Korean J. Chem. Eng20(1), 77-82 (2003)

Pore Structures and Acidities of Al-Pillared Montmorillonite
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Abstract—Korean montmorillonite was intercalated with Al-hydroxypolycation solution aged for 1, 4 and 7 days
and then calcined at 400, 600°C and 760C, respectively. Basal spacings by XRD, pore structure (micro- and meso-
pore distributions and surface areas) by nitrogen (or argon) adsorption at liquid nitrogen (or argon) temperature and
acidity (distribution and acid-amount) by MHAPD were investigated for the samples. The basal spacing formed by
intercalation appeared at about 17 A and decreased with the heating temperature for the sample intercalated with the Al-
hydroxypolycationsolution aged for 1 day. However, for the one aged for 7 days, the spacing remained constant. The
total surface area and pore-volume also increased with aging time of the Al-solution, in which micro-pore area in-
creased more rapidly. Argon adsorption indicated that three modal distributions of 3.3, 3.7 and 4.3 A in micropore
radius appeared, in which 3.3 A readily was reduced by heatingT RIBl showed that two ammonia-desorption peaks
appeared at 23« and 430C, respectively. The maximum acid-amount for the intercalated sample appeared as
86 meq./100 g-solid, and the values decreased with the heating temperature, especially for the p&ak at 430
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INTRODUCTION TPD for the Al-pillared Korean montmorillonite to discover the po-
tentiality as an adsorbent and catalyst.
Refiners want more efficient catalysts for the processing of fluid
catalytic cracking. The problems encountered in zeolite-use are the EXPERIMENTAL
small pore size of the zeolites and the large amount of non-selective
pre-cracking that occurs before large residual molecules are reducéd Starting Material
to a size capable of diffusing into the very active and selective zedt-1. Clay
lite component of the catalyst. Therefore, an approach to synthesiz- The starting clay was a montmorillonite from a deposit in the
ing large pore zeolites is to seek another material that has an idedlinil area located in the southeastern region of the Korean penin-
distribution in micro- and meso-pores of the material for the reacsula. The enriched montmorillonite (<270 mesh) was separated by
tion of the large molecules. sieving through a water suspension of the raw montmorillonite. The
The synthesis of pillared clay such as Al-pillared montmorillo- separated product was dried at AD%or 16 hours.
nite has grown with the advances in intercalation chemistry [Sawhi-2. Al-Hydroxypolycation Solution
ney, 1968; Tichit et al., 1988; Jones, 1988; Monila, 1992; Figueras 0.2 M aluminum chloride (Junsei G.R.) solution was added with
et al., 1990; Vaccari, 1998; Storato et al., 1996], which offers thestrong agitation to 0.5 M NaOH (Tedia G.R.) solution. The added
possibility of making them potential catalysts for fluidized catalytic amounts of the aluminum chloride were determined to be obtained
cracking [Jones, 1988] if thermal stability is improved [Jones, 1988;as 2.0 molar ratio of OH/AI, which was the optimum [Sawhney,
Khalaf, 1997; Mishra, 1998; Trillo et al., 1993]. 1968]. This solution was aged for 1, 4 and 7 days, respectively. Parker
However, few studies have been found for the pore structure anelt al. [1995] reported that a maximum amount of Keggin ien Al
the acidities of this intercalated montmorillonite, especially with is largely transformed into AD;(Al,; dimer) for the Al-solution
natural Ca- and Mg-Montmorillonite. No study was found for the aged more than 1 day. Therefore, it is supposed that the Al-solu-
micropore structure of the Al-intercalated clay, although some infortion aged for 4 and 7 days contains the dimer of the Keggin ion,
mation was found for the acidity of the pillared clay. In this study Al,, form. Keggin formation was identified as becoming clear by
we are interested in intercalation in the use of Korean Ca-montmamixing a turbid solution of AlGland NaOH after a period of time
rilonite (Yunil area in Korea) as a starting material in preparing Al- [Park, 1999]. The clearing period was about 8 hours.
pillared clays because the acidic properties depend strongly on ttie3. Preparation of Al-Hydroxy Pillared Montmorillonites
natural sources. Therefore, the main objective of this study was to Al-hydroxy intercalated montmorillonites were prepared by slow
determine the pore structure by the adsorption of nitrogen and aeddition, with stirring, of corresponding amounts of Al-hydroxy-
gon at their boiling temperatures and the acidity through ammoniapolycationic solution to a suspension of purified montmorillonite
for 24 hours. The solid was separated by filtration, washed with dis-

"To whom correspondence should be addressed. tiled water and dried at 106. The dried samples were calcined
E-mail: baikhha@email.hanyang.ac.kr for 3 hours at 408C, 600°C and 760C, respectively.
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Geigerflux M-3A with Cuka radiation (1.54@) to determine basal

spacing of the clay. ;

Nitrogen and argon adsorption was carried out to measure isc Lﬂ,\ f”\ i
therms at their liquid temperatures by using Micromeritics ASAP- g 1 / \m _— f
2000E, from which surface area, micro-pore (t-plot) (determined = F\’%Wﬂ/\ - VW%MMW 105°C i
pore sizeA) by argon adsorption) and meso-pore (determined pore § e M\\\w O i A
size (nm) by nitrogen adsorption) diameter distribution (BJH), and = N A RS

L T W, 600°C

pore volumes were determined. The samples (0.15-0.2 g) were d
gassed in a vacuum at 2@for 4 hours before the measurement.
The acidity was determined by WHAPD. The evolved ammo-
nia from the TPD was trapped in an aqueous solution and volu B Ty py
metrically titrated with 0.01 HCI solution with the titration intervals
of 50°C. The ammonia was adsorbed on the samples &€ 160
1 hour and flushed with He gas for 2 hours at the same temper&ig. 3. XRD patterns of samples intercalated with Al-solution aged
ture. Ammonia was desorbed by temperature-programmingGit 10 for 7 days. Calcination temperatures: 108C, 400°C, 600°C
min from 50°C to 850°C. The water vapor fraction desorbed from and 760°C.

the samples in a vent stream was eliminated at an NaOH-trap. _ o
Table 1. d(001) values obtained after calcination for raw Ca-mont-

morillonite and the samples intercalated with Al-solution

‘4 L i g AN 50 bl el
i A, AT
T gy et MV\"’WW“W‘ . - 760°C .
Mﬂwm%“””‘“m“%”wwwmww«mw‘”ﬂ

2Theta (deg.)

RESULTS AND DISCUSSION

(OH/AI=2)
1. XRD Calcination Raw Inte.rcalated m.ontmorillonites
XRD measurements were performed to investigate the variationtemperature ", with Al-solution aged for
of basal spacing d(001) formed from the pillaring procedure and  (°C) lday 4days 7days
105 14.2 17.2 17.1 17.1
S 400 9.4 16.8 17.1 18.3
| /“m\ 600 9.4 159 170 170
I 760 9.5 10.6 16.8 17.4
= b / i, 105°C f e .
s ‘L\ - “WWMMWMWM I the modified diffraction patterns of the samples by thermal treat-
=Y ‘\\ o AR, ‘j ment. Figs. 1, 2 and 3 show the evolution of d(001) lines of raw
g L “’“%m » WW " W.Mm “MWWWNWN;&(:T ’ _W,w,/‘s montmorillonite and the samples of intercalated with Al-hydroxy-
N et MM"”“*M‘NMM S polycation solution of molar ratio (OH/AI) of 2 for the aging pe-
| mmw i W“M ‘M;fgg%v«wwmﬂ riod of 1, 4 and 7 days, respectively. The intercalated products ob-
P‘M " gt PN tained with Al-solution aged for 1 day were calcined af@d600
s o _ | °C and 760C, respectively. d(001) reflections upon heating decreased
s 10 15 up to 600C and then disappeared at ®0The spacings are pres-
2Theta (deg) ented in Table 1 with a function of calcination temperature.
Fig. 1. XRD patterns of raw montmorillonites calcined at 105C, The raw montmorillonite shows 145%20f basal spacing, but the
400°C, 600°C and 760°C. heating reduces the value to 9.4&.fat is the minimum value
for the montmorillonite. However, intercalated montmorillonite with
roo T T T T T T T T Al-solution aged for 1 day and dried at ?Q5has 17.4, which
‘\ /v"ﬂyA‘“m J means that an intercalated bridge was formed. However, the basal
M, Nf \ spacing decreased with the calcination temperature up t8.10.6
b M o, ““WNWMWWWW 105°C 'I_'he mte_rcalated mqntmonllonlte with 4 and 7 days aged Al—solu—
s LW,MW/” ot ’ At s tion retained a spacing of aboutA.7The intercalated sample with
g R ey WWWMWWWV 400°C the 7 days aged {-\I—sol_u'uon ha_s more good s_tablhty. This indicates
g B St that the intercalation with the dimer of, Alorm increased the sta-
‘«,H - Tttt pmty of the pillared clay due to its large size of Al-hydroxypolyca-
e MM-W i —— 760°C / tion [Parker et al., 1995].
e et ottt \ 2. N- and Ar-adsorption Studies
_ . _ The specific surface areas, the pore volumes and mesopore size
° 10 15 distribution (3-70 nm) of the raw montmorillonite and the samples
2Theta (deg.) intercalated with the Al-solution aged for 1, 4 and 7 days were de-
Fig. 2. XRD patterns of samples intercalated with Al-solution aged  termined by nitrogen adsorption at liquid nitrogen temperature. Ar-
for 1 day. Calcination temperatures: 105C, 400°C, 600°C gon adsorption was also performed to determine the distribution of
and 760°C. micro-pore diameter (6-14).
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160 : j 65 nt/g of the total surface area in which the 5gn(i78%) is for
—e&— Raw Montmorillonite (105°C) | 1 . . .
—m— Intercalated montmorillonite (105°C) | the mesopores. The intercalation increased the total surface area up
i :: l':::z:l':ig m::m:;;:g::i 22888 to 269 n¥/g in which the m_icropore area iS 19§gr(74% b_ased
120 ﬂ\ —e— intercalated montmarillonte (760°C) | on total area). The Ionger time of aging of the Al-solution increased
- T the surface area of micropore up to 32@nwhereas the meso-
- pore area actually remained unchanged [Sterte, 1987].
The surface area decreased as the calcination temperature increas-
ed. About 50% of the area dropped at TB6ompared to the sam-
ples treated at 108. The samples intercalated with the 7 days
aged Al-solution have 133%g of the micro-surface, which is a
large value compared to that of the 1 day sample.
The pore volumes for raw montmorillonite and the intercalated
samples are shown in Table 3. Raw montmorillonite has a total pore
volume of 0.14 ml/g, which is increased by the intercalation up to
00 01 02 03 04 05 06 07 08 09 10 0.18-0.19 ml/g due to increases of both the micro- and meso-pore
Relative pressure (p/p,) volumes. However, the heating reduced the pore volumes due to

140 4
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Fig. 4. N, isotherms of raw montmorillonite and intercalated sam-

ples with Al-solution aged for 1 day. Calcination tempera-  Table 3. Pore volumes (ml/g) for the raw montmorillonite and the
ture; 105°C, 400°C, 600°C and 760°C. intercalated samples

Calcination R Intercalated samples with
The isotherms of nitrogen are presented in Fig. 4 for the raw temperature montmi‘rlzlllonite Al-solution aged for
montmorillonite and the intercalated samples with solution aged for (°C) lday 4days 7days
1 day, in which samples were treated at’@)300°C, 600°C and 105 Total 0.14 018 019 019

760°C, respectively. . . _ _ Micro 0.00 008 009 009
The montmorilinite shows isotherms with hysteresis, but the in-

tercalation transforms the isotherm in the desorption branch as he Meso 0.14 0.10 0.10 0.10
. N . . . 400 Total 0.13 0.15 0.18 0.18
adsorption capacity is increased, which means that intercalation forms )
the micropores between the layers of the basal sheets. The samples Micro 0.01 0.06 0.08 0.08
intercalated with the 7 days aged Al-solution show a higher ad- Meso 0.12 008 009 009
sorption capacity than those of the samples intercalated with 1 day 600 Tgtal 0.13 0.13 0.17 0.17
aged Al-solution even though the isotherm does not appear on the Micro 0.01 0.04 007 007
figure. As observed in the XRD study, a treatment with Al-solu- Meso 0.13 009 010 010
tion aged for more than two days may intercalate a stronger bridge 760  Total 0.12 01 015 015
between the basal sheets. Micro 0.00 0.02 0.04 0.05
Table 2 presents the surface areas obtained for the raw montmo- Meso 0.12 0.09 0.10 0.10

rillonite and the intercalated samples. The raw montmorillonite has

F I — — —

— Paw Moninosifion s [102°G)

Table 2. Surface areas (r#g) for the raw montmorillonite and the

; g U ISR AR BT (N0EC

intercalated Samples 1.2 —e - | rOTEN S D aniTeonbonin (40350

rx— |rimrcawied manimeonlonis (0E"G
Calcination Intercalated samples with # |Gl e e e (TEEC]
temperature RaV_V . Al-solution aged for 14 4 a
o montmorillonite =
(°C) lday 4days 7days 8 og

105 Total 65.5 268.9 3216 32838 g |

Micro 14.2 199.7 2394 2454 ; neE i

Meso 51.3 69.2 82.2 83.4 Y
400 Total 67.6 2239 2829 2904 04 | |

Micro 20.0 163.6 208.7 215.0 (i

Meso 47.6 60.3  74.2 75.4 0.3 [FAPN g™
600 Total 64.2 148.2 2534  263.0 &% I-T,- "'m -

Micro 16.2 101.0 1739 179.0 a9 4 amaas: e ot -

Meso 47.9 472 795  84.0 Bare diemater inm’ '
760 Total 33.0 106.5 1909 210.7 ' o : .

Micro 48 544 1155 133.4 Fig. 5. Pore size distributions of the intercalated samples with Al-

: : : ) ) solution calcined at different temperatures. Calculation
Meso 28.2 52.1 75.4 77.3 method: BJH method. Source: N adsorption isotherm.
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the main decrease of micropore volumes.
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calated with the aged Al-solution for 1 day. For the sample interca-

The mesopore size distributions determined from the desorptiotated with the 1 day aged Al-solution, the heating at@6fbm-
isotherm branches are presented in Fig. 5 for the samples intercpletely removed 3.8 pore radius; however, for the sample inter-
lated with Al-solution aged for 7 days and raw montmorillonite. calated with the Al-solution aged for 7 days the pore oA3&

Raw sample has two modes of distribution of about 3.5 and broadius did not disappear. It indicates that the improved stability for
6-7 nm, whereas the intercalated samples have unique peaks ath samples intercalated with the 7 days aged Al-solution is due to
nm. The samples intercalated with the 1 day aged Al-solution appeanlarged Al-hydroxypolycation through the dimerization of the Keg-

to be the same as the Fig. 3, although data do not appear in the figugin ion as already mentioned above [Parker et al., 1995].
Argon adsorption was studied in order to understand the micro3. Acidities by NH-TPD

pore distribution formed for the intercalated samples with the Al-
solution aged for 1 day and 7 days. The results are shown in Figacid amount of the intercalated samples. The acid amount of the
6 and 7, respectively. The figures indicate that the intercalated sansample was determined by volumetric HCl-titration for the trapped
ples have three modal micro-pore distribution of 3.3, 3.7 adl 4.3 ammonia evolved from the TPD apparatus confirming the desorbed
in radius in which 3.7 and 4% appear more clearly for the sam- ammonia. Ammonia TPD patterns are presented in Figs. 8, 9 and 10,
ple intercalated with Al-solution aged for 7 days. The heating reducesespectively. The desorption curve of ammonia for the raw mont-

mainly the first and second pores, especially for the samples inte

Pore volume (cc/g)

0.00 #‘&—’7—%*0—% —
3 4 5 6 7
Radius (A)
Fig. 6. Micropore size distributions (MP method of Ar adsorption) Fig.
for the samples intercalated with the Al-solution aged for 1
day.
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Fig. 7. Micropore size distributions (MP method of Ar adsorption)
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NH,-TPD was done to determine the acidity distribution and the
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8. NH,-TPD spectra of raw montmorillonite and intercalated
samples with Al-solution aged for 1 day. Calcination tem-
perature: 105°C, 400°C, 600°C and 760°C.
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Fig. 9. NH,;-TPD spectra of intercalated samples with Al-solution

aged for 4 days. Calcination temperature: 10%C, 400°C,
600°C and 760°C.
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190 P ———————— actually remained constant.
240 4 Inviemrloed] meaak crBeorsa £ 188 2. The total surface area and pore-volume increased also with the
230 — Iniercalsted moatmoriienlie (430°C) aging time of the Al-solution, in which micropore area increased
o I e more rapidly. Argon adsorption indicated that three modal distribu-
- B tions of 3.3, 3.7 and 48 in micropore radius appeared. However,
= 1eo Ff“x the heating preferentially removed A3f the micropore.
a h .‘Hu_:h - -Hx'l‘ 3. NH-TPD indicates that two desorption peaks of ammonia ap-
g RN ’ ) peared at 23 and 430C, respectively. The heating preferen-
g 1z0 |I| ! “ﬂh - cially reduced the strong acid site. The maximum acid-amount for
100 - & g At the intercalated sample with Al-solution aged for 7 days appeared to
B - _.l'll' — = A be 86 meq./100 g-solid, which is large compared to the raw material.
&0 ,.-f"l = _-.,__i_«.,s_b_: 4. Therefore, this intercalated clay catalyst could be used as an

acid-catalyzed reaction at low temperature, and also the thermal
2| treatment could control the acidity distribution depending on the
reaction.
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