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We have studied the structure and properties of palygorskite clays. A structure analysis was
performed using two different models to reproduce the monoclinic and orthorhombic
lattices, using the atomic positions and cell parameters of palygorskite structure suggested
by several authors, we simulated structures using Molecular Dynamics and Quantum
Mechanics. Modifications on the structure and elemental atom changes were made to
obtain more stable configurations. X-ray diffraction patterns and high resolution electron
microscopy images from simulated structures were compared with experimental results. It
could be observed that orthorhombic model shows a better fitting than monoclinic models.
These results might help to understand many of the properties of archaeological pigments,
such as, Maya Blue, in which palygorskite clay was the main component. © 7999 Kluwer
Academic Publishers

1. Introduction operated to 30 keV and 25 mA. A scanning from 2
Palygorskites are important clay minerals for many apto 70° with steps of 0.1 were made. Transmission
plications of modern materials science. PalygorskiteElectron Microscopy (TEM) was performed on JEOL
belongs to the family of phyllosilicates with a number 2010 Microscopy with a spherical aberration coeffi-
of important properties, such as sorptive, rheologicaktient,Cs ~ 0.5 mm and a point resolution o¥1.94 A
and catalytic properties [1-5]. These clays have beeat the Instituto Nacional de Investigaciones Nucleares,
industrially used to absorb oil, water, chemicals andand a JEOL 4000-EX microscope fitted with a Gatan
even toxic wastes. It is also well known that the silanolTV Camera withCs =~ 1.0 mm and a resolution point
groups of palygorskite can react with organic reagent®f 1.7 A at the Instituto de ica, UNAM.
to produce covalent bonds that strongly attach the or- Calculations of the structure were made using a
ganic substances to the clay. Molecular Dynamics approximation, for the largest
One of the uses of this clay, which is important for structures and the crystal packing refinement, employ-
historical and cultural reasons, is its use by Americaring a Force-field. Also, aab-initio quantum mechanic
ancient cultures. During Pre-Colombian mesoamericamethod was used to calculate the local geometry op-
period, this clay was widely used to manufacture an imtimization considering the Density Functional Theory
portant dye, called Maya blue, which is a combination(DFT) in the Local Density Approximation (LDA) us-
of palygorskite, indigo and metallic particles [6-9]. In- ing the gradient corrected LDA developed by Perdew
deed new studies indicate that palygorskite was used iand Wang (GGA).
other colorants such as yellow, green and red [9]. High Resolution simulated images were obtained at
In these notes, we report the results on the study othe Scherzer condition for the Jeol 4000-EX using the
the simulated structure of palygorskite using moleculatCeriug software from Molecular Simulation Inc. These
dynamics and quantum mechanics. Finally, we are in€alculations were run over a Solid Impact Work Station
cluding a comparison between the simulated and expewith a R10000 processor of Silicon Graphics Inc.
imental results obtained by X-ray Diffraction, Trans-
mission Electron Microscopy and related techniques. 3. Models of palygorskite

The palygorskite mineral constitute a particular group
2. Experimental methods within clays, its structure contains continuos planes of
Experimental studies were made using palygorskitdéetrahedral basal oxygen atoms approximately 4.5
samples from mines of the Yucatan peninsula. Thesapart [10-12]. The apical oxygens are up and down
samples were crushed and mounted for the analysiglternately pointing in reference to the basal oxygens
in the proper holder. X-ray diffraction studies were planes into a pattern, in such way that the tetrahe-
performed using a SIEMENS D5000 diffractometer,dra are pointing in the same direction form tetrahedral
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ribbons, which are parallel extendedXeaxis. The rib-
bons width is average alongof two linked pyroxene-

like single chains. Ribbons with apices pointing up areyo,
linked vertically to ribbons with apices pointing down

TABLE | Monoclinic System. Atomic Positions (Asymmetrical

Unity)

forming octahedral coordination groups around Mg andbit
Al. The linked ribbons thus form a 2:1 layer that is con- S2

tinuos alongX but of limited lateral extent alony.

That is, the tetrahedral sheet is continuos across ribgp
bons, but with apices pointing in different directions to o1

adjacent ribbons. Oxygen atoms in the octahedra at the2
edge of the ribbons are coordinated to cations on th&/1
ribbon side only, and coordination and charge balancgf1
are completed along the channel by protons, coordips
nated water and a small of exchangeable cations. Thes
atomic positions produce a structure with present changw1

nels of 37x 6.0 A of cross section, parallel extend to the

x/a y/b z/c Occupance
0.197(1) 0.080(1) 0.089(4) 1.00
0.215(1) 0.166(1) 0.591(4) 1.00
Mg2 0.0 0.084(2) 0.5 1.00
0.0 0.193(2) 0.0 1.00
0.088(3) 0.0 0.52(1) 1.00
0.084(2) 0.093(2) 0.154(5) 1.00
0.097(2) 0.170(1) 0.634(6) 1.00
0.075(2) 0.296(2) —0.050(7) 1.00
0.242(3) 0.0 0.023(9) 1.00
0.25 0.25 0.5 1.00
0.252(2) 0.105(2) 0.400(5) 1.00
0.250(2) 0.127(2) 0.889(5) 1.00
0.0 0.344(3) 0.5 1.00
ZW?2 0.0 0.427(3) 0.0 1.00

bands. Water molecules run through these channels are
susceptible to get lost by dehydration under relativelyr a1 £ 11 orthorhombic System. Atomic Positions (Asymmetrical

low temperatures and can even be replaced by organignity)
similar dimensions molecules. Fig. 1 shows the paly-
gorskite appearance of a superlattice with a standarg™™

model in the [0 0 1] direction.

Palygorskite can be found in a wide variety of en-sj2
vironments. It has been identified in oils, continentalMg2
and marshy sediments in low deep seas, saline and cdf93
bonic depots. Some data show that it can be formed bgrl‘é
hydrothermal action in amphiboles and piroxenes, og,
by the alteration of volcanic ashes and basalt. Studieg/1

realized on this clay [10-12] have established the mosp3

likely composition is (Mg,Al)}Sig(O,0H,H,0),4, be-

ing a combination of two crystalline forms: orthorhom-

bic and monoclinic.
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Figure 1 Standard model of palygorskite clay oriented in [001] to

illustrate the channels.
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X/a y/b z/c Occupance
si1 0.2669(8)  0.0913(4) 0.799(2)  1.00
0.1948(6)  0.1677(5) 0.322(2)  1.00
0.0 0.072(2) 0.5 0.37(3)
0.0 0.173(1) 0.0 1.00
0.070(2) 0.0 0.220(5) 1.00
0.034(1) 0.0798(8) 0.788(3)  1.00
0.0694(8)  0.172(1) 0.3723)  1.00
0.089(1) 0.225(1) 0.372(3) 1.00
0.262(2) 0.0 -0.146(4)  1.00
04 0.25 0.25 0.385(5)  1.00
0.270(1) 0.1162(9) 0.504(2)  1.00
06 0.233(2) 0.126(1) 0.068(2) 1.00
o7 0.360(5) 0.153(4) 0.86(2) 0.24(2)
ZW2 0.0 0.441(2) 0.0 1.21(6)
ZW3 0.0 0.359(3) 0.5 1.07(6)
ZW4 0.405(3) 0.031(3) 0.243(8)  0.53(3)
Mg4 0.249(3) 0.0 0.250(9)  0.18(3)

To analyze the data obtained in this work, we test
different models; three monoclinic models and one or-
thorhombic. These structures can be described as fol-
lows; the monoclinic system has cell parameters
13274A, b = 17.868A, c = 5.279A, B = 107.38;
the atomic positions (asymmetrical unit) are shown in
Table I. Using the cell parameters and the atomic po-
sitions, we tested different monoclinic configurations.
Fig. 2 shows the first studied model, where itis possible
to identify a centred local structure formed by atoms of
magnesium and silicon joined by oxygen, and several
H>O molecules between these structures. A detailed ob-
servation in this structure can show just three oxygen
atoms around each silicon atom.

According to E. Besoain [5] Si atoms should yield
tetrahedron and Mg octahedral sheets, but these shapes
could not be observed in the model, this means there are
no enough oxygen atoms to make four triangles with
similar dimension and equidistant to a central silicon
atom. To solve this problem we added an oxygen atom
to basal oxygens, which generates the tetrahedron
sheets. On the other hand, several authors [10-12]
have suggested that the stability of palygorskite struc-
ture appears when it has a central atom, therefore, if
we add a Mg or Al atom to the model, it becomes a more



TABLE 1l Analysis of repordand simulateBiresults

Report Models Model 4

_— d(A)
hkl d(A) Intensity M1l= M2 = M4 Intensity M1 Intensity M2 Intensity M3 d(A) Intensity M4
110 105 100 10.3484 100 100 100 10.3805 64.83
200 6.44 60 6.347 38.85 77.89 6.7 6.3815 23.56
130 5.42 50 5.392 0 0.02 5.14 5.3908 64.83
040 4.49 80 4.467 28.06 48.81 3.98 4.4605 41.58
310 4.189 30 4.1175 10.38 8 0 4.1383 4.71
240 3.69 50 3.653 2.25 10.34 7.99 3.6559 35.74
330 35 30 3.4399 0.9 0.88 0.71 3.4366 10.16
150 35 30 3.4495 0.79 0.56 2.59 3.4602 3.53
400 3.23 100 3.1735 38.85 54.86 20.04 3.1907 100
420 3.03 10 2.9904 0.29 0.05 0.98 3.0044 9.53
440 2.61 80 2.5871 4.4 9.22 04 2.5951 44.13
510 2.55 30 2.5136 0.02 0 0.63 2.5269 0
530 2.38 30 2.3355 0.91 0.77 0.04 2.3457 6.62
600 2.15 50 2.1157 6.37 10.08 1.46 2.1272 8.56
390 1.82 10
800 1.62 10
680 1.56 30
120 15 50

aBesoain, Eduardo. Minerolegy’ Instituto Interamericano de Cooperatipara la agricultura, San ddé Costa Rica.
b Simulated date in Cerids

M1 = Model 1. Crystalline monoclynical system.

M2 = Model 2. Crystalline monoclynical system with an atom plus for formed tetrahedro.

M3 = Model 3. Crystalline monoclynical system. Based in the model 2 with an atom of Mg o Al in the center.
M4 = Model 4. Crystalline orthorhombic system.
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Figure 2 Monoclinic structure reported for palygorskite [1].
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[100] [010]

Figure 3 Monoclinic structure with magnesium central atom and extra oxygen atoms to complete the suggested tetrahedral shapes.

stable configuration when molecular simulation tech-4. X-ray diffraction spectra of palygorskite
niques are used and octahedral sheets are generat€hlculations shown that the proposed structures of pa-
This model is shown in Fig. 3, the difference with the lygorskite have energetic stability. To refine the model,
previous model are observed in the [0 0 1] orientation X-ray diffraction patterns were obtained for each struc-
where there is a central magnesium atom, and in theure (Fig. 5a, b and c), which were compared with the
[0 1 0] orientation the extra oxygen atoms are localizedexperimental results.
in left and right lattice edges. A comparative analysis shows to monoclinic models
In the orthorhombic system, we have cell parametergorresponds to the palygorskite structure, due mainly
a = 12763A, b = 17.842A, c = 5241 A; space thattheinterplanardistances are similarto experimental
group: Pbmn; the atomic position atoms (asymmetrigesults, however some variations in the peak intensities
unit) are shown in Table II. were observed. The orthorhombic model, also shows
We generated a structure of palygorskite using arsome changes with absorption intensities but, it can
energy minimization procedure. Variations in positionsbe appreciated a better approximation with experimen-
or distances were present, this model is shown in Fig. 4tal results than with monoclinic models, as shown in
In the [0 0 1] orientation is shown that the central solid Table Il in which the atomic planeskl), interplanar
shape, composed by the magnesium, silicon and oxygetlistancesq) and absorption intensities)correspond-
atoms, is wider than the monoclinic structure and theng to palygorskite sample and simulated structures of
channels will be smaller. monoclinic and orthorhombic lattices are compared.
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[010]

[100]

Figure 4 Orthorhombic structure reported for palygorskite [1].

TABLE IV Orthorhombic System. With a substitution of one mg per 5, Refinement of the model for
one Fe and two mg per teo Al atoms. Atomic Positions (Asymmetrical the palygorskite structure

Unity) In accordance with the X-ray diffraction analysis for

Atom x/a y/b z/c occupance  each one of the proposed structures, some atoms that
produced strong variations in the peak intensities were

H 0.0544 04678  —0.0010 1.00 tested and exchanged respectively.

© 0.0633 0.1657 03652 1.00 The elements substitution in the monoclinic model
H 00315  —0.0464 0.3402 1.00 € elements substiuto 1€ monoclinic mode
o 0.0000 0.4403 0.0000 1.00 was performed under the following independent se-
Al 0.0052 0.1847 —0.0048 1.00 guences:

o 0.2591 0.0934 0.5295 1.00

o 0.0000 0.3578 0.5001 1.00

o 0.0514 0.0000 0.2860 1.00 e A first substitution of all Mg atoms per Al was

Al 0.2767 0.0260 0.1269 1.00 made

H 0.0597 0.3721 0.5510 1.00 j o .

" 0.4102 0.0550 0.3988 100 ° A second modified model was obtained exchang-
Fe —0.0179 0.0770 0.4902 1.00 ing one Mg atom per Ca and two Mg atoms per
o 0.2717 —0.0297 —0.1679 1.00 two Al.

Si 0.2699 0.1062 0.8481 1.00 e A last substitution of one Mg atom per Fe and two
O 0.2500 0.2500 0.3553 1.00 Mg atoms per two Al generated the last monoclinic
o 0.0893 0.2560 0.8493 1.00 model

H 0.0485 0.2179 0.8748 1.00 .

H —0.0469 0.3878 0.5516 1.00

H 0.1518 0.2422 0.8598 1.00 ) ) )

o 0.2261 0.1210 0.0555 1.00 The obtained models for each operation were studied
Sl 0.1980 0.1586 0.3408 1.00 by X-ray diffraction analysis, however the results show
H —0.0544 0.4678 0.0010 1.00 that the model with a central atom and with Alatoms in-
8 8-6‘;23 8-82?8 8?23411613 1-88 stead of Mg, intensities are increased as required, how-
s 0.3726 o 0.9094 200 ever, a close analysis indicates that the model with a

substitution of a Mg atom per Fe and two Mg per two Al
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yields a more close fitting with the experimental data.between the theoretical and experimental analytical
Therefore, for the monoclinic symmetry lattice case,data, under the following self-reliant procedures:
the last model generates enough conditions to consider
itis the optimum (Fig. 6). The resulting chemical com-
position was AlFe;Sig(O,0H,H,0)z6.

Similarly an elements substitution in the orthorhom-
bic model was performed, considering the differences

o First model was made substituting all Mg atoms
per Al.

e A second model is obtained exchanging one Mg
atom per one Ca and two Mg per two Al.
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Figure 6 Monoclinic model with central atom and the substitution of a Mg atom by Fe and two Mg per two Al. [0 0 1] orientation.

e The third considered substitution implies the stability we should consider it as the most representing
change of one Mg atom per one Fe and two Mgcalculated model for the palygorskite structure.
per two Al.

X-ray diffraction analysis, over the obtained mod-
els, indicates that the model with a substitution of a6. Calculation of external morphology
Mg atom per one Fe and two Mg per two Al yields  of the palygorskite crystal
a more approximated fitting with the experimental Considering that the knowledge of shape and aspect
data (Fig. 7). The resulting chemical composition wasratio is fundamental to understanding packing and
FeAlgSig(O,0H,H,0)40 and the atomic positions of flow problems as the possible phenomena of indigo
the asymmetrical unit are presented in Table IV. Theremolecules insertion in the palygorskite structure to
fore this orthorhombic model shows an excellent fittinggenerate the Maya Blue pigment, a simulation about
with experimental X-ray diffraction results and due its the possible macroscopic morphology is made through
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Fe

Figure 7 Orthorhombic model with the substitution of a Mg atom per one Fe and two Mg per Two Al. [0 0 1] orientation.

a)

PR

b)

JESS

Figure 8 Morphology prediction of palygorskite model. It can identify the growing direction over [0 0 1] zone axis with fibber shape (a) monoclinic
system (b) orthorhombic system.
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Figure 9 HREM simulate image of palygorskite model and their diffraction patterns in (a) main directions and (b) other important orientations.

fundamental characteristics of the postulated unit celbtor present, to generate a list of possible growth faces
and using the Bravais-Friedel-Donnay-Harker methodand their relative growth rates. This calculus are also
This method consists in a geometrical calculationsupported on the attachment energy, which is defined
employing information of the crystalline structure, asas the energy released on the attachment of growth slice
the crystal lattice and any translational symmetry operio a growing crystal surface. The obtained result define
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Figure 10 HREM simulate image in direction [0 1 0], where the contrast of lines is best shown and it is possible to compare favourably with the
experimental images. Images calculated with a defocus cf48p A and (b)—702A.

a configuration in a fibber shape with specific and prefimade using electron energy of 400 ke\/=£ 0.01644),
erential direction to the pores growth identified in theC; = 1 mm and a defocus of405A.
material, it means, on [0 0 1] direction. Fig. 9a shows the main orientations, these results are
Inthe Fig. 8, [00 1] and [0 1 0] orientation are shown calculated for the case of optimum Scherzer defocus,
for each resulting palygorskite model to find the spe-while Fig. 9b shows other possible visible orientation,
cific characteristics, which have been found in previousyhere the fibber contrast are observed. In order to pro-
morphological studies of palygorskite. This calculatedduce the observed contrast of lines inside the fibber
shape is similar in both crystal lattice cases, monoclinichapes of the experimental results, calculations of a
and orthorhombic, with a small difference of the longi- HREM image of a bigger area in the fibber are pre-
tudinal faces area between them, and a quite differerdented in Fig. 10; these images are shown in the opti-
(001) face, but growing over the same [0 0 1] direction.mum Scherzer defocus and the second maximum of the
contrast £702A).

7. HREM images of palygorskite

7.1. Calculated images

Using a calculated model, the orthorhombic model with7.2. Experimental images

a substitution of a Mg atom per one Fe and two Mg perA typical low magnification of palygorskite structure

two Al, as the best configuration, we have obtained thebtained by TEM is shownin Fig. 11. It can be observed

corresponding HREM images having different orien-fibber shapes with thickness from 8 to 30 nm and even

tations, this with the purpose of making a comparisonl.Oum length. These configurations are compared with

between experimental and theoretical results. the morphology obtained by simulation; even more, it
The Cerius software of Molecular Simulation Inc. is possible to find the growing up direction.

was employed to calculate the high resolution images Higher magnification of a palygorskite fibber ob-

and diffraction patterns of palygorskite in a number oftained by HREM is shown in Fig. 12a. The contrast

crystallographic directions. In order to do it, we made aof lines inside the fibber can be observed, also itis pos-

superlattice from the primary cell and calculating by thesible to observe the orientation near to [0 0 1]. It seems

multi-slice method the projected potential consideringto be a good fitting of the images in the some direc-

the characteristic wave function to the electron beantions. Particularly, the fibber images in Fig. 10 are well

has changes just in a phase term in relation to the origreproduced by calculations.

inal wave function, calculating next the diffraction pat-  With help of image processing a better image is ob-

tern. After that, CTF (Contrast Transfer Function) wastained in the Fig. 12b, where the amplification is fixed

used to obtain the HREM images. Calculations wereover a local area, the evidences of contrast of lines, and
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Figure 11 Micrograph obtained by TEM of a palygorskite sample (60000X magnification). It is observed fibber structure with thickness from 30 to
60 nm.

the structure of the material have the same spacing andlith its corresponding FFT can serve to corroborate
dotting contrast than Fig. 8, where we may say that thishe palygorskite model and the theoretical prediction
contrast is produced by superposition of atoms wherof structure and composition.

the palygorskite structure is observed inthe [0 10] ori- The possibility to observe the channel configuration
entation and linear spacing ef0.3 nm. In order to in experimental studies is no easy, because the image
get a full characterization, the Fast Fourier Transformcorresponds to the growing direction and it would mean
(FFT) is applied over the HREM image and comparedto have the fibber parallel to the electron beam direction.
with the simulated diffraction pattern and evidentlythey A close analysis over the dotting contrast and the
have the same symmetry and this image is defined astructure of the model associated with the experimental
[010] face of a palygorskite fibber. In fact the HREM and theoretical images indicates that the silicon atoms
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(b)

Figure 12 HREM image of palygorskite sample. (a) A big area photography shows the contrast of lines over the fibbers. (b) Image processing of
HREM image with its FFT corresponding.
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as the main source to produce the HREM contrastcanero and Luis Rendon for technical assistance and
therefore the configuration of spacing and symmetryCONACYT for support within the projects “Coloides
observed in the images are related mainly with the sil-Cuanticos” (G0032-A) and “Materiales Nanoestruc-
icon atoms arrangement. turados” (3795P-A).
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