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ABSTRACT

Al-pillared interlayered clay (AI-PILC) was synthesized using bentonite from the Hangili region of Central
Anatolia in Turkey. Samples of AI-PILC were impregnated with Cu or Ag to produce Cu@AIl-PILC and
Ag@AI-PILC. Cu/Al-mixed PILCs were also obtained using mixed metal sources having (Cu/(Cu+Al)) atom
percents as 5 and 10. The FTIR intensities of Lewis acidity peaks decreased whereas the intensity of Bronsted
acidity remained nearly the same for pyridine sorbed PILCs after desorption at 150°C compared to those of
pyridine sorbed PILCs at room temperature. These results confirmed the presence of both types of acidities
within the matrix. Metal incorporation increased total (weak+strong) ammonia adsorption. Metal incorporation
increased the total acidities of A-PILC from 281.1 umol g”' to 803-883 umol g by NH; sorption at 50°C. The
Cu/Al-mixed PILC(AP5) sample resulted 290 pmol g number of active sites at an NH; sorption temperature
of 200°C, with the corresponding strong active sites as 44.6 umol g™
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1. INTRODUCTION

In recent years, research into applications of
pillared interlayered clays (PILCs) as catalysts and
catalyst supports has gained importance due to
their molecular sieve properties and the
effectiveness as catalysts. The principle behind
PILC production is to insert voluminous foreign
agents between the layers of clay to keep them
apart. In this way, pore sizes can be increased,
improving the porosity and surface properties. It is
possible to produce a PILC with the desired pore
dimensions by choosing the right pillar agent. The
host clay should have a high swelling property, an
expandable lattice structure, a high cation
exchange capacity, and no sheet deformation. If
such a clay material interacts with a pillar agent
solution under conditions suitable for ion
exchange, the resulting intercalated solid
containing pillar ions can then be calcined to fix
the pillar complex to the clay structure. The solid
produced in this way has molecular sieve
properties with no sheet deformation at relatively
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high temperatures. It also possesses numerous
adsorption sites and active sites for catalysis, both
of which are important structural properties for
selective catalytic reduction and selective catalytic
cracking [1-6].

Fourier Transform Infra Red (FTIR) is a method
commonly used to analyse surface functional
groups and surface acidity. The bands between
3000 and 4000 cm™ in the spectrum are related to
water and OH groups, while the bands within 400-
1200 cm™ are characteristic of metal bonded silica
[7-9]. The metal oxide pillars, in addition to keep
the clay layers apart, also provide an acidic
character to the pillared structure. In fact, the
surface of PILCs feature both Lewis and Bronsted
acid sites [3, 7, 10-12]. The main source of
Bronsted acidity is the separation of the lamellae
by pillaring and consequent surface exposure of
sylanol groups. The pillars themselves, on the
other hand, contribute mainly Lewis acidity to
PILCs. As a result of calcination, the excess
aluminum oxihydroxide gives rise to coordinately
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unsaturated Al atoms, which are also a potential
source of Lewis acids [7].

Active surface area values and chemically sorbed
gas volumes are the indicators of acidity and the
catalytic ~ activity. =~ Temperature-programmed
ammonia desorption (NH;-TPD), ammonia
sorption and thermal gravimetric analysis (TGA)
have also been used by several investigators to
measure the acidity of PILCs [8, 10, 13-18]. In
most of those studies, large quantities of the sorbed
ammonia were desorbed at temperatures below
300°C, indicating that the AI-PILCs possessed
mainly physisorbed ammonia [7, 8, 10, 12, 15]. It
was observed that incorporating of silver or copper
into the AI-PILC structure in a post-synthesis step
generally increased the amount of ammonia that
could be chemically adsorbed [15, 19]. Upon
heating to 500°C, as wusually occurs during
calcination, the concentration of Bronsted acid
sites dramatically decreased and the resulting
PILCs exhibited mainly Lewis-type acidity [11,
12]. In order to modify the acidity of PILC
samples, some authors applied acid activation prior
to pillaring [20-22].

Table 1. Properties of the HW clay sample [23, 24].
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In this study, Al-PILCs impregnated with copper
or silver and PILCs containing a mixture of copper
and aluminum were synthesized using Hangili
White (HW) bentonite. The aim was to test the
effect of metal incorporation on the acidity and on
the other physicochemical properties. Crystal
structures were examined by X-ray diffraction
(XRD). The properties of the pore structures and
catalytic activity were tested using nitrogen
sorption, ammonia sorption, and FTIR.

2. EXPERIMENTAL

Table 1 summarizes some properties of Hangili
White bentonite samples from the region of
Central Anatolia [23, 24]. In this study, calcium-
presaturated Hangili samples were used for the
synthesis. For the synthesis of pillar complex,
AlCl3.6H,0 was used as the aluminum source and
NaOH was used for base hydrolysis. The copper and
silver sources were Cu(NOs), and AgNO;. All the
chemicals were laboratory-grade and were purchased
from Merck.

Metal oxide, % by mass
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2.1. AI-PILCs Synthesis

Two different synthesis methods were used in this study
[23]. In the first method, Al-PILC was synthesized as
the support material using the recipe utilized by Tomul
and Balci [25] and the OH:Al ratio was kept at 2.5 then
calcined at 300°C for 3 hours. Here after the sample was
treated with nitrates of copper or silver using the
procedure of Yang et al. [26] keeping “mmol metal/g
clay” ratio as 2/1. After impregnation with metal, the clay
suspension was centrifuged, washed several times, dried at
room temperature, and calcined at 300°C and 500°C for 3
hours to obtain Cu@AI-PILC and Ag@AI-PILC. In the

second method, copper and aluminum mixed-metal
complexes were used together to produce Cu/Al-mixed
PILC using the recipe suggested by Barrault et al. [27].
The pH value of pillar agent solution was adjusted to be
below 3.8 using a few drops of NaOH solution [23].

Al-pillar complex was derived from 0.4 M solutions of
metal and base. In mixed-metal pillar solution synthesis,
0.1 M stock solutions of each metal and 0.2 M of base
were used. The metal solutions were mixed to yield
atomic percents [Cu/(CutAl)] of 5 and 10. For
production of both single- and double-metal PILCs,
base hydrolysis was carried out at a titration rate of 30 mL
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hour™!, followed by aging at 60°C for 18 hours. The
resulting solution was added slowly (125 mL hour™) to a 2
% (w/w) clay suspension to produce Al-PILC synthesis. In
mixed-metal PILC synthesis, HW clay pretreated with
calcium ions was added to the pillar solution. For both
types of PILCs, 10 mmol of pillar metal(s) were treated
with 1 g of clay. lon exchange was then conducted by
leaving the suspension at 25°C for 4 hours. The
intercalated solids were dried at room temperature for 5
days, then calcined [23, 24].

2.2. Characterization of Samples

X-ray diffraction patterns of PILCs calcined at 300°C
were obtained at a 20 (Bragg angle) = 4° -70° interval
using a Philips PW 1840 diffractometer. Nitrogen
sorption isotherms (77 K) of outgassed samples at
300°C for 6 hours were recorded on a Quantachrome
Autosorp 1 C apparatus. FTIR spectra of the samples
without and with pyridine adsorption and desorption
were recorded in the range 400-4000 cm™ using a
Mattson 1000 spectrophotometer and the KBr disc
method. Samples were exposed to pyridine vapor at
room temperature for one week under a vacuum of 10™
torr. Pyridine desorption was performed at 150°C for 3
hours. Ammonia sorption studies were carried out at 50

Table 2. Basal spacing (dgo;) and surface area values of PILCs.

and 200°C using the Quantachrome Autosorb 1C
apparatus. Before the sorption, samples were reduced
with hydrogen using the procedure of Yang et al., 1998
[26]. Samples were brought to the desired adsorption
temperature under atmospheric pressure, and ammonia
was passed over them at a flow rate of 25 mL min™ for
0.5 hour. Following sorption of ammonia, helium was
passed over samples at a flow rate of 40 mL min™' for 1
h to allow desorption of the physisorbed ammonia.

3. RESULTS AND DISCUSSION

Table 2 shows the basal spacing values (dgg;) of PILCs
calcined at 300°C, as determined from the first peak of
XRD patterns using Bragg’s law. The basal spacing dg;
value of AI-PILC, originally 1.90 nm (26 = 4.65°),
decreased to 1.66 nm after silver incorporation and 1.59
nm after copper incorporation. The corresponding value
for Cu/Al-mixed PILCs was 1.62 nm, ~2 % higher than
the value in copper-impregnated AI-PILC. The
settlement of copper or silver in the PILC matrix
(interlamellar space and interpillar space) resulted in
lower dg; values as consistent with the literature. It was
observed that metal incorporation to PILC did not
destroy the pillared structure.

Surface area (m*g™)
=
(5]
g
2
Product code S Calcination temperature
Sample O -
a g o o
g £ 300 C 500 C
<
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RS b b
é ‘: SaBET S L SaBET S L
s B
Al-PILC Al-pillared interlayered clay 1.90 296 469 269 431
Ag@AIl-PILC Silver-impregnated Al-PILC 1.66 188 301 137 217
Cu@AI-PILC Copper-impregnated Al-PILC 1.59 110 179 107 169
Cu/Al-mixed Copper and aluminum mixed PILC with
1.60 231 368 211 334
PILC(APS) Cu/(Cu+Al) atomic percent of 5
Cu/Al-mixed Copper and aluminum mixed PILC with
) 1.62 271 431 249 396
PILC(AP10) Cu/(Cu+Al) atomic percent of 10

* Specific surface areas from the Langmuir equation (0.05<P/P(,<0.30, interval of relative pressure)
® Specific surface areas from the BET equation (0.05<P/P,<0.30, interval of relative pressure)

The nitrogen sorption isotherms given in Figure 1
showed Type II in BDDT (Brunauer, Deming, Deming
and Teller) classification with hysteresis above relative
pressure of 0.40 valid for micro-mesoporous structure
[28]. Multi-point BET (Sggr) and Langmuir (S;) surface
areas were obtained from 77 K nitrogen adsorption
isotherm data in the interval of 0.05 < P/Py < 0.30. The
results are summarized in Table 2. The Langmuir

surface area values were higher than the BET values.
The decrease in BET surface area of Al-PILC was more
substantial with copper impregnation than with silver
impregnation. Cu/Al-mixed PILC had a BET surface
area similar to that of Al-PILC calcined at 300°C. With
the increasing calcination temperature, BET and
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Langmuir surface area values decreased in an
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77 K nitrogen adsorption/desorption isotherms of PILC samples calcined at (A) 300°C and (B) 500°C.

Figure 2 shows FTIR spectra recorded in transmission
mode of the original clay and PILC samples calcined at
300°C and 500°C in the region of 400-4000 cm™'. The
spectrum of the host clay was in good agreement with
the literature [7-9]. It showed two peaks at 3440 and
3660 cm™ in the OH stretching region. This pattern was
typical of water adsorption in montmorillonite. These
peaks were due respectively, to hydroxyl groups

involved in water-water hydrogen bonds and to the
—OH stretching vibration in Al,OH hydroxyl absorption
of randomly oriented samples [7-9]. An intense peak at
~1020 cm™ was observed as a result of the in-plane
stretching vibration of the surface Si-O-Si when
substitution of Si by Al was low. Small peaks were also
observed at 910 cm™ for ALOH libration and at 840
em’! for the Mg substitution for Al (in MgAIOH). The
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peaks at 720 cm’l, 520, and 460 cm™ could be due to Si-
O bending vibrations. A decrease was observed in the
intensity of the peak at 3660 cm’' for Al-PILCs. Cu/Al-
mixed PILCs also showed the same behaviour (Figure
2). The bands at 910 and 840 cm™ decreased with

pillaring, while no important differences were observed
between the samples that showed a similar degree of
exchange. The increase in calcination temperature to
~500°C did not cause significant changes in the overall
spectra.

(A)

EBIE

a. Cu/Al-mixed
PILC(AP10)

b. Cu/Al-mixed
PILC(APS)

¢. CU@AI-PILC

d. Ag@AI-PILC

e. Al-PILC

f. HW

4000 3000 2000 1000 0 4000

Wavenumber (cm’l)

3000

2000 1000 0

Wavenumber (cm’l)

Figure 2. FTIR spectra of clay samples calcined at (A) 300°C and (B) 500°C.

Figure 3 shows the infrared spectra in the region of
1800-1300 cm™ of the original clay and PILCs calcined
at 300 and 500°C following exposure to pyridine vapor
at room temperature and also shows the spectra after
pyridine desorption at 150°C. The spectrum of the
original clay showed bands at (i) 1448 cm™” and a
shoulder at ~1610 cm™ assigned to Lewis-bound
pyridine (L), (ii) 1490 cm attributed to pyridine
associated with both Lewis and Bronsted (L+B) acid
sites, and (iii) 1638 cm™ assigned to pyridine bound to
Bronsted (B) acid sites [3, 10, 12]. For the PILCs, the

spectra obtained showed bands at 1545 and 1638 cm’
(B), and at 1610 and 1448 cm™ (L). In particular,
copper-impregnated PILC shows an intense peak at
1448 cm™ and 1490 cm™ (L+B). The broader bands at
1638 cm™ on AI-PILC and on metal-incorporated
PILCs could be taken as clear indications of enhanced
Bronsted acidity in these samples. When pyridine-
absorbed clay samples were desorbed at 150°C, the
intensity of peaks at 1448 cm™ (L) decreased, while the
intensity of peaks at 1490 em’! (L+B), 1545 cm™! (B),
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and 1638 cm™ (B) did not change significantly (Figure
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Figure 3. FTIR spectra of clay samples calcined at (A) 300°C (B) 500°C after pyridine adsorption at room
temperature and FTIR spectra clay samples calcined at (C) 300°C (D) 500°C after pyridine desorption
at 150°C (Sample notation is same as the one in Figure 2).

Figure 4-5 shows the ammonia sorption isotherms used
for the determination of the monolayer coverage
(surface acidity) at 50°C and 200°C of Al-PILC, of silver-
impregnated Ag@AI-PILC, and of Cu/Al-mixed PILCs
pre-calcined at 500°C. The amount of strongly sorbed
ammonia was calculated from the difference between the
total and the weakly sorbed quantities, both at the same
adsorption temperatures. The amount of strongly sorbed
material might give an idea of the number of active sites
available for catalytic reactions at these temperatures,
while the weakly sorbed quantities might reflect the sites
available for physisorption. The strongly sorbed
ammonia gas volumes of PILC samples were close to
one another but much less than the volumes of weakly
sorbed gases at both adsorption temperatures. Hence, it
might be that active sites available for catalytic
reactions were almost the same at both low and high
temperatures. Metal incorporation caused a >2-fold
increase in total and weak sorption amounts at low
temperature, while these values did not change to a great
extent at high sorption temperatures. Thus, most of the

totally sorbed ammonia at low temperature could be
strongly sorbed to the surface by increasing the
temperature.

Although adsorption points deviated from the linearity
at low pressure, they showed the linearity above 0.3 bar;
especially the total, weak, and actual chemical
adsorption points. The plateau did not occur at pressures
above 0.85 bar. Hence all isotherms given in Figures 4
and 5 produced quite nice linear extrapolations above
0.3 bar, and monolayer coverage could be estimated by
the extrapolation technique [28]. In determination of
monolayer coverage, straight line was drawn through
adsorption points above 0.3 bar and from the
intersection point through y axis of that line, monolayer
coverage was estimated hereafter acidity (the numbers
of adsorbed gas molecules) and corresponding active
surface area values were calculated [28]. Active site
properties - monolayer capacity, acidity, and active
surface area - of PILCs pre-calcined at 500°C are given
in Table 3.
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Ammonia sorption isotherms at 50°C and 200°C of (A) Al-PILC and (B) Ag@AI-PILC calcined at
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Figure 5. Ammonia sorption isotherms at 50°C and 200°C of (A) Cu/Al-mixed PILC(AP5) and (B) Cu/Al-mixed

PILC(AP10) calcined at 500°C.

Monolayer coverage values from strong adsorption data
were found to be nearly the same for all PILCs and they
were lower than the ones calculated from the weak data
at both temperatures (Table 3). Incorporation of either
silver or copper caused significant increases in total and
weak sorption coverages at low adsorption temperature,

though a significant increase was not observed at high
adsorption temperatures. Increase in sorption amounts
was due to increase in numbers of physical/chemical
active sites by metal incorporation although the BET
surface areas of metal incorporated PILC samples were
found lower than that of AlI-PILC.
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Table 3. Active site properties of PILCs calcined at 500°C obtained from ammonia sorption data.

Monolayer coverage Acidity (umol g Surf ()
cidity (umol g urface area (m” g
(STP ecm® g™) yIHmoTe £
(o]
2 5
Product code § E
S " 8
= S o
S g g s 8 S
.8 S 8 s o
: E | E s | 3 :
i ] 8 Q S &
s = 8 3 = & s 5
: E 2 7 | @ 5 5 z @
§ > 2 g g & :0 = ‘B :D
. 3 SE |z |3 | E 3 g
e = a 2 |k = & = = 2
Adsorption temperature 50°C
AI-PILC 63 5.9 0.4 281.1 |263.2 17.8 11.8 11.1 0.7
Ag@AI-PILC 18.1 17.6 0.5 807.5 |785.2 223 423 41.1 1.2
Cu/Al-mixed
18.0 17.9 0.1 803.1 |798.6 4.5 329 327 0.2
PILC(APS5) ’
Cu/Al-mixed
19.8 19.6 0.2 883.4 |874.5 8.9 36.2 35.8 0.4
PILC(AP10) ’
Adsorption temperature 200°C
Al-PILC 6.5 5.7 0.8 290.0 | 2543 357 12.2 10.7 1.5
Ag@AIl-PILC 7.0 6.7 0.3 312.3 | 298.9 134 16.4 15.7 0.7
Cu/Al-mixed
6.5 5.5 1.0 290.0 | 245.4 44.6 11.9 10.1 1.8
PILC(APS5)
Cu/Al-mixed
6.9 6.6 0.2 307.8 | 294.5 8.9 12.6 12.1 0.4
PILC(AP10)

Total acidity of the Al-PILC, measured as 281.1 umol g’
at a sorption temperature of 50°C, jumped to 883.4 pmol
g' for CuwAl-mixed PILC(AP10). Metal-containing
pillared samples possessed much more total active sites
caused by weak active sites than the corresponding
samples without metals. Silver impregnation increased
the strong active sites of AI-PILC, estimated as 22.3
pmol g, by 25 % increase at adsorption temperature of
50°C. Increasing the adsorption temperature to 200°C
reduced the difference in total acidities between Al-
PILC and metal-containing PILCs. Strong active sites
of Cu/Al-mixed PILC(AP5) were obtained 25 % higher
than ones of AI-PILC at high adsorption temperature.
Total sites surface area, 97-99 % of which was weak
sites surface area increased by metal incorporation at
low adsorption temperature. At high adsorption
temperature these values were observed as close to ones
of AI-PILC ranging nearly 12-17 m* g (Table 3). At
high adsorption temperature, weak sites surface area

percent of total sites was ranged between 85-96 in metal
corporated PILCs.

4. CONCLUSIONS

The basal spacings (dgg;) and the BET and Langmuir
surface areas of AIl-PILC decreased when metals were
incorporated into the clay. Increasing the calcination
temperature also reduced the values of the BET and
Langmuir surface areas. Pillaring, in contrast, increased
both Lewis and Bronsted acidities. An increase in
calcination temperature did not cause any distinct
changes in transmittance peak positions, either in
pyridine-sorbed or -desorbed samples. The intensity of
peaks showing Bronsted acid sites remained nearly
constant at a desorption temperature of 150°C, while
Lewis acidity peak intensities decreased. Increasing the
ammonia sorption temperature caused a decrease in the
amount of weakly sorbed material relative to the
amount of strongly sorbed material. Metal incorporation
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increased the total acidity. In addition, Cu/Al-mixed
PILCs and silver-impregnated Al-PILC could support a
nearly similar amount of weakly or strongly sorbed
material. For the metal-incorporated PILCs tested, the
numbers of molecules of adsorbed ammonia gas
necessary for monolayer coverage were very close to
one another. The Cu/Al-mixed PILC(AP5) sample was
synthesized with the total number of active sites as 290
umol g at an adsorption temperature of 200°C, with the
corresponding strong active sites as 44.6 pmol g™
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