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Bleaching With Alternative Layered Minerals: A Comparison 
With Acid-Activated Montmorillonite for Bleaching Soybean Oil 1 
Dennis R. Taylor, Dennis B. Jenkins and Charles B. Ungermann 
Engelhard Corp., P.O. Box 877, Pleasanton, CA 94566 

An extensive series of layered minerals including mont- 
morillonite was studied to determine if the fundamental 
physicochemical properties responsible for pigment ad- 
sorption could be identified. Samples were subjected to 
a uniform preparation regimen to eliminate such secon- 
dary effects as particle size, moisture content, level of a~ 
tivation and degree of washing. By doing so, it has been 
possible to show that both carotene and chlorophyll ad- 
sorptions can be described by a rather simple model that 
employs both surface acidity and pore volume as key 
variables. Further, it was found that this model provides 
an adequate fit to the actual data only when specific 
regions for these variables are considered (i.e., concentra- 
tion of sites of strong surface acidity, not just total sur- 
face acidity; pore volume in region 50-200/~, not just total 
pore volume). 

Acid-activated montmorillonite bleaching clay is the in- 
dustry standard for removing various trace constituents 
{chlorophyll, carotenoids, phospholipids, metals and ox- 
idation products) from edible and inedible oils by adsorp- 
tion. While its pre-eminence in this application has re- 
mained unchallenged since its introduction at the begin- 
ning of this century (1), it is also fair to say that  a com- 
plete understanding of the reasons for its dominance {over 
other clay minerals) is still lacking. This is true in spite 
of numerous studies {2-8) relating the role of various 
physical/chemical properties of acid-activated clays to 
their pigment adsorption efficiencies. 

In the present study, we address these issues as part 
of an on-going effort on our part to more fully ascertain 
and quantify fundamental properties of surface active 
minerals as they relate to the adsorption phenomenon. 
Our approach has been to assemble an extensive set of 
layered minerals exhibiting both similarities to and dif- 
ferences from montmorillonite, and then to subject the 
entire set to rigorous chemical/physical characterization 
and performance testing. Our objective was to identify 
the key parameters responsible for adsorption by a 
process of comparative analysis. In order to maximize the 
study's utility while keeping its scope within reasonable 
bounds, we examined both nonactivated and acid- 
activated forms of the study minerals, but restricted the 
set almost exclusively to the 2:1 class of layered minerals. 
Some new (synthetic and/or modified) minerals whose 
bleaching properties have not been described previously 
have been included for completeness. 

Properties of bleaching clays which previously have 
been ascribed a role in the adsorption of trace constituents 
from oils include: surface acidity (2,3,6,8), surface area and 
porosity (3-8}, degree of acid activation (2-4,7}, particle 
size (2-4,8), and moisture content (2,5). The criteria we 
established for choosing study materials involved select- 
ing various layered minerals which were known or 

1Preeented at  the AOCS meeting in New Orleans, LA in May 1987. 

expected to possess some degree of surface area, poros- 
ity and surface acidity (after acid activation). 

Basically, three chemical classes of 2:1 layered minerals 
(Table 1) are represented in this study: aluminosilicates, 
magnesium silicates and zirconium phosphates. Alumino- 
silicates (2:1) and magnesium silicates (2:1) are composed 
of two (tetrahedrally coordinated} sheets of silica atoms 
sandwiched about a central (octahedrally coordinated) 
sheet of either alumina, or magnesia atoms, respectively. 
The 2:1 zirconium phosphates are composed of two (tetra- 
hedrally coordinated) sheets of phosphate atoms sand- 
wiched about a central (octahedrally coordinated) sheet 
of zirconate atoms. Stacked (repeating} sheets of these 
2:1 layered structures form individual mineral crystallites 
(in sizes ranging from 0.1 ~m up to 2 ~m equivalent 
diameters depending on the specific mineral). Only one 
of the study minerals, HY-zeolite, does not possess a 
layered structure: it has a rigid, highly ordered three ~ 
dimensional array of structural aluminate and silicate 
tetrahedra which form a series of connecting pores and 
chambers containing mobile {exchangeable} cations (9). 

TABLE 1 

Study Minerals 

Chemical Layer 
Name Code Source a type type 

3 Dimens 
A 

HY-Zeolite HYZ E [ 
Ca-Montmorillonite b CaM E / 
Na-Montmorillonite c NaM AC 
Low Si/A1 ratio SMM d LOSM E Alumino- 
High Si]A1 ratio SMM d HISM E silicate 
Fe SMM d FeSM E | 
Ni SMM d NiSM E 1 Pillared montmorillonite PILM E 
Illite ILL CMS 
a-Zr(HP04)2 AXZP E 

(crystalline) ! 
a-Zr(HPO4) 2 AZP E Zirconium 

(pseudocrystaUine) phosphate  
y-Zr(HPO4) 2 GZP E | 
y-Zr(HPO4)2 GPZP E X 

(phenyl pillared) 
Hectorite e HEC NL 
Synthetic Hectoritef SHEC L Magnesium 
Vermiculite VER AV silicate 
Chlorite CHL W [ ? 

2:1 

2:1 + 1 

a AC, American Colloid, Skokie, Illinois; CMS, Clay Minerals Society, 
Bloomington, Indiana; NL, NL Industries, Heightstown, New 
Jersey; L, Laporte Industries Ltd., Saddle Brook, New Jersey; AV, 
American Vermiculite, Atlanta, Georgia; W, Wards Natural Science 
Establishment, Rochester, New York; E, Engelhard, Menlo Park, 
New Jersey. 

bFiltrol Gr 160 TM. 
c American Colloid Volclay TM. 
dSMM, synthetic mica montmorillonite. 
e NL Industries Macaloid TM. 
fLaporte Laponlte TM. 
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It was included in the present study because it provided 
a good control as a nonlayered material which never- 
theless possesses high surface area, porosity and surface 
acidity. In addition, it provides a good comparison for 
another study material, pillared montmorillonite, which 
is claimed (Vaughan, D.E.W., and R.J. Lussier, paper 
presented at the 5th International Conference on Zeolites, 
Naples, Italy, June 1980) (10) to become "pseudozeolitic" 
in character once pillared. All of the remaining minerals 
have a 2:1 layered structure although chlorite contains 
an extra brucite (MgO) sheet in the interlayer region and 
therefore possesses a 2:1 + 1 arrangement. 

Two other common 2:1 layer aluminosilicates, pyro- 
phyllite and mica, were excluded from the present study 
because of their low surface areas and known resistance 
to acid attack (11,12). Likewise kaolin, a well-known 1:1 
layer clay mineral composed of one (tetrahedrally coor- 
dinated) sheet of silica atoms bonded to a (octahedrally 
coordinated) sheet of alumina atoms was not included 
because it does not respond to acid activation. And finally 
attapulgite, a fibrous clay mineral, was not included 
because it did not possess the simple layered structure 
being studied here; bleaching properties for both these 
latter minerals have been described elsewhere (1,5,8}. 

MATERIALS AND METHODS 

Clay activations. Because maximum clay bleaching effi- 
ciency depends in a nonpredictable way on the amount 
of acid used for activation (2-4,7), each clay sample was 
subjected individually to an optimization procedure 
designed to develop the maximum activity achievable for 
that particular sample. To obtain the optimum acid ac- 
tivated product, a series of screening reactions was per- 
formed using activation time as the independent variable. 
A quantity of each material was reacted at a fixed acid 
dosage where acid dosage = (g 98% H2SO4/g clay, ig- 
nited basis) • 100% and small samples of slurry were 
removed at various time intervals. These samples were 
rinsed, filtered and dried at 35~ in a forced air oven. 
They were then tested for carotene (carotenoids) and 
chlorophyll (pheophytins) adsorption efficiency in refined 
soy oil. Conditions giving the highest adsorption efficien- 
cies were considered optimum and were repeated when 
preparing larger samples (125-200 g). Several materials 
were resistant to acid treatment and showed no maxima. 
For these materials, the maximum activation time (5 hr) 
was used. As with the screening samples, the final 
samples were slurried in an acid/water mixture (20 wt% 
solids) and activated by heating to 100~ using a con- 
stantly-stirred glass reaction vessel. A condenser was 
used to prevent water loss during the activation. 

Table 2 gives optimum activation conditions; for most, 
200% acid dosage and 100~ were used. The natural and 
synthetic hectorites reacted (leached) so vigorously that 
activation time could not be used as the screening 
variable. Instead, these two materials were screened using 
a fixed time interval and a variable acid dosage. For these 
materials the slurry concentration was 10 wt% solids. The 
layered zirconium phosphates were not activated because 
they possess a naturally acidic surface (13). Strong acid 
treatment will collapse pillared montmorillonite, so this 
material was activated by a very brief (1 min) sulfuric acid 

TABLE 2 

Optimum Activation Conditions for Study Minerals 

Activation conditions 

Acid Time Temp. 
Mineral name Code dosage a (hr) (~ 

HY-Zeolite HYZ -- 3.0 425 
Ca-MontmoriUonite CaM 200% 1.5 100 
Na-Montmorillonite NaM 200% 4.3 100 
Low Si/A1 ratio SMM b L O S M  200% 0.75 100 
High Si/A1 ratio SMM b H I S M  200% 0.75 100 
Fe SMM b FeSM 200% 0.42 100 
Ni SMM b NiSM 200% 0.50 100 
Pillared montmorillonite PILM pH 3.3 1 min 25 
Illite ILL 200% 4.3 100 
Hectorite HEC 100% 2.0 25 
Synthetic hectorite SHEC 40% 2.0 25 
Vermiculite VER 200% 0.5 100 
Chlorite CHL 200% 5.0 100 

aAcid dosage, (g 98% H2SOt/g clay, ignited basis) X 100%. 
bSMM, Synthetic mica montmoriUonite. 

treatment to pH 3.3. HY-zeolite was prepared by calcin- 
ing NH4-Y zeolite at 425~ for 3 hr. 

General clay preparation. As mentioned previously, 
bleaching activity depends on a rather extensive set of 
factors (2-8). In order to reduce the number of variables, 
all (acid-activated) samples were subjected uniformly to 
the following steps: (i) following activation, they were 
quenched in 12 gallons of DI water to remove excess sul- 
furic acid, allowed to settle, and the supernatant decanted 
off; the remaining material was then filtered and rinsed 
four times with one-1 aliquots of deionized water; (ii) the 
resultant filter cakes were then dried to equilibrium 
moisture content at 35~ in a forced air oven, and (iii) 
ground so 100% of the powdered samples would pass 
through a 200 mesh (75 ~m) wire screen sieve. 

Synthetic mica montmorillonites. Synthetic mica mont- 
morillonite (SMM) and the Fe and Ni substituted forms 
were prepared by the methods of Granquist (14,15). 

Pillared montmorillonite. Pillared montmorillonite was 
prepared by the method of Occelli (16). 

Zirconium phosphates. Zirconium phosphates were 
prepared as follows: a-zirconium phosphate {crystalline), 
method of Alterti and Torracca {17); a-zirconium phos- 
phate {pseudocrystaUine), method of Clearfield and 
Stynes (18); y-zirconium phosphate, method of Clearfield 
et al. (19); the phenyl-pillared derivative, method of 
Yamanaka (20). 

Other minerals. The other minerals were obtained as 
follows: sodium montmorillonite (VolclayTM), American 
Colloid, Skokie, Illinois; illite, Clay Minerals Society, 
Bloomington, Indiana; hectorite (MacaloidTi), NL In- 
dustries, Heightstown, New Jersey; synthetic hectorite 
(LaponiteTi), Laporte Industries Ltd., Saddle Brook, 
New Jersey; vermiculite, American Vermiculite, Atlanta, 
Georgia, and chlorite, Wards Natural Science Establish- 
ment, Rochester, New York. 

Adsorption efficiency data. Adsorption efficiencies were 
determined by contacting the study materials with re- 
fined soy oil for 15 min under vacuum (1.5 in. Hg) at 
105~ Residual carotene (carotenoids) and chlorophyll 
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(pheophytins) contents were measured on the McCloskey 
Colorimeter {model 01-0120) using a 5.25" cell. Phos- 
phorous data were obtained nephelometrically using the 
Hach Ratio Turbidimeter (model 18900) (21) and col- 
orimetrically according to the method of Yuen (22). Sub- 
tracting these data from the contents of the original oil 
yields the adsorption data {reported as ppm or ppb/g of 
clay, dry basis). 

Physicochemical analyses. Physical and chemical prop- 
erties of the study minerals were determined as follows: 
chemical analysis, samples dried at 1000~ and then 
analyzed for Si, A1, Fe, Ca, Mg, Na, K and Ti using X-ray 
fluorescence (XRF}; Zr and P by ICP; Li by atomic ad- 
sorption, and F by ion selective electrode. Slurry pH was 
measured on an aqueous slurry containing 10% dry 
material. Surface acidity was determined by the method 
described by Kladnig (23}. Surface area and pore volume 
were determined on the Quantasorb Sorption system 
(Quantachrome Corp.} using the BET method with N2 as 
an adsorbate. Pore volume distribution vs pore diameter 
was determined using the Digisorb 2500 surface area/pore 
volume analyzer (Micromeritics). Pore volumes were 
measured (N 2 adsorption and desorption cycles) in six 
different :pore diameter regions {30-50 A, 50-100 A, 
100-200 A, 200-300 ~,, 300-400 A, and 400-600 ~,). 
Cation exchange capacity was determined by exchange 
with strontium ion, followed by XRF chemical analysis 
for strontium. 

RESULTS AND DISCUSSION 

While it is clearly beyond the scope of this study to 
discuss the structural aspects of these minerals in any 
detail, it is appropriate to at least highlight their major 
differences. The archetype, Ca-montmorillonite, is a 2:1 
aluminosilicate whose basic structure has already been 
described (vide supra). In addition, some exchangeable 
calcium ions are present between the layers; further in- 
formation concerning structural and chemical aspects of 
montmorillonites is available in two recent reviews (3,4). 

When this structure is subjected to acid leaching, 
removal of structural ions occurs primarily in the central 
(octahedral) layer (24,25) with two major consequences: 
(i) the structure is opened up considerably as evidenced 
by significant increases in surface area (3,4) and poros- 
ity (3,4), and (ii) the original interlayer cations (calcium, 
sodium, potassium) are exchanged with aluminum (as well 
as some magnesium and ferric) cations which have been 
freed from the central layer by the leaching process. 
Because these particular cations are considerably more 
acidic than the calcium ions they replace, the overall 
acidity of the leached structure increases as well (26,27}. 
As will be described below, these changes constitute 
major positive benefits of the acid-leaching process. 

The other 2:1 aluminosilicates have basically the same 
structure as the Ca-montmoriUonite, but  differ in detail. 
Pillared montmoriUonite, for instance, is prepared by ex- 
changing the original interlayer cations with large (alumi- 
num oxyhydroxide) polycations {28}. Because these ca- 
tions are so large, and because the montmorillonite struc- 
ture exhibits a capacity for expansion, the distance 
(d-spacing) between layers is increased from the normal 
15 A up to 18 A when these ions are inserted between the 
layers. It is claimed (10) that these altered clays become 

"pseudozeolitic" in character once they have been 
pillared. 

Synthetic mica-montmorillonite (SMM) used to make 
(LOSM, HISM, FeSM and NiSM) bleaching clays differs 
from naturally occurring montmorillonite by virtue of its 
extreme purity (all ingredients are controlled during syn- 
thesis). SMM itself contains only aluminum atoms in its 
octahedrai layer; substitutions by iron or nickel into this 
layer are made possible by adding these ions to the syn- 
thesis mix and give Fe- and Ni-SMM, respectively. 

Illite, a naturally occurring mineral closely related to 
mica, possesses a structure quite similar to the SMM just 
described. It differs by virtue of possessing a higher 
degree of negative layer charge (hence much stronger elec- 
trostatic attraction between the negative layer charge and 
the interlayer cations) with the result that the layers are 
pulled closer together (the d-spacing is typically only 
about 10 A for this clay). 

Zirconium phosphates represent a new class of syn- 
thetic layered minerals that have no naturally occurring 
analogs. They make excellent additions to the present 
study because they possess some features similar to 
montmorillonite (i.e., high surface acidity, moderate-to- 
good porosity), as well as some substantial differences 
(i.e., reverse orientation of structural tetrahedra, the 
presence of structural OH groups in the interlayer region, 
and the absence of layer charge). 

Zirconium phosphates exhibit two different morpholo- 
gies. The a-form is characterized by hydrogen bonding 
between the apical, interlayers OH groups and the struc- 
tural zirconate ions in an adjacent layer. This structure 
possesses a rather low d-spacing of only 7.6 A. The ),-form 
is characterized by hydrogen bonding between the adja- 
cent apical OH groups themselves {between one layer and 
the next) and possesses a considerably larger d-spacing 
of about 12.4 ~. As with montmorillonite, these struc- 
tures can also be "pillared." A phenyl pifiared derivative 
has been included in this study, and possess a d-spacing 
of about 15.2 A. 

The structure of the magnesium silicates differs from 
the aluminosilicates by virtue of having all octahedral 
positions occupied by magnesium ions in the central layer. 
For both natural and synthetic hectorite, layer charge 
arises as a consequence of substitution by lithium for 
magnesium ions in the octahedral layer, whereas for 
vermiculite, it arises because of substitution by aluminum 
ions for silicon ions in the tetrahedral layer. Chlorite, a 
2:1 + 1 magnesium silicate layer mineral, possess a com- 
pletely "locked" structure because the interlayer region 
is occupied by a layer of brucite (MgO). As a consequence, 
it has no cation exchange capacity. 

As shown (Figs. 1-3}, surface acidity, surface area and 
pore volume all increase upon acid activation (the only 
exception being the pillared montmorillonite which is af- 
fected relatively little}. Generalizations beyond these, 
however, are difficult to make. Some of the minerals dis- 
play large changes in a given parameter upon activation, 
while others are relatively less affected. For example, 
sodium montmorillonite (NaM) exhibits a substantial in- 
crease in surface acidity (Fig. 1) upon activation, but ver- 
miculite (VER) and chlorite (CHL) increase only moder- 
ately. In another example, the surface area (Fig. 2) for ver- 
miculite is substantially increased; in contrast, chlorite 
increases about one-half, and sodium montmorillonite 
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FIG. 5. Activation effect. Carotene adsorption: refined soy oil. 
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FIG. 3. Activation effect influence on pore volume. FIG. 6. Activation effect. Chlorophyll adsorption: refined soy. 

only about one-third as much. Other examples of non- 
uniformity in degree of response to acid-activation can 
be found upon examination of the data in Figure 1-4. 

The only study parameter which decreases upon acid 
activation is cation exchange capacity. The explanation 
is that the acid-activation process removes structural ions 
from the octahedral layer {25,26}. Their removal, and the 
simultaneous protonation of the lattice, reduces the need 

for counterbalancing cations in the interlayer region. 
Because cation exchange capacity {Fig. 4) is a measure 
of these interlayer cations, its decrease is to be expected. 

Tables 3 and 4 summarize the results obtained when 
these minerals were used to adsorb various trace consti- 
tuents from caustic refined and water degummed soybean 
oils, respectively. These data {represented as bar graphs 
in Figs. 5-7) attest to the general superiority of acid- 
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T A B L E 3  

A d s o r p t i v e P r o p e r t i e s o f S t u d y  Materials 

Contacts  w/ref ined soybean oil a 

S tudy Chlorophyll b Carotene d Adsorbed Adsorbed 
materials  (ppb) LvR c (ppm) ch e car 

No t rea tment  710 18.7 31 0 0 
HYZ act 686 18.3 28 63 7 
CaM raw 598 16.2 28 272 7 

act 78 10.7 10 1548 50 
NaM raw 688 16.6 30 52 3 

act 245 13.5 17 1073 33 
LOSM raw 646 16.3 29 146 5 

act 80 17.5 22 1482 21 
HISM raw 657 16.6 29 123 4 

act 56 18.6 23 1497 19 
FeSM raw 668 13.7 18 100 30 

act 126 8.8 7 1338 55 
NiSM raw 665 17.2 29 105 4 

act 132 19.4 25 1330 13 
PILM raw 610 17.2 28 253 7 

act 668 17.1 28 103 5 
ILL raw 682 16.5 28 63 6 

act 586 17.5 26 279 11 
AXZP 713 16.2 29 0 4 

AZP 691 18.1 27 45 9 
GZP 681 18.1 27 74 9 

GPZP 703 19.9 27 17 9 
HEC raw 676 16.8 30 79 2 

act 500 14.5 24 493 17 
SHEC raw 702 16.4 29 19 4 

act 658 15.9 28 140 8 
VER raw 694 17.5 30 38 3 

act 679 16.8 28 73 7 
CHL raw 700 17.2 28 22 7 

act 672 17.3 28 86 8 

aContac t s  with 0.3 wt% dosage in 150 g oil; 220~ for 15 min/28.5" 

bChlorophyll level after contact, ppb. 

c Lovibond red value after contact. 

dCarotene level after contact, ppm. 

e Chlorophyll adsorbed, ppb/g (dry basis). 

fCaro tene  adsorbed, ppm/g (dry basis). 

vac. 
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FIG. 7. Adsorption trace constituents.  Act ivated minerals: soybean oils. 
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TABLE 4 

Adsorptive Properties of Study Materials 

Contacts w/degummed soybean oil a 

Study Phos b Chlor c Carot e Adsorbed Adsorbed Adsorbed 
materials (ppm) {ppb) LvR d (ppm)  phosf chg ca h 

No treatment 120 270 20 37 
HYZ act na na na na 
CaM raw 

act 35 0 1.1 0.4 30.4 96.4 13.1 
NaM raw 

act 56 0 3.7 0.9 21.5 90.6 12.1 
LOSM raw 

act 34 0 2.9 0.9 29.5 92.5 12.4 
HISM raw 

act 32 0 3.3 1.2 29.3 90.0 11.9 
FeSM raw 

act 32 0 3.4 0.8 29.3 90.0 12.1 
NiSM raw 

act 48 0 9.2 10 24.2 90.6 9.1 
PILM raw 

act 85 242 20 31 12.5 10.0 2.1 
ILL raw 

act 68 76 15.4 12 17.0 63.6 8.2 
AXZP 80 273 20 32 13.7 0 1.7 

AZP 80 273 20 32 13.9 0 1.7 
GZP 81 221 20 32 14.3 17.9 1.8 

GPZP 58 283 20 30 21.5 0 2.4 
HEC raw 

act 56 0 8.5 6 21.9 92.5 10.6 
SHEC raw 

act 61 0 10.9 12 23.1 105.9 9.8 
VER raw 

act 63 158 20 26 19.5 38.2 3.8 
CHL raw 

act 61 137 20 24 19.5 43.9 4.3 

aAtmospheric contacts, 3 wt% dosage in 100 g oil; 248~ 
bphosphorus level, after contact, ppm. 
c Chlorophyll level after contact, ppb. 
dLovibond red value after contact. 
eCarotene level after contact, ppm. 
fPhosphorus adsorbed, ppm/g {dry basis}. 
gChlorophyll adsorbed, ppb/g {dry basis). 
hCarotene adsorbed, ppm/g {dry basis). 

for 15 min. 

activated montmorillonites vs other layered minerals for 
this application. And although the acid-activation process 
obviously enhances the adsorptivi ty of almost all the 
s tudy minerals {pillared montmorillonite being the only 
exception}, it is also clear tha t  the response of the mont- 
morillonites to acid activation is significantly greater 
than that  of the other clay minerals {Figs. 5,6}. 

Of the new materials examined here, only Fe-SMM 
proved itself to be in a class with Ca-montmorillonite for 
the adsorption of all three trace consti tuents after acid- 
activation {Figs. 5-7}. The remaining SMM materials 
were somewhat better than Na-montmorillonite for ad- 
sorption of phospholipids and chlorophyll, but  inferior 
with regard to carotene adsorption. Phospholipids appear 
to be quite easily adsorbed regardless of the adsorbent 
being utilized, but  the zirconium phosphate materials, in 
particular, seem to exhibit a truly marked selectivity for 
this consti tuent relative to the other layered minerals 
studied. Al though Y-zeolite has been reported {29} to be 

a relatively poor adsorbent  for carotene, pillared 
(pseudozeolitic) montmorillonite had not been mentioned 
previously for this application. As with Y-zeolite, 
however, it proves to be much less efficient than acid- 
activated montmorillonite for the adsorption of carote- 
noids and pheophytins.  I t  seems likely that  restricted 
porosity in the 50-200 A region is responsible for the poor 
efficiency of both these adsorbents (vide infra). 

In searching for a relationship between adsorption and 
the physical]chemical properties of these minerals, we 
compared carotene, chlorophyll and phospholipid adsorp- 
tion vs surface acidity, surface area and pore volume. 
Because Ni-SMM and Fe~SMM were too highly colored 
to obtain accurate surface acidity values at pKa - - 3 ,  
they could not be included in this analysis; also a- 
zirconium phosphate {crystalline} and phenyl pillared y- 
zirconium phosphate were left out because their carotene 
and chlorophyll adsorption efficiencies were essentially 
zero. CEC was eliminated as a s tudy variable in this 
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FIG. 8. Carotene adsorption vs surface acidity: refined soy oil. 
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FIG. 11. Carotene adsorption vs model function: refined soy oil. 
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FIG. 9. Carotene adsorption vs surface area: refined soy oil. 
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FIG. 10. Carotene adsorption vs pore volume: refined soy oil. 

analysis  because of its close relationship to surface 
acidity. Surface acidity has the added advantage  of giv- 
ing the distribution of site strengths; acidities were 
measured at pKa = + 5 ,  4,1.5, - 3 .  

Representat ive  comparisons  (Figs. 8-10) did not  in- 
dicate a significant correlation between adsorption and 
any single phys icochemical  property (e.g., there were no 
close matches  between the pattern for p igment  adsorp- 
t ion vs  mineral type  and the corresponding patterns for 
surface acidity, surface area or pore vo lume vs  mineral 
type). This s i tuat ion has been noted previOusly (3,6,8). 
Nevertheless ,  a large body of chemical  l iterature would 
argue that  p igment  adsorption should be related in some 
manner to at least  some of these  parameters.  Of course, 
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FIG. 13. Chlorophyll adsorption. Actual vs model function. 

adsorption could be related to combinations of these pa- 
rameters. Working from this premise, we derived a large 
number of empirical mathematical models using these 
parameters in various linear and power combinations, and 
examined their correlation with the actual adsorption 
data. Utilizing this approach, it has been possible to ob- 
tain a linear expression of a model function of the form 
M(SAc X PV) 4- B, where SAc -- surface acidity, PV -- 
pore volume, and B is an adsorption constant, which cor- 
relates reasonably well with the adsorption data for both 
carotenoids (Fig. 11) and chlorophyll (not shown). When 
a least squares analysis of the model vs carotene and 
chlorophyll adsorption data was performed for selected 
sets of acid-activated minerals (Figs. 12-13), correlation 
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coefficients of 0.898 and 0.820 were obtained, respec- 
tively. The model jus t  described did not provide an ade- 
quate  fit to the phospholipid adsorpt ion data.  As noted 
above, mos t  zirconium phosphates  seem to exhibit  an ad- 
ditional (or alternate} mode of interact ion with phospho- 
lipids tha t  rules out the use of this model for predict ing 
phospholipid adsorption. Based on our analysis, we were 
unable to conclude tha t  to ta l  surface area, per  se, was a 
significant de terminant  as regards carotene and chloro- 
phyll  adsorption. 

I t  is to be appreciated, of course, tha t  the pore volume 
and surface acidity determinat ions which provided the 
bes t  fits to the adsorpt ion da ta  depend on the accuracy 
of the analytical  techniques used to obtain them. Pore 
volume determinat ions were made on a Micromerit ics 
Digisorb 2500 surface area/pore volume analyzer, an in- 
s t rumenta l  technique of proven accuracy and reproduci- 
bility. Surface acidities, however, were determined by  
t i t ra t ions  utilizing H a m m e t t  indicators, a technique {24) 
tha t  is not absolute and rather  difficult to perform. Never- 
theless, on a relative basis, we found the best  correlations 
were obtained when only the s t ronges t  acid sites {i.e., 
pKa  < - 3 )  were considered. Because both the carotenoids 
(30) and the pheophyt ins  (31} are weak bases, this kind 
of dependency seems reasonable if the adsorpt ion phe- 
nomenon is a result  of an acid-base type  interaction (3,6, 
8,22}. Also no tewor thy  is the finding tha t  the best  cor- 
relation regarding carotene adsorption was obtained when 
using pore volumes in the 50-100 A pore diameter  region 
tN 2 desorpt ion cycle} while for chlorophyll adsorpt ion it 
was obtained when using pore volumes in the 50-200 fi, 
pore diameter  region. Because these pore diameters  are 
considerably larger than  the cross sectional dimensions 
of the corresponding monomeric  molecules (ca. 7 • 31 ~, 
for carotene; 12 X 15 }~ for chlorophyll) this finding may  
lend credence to the suggest ion of Br imberg  (32) tha t  
these p igments  act as colloids dispersed in the oil (or tha t  
they are in a colloidal s ta te  when they interact  with ad- 
sorbent  clays}. 

The implications of the model jus t  described are tha t  
the best  adsorbents  will be those which have, simul- 
taneously,  a high concentrat ion of s t rong acid sites and 
high pore volumes concentrated in pores whose diameters 
fall in the 50-200 A region. On the basis  of this model, 
we can rationalize the poor performance of various mem- 
bers of the s tudy  set. Hectori te,  for instance, possesses 
a very  high pore volume in the 50-100 A region {Fig. 10} 
but, unfortunately,  one of the lowest surface acidities 
(Fig. 8). Synthet ic  hectorite, possessing the reverse char- 
acterist ics (low pore volume but  high surface acidity}, is 
also a relatively poor adsorbent  in this application. Even 
differences between samples  of the same mineral  species 
such as Ca- vs Na-montmori l loni te  can be explained on 
the basis of this model: Ca-montmorillonite, after activa- 
tion, possesses  the highest  levels of bo th  surface acidity 
and porosi ty  (in the desired region) of any of the minerals 
studied. The Na-montmori l lonite  used here, even though 
chemically a lmost  indist inguishable f rom the Ca-analog 
after  activation, nevertheless ends up possessing some- 
what  lower surface acidity and poros i ty  characterist ics.  
Consequently, it is a less active adsorbent  for carotenoids 
and chlorophyll. 

Because the model described above successfully fits the 
da ta  for a broad range of (layered) mineral  types  which 

possess  significant variabi l i ty  in their physicochemical  
s ignatures,  we believe the model has general validity. 
Finally, utilizing this model, we can begin to unders tand  
why certain acid-activated clay minerals (Ca-montmoril- 
lonites, in particular) are superior to other  clay minerals 
in this application {i.e., they  possess  high levels of bo th  
s t rong acid sites and pore volume in the 50-200 ~, region 
after  activation}. Addit ional  work is under  way in our 
labora tory  to refine and fur ther  tes t  the conclusions of 
this s tudy.  
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