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Clays, acid-activated to an optimum level, have been 
pillared with alumina to give semi-crystalline expanded 
materials with surface acidities, pore volumes and average 
pore diameters generally higher than those of the cor- 
responding pillared materials derived from a clay matrix 
not previously acid-activated. The chlorophyll adsorption 
capacity of the pillared acid-activated materials is signifi- 
cantly greater than that  of pillared, nonactivated clays. 

The procedures used in the preparation of these pillared 
acid-activated clays (/.e., temperature of pillaring, method 
of drying and calcination temperature) have a significant 
influence on chlorophyll adsorption capacity because they 
influence both the physical and the chemical properties 
of the final pillared material. This variation provides a 
useful means of relating the various properties of the 
pillared materials to the chlorophyll adsorption capacity. 
As a result, a correlation has been demonstrated between 
adsorption capacity and a combination of pore volume 
and number of strong acid sites (of strength pK, < --1.5) 
present in the pillared material. Optimal adsorbents were 
obtained from freeze-dried samples prepared by exchange 
at 20°C and calcination in air at 500°C. 
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Bleaching earths (days) have been used for many years 
as adsorbents of pigments present in biological systems, 
and they have proven to be indispensable in the bleaching 
process that removes chlorophyll from vegetable oils (1). 
Properties associated with the clay that have been iden- 
tified as being important in chlorophyll adsorption include 
surface area, pore volume, pore size distribution, particle 
size and surface acidity (2-4). 

Montmorillonites, the clays of frequent choice for acid- 
activation, possess a three-layer phyllosilicate structure. 
Their structural formula (showing idealized isomorphous 
octahedral substitution) is indicated by: 

Mx(Si8) [Al4-x Mgx] 020 (OH)4. nH20 

where x ~ 0.7. 
When montmorillonites are acid-activated as a result 

of treatment with hot mineral acid, H + ions attack the 
aluminosilicate layers via the interlayer region (2). This 
attack alters the structure, chemical composition and 
physical properties of the clay while increasing the chloro- 
phyll adsorption capacity. It has been demonstrated that 
surface acidity and pore volume are particularly impor- 
tant for chlorophyll adsorption (4). Therefore, our aim has 
been to prepare a range of clay-based materials and to cor- 
relate microstructure and surface acidity to observed 
chlorophyll adsorption capacities (Mokaya, R., W. Jones, 
M. E. Whittle and M. E. Davies, unpublished data). In 
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doing so, we hope to determine the possible mechanism 
of the adsorption process, as well as to design more effi- 
cient adsorbents. 

As part of this investigation we commenced a study of 
the potential application of pillared clays as bleaching 
materials. In addition, pillaring provided a powerful 
means of varying the properties of acid-activated clays, 
thereby allowing a correlation to be made between the ef- 
ficiency of chlorophyll adsorption and certain physico- 
chemical properties of the pillared acid-activated clays and 
clays in general. Pillared clays result from the introduc- 
tion into the parent clay, through ion-exchange, of large 
polymeric inorganic cations. These cations are located bet- 
ween the clay sheets and result in an expanded clay struc- 
ture. Following calcination, the cations are converted to 
oxides, thereby generating cross-linked porous materials 
with the oxide pillars bridging the clay sheets (5). To our 
knowledge, no systematic study of pillared clays has been 
made for chlorophyll adsorption, and in particular, the 
concept of pillaring acid-activated clays does not appear 
to have been explored. 

In this paper we concentrate on the characteristics of 
pillared acid-activated clays (in both the precursor and 
calcined forms), although useful comparative information 
for pillared nonactivated clays has been included. Previous 
studies of chlorophyll adsorption on pillared nonactivated 
clays have been restricted to a brief comparison of their 
chlorophyll adsorption characteristics with those of con- 
ventional clays and other layered materials (4). 

MATERIALS AND METHODS 

A natural montmorillonite clay (from Surrey, South Eng- 
land), designated M, was used as the starting material. 
The clay contained Ca 2+ as the predominant exchange- 
able cation and had a cation exchange capacity of 
",,90 meq/100 g. Clay M was acid-activated in concen- 
trated sulfuric acid for 16 h to yield an optimum acid- 
activated clay suitable for pillaring, designated AM. 
Aluminum chlorhydrate solution, kindly supplied by A1- 
bright and Wilson (Warley, West Midlands, United King- 
dom) was used as the source of the pillaring species. The 
solution contained 50% w/w aluminum chlorhydrate cal- 
culated as the dlhydrate [A12(OH)sC1.2H20] and was 
about 6.4 M in aluminum. 

The precursor-pillared clays were prepared by adding, 
with stirring, known amounts of M or AM to the pillar- 
ing solution at either 20 or 80 ° C. A constant solution/clay 
ratio of 50 mL/g was maintained throughout all the prep- 
arations, and the exchange was carried out for 1 h with 
constant stirring. The resulting slurry was repeatedly 
washed, centrifuged in fresh deionized water and reslur- 
ried until free of C1- ions (as tested by AgNOs). The 
resulting material was then redispersed in a minimum 
amount of deionized water and either air-dried or freeze- 
dried to obtain the precursor-pillared clays. The precursor- 
pillared materials were designated as follows: M ex- 
changed at 20°C, PM20; M exchanged at 80°C, PM80; 
AM exchanged at 20°C, PAM20; and AM exchanged at 
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80 °C, PAM80. These precursor mater ia ls  were then cal- 
cined in air at  either 300 or 500°C to obtain the calcined 
samples (5). (Those calcined at  500°C are designated 
CPM20, CPM80, CPAM20 and CPAM80, respectively.) 

Al~+-exchanged mater ia ls  were prepared from 1.0 N 
solutions of A1Cl~.6H20. Contact  t ime was 24 h with 
some stirring. The exchanged clay was then washed free 
of C1- ions and either air- or freeze-dried. 

Surface areas, pore volumes and pore size distr ibutions 
were obtained with a Micromeritics ASAP 2000 analyzer 
(Houndhills, Hampshire,  United Kingdom) at  liquid nitro- 
gen temperatures. H a m m e t t  indicators were used to deter- 
mine the surface acidity in the pK a range - 3 - 6 . 8 .  Ele- 
menta l  composi t ions were determined by X-ray fluores- 
cence techniques with a Philips PW 1400 X-ray fluores- 
cence spect rometer  (Eindhoven, The Netherlands). 

For the bleaching test,  a known amount  of clay was 
added to a super  degummed (SDG) rapeseed oil (which 
contains ca. 8000 ppb chlorophyll) at 100°C and stirred 
for 35 min. The adsorbent  was removed by filtration, and 
the amount  of chlorophyll remaining in the oil was mea- 
sured by s tandard analytical techniques (3). Values shown 
are the mean two independent measurements  with repro- 
ducibility of 1%. 

RESULTS 

Surface area, average pore diameter  and pore volume 
measurements  for the precursor and calcined materials  
are shown in Table 1. Elementa l  analyses of M, AM and 
their  pillared derivatives are g~ven in Table 2. Surface 
acidity measurements  are shown in Table 3. 

Chlorophyll adsorption capaci ty  measurements  for the 
precursor- and calcined-pillared acid-activated clays are 
shown in Figure 1 for air-dried mater ia ls  and in Figure 2 
for freeze-dried materials.  Chlorophyll adsorption capaci- 
ties for the equivalent  mater ia ls  derived from the nonac- 
t iva ted  clays are shown for comparison in Figures 3 and 
4. The results demonstrate  tha t  the pillared acid-activated 
mater ia ls  are be t te r  adsorbents  of chlorophyll than  their 
nonact ivated analogues. In  addition, freeze-dried materi- 
als adsorb more chlorophyll than  the air-dried analogues. 

DISCUSSION 

Phys ica l  properties.  The physical properties of the pillared 
products  clearly depend upon several factors (Table 1). A 
higher exchange tempera ture  promotes  more efficient in- 
corporat ion of a luminum polycations into the interlayer 
region for bo th  M and AM. The original exchangeable 
cations (mainly Ca 2+) are replaced during this exchange 
(Table 2). High  alumina incorporation has been reported 
to result in a more ordered material ,  with a higher num- 
ber of uniformly dis t r ibuted pillars in the interlamellar 
region (6). 

I t  is expected tha t  increasing incorporation of the pillar- 
ing species will increase, to a m a x i m u m  value, bo th  the 
pore volume and average pore diameter. Beyond this max- 
imum, fur ther  incorporation will result in more interlayer 
space being occupied by the pillaring species than  is 
generated by the increased expansion resulting from pillar- 
ing. As a result, average pore diameters and pore volumes 
will then decrease The op t imum incorporation of alumina 
for samples derived from AM seems to be between 10.4% 

TABLE 1 

Surface Areas, Pore Volumes and Average Pore 
for the Various Materials Studied 

Diameters 

BET S.A. Pore volume Average pore 
(m2/g) (cc/g) diameter (~.) 

Clay type a FD b AD c FD AD FD AD 

PAM20 223 191 0.31 0.27 40.3 38.9 
PAM80 121 87 0.20 0.16 45.7 42.0 
CPAM20 284 322 0.38 0.37 38.6 34.2 
CPAM80 259 257 0.30 0.29 33.8 32.5 
PM20 103 188 0.11 0.15 29.8 24.5 
PM80 204 188 0.15 0.14 22.2 21.0 
CPM20 200 172 0.18 0.17 27.0 28.9 
CPM80 293 270 0.21 0.19 21.0 20.3 

aClays: M, natural montmorillonite; AM, acid-activated suitable for 
pillaring; PM20, M exchanged at 20°C; PM80, M exchanged at 
80°C; PAM20, AM exchanged at 20°C; PAM80, AM exchanged 
at 80°C; Cs preceding the abbreviations indicate that the precur- 
sor materials were calcined in air. 

bFreeze-dried. 
c Air-dried. 

TABLE 2 

Elemental Analysis Results for M, AM and Their Derivatives a 

Clay type %A1203 %SiO 2 %CaO SiO2/A1203 

M 14.1 55.6 4.7 6.7 
AM 10.8 58.1 4.3 9.1 
PM20 23.0 48.6 0.7 3.6 
PM80 28.0 45.0 0.1 2.9 
PAM20 19.6 53.6 <0.1 4.7 
PAM80 23.2 51.8 <0.1 3.8 

aClays as described in Table 1. 

(wt%) for PAM20 and 15.2% for PAM80. Because PAM80 
and CPAM80 have lower chlorophyll adsorption capacities 
than  PAM20 and CPAM20 (Figs. 1 and 2), it appears tha t  
a reduction in pore volume and average pore diameter has 
a negat ive effect on the chlorophyll adsorpt ion capaci ty  
for these types  of pillared materials.  

Despi te  the fact  tha t  all the mater ia ls  reported in 
Table 1 have average pore diameters  considerably larger 
than  the cross-sectional dimensions of the chlorophyll 
molecule (12 × 15 ~,), the amount  of adsorbed chlorophyll 
continues to increase with increasing average pore size. 
This observation supports  the suggestion that  chlorophyll 
may interact with the clay surface in agglomerates (7) and, 
as a result, pores of diameter  less than  the size of the 
chlorophyll agglomerates present in the off are unfavorable 
for adsorption. This  point  is, furthermore,  supported by 
the observation (Table 1) tha t  freeze-dried samples gener- 
ally adsorb more chlorophyll than  air-dried counterpar ts  
(Figs. 1-4); freeze-drying is known to promote face-to-edge 
or edge-to-edge layer aggregat ion of the clay, thereby 
generating both macroporosity and microporosity, as well 
as larger average pore diameters and pore volumes (8). By 
comparison, air-dried samples essentially follow a face-to- 
face layer aggregation,  which favors formation of a more 
closely packed and ordered mater ial  wi th  pores primar- 
ily in the micropore rang~ However, it is worth noting tha t  
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FIG. 1. Chlorophyll adsorption data (as % chlorophyll adsorbed) for 
air-dried samples of pillared AM. Clays as described in Table 1. 
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FIG. 2. Chlorophyll adsorption data (as % chlorophyll adsorbed) for 
freeze-dried samples of pillared AM. Clays as described in Table 1. 

due to the pillared nature of the materials in this study, 
the pore diameters encountered are within a relatively nar- 
row range (from the mid-micropore range to the lower 
mesopore range) and, thus, most of the pore volume of the 
materials is associated with pores within this range  

Surface acidity. Table 3 indicates tha t  for both  M- and 
AM-derived materials, the exchange (pillaring) tempera- 
ture influences the surface acidity of the materials ir- 
respective of whether or not the host matrix has been acid- 
activated. In all cases, materials prepared at 20°C have 
higher acidity as compared to materials prepared at 80°C. 
This is true throughout  the range of acid s trengths in- 
vestigated. From a comparison of the chlorophyll adsorp- 
tion data  (Figs. 1-4) and the acidity values (Table 3), it 
is clear tha t  higher acidity improves chlorophyll adsorp- 
tion capacity. 

Exchange of the polycations into AM has the effect of 
"propping" open the layers and exposing hitherto inac- 
cessible acid sites. The polycations may, however, block 
matrix acid sites. Their introduction will also result in the 
replacement of exchangeable cations, some of which (e.g., 

Exchanged at 8 0 ° C /  

I PM80 1-7 l - -  

Calcined ] Calcined at 
at ~ 300oC 

500°C 

Nonactivated clay (M) 

~ xchanged at 20°C 

PM20 3.2 

Calcined 
at 

500°C 

I 
Calcined at 

300°C 

3.4 ] 

FIG. 3. Chlorophyll adsorption data (as % chlorophyll adsorbed) for 
air-dried samples of pillared M. Clays as described in Table 1. 
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Calcined ]Calcined at Calcined at Calcined 

500a~c ~ ~ 300°C 500°C 3~toc 

~ Cooled in NH 3 

A I a + ~  
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FIG. 4. Chlorophyll adsorption data (as % chlorophyll adsorbed) for 
freeze-dried samples of pillared M. Clays as described in Table 1. 

TABLE 3 

Surface Acidity a of the Air-Dried Samples 
Measured with Hammett Indicators 

PK a value 

Clay type b 6.8 4.7 2.8 1.5 -1.5 -3.0 

PM20 0.45 0.36 0.25 0.16 0.09 0.05 
PM80 0.38 0.25 0.15 0.08 0.05 0.01 
CPM20 0.42 0.32 0.20 0.13 0.10 0.05 
CPM80 0.35 0.24 0.13 0.10 0.06 0.03 
PAM20 0.91 0.72 0.55 0.43 0.32 0.08 
PAM80 0.90 0.70 0.50 0.30 0.18 0.07 
CPAM20 0.82 0.72 0.60 0.43 0.30 0.13 
CPAM80 0.75 0.72 0.45 0.32 0.19 0.09 

a In meq n-butylamine/g clay. 
bClays as described in Table 1. 

A13+) are very acidic. While the polycations introduce 
new acid sites (5) via hydrolytic reactions, these do not 
compensate for those sites tha t  have been removed or 
blocked. A balance is required between opening up the 
structure and maintenance of acidity. This is better 
achieved by low-temperature exchange, which does not 
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introduce sufficient polycations to completely block the lOG - 
interlayer region but  results in the incorporation of fewer, 
yet  sufficient, polycations to prop apart  the layers. As a ,~ 80 - 
result, hi therto inaccessible acid sites are exposed and 
most  of the initial matr ix  acidity is maintained. 

Influence o f  calcination. In general, calcination improves ~ 60 
the chlorophyll adsorption capacity. Calcination has the 
effect of dehydroxylating the precursor pillar in the follow- ~ 40 
ing (idealized) way (9): 

2[A11304 (OH)24(H20)12] 7+ --~ 13A1203 + 14H + + 41H20 

The removal of water from the expanded interlayer region 
of the clay has the dual effect of generating pore volume 
riO) and, because low interlayer water contents are known 
to favor higher acidity (11), creating a more acidic environ- 
ment. Water removal also results in the creation of a less 
hydrophilic environment for the (hydrophobic) chlorophyll 
molecules. These are factors tha t  will, in each case, en- 
hance chlorophyll adsorption. The temperature of calcina- 
tion (300 or 500°C, Figs. 1-3) does not  significantly af- 
fect the chlorophyll adsorption capacities of the materials. 
Both  temperatures  are lower than the temperature  at 
which Bronsted acid sites are known to significantly con- 
vert  to Lewis sites, and thus the nature of acidity in the 
materials calcined at the two temperatures is essentially 
of the same type. 

In all cases, precursor-pillared materials have a higher 
number of sites with low acid s trengths (e.g., pK a 4.7) 
compared to the calcined materials. The opposite is the 
case at strong acid s t rengths  (e.g., pK, -3.0)  (Table 3). 
This variation in acid site distribution is due to the water 
present in the precursor-pillared material interacting with 
acid sites of pK~ < - 1 . 7  (i.e., the pK,  value of water) 
weakening them and thus shift ing the acidity to lower 
strengths. The bet ter  adsorption capacity of calcined 
materials provides further evidence that  strong acid sites 
are responsible for the adsorption process. 

Previous investigators have proposed tha t  the protons 
generated during calcination migrate into the matr ix  of 
the clay (9). These protons may, however, be abstracted 
from the matr ix  by cooling the calcined material  in am- 
monia solution (a s trong base), thus generat ing NH4 + 
ions in the interlayer region of the material (5,9). NH4 +, 
being a nonacidic cation, reduces the chlorophyll adsorp- 
tion capacity of the pillared material (see Fig. 1). When, 
however, the NH4 + ion is replaced by A13+ (an acidic ca- 
tion), the adsorption capaci ty is dramatically enhanced. 
These observations are in agreement with previous results 
for nonpiUared cation exchanged clays (unpublished data) 
where acidic cations, such as A13+ or TP + (as a result  of 
their high polarizing abilities), create acidic environments 
conducive for chlorophyll adsorption. Nonacidic cations 
(e.g., Na +, Li+), on the other  hand, have the opposite ef- 
fect (unpublished data). 

Relat ionship between surface properties o f  the materials 
and chlorophyll adsorptior~ The foregoing discussion lays 
down the basis of an a t t empt  to link the chlorophyll 
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FIG. 5. Rela t ionsh ip  b e t w e e n  a c o m b i n a t i o n  of pore volume and 
ac id i ty  at  pK a --1.5 and  chlorophyll adsorption capaci ty .  

adsorption capacity with surface acidity and pore volume. 
From the results, it is apparent tha t  in all cases improved 
surface acidity and pore volume are accompanied by an 
increase in chlorophyll adsorption capacity. Indeed, a 
linear relationship between chlorophyll adsorption capac- 
i ty of the pillared clays and a combination of their pore 
volume and surface acidity (at pKa value < - 1 . 5 )  is 
observed (Fig. 5). I t  is clear, therefore, tha t  modification 
of acid-activated clays may give rise to good adsorbents 
for chlorophyll, and it is likely tha t  fur ther  enhancement 
of adsorption may occur when other pillaring species are 
used. Such investigations are currently underway. 
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