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CASTOR TOXIN ADSORPTION TO CLAY MINERALS 
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Abstract-The extremely toxic protein, ricin, is derived from castor beans and is a potential terrorist 
weapon. Adsorption to clays might minimize the environmental persistence and toxic effects of this toxin. 
Ricin adsorption to clay minerals was measured using batch adsorption isotherms. Enzyme-linked 
immunoassay methods were used to quantify aqueous ricin concentrations. Montmorillonite, sepiolite and 
palygorskite effectively adsorbed ricin from aqueous solutions and yielded mostly Langmuir-type 
isotherms. The monolayer adsorption capacity from a Langmuir equation fit at pH 7 was 444 g ricin/kg for 
montmorillonite (SWy-2), but was only 5.6 g ricin/kg for kaolinite (KGa-lb). Monolayer capacities for 
sepiolite (SepSp-l) and palygorskite (PFI-l) at pH 7 were 59.2 and 58.1 g ricin/kg. The high-charge 
montmorillonite (SAz-l) effectively adsorbed ricin at pH 7, but yielded a linear isotherm with K = 

5530 L/kg. At pH 5, both montmorillonites (SWy-2 and SAz-l) yielded Langmuir-type isotherms with 
monolayer capacities of 694 and 641 g ricin/kg. Clay samples with higher cation exchange capacities 
generally adsorbed more ricin, but adsorption also followed specific surface area. X-ray diffraction of 
<2 ~m SWy-2 treated with 470 g ricin/kg indicated expansion up to 34.6 A at buffered pHs of 4 and 7, but 
not at pH 10. Furthermore, ricin adsorption was greatest at pH 4 and 7, but minimal at pH 10. Treatment 
with 1.41 kg of purified ricin/kg clay at pH 5 yielded a 35.3 A peak and adsorption of -1.2 kg ricin/kg. 
Similar treatment with lower-purity ricin yielded less expansion and lower adsorption. The 35.3 A peak 
interpreted either as a doo2 or doO! reflection indicates a 70.6 A or a 35.3 A ricin/SWy-2 complex. This 
implies that adsorption and air drying have compressed interlayer ricin molecules by 18 to 65%. Effective 
ricin adsorption by montmorillonite suggests that it could be used to minimize the toxic effects of dispersed 
ricin. 
Key Words-Adsorption, Cation Exchange Capacity, Kaolinite, Lectin, Montmorillonite, Palygors­
kite, pH, Protein, Ricin, Sepiolite, Specific Surface Area. 

INTRODUCTION 

The ricin toxin is found in the seeds of the castor 
plant (Ricinus communis) that is extensively cultivated 
to produce castor oil. Castor beans contain 1-5% ricin 
by weight (Franz and Jaax, 1997). Ricin is one of the 
most toxic compounds known and ingestion of castor 
beans can produce serious poisoning and death (Merck, 
2001). It has recently gained notoriety due to its use in 
political assassinations and as a terrorist weapon 
(Owens, 2000). There is, however, great interest in 
ricin as a potential antitumor agent in cancer research 
(Nicolson and Blaustein, 1972; Montfort et al., 1987). 
Ricin's potential both as a weapon and an antitumor 
agent is due to its toxicity to cells by inhibiting protein 
synthesis in the ribosomes (Olsnes and Pihl, 1973). Ricin 
is a globular protein and a lectin. A lectin is a protein of 
non-immune origin that agglutinates cells and/or pre­
cipitates complex carbohydrates (Sigma, 2000). 

Lectins are widely distributed in nature and even 
occur in edible legumes such as kidney beans, lima 
beans, soybeans, peanuts, lentils, peas and many other 
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plants (e.g. avocado, potato, tomato, wheat) that are 
commonly consumed in human diets (Liener, 1997). The 
physiological role of lectins in plants is unknown but 
these proteins might act as a defense mechanism against 
predators and plant viruses or as mediators in symbiotic 
relationships with nitrogen-fixing bacteria (Liener, 
1997; Hartley and Lord, 1993). Liener (1997) noted 
that lectins interfere with the adsorption of nutrients by 
binding to glycoproteins on the microvilli lining of the 
small intestine and that other toxic effects result from 
lectin entry into the circulatory system. Experiments 
demonstrating that the nutritive value of soybeans was 
increased by heat treatment were the first sign that 
lectins can act as anti-nutrients (Liener, 1997). Several 
incidents of severe gastroenteritis caused by the lectins 
in uncooked kidney beans have been reported (Liener, 
1997). Heat treatment denatures proteins and effectively 
removes the toxic and anti-nutrient properties of lectins. 

Ricin is a protein which is a polymer formed by 
peptide bonds between amino acids. Twenty different 
amino acids are commonly found in proteins and these 
amino acids differ in the composition of the side chains 
(Stryer, 1975). The amino acid residues in proteins, such 
as ricin, have amine, carboxylic acid, alkyl, aromatic and 
other functional-group side chains that affect the proper­
ties. In particular, the amino and carboxylic acid side 
chains cause the net charge and solubility to vary with 
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pH. The A and B chains of ricin overall contain 529 
amino acid residues (Katzin et al., 1991; Rutenber and 
Robertus, 1991) of which 42 contain acidic side chains 
(aspartate and glutamate) and 43 contain basic side 
chains (histidine, lysine and arginine). The isoelectric 
point of a protein (ricin = 7.1) is the pH where the 
molecule has a net charge of zero (Merck, 2001). 
Solution pHs that maximize cationic groups should 
maximize adsorption to high cation exchange capacity 
(CEC) materials and conversely, pHs that maximize 
anionic groups should minimize adsorption. Clay 
mineral surface acidity could proton ate side-chain 
amine groups and might also affect adsorption 
(Mortland and Raman, 1968; Rausell-Colom and 
Serratosa, 1987). 

The ricin molecule has a complex structure consisting 
of a -32 kDa A chain linked by a disulfide bond to a 
-32 kDa B chain (Figure 1). The A chain contains 267 
amino acid residues and the B chain contains 262 
(Rutenber et al., 1991). The A chain is -55 A long, 45 A 
wide and 35 A thick. The A chain folds into three 
substructures that contain a five-stranded ~-sheet, five 
Cl-helices and a disc-like domain, respectively. The B 
chain is -70 A long and 30 A wide and consists of two 
separate, almost-spherical folding domains which are 
-30 A thick. The two domains of the B chain each 

B chain 

contain two disulfide loops that can each bind to one 
lactose molecule (Montfort et al., 1987). Hence, the B 
chain confers the sugar-residue binding properties to 
ncm. 

Olsnes and Pihl (1973) showed that the A chain in 
ricin is toxic because it prevents protein synthesis, 
whereas the B chain is essentially non-toxic and acts to 
bind the molecule to a cell surface. In this respect, 
Olsnes and Pihl (1973) reported similarities between 
ricin, abrin and diphtheria toxins in that each toxin 
molecule has a toxic part and a part that binds the 
molecule to a cell surface. They also showed that the 
separate A chain prevents protein synthesis in ribosomes 
isolated from cells, but not in ribosomes inside cells. To 
inactivate ribosomes inside cells, the ricin A chain 
requires the B chain to bind to the cell surface and 
facilitate entry into the cell. 

Several research articles have reported that clays 
effectively adsorb amino acids and proteins. Goh (1972) 
reported that amino acids adsorbed to New Zealand soil 
profiles were persistent and could be used in paleosol 
identification (i.e. buried former surface horizons). 
Rausell-Colom and Fomes (1974) and Fu et al. (1996) 
used cation exchange to prepare vermiculite and 
saponite/amino acid complexes. Garwood et al. (1983) 
found that Na-montmorillonite effectively adsorbed the 

A chain 

Figure 1. Ribbon depiction of ricin structure. Disulfide bond linking A and B chains shown at center right. Numbers identify 
positions of amino acids. A-chain sequential parts are shaded and B-chain lactose moieties denoted by the discs. After Montford et 
al. (1987) . 
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enzyme, glucose oxidase, at pH values below the 
isoelectric point. Perez-Castells et al. (1985) examined 
adsorption of collagen (a fibrous protein) by sepiolite. 
They reported that sepiolite adsorbed 0.4 mg of 
collagen/mg of clay at pH 4 and concluded that even 
higher loadings of collagen could be achieved. Perez­
Castells et al. (1985) concluded that the bonding 
between clay and protein must be electrostatic because 
pH and ionic strength affected adsorption. Ding and 
Henrichs (2002) examined the adsorption and desorption 
of proteins and polyamino acids by montmorillonite, 
illite, goethite and marine sediments. They concluded 
that montmorillonite, illite, goethite and marine sedi­
ments strongly and rapidly adsorbed proteins and that 
much of the adsorbed protein was not readily desorbed. 
In adsorption experiments, much greater adsorption of 
basic rather than acidic polyamino acids was observed. 
This led Ding and Henrichs (2002) to conclude that 
electrostatic (i. e. coulombic) interactions were dominant 
in protein adsorption. 

The CEC and large surface area of clay minerals 
could make them effective sorbents for toxic proteins. 
Adsorption of ricin and other toxic proteins by clay 
minerals might effectively immobilize these toxins and 
reduce or eliminate the toxicity. This could be important 
in a terrorist incident after intentional dispersal of a 
toxin. Useful applications for clays might be found in 
minimizing the toxic effects of ricin and other poisonous 
lectins. Hence, the objectives of this study were to 
measure ricin adsorption by a variety of clay minerals, 
determine whether adsorption causes interlayer expan­
sion, and examine pH, CEC and specific surface-area 
effects on adsorption. From these data, likely mechan­
isms involved in ricin adsorption and factors that 
enhance or reduce adsorption might be learned. Such 
data would be a useful guide in contaminated-site 
cleanup and in understanding the environmental fate of 
ricin. 

MATERIALS AND METHODS 

Reference clay mineral samples were obtained from 
the Source Clays Repository of The Clay Minerals 
Society, currently housed at Purdue University, West 
Lafayette, Indiana. The clay samples used in this study 
were SWy-2, SAz-l, SepSp-l, PFl-l and KGa-lb. Clays 

were selected based on ubiquity in soils/sediments, 
availability and potential effectiveness as sorbents. 
Montmorillonite and palygorskite effectively sorb a 
variety of substances and are readily available in pet 
litter, oil sorbents and other commercial products. 
Sepiolite and kaolinite are used as carriers in pharma­
ceuticals. The <2 Ilm fraction of SWy-2 was separated 
using gravity sedimentation for use in the X-ray 
diffraction (XRD) studies. The clay samples were mostly 
used as received for the adsorption isotherms. However, 
samples of SWy-2 and SAz-l were Na+ saturated and 
dispersed in water to deliver more accurately the small 
amounts (3 -10 mg) used in the adsorption isotherms. 
Properties of the clay minerals are listed in Table 1. The 
CEC values, obtained from Jaynes and Bigham (1986), 
are comparable to those reported by van Olphen and 
Fripiat (1978). Clay contents were measured using the 
hydrometer method (Bouyoucos, 1962). 

Surface-area measurements 

Nitrogen surface areas were measured by the single­
point method using a Micromeritics Flowsorb 11 model 
2300 surface area meter with a carrier gas containing 
30% N2 and 70% He. These external surface areas are 
comparable to those reported by van Olphen and Fripiat 
(1979) for the reference clays. The ethylene glycol 
monoethyl ether (EGME) method of specific surface­
area measurement was also used (Carter et al., 1986, 
method 16-3). The EGME method is a measure of total 
specific surface area because EGME can penetrate into 
the interlayers of expandable clays and the channels of 
fibrous clays. Because the N2 cannot penetrate into 
collapsed interlayers, gas adsorption methods only 
measure the external surface area of expandable clays. 

Preparation of ricin stock solution 

Castor beans were obtained from a local seed 
company. Nicolson and Blaustein (1972) discussed a 
method to extract ricin from castor beans. Using a 
similar procedure, castor oil was extracted with acetone 
from castor beans minced to <2 mm using a nut chopper. 
The castor oil/acetone supernatant liquid was decanted 
and discarded. The residual acetone in the castor bean 
residue was evaporated under a hood. An aqueous ricin 
stock solution was prepared by extracting the castor bean 
residue with phosphate-buffered saline solution, pH 7.4 

Table 1. Properties of silicate clay minerals. 

Sample/ Source clay name % Clay N2 external EGME total CEC 
mineralogy from The Clay surface area surface area (cmollkg) 

Minerals Society (m2/g) (m2/g) 

Montmorillonite SWy-2 90 27 630 80 
Montmorillonite SAz-l 85 76 761 125 
Sepiolite SepSp-l 90 317 452 17 
Palygorskite PFl-l 85 178 334 20 
Kaolinite KGa-lb 75 11 12 2 
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containing 0.1 % sodium azide added to inhibit microbial 
activity (PBSZ). Phosphate-buffered saline (PBS) con­
tains 0.01 M KH2P04, 0.138 M NaCl and 0.0027 M 
KC!. Castor beans contain two lectins, designated RCA60 

and RCA120 by their approximate molecular weights of 
60 kDa and 120 kDa; RCA60 is the ricin toxin and 
RCA120 is an agglutinin (Sigma, 2000). Hence, the ricin 
stock solution contains both lectins and other soluble 
components of the bean. A centrifuge and 0.45 Ilm 
filters were used to remove suspended matter. A small 
quantity of purified ricin solution was obtained from 
Southwestern Medical Center (SWMC) in Dallas, Texas 
and was used in the XRD studies of oriented samples of 
<2 Ilm SWy-2. 

Total protein (TP) by the Bradford (1976) method 
and ELISA measurement of RCA60 content were made 
to compare the purity of the different ricin samples. The 
Sigma RCA60 standard contained 3.9 mg/mL TP and 
3.9 mg/mL RCA60 • The SWMC sample contained 
4.0 mg/mL TP and 2.8 mg/mL RCA60• The ricin stock 
solution contained 51.5 mg/mL TP and 5.1 mg/mL 
RCA60 • Hence, the SWMC purified ricin sample was 
almost as pure as the Sigma standard, but only 10% of 
the total protein in the ricin stock solution was ricin. 

EL/SA measurement of ricin 

Ricin concentrations were measured using an 
enzyme-linked immunosorbent assay (ELISA) method. 
A modification of a generic indirect ELISA method in 
the Sigma 2000/2001 catalog was used to measure ricin 
concentrations (Boroda et al., 2004). Purified ricin 
(RCA60) was obtained from Sigma and used as the 
standard. Rabbit anti-ricin antibody and goat anti-rabbit 
antibody with attached horseradish peroxidase enzyme 
were also obtained from Sigma. Ricin standards were 
prepared by dilution into PBSZ to yield concentrations 
from 1 to 50 ng/mL (ppb). The typical detection limit 
was -2 ng/mL with ±1O% precision. The method is 
specific for RCA60; RCA120 and other proteins are not 
detected. Standard ricin and sample solutions were 
diluted with PBSZ and pipetted into wells of the 
microplates. The microplates with diluted ricin standards 
and samples were incubated at 37°C for 2 h to attach 
ricin to the walls of the microplate wells. Between 
treatments, the microplates were washed three times 
with phosphate-buffered saline solution, pH 7.4, contain­
ing 0.05% Tween 20 (PBST). The microplates were 
treated with bovine serum albumin (BSA), 2.5% in 
PBST to prevent non-specific adsorption to the micro­
plate. The plates were then treated with a solution 
containing an antibody for ricin (RCA60) developed in 
rabbits. Next, the plates were treated with a solution 
containing an antibody to rabbit proteins developed in 
goats with an attached horseradish peroxidase enzyme 
molecule. In the final step, a substrate solution for the 
enzyme was added to the microplates. The enzyme in the 
goat anti-rabbit/rabbit anti-ricin/ricin 'sandwich' cata-

lyzes color development in the substrate solution. Color 
development is proportional to the enzyme concentration 
that in turn is proportional to the ricin concentration. 
Absorbance of the colored solutions in the microplates 
was used to calculate ricin concentrations based on the 
absorbance of the ricin standard samples. 

Ricin adsorption isotherms 

Batch adsorption isotherms were prepared by adding 
aliquots ofthe ricin stock solution to weighed samples of 
the reference clays in centrifuge tubes. To deliver the 
small weights more accurately, 0.40 g samples of SWy-2 
and SAz-l were Na+ saturated, ultrasonically dispersed 
in 20 mL of deionized water and 0.50 mL (10 mg) or 
0.15 mL aliquots (3 mg) were pipetted into the tubes. 
The samples of SepSp-l, PFl-l and KGa-lb were 
directly weighed into centrifuge tubes. Six point 
isotherms were prepared in duplicate for SWy-2 
(10 mg), SAz-l (10 mg), SepSp-l (50 mg), PFl-l 
(50 mg) and KGa-lb (500 mg) by pipetting 0.1, 0.2, 
0.4, 0.6, 0.8 and 1.0 mL aliquots of the ricin stock 
solution (-5.1 mg ricin/mL), 0-0.9 mL PBSZ and 
19 mL of deionized water for a total volume of 20 mL. 
The 0-0.9 mL of PBSZ were added to make the volume 
of PBSZ equal to 1.0 mL for all samples and to buffer 
the pH to -7. The other clay mineral samples were 
ultrasonically dispersed in water before addition of 
PBSZ or ricin stock solution. Blanks were prepared 
similarly except without a clay mineral sample. 
Adsorption isotherms were prepared at pH 5 for 
SWy-2 (3 mg) and SAz-l (3 mg) using 19 mL of a 
pH 5 buffer instead of the de ionized water. Adsorption 
isotherm plots were constructed by graphing the amounts 
of ricin adsorbed per unit sample weight vs. the ricin 
concentrations in the equilibrium solutions. Adsorbed 
ricin was calculated from the difference between the 
ricin concentrations in the sample and the blanks. Ricin 
adsorption per unit weight of clay was calculated by 
dividing the amount adsorbed by the sample weight. The 
isotherms (except SAz-l, pH 7) were fitted to the 
Langmuir equation (? values >0.97) and estimated 
monolayer adsorption capacities (Xm) were calculated 
(Hiemenz, 1986). Because the SAz-l isotherm at pH 7 
was linear (r2 = 0.97) and did not fit Langmuir (? 
<0.45), the K value or slope of the line was calculated 
instead of Xm. 

Preparation of oriented ricinlclay complexes 

Six dispersed samples of <2 Ilm SWy-2 that contained 
36.4 mg of clay were pipetted onto each of six 47 mm 
diameter 0.45 Ilm cellulose nitrate membrane filters. 
Vacuum was used to attach and orient the clay particles 
to the membrane filters. Buffer solution concentrates were 
obtained from Fisher Scientific. Solutions (10 mL) 
containing the buffer (PH 4, pH 7, pH 10) and ricin 
(-17.1 mg) were added to three of the oriented clay 
samples. Controls containing only the buffer (PH 4, pH 7, 
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pH 10) were prepared using the other three oriented clay 
samples. Vacuum was used to pass the ricinlbuffer 
solutions through the oriented clay samples. After the 
buffer solutions were passed through the clays, three 
deionized-water washes (-3 mL each) were used to 
remove excess salts and non-adsorbed ricin from the 
clays. The membrane filters with attached oriented clay 
samples were removed from the filter holders and 
attached to glass slides using double-sticky tape. The 
filtrates (ricinlbuffer plus water washes) collected from 
the clay samples were transferred to plastic vials and the 
volumes adjusted to the same volume. 

Similarly, two ricin-treated <2 !-lm SWy-2 samples 
were prepared at pH 5, one using purified ricin and the 
other using ricin stock solution. For the purified ricin­
treated sample (36.4 mg), three times as much ricin 
(-51.2 mg) was used to achieve a greater ricin loading 
on the clay. The clay sample (36.4 mg SWy-2) oriented 
on a 47 mm membrane filter was leached with purified 
ricin solution and washed with deionized water. After 
leaching with the purified ricin/buffer solution, the 
membrane filter was mounted on a glass slide and 
saved for later XRD analysis. The filtrate was saved for 
later ricin analysis. The other SWy-2 sample (42 mg) 
was treated with 12 mL of ricin stock solution (-61 mg 
of ricin) in 228 mL of pH 5 buffer along with a blank 
containing only ricin stock solution and buffer. After 
shaking for 2 h, the SWy-2 sample and blank were 
centrifuged and the supernatant liquids saved for later 
ricin analysis. The sedimented material from the SWy-2 
sample and blank were dispersed in water and collected 
on 47 mm membrane filters, air dried overnight and 
weighed. After drying and weighing, -30 mg of the 
SWy-2 sample treated with ricin stock solution were 
dispersed in water and dried on a glass slide. Ricin 
concentrations and pH were later measured on the 
filtrates. The oriented clay samples were left overnight 
or longer to air dry under a hood. X-ray diffraction 
patterns were collected for the oriented clays by 
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Figure 2. Ricin adsorption to montmoriIlonites at pH 7; 
monolayer adsorption capacity based on Langmuir fit and K­
value based on linear fit. 

scanning from 2 to 30°29 using CuK<x radiation and a 
Phi lips diffractometer interfaced to a computer. 

RESULTS AND DISCUSSION 

The low-charge montmorillonite, SWy-2, effectively 
adsorbed ricin with a calculated monolayer capacity of 
444 g ricinlkg (Figure 2). Most of the isotherms were of 
the Langmuir type. Fusi et al. (1989) similarly found 
that adsorption of the proteins, catalase and ~-lactoglo­
bulin, to clays generally produced isotherms of the 
Langmuir type . The higher-CEC montmorillonite 
(SAz-l) did not adsorb as much ricin at pH 7 as the 
other montmorillonite (SWy-2) and was not as effective 
a ricin sorbent (Figure 2). Because the SAz-l isotherm 
did not fit the Langmuir equation, a comparison of 
monolayer capacities cannot be made. The SAz-l 
isotherm data were instead fitted to a line (r2 = 0.97) 
and a K value of 5530 Llkg was calculated. 

Another set of isotherms for SWy-2 and SAz-l were 
prepared using pH 5 buffer with only 3 mg samples in 
order to permit greater ricin loading (Figure 3). Both 
clay mineral samples yielded Langmuir-type plots with 
similar calculated monolayer capacities of 694 and 
641 g ricin/kg. It is not clear why the SAz-l sample 
yielded a linear plot at pH 7 (Figure 2) and a Langmuir­
type plot at pH 5 (Figure 3). However, limited aqueous 
expansion of the high-charge clay and uncharged or 
weakly-charged ricin molecules near the isoelectric 
point might have limited adsorption. 

The large internal surface areas of montmorillonites 
are not included in the N2 'external' surface area values 
in Table 1. The dry conditions required for N2 surface­
area measurements collapse the interlayers in expand­
able clays. The larger EGME 'total' surface area values 
include interlayer surfaces and are a better indication of 
montmorillonite surfaces available to aqueous sorbates. 

Both of the fibrous clay mineral samples (SepSp-l 
and PFI-l) effectively adsorbed ricin with monolayer 
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Figure 3. Ricin adsorption to montmorillonites at pH 5; 
monolayer adsorption capacities based on Langmuir fit. 
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capacities of -59 g/kg for sepiolite and palygorskite 
(Figure 4). Much of the surface areas of sepiolites and 
palygorskites, however, are from micropores inside the 
channels that might be accessible to N2 and EGME, but 
are much too small for ricin. Singer (2002) reported that 
60-70% of the surface area in sepiolites and palygors­
kites was due to micropores. Hence, the potential surface 
area accessible to ricin in the palygorskite and sepiolite 
samples was probably only -130-180 m2/g. 

Ricin adsorption to the KGa-1 b kaolinite (Figure 5) 
at pH 7 was much less than for the other clay minerals 
(Figures 2 and 4) with a monolayer capacity of only 
5.6 g ricin/kg. The kaolinite surface area was also very 
small (-12 m2/g) with comparable N2 and EGME values. 
This mineral would be a much less effective ricin 
sorbent. 

Ricin was adsorbed effectively by montmorillonite, 
sepiolite and palygorskite with high to moderate CECs, 
but much less effectively by the low-CEC mineral, 
kaolinite. The mineral sample CEC values parallel 
monolayer ricin adsorption capacities and suggest that 
CEC affects adsorption. However, EGME surface areas 
also correlate with ricin adsorption capacities, especially 
if the sepiolite and palygorskite surface areas are 
corrected for inaccessible micropores. 

The monolayer ricin adsorption capacities for clay 
minerals, even for kaolinite (-6 g/kg), were high relative 
to many sorbents and indicate strong adsorption. Fusi et 
al. (1989) also concluded that clays strongly adsorb 
proteins. The K value of 5530 for ricin adsorption to 
SAz-l at pH 7 is comparable to the 4818 K value for 
naphthalene sorption to the organoclay, SAz-HDTMA 
(Jaynes and Boyd, 1991). 

Ding and Henrichs (2002) corrected the Rubisco 
protein adsorption K values because protein was 
adsorbed by the glass containers used in the study. 
Similar problems with ricin adsorption to sample 
containers were observed in this study and were 
corrected in the isotherms using blanks. Norde (2003) 
noted that polymer adsorption occurs ubiquitously and 
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Figure 4. Ricin adsorption to sepiolite and palygorskite at pH 7: 
monolayer adsorption capacities based on Langmuir fit. 

that among biopolymers, proteins are the most surface­
active. New polypropylene centrifuge tubes and si la­
nized-glass containers were used when possible to 
minimize adsorption to containers. 

XRD of ricinlSWy-2 complexes 

X-ray diffraction patterns of the pH 10 buffer-treated 
SWy-2 samples in Figure 6a are very similar. No 
expansion of SWy-2 with ricin at pH 10 is evident. In 
contrast, diffraction patterns of the pH 4 and pH 7 
buffer-treated samples expanded after ricin treatment 
(Figure 6b,c). The buffer solutions all contained K and/ 
or Na salts: pH 4, KHCsH40 4 ; pH 7, KH2P04 and 
NaOH; and pH 10, H3B03, KCI and NaOH. The SWy-2 
samples treated only with the pH 4, 7 and 10 buffer 
solutions yielded basal spacings of 11.8-12.2 A con­
sistent with K+ - and Na + -saturated montmorillonites 
(MacE wan and Wilson, 1980). The SWy-2 sample 
treated with pH 7 buffer and ricin yielded a broad peak 
at 21.2 A. The SWy-2 sample treated with pH 4 buffer 
and ricin yielded a sharp peak at 34.6 A, a broad peak 
near 23.1 A and a sharp peak at 12.2 A. The broadness 
of the peak at 21.2 A suggests that it represents an 
interstratification between SWy-2 interlayers containing 
different amounts of ricin. In contrast, the sharp peak at 
34.6 A suggests that it might represent a single phase. 
Interpreting the 34.6 A peak as a d002 value (i.e. doo } = 

69.2 A) and using 9.6 A as the thickness of a collapsed 
montmorillonite layer suggests an interlayer expansion 
of 59.6 A. Unfortunately, our X-ray diffractometer 
cannot operate at the low 29 angles «2°29) needed to 
resolve directly such large spacings. 

Villafranca and Robertus (1977) determined the crystal 
structure of ricin to be orthorhombic space group P2}2}2} 
with unit-cell dimensions a = 72.9 A, b = 79.1 A and c = 

114.7 A. The ricin crystals used by Villafranca and 
Robertus (1977) were grown from an aqueous solution 
containing 6% polyethylene glycol, 0.002 M lactose and 
0.05 M acetate buffer at pH 4.75. The unit-cell contains 
four asymmetric ricin molecules and 52% solvent 

8 ,-------------------------------, 

'006 

~ ~-----. 
-0 .e 4 
0 

'" c 
:Q • 
Cl::: 2 

• KGa-1 b (Xm = 5.6 glkg) 
0 

0 5 10 15 20 25 30 

Equilibrium ricin concentration (mg/L) 
Figure 5. Ricin adsorption to kaolinite at pH 7; monolayer 
adsorption capacity based on Langmuir fit . 
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molecules (i.e. water). The expected basal spacing for 
interlayer ricin adsorbed with the a axis perpendicular to 
the montmorillonite interlayer would be 72.9 + 9.6 = 

82.5 A. An interlayer expansion of only 59.6 A implies an 
18% decrease in the ricin a dimension. Conversely, 
interpretation of the 34.6 A spacing as a dool reflection 
would suggest a 66% decrease in the ricin a dimension. 
An 18% decrease in the ricin a dimension after adsorption 
and air drying seems reasonable due to the 52% water 
content in the ricin unit-cell. Likewise, Montfort et al. 
(1987) noted that changes in ricin unit-cell parameters 
caused by variations in humidity had frustrated their 
efforts to derive a three-dimensional structure. Similarly, 
based on molecular dynamics simulations, Yu et al. 
(2000) concluded that adsorption to clay mineral surfaces 
might denature globular proteins and warp clay interlayers 
due to perturbation of the surrounding water structure and 
much greater expansion at protein adsorption sites. 

Effect of pH on ricin adsorption by oriented <2 pm 
SWy-2 

Ricin adsorption for the oriented clay samples 
(Figure 6) was calculated from the difference between 
the amount of ricin added and ricin recovered in the 

a 

b 

c 

o 5 

12.2 A 

- 75 g ricinlkg qtz 
(no blank correction) 4.3 A 

- 370 g ricinlkg 

(no blank correction 

-470 g ricinlkg 
(no blank correction) 

, 

10 15 20 

°28 (CuKu) 

pH 10 

3.2 A 
qtz I 

3.3 A 
\ 

25 30 

Figure 6. Purified ricin (~470 g/kg) and pH buffer effects on 
<2 J.lm SWy-2 expansion: upper traces in parts a, b, c: ricin 
treated; lower traces: controls; ricin adsorption estimated from 
filtrate recovery, no blank correction; (a) pH 10; (b) pH 7; and 
(c) pH 4. 

extracts. No correction was made for any ricin that might 
have adsorbed to the containers. The pHs of the extracts 
with and without added ricin were close to the buffer 
values of 4, 7 and 10. Most ricin added to the pH 10 
sample was recovered in the filtrate and only -75 g of 
ricin/kg of clay were adsorbed (Figure 6a). Far less of 
the added ricin was recovered in the pH 7 and pH 4 
sample filtrates. The pH 7 sample adsorbed -370 g of 
ricin/kg of SWy-2 (Figure 5b) and the pH 4 sample 
retained -470 g of ricin/kg of SWy-2 (Figure 6c). At 
pH 4, the ricin molecule should mostly have positively 
charged sites due to protonated side-chain amine groups 
(e.g. arginine) and undissociated carboxyl groups (e.g. 
aspartic acid). At pH 7 near the isoelectric point (7.1), 
the ricin molecule should have about an equal number of 
negatively and positively charged sites (i.e. zwitterion). 
At pH 10, ricin molecules should mostly be negatively 
charged due to ionized carboxyl groups and neutral 
amine groups on the side chains. The lack of expansion 
and minor ricin adsorption at pH 10 suggests that the 
negatively charged clay surface effectively repelled ricin 
molecules. 

Another set of buffer/ricin-treated SWy-2 <2 I!m 
samples were prepared to attain greater ricin loading and 
interlayer expansion (Figure 7). For these samples, the 
pH was buffered at pH 5 and three times as much ricin 
(-1400 g/kg clay) as in Figure 6 was used to achieve a 
greater loading on the clay. In the upper XRD trace 
(Figure 7a), purified ricin was used, whereas ricin stock 
solution was used for the lower one (Figure 7b). The 
34.6 A peak identified in Figure 6c has shifted to 35.3 A 
in Figure 7a suggesting a 70.6 A (doot ) basal spacing. In 
this sample, a much greater ricin loading of 1200 g/kg 
clay was achieved. Garwood et al. (1983) similarly 
reported the adsorption of -970 g/kg of the globular 

35.3 A 

a 

b 

o 5 

(from purified ricin, 
no blank correction) 4.3 A 

- 588 g ricinlkg sorbed 
+740 gllcg other material 
(from ricin stock solution. 

with blank oorrection) 

10 15 20 

°28 (CuKa) 
25 30 

Figure 7. Greater added ricin (~1400 g ricin/kg), purity and pH 5 
buffer effects on <2 J.lm SWy-2 expansion: (a) purified ricin, no 
blank correction; (b) ricin stock solution, blank correction and 
measured weight gain. 
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protein, glucose oxidase, to Na-montmorillonite. The 
somewhat greater interlayer expansion in Figure 7a 
implies a 16% decrease in the ricin a dimension or a 
65% decrease if the 35.3 ].. peak is interpreted as a 001 
reflection. In Figure 7b, there was less interlayer 
expansion and less ricin adsorption when the less pure 
ricin stock solution was used instead of the purified ricin 
solution. 

The SWy-2 monolayer capacity of 694 g of ricin/kg 
(Figure 3) is only about one half of the estimated 
adsorption in Figure 7a, but comparable to that in 
Figure 7b. Two causes might account for this discre­
pancy. First, ricin adsorption in Figures 6 and 7a was 
calculated from the difference between ricin added and 
ricin recovered in the filtrates without any correction for 
ricin adsorption to the filtration containers. Blanks were 
used in the isotherms (Figures 2, 3, 4, 5) and in 
Figure 7b to correct for ricin adsorption to the contain­
ers. Secondly, the ricin used (SWMC) for Figures 6 and 
7a was much purer than the ricin stock solution that was 
used for the isotherms. Impurities in the ricin stock 
solution might have limited adsorption in the isotherms 
(Figure 2, 3, 4, 5) and in Figure 7b. In Figure 7b, 
-590 g/kg of ricin were adsorbed by SWy-2 at pH 5, but 
weight measurements indicate that -1330 g/kg of 
material were adsorbed. Hence, -740 g/kg of non-ricin 
material were also adsorbed. 

A calculation can be made to determine whether 
montmorillonite interlayers have enough surface area to 
accommodate 470 mg ricin/g. Each adsorbed ricin 
molecule would have a siloxane surface on both sides 
of it in the interlayer. The four ricin molecules in a unit­
cell require (be plane adsorption) 79.1 x 114.7 = 

9073 ]..2 of siloxane surface for each side of the unit­
cell or 2268 x 2 = 4536 ]..2 for both sides of one ricin 
molecule. Hence, the surface area required for adsorp­
tion of 470 mg of ricin (molecular weight = 65,000 Da) 
would be (4536*0.47*NA *10-20 m2/]..2)/65,000 = 

198 m2, where NA is Avogadro's number. Hence, 
montmorillonite interlayers might have enough room to 
retain three times as many ricin molecules (i.e. 
630 x 0.471198 = 1.5 g ricin/g clay). However, due to 
inefficient packing and other factors, adsorbed com­
pounds often require somewhat more surface area than 
the dimensions of the compound would indicate. 

A calculation can also be made to determine the 
number of charge sites in montmorillonite available to 
adsorbed ricin molecules. Each of the two siloxane 
surfaces in a unit-cell (-SisAI4_xMgx020(OH)4) of 
montmorillonite has a surface area of -46.99 ]..2 based 
on Brindley's (1980) unit-cell values of a = 5.21 ].. and 
b = 9.02 A. The SWy-2 montmorillonite contains -0.68 
negative charge sites/unit-cell (Jaynes and Bigham, 
1987; data on SWy-l) or 0.34 for each of the two 
46.99]"2 siloxane surfaces. This is equivalent to a 
negative charge on the siloxane surfaces of 0.34/ 
46.99 ]..2 or one negative charge site per 138 ]..2. An 

undistorted ricin molecule would cover 2268]..2 of 
siloxane surface on each side of a montmorillonite 
interlayer. Each ricin molecule would have 22681138 = 

16.4 charge sites available on each side. Due to the 
complex and voluminous structure of ricin (Figure 1), it 
is unlikely that more than a fraction of the charged sites 
on a ricin molecule could be in physical contact with the 
clay surface. 

Francis (1973) noted that Wyoming bentonite 
retained 60% of its initial CEC after adsorption (28 g 
PVPI100 g clay) of the linear, nonionic, 40 kDa poly­
mer, polyvinylpyrrolidone (PVP). Ricin adsorption 
might similarly block or displace only a fraction of the 
exchangeable cations in montmorillonite. Francis (1973) 
reported that PVP adsorption by bentonites was largely 
irreversible in that 10 to 39 g ofPVPI100 g of bentonite 
remained after multiple washes using a variety of 
solvents. Francis (1973) noted that nonionic polymer 
(e.g. PVP) adsorption is largely due to van der Waals 
forces. 

Ricin is an ionic polymer and the proportion of 
negative and positive charge sites varies with solution 
pH. Many of the constituent amino-acid side-chains in 
ricin have alkyl or other neutral functional groups that 
might form van der Waals bonds with the siloxane 
surface. Hence, ricin adsorption to montmorillonite 
might involve a combination of van der Waal's and 
coulombic interactions. 

Research by Norde (2003) differentiated the con­
tributions of electrostatic and non-electrostatic bonding 
to protein adsorption to negatively charged surfaces. 
Norde (2003) showed that electrostatic forces dominated 
charged globular protein (lysozyme+, et-lactalbumin-) 
adsorption to polar, negatively charged silica surfaces 
with much greater lysozyme + adsorption. Yet, non­
electrostatic forces dominated in adsorption to apolar, 
negatively charged polystyrene surfaces with greater 
et-lactalbumin - adsorption. 

Dehydration of a clay/ricin complex might act to 
compress interlayer ricin molecules and bring more of 
the molecule into contact with the clay surface. Hence, it 
is likely that ricin could be more readily desorbed from 
hydrated clay/ricin complexes that have never been 
dried. 

CONCLUSIONS 

Ricin adsorption to two montmorillonites, a sepiolite, 
a palygorskite and a kaolinite yielded Langmuir-type 
isotherms. The monolayer ricin adsorption capacity of 
montmorillonite (444 g/kg) based on a Langmuir fit to 
the isotherm was many times greater than that for 
kaolinite (5.6 g/kg) at pH 7. At pH 5, the monolayer 
adsorption capacity of montmorillonite (694 g/kg) was 
-1.5 times greater than at pH 7. These adsorption 
capacities were calculated using a ricin stock solution 
that also contained other proteins. Greater ricin adsorp-
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tion could be achieved using highly purified ricin. Ricin 
with an isoelectric point at pH 7.1 should be positively 
charged at pH 5 and negatively charged at pH 10. Ricin 
adsorption at pHs 4, 5 and 7 caused interlayer expansion 
of montmorillonite, but not at pH 10. Ricin adsorption 
paralleled both the CECs and surface areas of the clay 
mineral samples, but the pH effect suggests that cation 
exchange might drive adsorption. Through adsorption, 
clay minerals in soils and sediments might effectively 
mitigate the toxicity of dispersed ricin and smectites 
might be used directly for site cleanup. 
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