in the support was studied by solid-state NMR. *'P MAS NMR indicates a single
signal at -28 ppm indicative of one distinguishable type of tetrahedral phosphorous
(see Figure 12A). Al MAS NMR spectrum exhibits a strong peak at 35 ppm, which
corresponds to Al in tetrahedral environments in the framework,[18] while the signal
at 10 ppm has been assigned to five-coordinated aluminium in the framework of
SAPO-34 with water molecules (see Figure 12B).[19] Finally, *>Si MAS NMR spectrum
indicates that part of silicon atoms are selectively replacing phosphorous atoms in the
framework (see signal at -91 ppm in Figure 12C), while the signal at -111 ppm reveals

that Si-rich domains are also present in the final solid.

3.4.- Hydrothermal stability of Cu-SAPO-34 materials synthesized using different
amounts of Cu-TEPA with a cooperative OSDA (diethylamine, DEA).

The hydrothermal stability of those three Cu-SAPO-34 materials synthesized using
different amount of Cu-TEPA with a cooperative OSDA were further studied by
performing steaming treatments at high temperatures (600 and 7502C) during 13
hours. As shown in Figure 13, all three samples show excellent hydrothermal stability
when treated at 6009C in presence of steam for long time periods. The catalytic
activity for SCR of NOx was tested for those hydrothermally-treated samples, and as
seen in Figure 14, both SAPO34-8 and -9 proceed with conversions higher than 90% in
most of the tested temperatures, while SAPO34-7 shows conversion values close to
70%. Despite the similar activity profile between SAPO34-8 and -9, better conversions

are achieved at higher temperatures when working with the former, illustrating the
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enhanced catalytic behaviour of the intermediate Cu-loading SAPO-34, even after the
steaming treatment.

However, when Cu-SAPO-34 materials were treated under more extreme conditions at
7509C in presence of steam for 13 hours, SAPO34-7 sample shows an excellent
hydrothermal stability when compared to the other samples (see Figure 13). Indeed, it
seems that there is a clear correlation between the Cu content and the hydrothermal
stability of the Cu-SAPO-34 at 750°C. In this case, hydrothermally-treated SAPO34-7
material was tested on the SCR of NOx catalyst, obtaining NOx conversions close to
70% in a very broad temperature profile (see Figure 14). Those results are very similar
to the achieved values on SAPO34-7 when was treated at 6002C, indicating that Cu
environments have not significantly changed after the hydrothermal treatment at 600

or 750¢C.

4.- Conclusions

The rational use of the Cu-TEPA complex combined with an additional organic
molecule (as DEA) allow the inexpensive direct synthesis of Cu-SAPO-34 material with
controlled Cu-loading into the final solids, and very high yields of solids after
calcination (> 90 % of the expected solid). The range of Cu-loading into the final solids
is much higher than with other previously reported Cu-SAPO-34 materials synthesized
by direct methodologies and, importantly, those Cu atoms are primary in extra-
framework cationic form (Cu-complex molecule remains unaltered inside of the as-
prepared Cu-SAPO-34, as confirmed by UV-Vis spectroscopy). Moreover, those
materials perform very well in the SCR of NOx reaction, making those materials and

their synthesis methodology very promising for their industrial application.
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Figure 1: Phases obtained for the direct hydrothermal synthesis of

silicoaluminophosphates by using Cu-TEPA as the unique organic template
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Figure 2: XRD patterns of Cu-SAPO34-1 in as-prepared and calcined form
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Figure 3: Catalytic activity for the SCR of NOx reaction of Cu-SAPO-34 materials

synthesized using Cu-TEPA as the unique organic molecule and Cu exchanged SAPO-
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Figure 4: Phases obtained for the direct hydrothermal synthesis of Cu-SAPO-34 using

different amounts of Cu-complex (Cu-TEPA) with the addition of an excess of TEPA
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Figure 5: XRD pattern of the most crystalline material obtained using Cu-TEPA in

combination with an excess of TEPA molecules
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Figure 6: Phases obtained for the direct hydrothermal synthesis of Cu-SAPO-34 using
different amounts of Cu-complex (Cu-TEPA) in combination with a cooperative OSDA

(diethylamine, DEA)
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Figure 7: XRD patterns of the synthesized Cu-SAPO-34 materials using different
amounts of Cu-complex (Cu-TEPA) in combination with a cooperative OSDA

(diethylamine, DEA)
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Figure 8: UV-Vis spectra of Cu-TEPA complex in solution, and as-prepared Cu-SAPO-
34 materials.
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Figure 9: SEM image of (a) SAPO34-7, (b) SAPO34-8 and (c) SAPO34-9.
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Figure 10: Catalytic activity for the SCR of NOx reaction of Cu-SAPO-34 materials

synthesized using different amounts of Cu-complex (Cu-TEPA) in combination with a
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Figure 11: N, adsorption isotherm obtained for SAPO34-8 material
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Figure 12: Solid-state NMR spectra of SAPO34-8: (a) >'P MAS NMR, (b) ”’Al MAS
NMR, and (c) °Si MAS NMR,
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Figure 13: XRD patterns of Cu-SAPO-34 materials after severe steam treatments
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Figure 14: Catalytic activity for the SCR of NOx reaction of Cu-SAPO-34 materials
synthesized using different amounts of Cu-complex (Cu-TEPA) in combination with a

cooperative OSDA (diethylamine, DEA) after steam treatments
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Table 1: Experimental design for the direct hydrothermal synthesis of
silicoaluminophosphates by using different amounts of Cu-complex as OSDA (T =

1509C static conitions, t = 7 days)

Variable Values
Cu-TEPA/(AI+P) 0.2,0.5
H,O/(Al+P) 10, 30, 50
P/Al 0.8,0.9
[Si/(Al+P)] [0.2, 0.1, respectively]
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Table 2: Chemical and elemental analyses of Cu-SAPO-34 samples achieved by using

Cu-TEPA as OSDA

Sample Si/(Al+P)  Cu/(Al+P) C/N)real C/N)teor

SAPO34-1 0.27 0.21 22 1.6
SAPO34-2 0.18 0.14 1.6 1.6
SAPO34-3 0.17 0.14 1.6 1.6
SAPO34-4 0.23 0.21 1.6 1.6
SAPO34-5 0.22 0.13 1.6 1.6
SAPO34-6 0.23 0.13 1.6 1.6
SAPO34-Exc 0.15 0.07 - ---
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Table 3: Experimental design for the direct hydrothermal synthesis of
silicoaluminophosphates by using controlled amounts of Cu-complex and an excess

of TEPA (T = 1502C static conditions, t = 7 days)

Variable Values
Cu-TEPA/(AI+P) 0.1,0.2,0.3,04
[TEPA/(AI+P)] [0.4,0.3,0.2, 0.1, respectively]
H,0/(Al+P) 30
P/Al 0.8,0.9
[Si/(Al+P)] [0.2, 0.1, respectively]
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Table 4: Experimental design for the direct hydrothermal synthesis of Cu-SAPO-34
using different amounts of Cu-complex (Cu-TEPA) in combination with a cooperative

OSDA (diethylamine, DEA). (T = 1502C static conditions)

Variable Values
Cu-TEPA/(AI+P) 0.05,0.1,0.15,0.2
[DEA/(AI+P)] [0.45, 0.4, 0.35, 0.3, respectively]
H,0/(Al+P) 10
P/Al 0.8,0.9
[Si/(Al+P)] [0.2, 0.1, respectively]
Time (days) 1,7
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Table 5: Chemical and elemental analyses of Cu-SAPO-34 samples achieved by using

Cu-TEPA and DEA as OSDAs

Sample Si/(P+Al) Cu/(P+Al) %wtCu C/N)jea % DEA % TEPA
SAPO-7 0.23 0.04 34 2.05 20.8 79.2
SAPO-8 0.24 0.07 6.0 1.77 8.3 91.7
SAPO-9 0.22 0.12 10.4 1.73 4.2 95.8
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