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Abstract—We investigated the influence of the calcination temperature on the structural properties of AL,O; and how
the resultant ALO; support affects the characteristics of Pd/ALO; catalysts. AL O, pretreated at different calcination
temperatures ranging from 500 °C to 1,150 °C, was used as catalyst supports. The Pd/Al,O; catalysts were prepared by a
deposition-precipitation method using a pH 7.5 precursor solution. Characterization of the prepared Pd/ALO; cata-
lysts was performed by X-ray diffraction (XRD), N,-physisorption, CO,-temperature programmed desorption (TPD),
CO-chemisorption, and field emission-transmission electron microscopic (FE-TEM) analyses. The CO-chemisorption
results showed that the Pd catalyst with the ALO; support calcined at 900 °C, Pd/ALO; (900), had the highest and most
uniformly dispersed Pd particles, with a Pd dispersion of 29.8%. The results suggest that the particle size and distribu-
tion of Pd are related to the phase transition of ALO; and the ratio of isolated tetrahedral to condensed octahedral
coordination sites (i.e., functional groups), where the tetrahedral sites coordinate more favorably with Pd.
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INTRODUCTION

The petrochemical industry has always exploited catalysts in
order to improve the activity and selectivity for reaction, keeping
energy usage, and costs down. In particular, platinum-group met-
als (PGMs), which include platinum, palladium, rhodium, ruthe-
nium, iridium, and osmium, have attracted much attention in the
hydrogenation and dehydrogenation processes of the petroleum
chemistry due to their enhanced activity/selectivity, high melting
point, and stability to oxidation [1-3]. However, PGMs are expen-
sive and rare materials. Thus, to reduce cost, small quantities of
PGMs are often dispersed on supports with a large specific surface
area. Commonly used supports include ALO;, SiO,, TiO,, carbon,
and zeolite materials. Among these, ALO; has a wide variety of
applications due to its phase transitions, thermal stability, specific
surface area, surface characteristics (acidity; basicity), and mechan-
ical properties, all of which play an important role in influencing
the catalyst and support properties [4-6]. Especially, the Pd/ALO;
catalyst has been widely used in the chemical industry. Several
researchers reported that Pd/ALO; catalyst exhibited catalytic per-
formance in hydrogenation, selective hydrogenation, methane oxi-
dation, and CO-oxidation reaction [7-10]. ALO; is formed by heat
treatment of aluminum hydroxide. Aluminum hydroxides are clas-
sified as boehmite, bayerite, diaspore, and gibbsite. The structure
of these aluminum hydroxides is determined by the rate of solubi-
lization and crystallization during synthesis [5]. Depending on the
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types of aluminum hydroxide present, AL,O; can consist of &, £ %
6, 6, or y phases [6]. Among them, 3ALO; is the most widely used
as catalyst, catalyst support, and ion exchanger [11]. For example,
7ALO; provides a high specific surface area, high porosity; and a
higher number of surface active sites than the other phases. Espe-
cially, it is widely used as a support for preparing highly dispersed
Pd and Pt noble metal catalysts. However, when »ALO; is cal-
cined at temperatures above 1,000 °C, the y— 60— « phase transi-
tion occurs and the specific surface area and pore volume decrease
drastically, while the particle size increases dramatically. The phase
transitions and structural properties of AL O, are widely studied.
Yuan et al. reported that the structure of boehmite consists of tet-
rahedral (AlO,), pentahedral (AlO;), and octahedral (AlOg) coor-
dination sites; however, upon calcination above 900 °C, penta-
hedrally coordinated alumina disappears and boehmite is trans-
formed to the yALO; phase [12]. Kwak et al. reported that the
amount of pentahedrally coordinated alumina is a crucial factor in
improving the thermal stability of 3ALO; and inhibiting the phase
transition of »ALO; to 8-ALO; [13]. Other researchers have also
studied the effect of metal interactions with the surface functional
groups of ALO; on the characteristics of the catalyst. Based on
Fourier transform infrared (FT-IR) analysis, Marsala et al. reported
that ALO; surfaces have functional groups such as =Al-O and
=Al-OH; these groups undergo electrostatic attraction and ion-
exchange with metal ions [14]. Belskaya et al. investigated the
interactions between metal precursors and the ALO; support,
demonstrating that the interactions were affected by the ratio of
the aluminum atoms coordinated to hydroxyl groups in various
modes [15]. Recent studies have shown that it is possible to pre-
pare highly dispersed noble metals supported on ALO; by using
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different catalyst preparation methods, reducing agents, and ordered
mesoporous alumina. However, only a few studies have discussed
the effect of the structure and surface functional groups of ALO;
on the particle size and distribution of Pd. Herein, we investigate
AlL,O;, modified by calcination at various temperatures, and their
influence on the characteristics of Pd/ALO; catalysts. The prepared
AL O, supports and Pd/ALO; catalysts are characterized using X-
ray diffraction (XRD), N,-physisorption, CO,-temperature pro-
grammed desorption (TPD), and FT-IR spectroscopy. The Pd/
AL, O; catalysts are further characterized using CO-chemisorption
and field emission-transmission electron microscopy (FE-TEM).
Using this approach, we demonstrate that the characteristics of the
Pd/ALO; catalyst are influenced by the morphology of ALO; as
well as the surface functional groups.

EXPERIMENTAL

1. Materials

Commercially prepared AL O, (299%, y phase, average particle
size: 20nm) was purchased from Alfa-Aesar. Formalin solution
(10 wt%), hydrochloric acid (HCl, 38%), palladium(II) chloride
(PdCL,, 90%), and sodium hydroxide (NaOH, >99.0%) were pur-
chased from Sigma Aldrich. The Pd precursor solution was pre-
pared by dissolving 0.1 mol of PdClL, in 0.2 M HCI with vigorous
stirring for 24 h.
2. Support Pretreatment

ALO; was calcined at temperatures of 500, 900, 1,100, and
1,150°C for 4 h in air. The ALO; support prepared without calci-
nation is denoted as AlL,O; (105), whereas the calcined supports
are reported with their calcination temperature, e.g., AL,O; (900).
3. Catalyst Preparation

Catalysts containing 5 wt% of Pd supported on AlLO; were pre-
pared by using a deposition-precipitation method. An aqueous
solution of the Pd precursor was heated to 60 °C and ALO, was
then added to the solution. The precursor solution was adjusted to
a pH=7.5 by adding NaOH solution to precipitate the metal pre-
cursor. The solution was stirred for 3 h. Reduction of the catalyst
was carried out in the liquid phase by treatment with formalin at
85°C for 3 h. The solid was then filtered and washed with deion-
ized water. All catalysts were dried at 105 °C for 24 h.
4. Characterization

The crystal structures were analyzed by X-ray diffraction (XRD)
using an X'Pert-MPD (Philips, Netherlands) instrument with a
Cu-Ka radiation source (1.5405 A) operating at a voltage of 40 kV
and a current of 30 mA. The XRD patterns of both the catalyst and
supports were collected in the 26 range of 5-90° at a scan rate of
0.9° min". Characterization of the physical properties of each sam-
ple was performed using nitrogen adsorption/desorption isotherms.
The nitrogen sorption isotherm was measured at —196 °C on an
ASAP 2020 (Micromeritics, USA) instrument. Before the meas-
urement, the samples were degassed under vacuum at 150 °C for
6 h. The Brunauer-Emmett-Teller (BET) method was used to esti-
mate the specific surface area. The pore volume and pore size were
calculated using the Barrett-Joyner-Halenda (BJH) method. The
basicity of the supports was analyzed by CO, temperature pro-
grammed desorption (TPD) using an AutoChem 2920 (Micromer-
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itics, USA) instrument. The sample (0.1 g) in a U-shape quartz
reactor was pretreated with 5% H,/He at a flow rate of 20 mL
min' and then heated to 600 °C and maintained for 1h under Ar
at a flow rate of 20 mL min . The functional groups on the cata-
lyst supports were analyzed by Fourier transform infrared spec-
troscopy (FT-IR) in the range of 4,000-400 cm™ using the KBr pellet
method. The FT-IR spectra were obtained with a Frontier (Perkin-
Elmer, USA) IR instrument. The amount of Pd active sites and the
dispersion of Pd were determined by the CO-pulse chemisorption
technique using an AutoChem 2920 (Micromeritics, USA) instru-
ment. Briefly, 0.1 g of sample was charged into a U-shaped quartz
reactor and was reduced under a flow of H,/Ar at 200 °C for 1h.
A CO pulse (10% CO/Ar) was injected into the catalyst at 50 °C.
The amount of adsorbed CO was determined by assuming a stoi-
chiometry of one CO molecule for two surface Pd atoms [16]. The
dispersion and crystallite size of Pd were calculated using Eqs. (2.1)
and (2.1a).

Chemisorption Site

Metal di ion= 100 2.1

PO = T etal Atomicity 8 @n
Vchem-SF-Mw

= C/100 x 100 (2.1a)

Ve CO chemisorption volume, M,,: Pd atomic weight, SF: stoi-
chiometry factor, and C/100: supported metal weight.

RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of the ALO; supports treated at
different temperatures. When the ALO; supports were heat treated
to 900 °C, ALO; (105), ALO; (500), and AL, O, (900) showed only
the » phase in the XRD spectra. However, with an increase in the
calcination temperature from 900 °C to 1,100 °C, the ALO; sup-
port underwent a y— 6 phase transition. ALO; (1100) comprised
a mix of @and « phases, whereas ALO; (1150) comprised the pure
o phase. From the XRD analysis, 900 °C was identified as the begin-
ning of the phase transition, and o~AlO; was formed as a final prod-
uct of ALO; calcined at 1,150°C due to dehydration and heat
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Fig. 1. XRD patterns of the AL,O; supports treated at different cal-
cination temperatures.
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Fig. 2. XRD patterns of Pd/AL,O; catalysts prepared with ALO; cal-
cined at various temperature.

Table 1. Physical properties of Al,O; supports

Support Specific surface ~ Pore volume  Pore size
PP area (m’/g) (cm®/g)’ (nm)*
ALO, (105) 195 0.82 13.1
ALO, (500) 199 0.82 132
ALO, (900) 146 0.62 14.4
ALO; (1100) 54 0.28 21.5
ALO; (1150) 6 0.007 329
“Base on BJH method

treatment. For the Pd/ALO; catalysts (Fig. 2), characteristic XRD
peaks were observed at 26=40.11°, 46.6°, and 68.08°, originating
from Pd.

Table 1 presents a summary of the physical properties of ALO;,
including the specific surface area and pore volume. For the ALO;
supports calcined at temperatures less than or equal to 900 °C, the
specific surface area and total pore volume decreased slightly from
195m’ g ' to 146m° g and 0.82cm’ g to 0.62cm’ g, respec-
tively. However, for the AL O, supports calcined over 900 °C, the
specific surface area and total pore volume decreased dramatically
from 146m’ g ' to 6m’ g ' and 0.62cm’ g to 0.007 cm’ g, respec-
tively. The pore size of ALO; calcined at temperatures up to 900 °C
was in the range of 13.1-14.4 nm. However, the pore size of ALO;
calcined over 900 °C gradually increased from 14.4 nm to 32.9 nm.
The extreme decrease in the specific surface area and total pore
volume can be explained by the y— @and « phase transition.

Fig. 3 shows the nitrogen adsorption and desorption isotherms
of the ALO; catalyst supports. According to the IUPAC classifica-
tion, the ALO; (105), ALO; (500), ALO, (900), and ALO, (1100)
supports showed type-IV isotherms with a H1 hysteresis loop, which
is a typical feature of mesoporous materials [17]. The capillary con-
densation of ALO; (105), ALO, (500), and ALO; (900) was initi-
ated at a relative pressure (P/P,) ranging from 0.6 to 0.7, whereas
capillary condensation of Al,O; (1100) occurred at a relative pres-
sure of 0.8, indicating an increase in the pore size. When the calci-
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Fig. 3. Nitrogen adsorption and desorption isotherms of ALO; sup-
ports.
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Fig. 4. CO,-TPD profiles of Al,O; supports.

nation temperature increased to 1,100 °C, the areas of the hysteresis
loops decreased and the pore size increased. However, the AL O,
(1150) support showed a type-III isotherm, representing a non-
porous material, which indicates that the pore volume decreased
dramatically due to the phase transition [18].

The basic properties of ALO; were studied by CO,-TPD as shown
in Fig. 4. The ALO; supports showed two desorption peaks at 100 °C
and 300 °C, corresponding to weakly basic sites and medium/
strongly basic sites, respectively. When the ALO; support was heat
treated up to 500 °C, the number of weakly basic sites and medium/
strongly basic sites decreased remarkably. It appears that the weakly
and medium/strongly basic sites of the ALO, supports gradually
decreased as the calcination temperature increased from 500 °C to
1,100 °C. However, the desorption peak of CO, for Al,O; calcined
over 1,100 °C had the lowest intensity due to the phase transition
of ALQO;.

To observe the change in the surface functional groups of AL O,
as a function of heat treatment, the supports were analyzed by FT-
IR, as shown in Fig. 5. The absorption bands observed at 3,500
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Fig. 5. FT-IR spectra of AL O; supports.

cm ' and 1,600 cm ™" were assigned to -OH stretching and H-O-H
bending, respectively [19]. As the calcination temperature increased,
the intensity of the -OH stretching and H-O-H bending bands

Fig. 6. FE-TEM images of ALO;; (a) ALO; (105), (b) ALO; (500),
(c) ALO; (900), (d) ALO; (1100), and (e) ALO; (1150).
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decreased as the hydroxyl groups on Al,O; gradually disappeared.
The other adsorption bands at 800-650 cm™' and 680-500 cm™
correspond to AlO, (isolated tetrahedral) and AlOg (condensed octa-
hedral), respectively [6,15,20]. The FT-IR spectra show that the
ratio of AlO, to AlO, changed with an increase in the calcination
temperature. It can be seen that the ratio of AlO, to AlO; increased
as the calcination temperature increased from 500 °C to 900 °C.
However, for calcination temperatures above 900 °C, the AlO, to
AlO, ratio gradually decreased, eventually giving rise to a strong
peak indicating the presence of AlO, (condensed octahedral) [21].
These results indicate that the ratio of AlO, to AlO, functional
groups changed during the phase transition of AL O..

Fig. 6 shows the FE-TEM images of ALO; treated at different
temperatures. The ALO; (105) and ALO; (500) supports had spheri-
cal and needle-like particle morphologies, whereas ALO; (900)
appeared to comprise plate-like structures. The FE-TEM images
reveal that ALO; (105), ALO; (500), and ALO; (900) possessed simi-
lar structures, corresponding to the »~ALO; phase. In the case of
ALO; (1100), some particles with a larger size were observed due
to sintering between particles at high temperatures. The XRD analy-
sis confirmed that ALO; (1100) comprised a mixture of #and «
phases. The FE-TEM image showed different particle sizes, corre-
sponding to the G-ALO; and oALO; phases. However, ALO;
(1150) showed a dramatic increase in the particle size, related to
the G-AL,O;— a-ALO; phase transition. The FE-TEM images of
AlLLO; agree with the XRD and N, adsorption-desorption data.

The results of the CO-chemisorption experiments are summa-
rized in Table 2. The Pd/ALO; (900) catalyst had the highest Pd
dispersion of 29.8%, whereas the Pd/ALO; (1150) catalyst had the
lowest Pd dispersion of 2.9%. These results can be explained from
two perspectives: the structure and surface functional groups. »
ALO; is widely used as a catalyst support due to its high specific
surface area and large number of active sites. Consequently, when
the ALO; support comprises the y phase, Pd is well dispersed on
ALO;. The ALO; (105), ALO; (500), and ALO; (900) supports
have an intact surface area and high number of active sites. How-
ever, the AL,O; (1100) and ALO; (1150) supports had a relatively
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Table 2. CO-chemisorption results of Pd/ALO; catalysts

Catalyst Metal dispersion (%) Cumulative quantity (mmol/g) Metallic surface area (mz/g)
Pd/AL, O, (105) 20.6 0.048 91.6
Pd/AL,O, (500) 20.8 0.049 92.7
Pd/AlLO; (900) 29.8 0.070 132.8
Pd/AlO; (1100) 11.0 0.026 48.9
Pd/AlLO; (1150) 2.90 0.00068 12.9

low specific surface area and fewer active sites due to the charac-
teristics of the @ and o phases, accounting for why the Pd disper-
sion was lower for the Pd/ALO, (1100) and Pd/ALO; (1150)
catalysts. The Pd/ALO; (1150) catalyst showed the lowest Pd dis-
persion of 2.9% because the AL,O; (1150) support comprises only
the « phase with weakly basic sites. The low specific surface area
and weak basicity of the o phase lead to low dispersion of Pd. On
the other hand, ALO; (105) and ALO; (500) had a higher specific
surface area and stronger basic sites than ALO; (900), as deter-
mined by the N, adsorption-desorption and CO,-TPD analyses.
Nevertheless, the Pd dispersion was higher for the Pd/ALO; (900)

Fig. 7. FE-TEM images of Pd/ALO;; (a) Pd/ALO; (105), (b) Pd/ALO,
(500), (c) Pd/ALO; (900), (d) Pd/ALO, (1100), and (¢) Pd/
ALO; (1150).

catalyst than the Pd/AL,O;, (105) and Pd/ALO; (500) catalysts. We
suggest that the ratio of functional groups on ALO; affects the Pd
particle size and distribution. FT-IR analysis confirmed that the
ratio of AlO, to AlO, changed based on the calcination tempera-
ture. ALO; (900) had a relatively higher AlO, to AlO, ratio than
ALO; (105) and Al,O, (500), for which the content of AlO, and
AlO, was more even. Fig. 8 shows the structure of isolated tetrahe-
dral and condensed octahedral in the ALO; lattice [22]. It is well
known that »~ALO; consists of unstable tetrahedrally coordinated
species and octahedrally coordinated species. The catalyst was pre-
pared by the deposition-precipitation method using PdCl, as the
Pd precursor. The PACl, precursor is present as the PACI;~ anion
in an acid solution and anion exchange occurs between OH groups
on the ALO; surface and the PACI;" anion [23,24]. During the de-
position-precipitation process, Pd(OH), was formed on the sur-
face of AL,O; upon the addition of NaOH. Prior to the formation
of PA(OH),, the electrostatic attraction between Al,O, and the Pd
precursor plays an important role in determining the particle size
and distribution of Pd. Preudhomme et al. reported that the iso-
lated tetrahedra do not share a common oxygen between tetrahe-
dra and that the condensed octahedra share common oxygen groups
at the edges [22]. Additionally, M. Trueba et al. reported that the
tetrahedral cation is regarded as a strongly acidic site [25]. Mar-
quez et al. reported that strongly acidic site of tetrahedral cation
was associated with strong metal-support interaction between Pd
and ALO; [26].

Condensed octahedral

Isolated tetrahedral

Fig. 8. Isolated tetrahedral and condensed octahedral structure in
the AL O; lattice [14].

Korean J. Chem. Eng.(Vol. 35, No. 5)
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With respect to the interactions of Pd and ALO;, the more
unstable the Al O, site, the better the interaction between Pd and
ALO;. Because ALO; (900) has a larger ratio of unstable isolated
tetrahedral sites than ALO; (105) and Al,O, (500), Pd is well dis-
persed on ALO; and the particle size is small.

To confirm the particle size and distribution of Pd, FE-TEM
images of the Pd/ALO; catalysts are shown in Fig. 7. The Pd/ALO;
(900) catalyst had the smallest Pd particles, and the particles were
well dispersed on ALO,. However, in the case of the Pd/ALO; (1100)
catalyst, the Pd particles were larger than those of Pd/ALO; (900)
due to the phase transition of ALO;. Finally, the Pd/ALO; (1150)
catalyst comprised the o phase, thus Pd was not well dispersed on
AL O;. The FE-TEM images of the Pd/ALO; catalysts agree with
the CO-chemisorption results.

CONCLUSIONS

We investigated the effect of the calcination temperature on the
physical and chemical properties of ALO;, including the particle
size and distribution of Pd. The y phase was preserved for the
AlLO; supports calcined at temperatures up to 900 °C, with a high
specific surface area and a large number of active sites. When the
AlL,O; support comprised only the  phase, the ratio of AlO, (iso-
lated tetrahedral) to AlO, (condensed octahedral) in the structure
changed depending on the calcination temperature. We suggest
that the higher the ratio of unstable AlO,, the better the interac-
tion between Pd and ALQ;. Calcination of ALO; at 900 °C pre-
served the » phase and the ratio of AlO, to AlO, was higher than
achieved at other temperatures. These features are associated with
the highest Pd dispersion (29.8%) and the smallest particle size
(10-20 nm) observed for the Pd/ALO; (900) catalyst.
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