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Abstract: The mixed dioctahedral-trioctahedral character of Mg-rich palygorskite has been previously described by the formula
yMgsSigO20(OH)2(OHy)4-(1-y)[xMgsFe, - (1-x)Mg,Aly 1SigO20(OH)2(OH,)4, where y is the trioctahedral fraction of this two-chain
ribbon mineral with an experimentally determined upper limit of y &~ 0.5 and x is the Fe'™ content in the M2 sites of the dioctahedral
component. Ideal trioctahedral (y = 1) palygorskite is elusive, although sepiolite MggSi;>,0O30(OH)4(OH,), with a similar composi-
tion, three-chain ribbon structure and distinct XRD pattern is common. A set of 22 samples identified by XRD as palygorskite and
with variable composition (0 < x < 0.7, 0 < y < 0.5) were studied to extrapolate the structure of an ideal trioctahedral (y = 1)
palygorskite and to compare this structure to sepiolite. Near-infrared spectroscopy was used to study the influence of octahedral
composition on the structure of the TOT ribbons, H,O in the tunnels and surface silanols of palygorskite, as well as their response to
loss of zeolitic H>O. All spectroscopic evidence suggests that palygorskite consists of discrete dioctahedral and trioctahedral entities.
The dioctahedral entities have variable structure determined solely by x = Fe™"/(Al+Fe™) and their content is proportional to (1-y). In
contrast, the trioctahedral entities have fixed octahedral composition or ribbon structure and are spectroscopically identical to
sepiolite. The value of d» in palygorskite follows the regression dxg (A) =6.362 + 0.129 x(1-y) + 0.305y, R*=10.96,5 =0.013 A.
When extrapolated to y = 1, dyq is identical to sepiolite. Based on this analysis, we propose that palygorskite samples with non-zero
trioctahedral character should be considered as members of a polysomatic series of sepiolite and (dioctahedral) palygorskite described
by the new formula y’MggSi|,030(OH)4(OH,)4- (1-y")[xX' Mg, Fe; - (1-x )Mg, Al ]SigO20(OH)»(OH,),, with 0 < x'= x < 0.7 and 0 <y’
= y/(2-y) < 0.33.

Key-words: palygorskite, sepiolite, XRD, near-infrared spectroscopy, dioctahedral, trioctahedral, polysomatism.

1. Introduction industry and materials science (Singer, 1989). For exam-

ple, the Mayas used palygorskite in preparing the Maya

Phyllosilicate minerals of the palygorskite-sepiolite group
have a layer structure with alternating 2:1 ribbons (mod-
ules, Fig. 1) and tunnels containing zeolitic H,O parallel to
the ¢ axis. This modulation is due to the periodic inversion
of the apical oxygen atoms of the tetrahedra every two
silicate chains in palygorskite, or three in sepiolite, causing
the discontinuity of the octahedral sheet. The different
periodicity of the silicate chain inversion allows for the
clear distinction of palygorskite from sepiolite by X-ray
diffraction (d;;o ~ 10.4 and 12.1 A, respectively). The
microstructure of these clays produces interesting absorp-
tion and rheological properties with applications in
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Blue pigment, essentially exploiting the principles of
molecular insertion and one-dimensional confinement to
fabricate hybrid nanomaterials (van Olphen, 1966;
Gomez-Romero & Sanchez, 2005).

Both palygorskite and sepiolite were originally
described as magnesian and trioctahedral (MgsSigOyg
(OH)2(0H2)4, Bradley, 1940, Mg35112030(OH)4(OH2)4,
Brauner & Preisinger, 1956, respectively). Later studies
made evident that palygorskite is mainly dioctahedral with
four octahedral ions per 8 Si and with about half of the Mg
substituted by Al or Fe (Drits & Aleksandrova, 1966; Drits
& Sokolova, 1971; Serna et al., 1977; Giiven et al., 1992).
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Fig. 1. Upper: Structure of the 2:1 ribbons of palygorskite (left) and
sepiolite (right). Lower: Structure of the corresponding octahedral
sheets. Dioctahedral palygorskite has a vacant M1 site. Light spheres
mark coordinated OH, terminating the octahedral sheet. Dark
spheres are structural OH.

Recent Rietveld-based synchrotron X-ray diffraction
(Artioli et al., 1994; Chiari et al., 2003; Post & Heaney,
2008) and neutron diffraction (Giustetto & Chiari, 2004)
studies of palygorskite were performed on specimens with
nearly 2 Mg and 2 Al octahedral ions per 8 Si, i.e. close to
the ideal dioctahedral formula Mg, Al,SigO,¢(OH),(OH,),
(Fig. 1).

However, compilations of single-particle analytical data
(Paquet et al., 1987; Galan & Carretero, 1999; Suarez
et al., 2007; Garcia-Romero & Sudrez, 2010) and several
mid- or near-infrared spectroscopic investigations (Chahi
et al., 2002; Garcia-Romero et al., 2004; Cai et al., 2007;
Gionis et al., 2007; Chryssikos et al., 2009) indicate that
samples identified by XRD as palygorskite can have more
than 4 octahedral cations per 8 Siand Mg>(Al+Fe). These
“Mg-rich” palygorskite samples are assigned a mixed
dioctahedral — trioctahedral character.

The occupancy of the three octahedral sites (M1, M2,
M3) in palygorskite by Mg, Al and Fe was resolved by the
OH-overtone spectra in the near-infrared (NIR) range by
Gionis et al. (2006, 2007) and is remarkably simple:
Regardless of octahedral composition, the outer (M3)
sites are occupied by Mg coordinated to four O atoms
and two OH, groups. Al and Fe™™ occupy adjacent M2
sites next to a vacant M1 site forming AIAIOH, AlFeOH
and FeFeOH units (Fig. 1). In Mg-rich palygorskite, there
are also triplets of 1 M1 and 2 M2 sites occupied by Mg to
form MgzOH units. No spectroscopic evidence for struc-
tural OH associated with cations with a valence sum dif-
ferent than six, (e.g., Mg,AIOH, MgAIOH, Mg,0OH) was
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Fig. 2. Polysomatic representation of a palygorskite with 35 %
trioctahedral character made of randomly interlinked dioctahedral
(grey) and trioctahedral (dark grey) palygorskite ribbons according
to Gionis et al. (2007). SiOH groups terminating the dioctahedral or
trioctahedral ribbons are depicted by open and filled circles,
respectively.

found. These results led Gionis et al. (2007) to suggest that
the palygorskite particles with mixed dioctahedral — trioc-
tahedral character consist of two-chain ribbons that are
either trioctahedral, MgsSigO,o(OH),(OH,),4, or dioctahe-
dral, Mgz(Fe,Al)zSigOzo(OH)2(0H2)4 as in Flg 2.
According to this description the composition of palygors-
kite can be approximated by the formula:

¥MgsSigO20(OH),(OH,) (1 — y)[xMgyFer-(1 — x)

Mg, AL]SigO20(0H), (OH,), (M

where x is the fraction of Al substituted by Fe'" and y the
trioctahedral fraction.

Subsequently, Chryssikos et al. (2009) combined NIR
with analytical electron microscopy and found that a set of
18 palygorskite samples from various locations conforms
to formula (1) with 0 < x < 0.7, 0 <y < 0.5, and with x
uncorrelated to y. The data indicate the existence of fully
ferric dioctahedral palygorskite particles (x = 1). However,
a fully trioctahedral MgsSigO,o(OH),(OH,), mineral with
the palygorskite two-chain ribbon structure, i.e. a Mg-
analog to yofortierite or raite (Perrault et al., 1975; Pluth
et al., 1997), is unknown to our knowledge, with the
possible exception of a recent report based on electron
diffraction and high resolution TEM (Chen et al., 2008).
Known Mg-rich samples with composition approaching
y = 1 exhibit the 110 reflection at ca. 12 A. These samples
are therefore identified as sepiolite consisting of three-
chain ribbons. On the other hand, Garcia-Romero &
Suarez (2010) studied recently the composition of two
sets of samples from various localities identified by XRD
as palygorskite and sepiolite, respectively, and reported a
smooth transition between palygorskite and sepiolite with
no compositional gap between the two minerals. Thus, as
the trioctahedral component increases, the two-chain
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MgsSigO,0(OH),(OH,),4 ribbons postulated to be present
in palygorskite with 0 < y < 0.5 (Gionis et al., 2007)
should give place to three-chain sepiolite ribbons,
MgsSi ,030(OH)4(OH)4.

The purpose of this work is to investigate the nature of the
trioctahedral component of palygorskite in relationship to
sepiolite. One approach is by extrapolating the structure of
the ideal trioctahedral palygorskite MgsSigO,o(OH),(OH,)4
from samples with mixed dioctahedral — trioctahedral char-
acter and comparing it to sepiolite. Suarez et al. (2007) were
the first to employ this strategy based on XRD and analytical
data. In addition to interplanar distances, structural extra-
polations can be based also on NIR spectra. Vibrational
spectroscopic techniques are sensitive to bonding and sym-
metry differences such as those expected from the different
types of ribbons in palygorskite and sepiolite. A preliminary
NIR comparison of the trioctahedral sheet signature of paly-
gorskite and sepiolite SepSp-1 (CMS Source Clays
Repository, special clay) was based on their ambient spectra
and failed to detect any such differences (Gionis et al.,
2007). A more rigorous comparison is attempted here.
This comparison relies on the NIR monitoring of the spec-
tral changes accompanying the progressive loss of zeolitic
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H,0O upon mild dehydration. The as-produced series of
spectra allow for the more sensitive detection of bonding
rearrangements and unit cell distortions (Gionis et al., 2006)
which, albeit subtle, differ in dioctahedral palygorskite and
sepiolite (Post et al., 2007; Post & Heaney, 2008).

2. Experimental methods

2.1. Samples

A set of 22 high purity palygorskite samples from various
localities are included in this study (Table 1): LIL and BOT
(Lisbon volcanic complex, Portugal), PAL (Palygorskaya,
Perm, Russia), CAS (Cassiar, British Columbia, Canada),
ATT (Attapulgus, Georgia, USA), TRA (Los Trancos,
Almeria, Spain), ESQ and ESQ2 (Esquivias, Madrid,
Spain), YUC (Ticul, Yucatan, Mexico), BER (Bercimuel,
Segovia, Spain), SEG (Segovia, Spain), TOR (Torrejon el
Rubio, Caceres, Spain), PIC (Pics Crossing, Australia) and
GRO-GR4, GR6-GR9Y (Pefkaki, W. Macedonia, Greece).
Earlier references to these samples can be found in
Table 1. The composition of 18 of these samples was

Table 1. Selected compositional parameters determined by NIR according to Chryssikos ef al. (2009) and defined in Equation (1),
interplanar distances and NIR peak positions of palygorskite samples in this study.

(v+06) SiO-H  (v+6) HO-H (v+9) HO-H,, dry
y  x(=y) (=) U=y dogoA) dipA)  (em™) ambient (cm™") (em™) References

LIL  0.00 0.00 1.00 6.349 (3) 10.464 (3) 4577.7 5182.1 5111.0 Suarez et al. (2007),
Chryssikos et al. (2009)

PAL 0.00 0.00 1.00 6.375 (3) 10.462 (3) 4577.1 5184.8 51124

SEG 0.00 0.01 0.99 6.349 (3) 10.482 (3) 45779 5183.7 5111.3

CAS 0.00 0.00 1.00 6.355 (3) 10.417 (3) n.a. 5183.2 5111.1

BOT 0.09 0.09 0.82 6.403 (3) 10.464 (3) 4576.9 5185.3 5113.2 Suérez et al. (2007),
Chryssikos er al. (2009)

ATT 0.08 0.11 0.81 6.421 (3) 10.525 (3) 45759 5188.6 51154 Suarez et al. (2007)

TRA 0.14 0.11 0.75 6.43 (3) 10.613 (3) 4574.7 5192.3 5115.8 Sudrez et al. (2007),
Chryssikos et al. (2009)

ESQ 0.28 0.09 0.63 6.465 (3) 10.584 (3) 45734 5193.4 5114.9 Sudrez et al. (2007),
Chryssikos et al. (2009)

ESQ2 0.48 0.08 0.44 6.542 (3) 10.700 (3) 4572.1 5198.7 5114.3 Chryssikos et al. (2009)

YUC 0.10 0.14 0.77 6.391 (3) 10.471 (3) 4576.3 5187.5 5113.6 Suarez et al. (2007),
Chryssikos et al. (2009)

BER 0.01 0.21 0.78 6.388 (3) 10.493 (3) 4576.5 5187.0 51154 Sudrez et al. (2007),
Chryssikos ef al. (2009)

TOR 0.06 0.19 0.75 6.407 (3) 10.461 (3) 4576.9 5187.5 5115.2 Sudrez et al. (2007),
Chryssikos et al. (2009)

PIC 0.09 0.25 0.66 6.41(2) 1046(2) 4576.2 5189.0 5116.3 Chryssikos et al. (2009)

GRO 0.08 0.33 0.59 6.43(2) 10.54 (2) 45745 5193.4 5119.2 Chryssikos et al. (2009)

GR1 0.07 046 0.46 6.46(2) 10.55((2) 4574.2 5194.5 5121.2 Gionis et al. (2006),
Gionis et al. (2007),
Chryssikos et al. (2009)

GR2 045 0.26 0.29 6.52(2) 10.67(2) 4570.9 5200.0 5120.8 Gionis et al. (2007),
Chryssikos et al. (2009)

GR3 0.15 051 0.34 6.47(2) 1059 (2) 45723 5196.6 5123.8 Chryssikos et al. (2009)

GR4 0.19 0.49 0.32 6.49(2) 10.59(2) 4572.0 5196.7 5123.0 Chryssikos et al. (2009)

GR6 033 0.31 0.36 6.49 (2) 10.59 (2) 4570.8 5197.1 5121.3 Chryssikos et al. (2009)

GR7 033 0.31 0.36 6.51(2) 10.63(2) 4571.2 5197.7 5122.5 Chryssikos et al. (2009)

GR8 045 0.26 0.29 6.53(2) 10.62(2) 4570.6 5199.3 5121.6 Chryssikos et al. (2009)

GR9 046 034 0.20 6.53(2) 10.67 (2) 45704 5200.3 5123.1 Chryssikos et al. (2009)
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Fig. 3. Octahedral composition of the 22 palygorskite samples in this
work, as described by the formula yMgsSigO,0(OH),(OH,)y
«(1-y)[xMgyFe, - (1-x)Mg, Al [SigO,0(OH),(OH,), and  derived
from the analysis of the NIR spectra. For details and comparison
with single-particle AEM data see Chryssikos et al. (2009).

determined by AEM and NIR (Chryssikos et al., 2009).
The octahedral composition of four samples (PAL, SEG,
CAS and ATT) not included in the study of Chryssikos et al.
(2009) was measured by the same NIR method. Figure 3
depicts the octahedral composition of the samples expressed
in terms of the dioctahedral aluminous, (1-x)(1-y), diocta-
hedral ferric, x(1-y), and trioctahedral magnesian, y, com-
positional coordinates determined by NIR and defined in
Equation (1). Sepiolite from Valdemoro, Madrid, Spain
(SepSp-1) is studied for comparison.

2.2. Spectroscopic and X-ray diffraction
measurements

NIR spectra (averages of 200 scans at 4 cm ' resolution,
Blackman-Harris 3-term apodization and zero-filling fac-
tor of two) were measured on a Fourier transform instru-
ment (Vector 22N by Bruker Optics) equipped with an
integrating sphere accessory. The second derivative of
the NIR absorption was computed from the smoothed
spectra employing the Savitzky-Golay algorithm with 13-
point windowing. In addition to ambient NIR measure-
ments, the samples were dried and measured in sifu by a
combination of mild heating at ca. 50 °C and P,Os desic-
cation, i.e. conditions causing the progressive removal of
surface and zeolitic H,O (Gionis et al., 2006).
Palygorskite X-ray diffractograms were measured by
high-resolution powder XRD at beam line BM25A of the
Spanish CRG at the European Synchrotron Radiation
Facility. Four new samples (PAL, SEG, CAS and ESQ?2)
complement the collection (LIL, BER, YUC, BOT, TOR,
ATT, TRA and ESQ) previously studied by the same
technique (Suarez er al., 2007). Synchrotron radiation
allows for an instrumental contribution to the peak Full
Width at Half Maximum (FWHM) down to ca. 0.003° with
high precision and reproducibility. Values for d are
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obtained from the synchrotron diffractograms by fitting
the corresponding hkl peak with a pseudo-Voight function
with an accuracy of 0.003 A. The remaining samples (PIC
and GR3-9) were measured by laboratory XRD (X’TRA
17 by Thermo ARL) equipped with a Peltier detector and
employing CuKo radiation at 45 kV and 40 mA. With
divergence and receiving slits at 0.4 and 0.5 mm, respec-
tively, scans from 2-70 ° 20 and counting time of 10 s per
step of 0.02 °, these measurements determine d-values with
an accuracy of 0.02 A. The patterns of samples GR1 and
GR2 have been reported by Gionis et al. (2007). All sam-
ples studied by XRD are identified as palygorskite with
dy1q,in the 10.4-10.7 A range and exhibit no trace of the ca.
12A peak of sepiolite.

3. Results

3.1. Octahedral composition and the dimensions
of the unit cell

The parameter a of orthorhombic palygorskite (asinf} for
the monoclinic form, Christ ef al., 1969) is derived from
the position of the 200 reflection at ca. 13 ° 20 CuKoa. The
parameter b can be evaluated from the poorly resolved 040
reflection (ca. 19 ° 26 CuKa) or by using the 110 (ca. 8.5 °
20 CuKa) and 200 reflections, but ¢ (ca. 5.25 A) cannot be
obtained from the diffractograms, owing to the orientation
of the palygorskite fibers along [001]. Sepiolite exhibits
200 (overlapping with a 040 contribution) and 060 reflec-
tions in the same ranges as the 200 and 040 reflections of
palygorskite, respectively (Brindley & Brown, 1980).
Accordlng to Post & Crawford (2007), dago for palygors-
kite is in the range 6.31-6.43 A, with no obvious correla-
tion with octahedral composition. Suérez et al. (2007)
reported palygorskites with dygg in the range 6.35-6.47 A
and found a linear relatlonshlp (R* = 0.95) between the
number of octahedral Al ions per 8 Si and d», VAL
49.16-7.44 dyoo. This relationship extrapolates to an ideal
magnesian palygorskite with dygg = 6.61 A, i.e. close to the
doo range of sepiolite. This extrapolation was of limited
precision owing to the relatively narrow compositional
range of the collection studied (y < 0.3 and x < 0.2
according to Equation (1)) and is revisited here with addi-
tional samples of greater composition range. Besides octa-
hedral composition, d, is also affected by zeolitic H,O
content (Post & Crawford, 2007; Post & Heaney, 2008). To
isolate the effect of octahedral substitution from that of
zeolitic H,O content, all unit cell data in this study refer to
the ambient (RH =~ 40 %) ‘‘zeolitically wet” state. The
effect of composition on the unit cell dimensions of paly-
gorskite equilibrated at ambient temperature over P,Os
(“‘zeolitically dry’’ state) is not considered in this paper.
There are four aluminous dioctahedral samples (x—0,
y—0)in this set (LIL, PAL, SEG, CAS) and these have d»g
=6.36 +0.02 A, in good agreement with the reported a/2
or (asinf)/2 dimensions of palygorskites with similar com-
position (Chiari et al., 2003; Giustetto & Chiari, 2004; Post
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Fig. 4. Palygorskite d»( predicted by Equation (2). Line is least
squares fit.

& Heaney, 2008). The largest d»qy values observed are ca.
3 % higher (dypp = 6.54 £+ 0.01 A for ESQ2, GR8, GR9).
Values intermediate between these limits can be found
among dioctahedral samples with significant Fe'" for Al
substitution, or among Fe-poor samples with a high trioc-
tahedral fraction (e.g., dzoo = 6.46 + 0.01 A for GR1,
ESQ). The effect of Fe' and Mg in expanding d»yo can
be determined by a multiple linear regression analysis with
x(1-y) and y as independent variables. These variables
correspond to the fraction of ideal dioctahedral ferric and
trioctahedral magnesian palygorskite of Equation (1),
MgQFCQSigOQO(OH)z(OH2)4 and Mgssigozo(OH)z(OHz)gl,
respectively. The resultmg expression for dagg is of high
predictive value: R* = 0.96, ¢ = 0.013 A (Fig. 4):

dyo(A) =(6.362 =+ 0.005) + (0.129 = 0.019)x(1 — y)

+ (0.305 £ 0.018)y (2)
This equation is based on x, y values determined by NIR on
the 22 samples studied (Table 1). However, an almost
equally strong regression (R*> = 0.92, ¢ = 0.018 A) is
obtained on the basis of the AEM data available for the 18
samples in Chryssikos et al. (2009). Equation (2) updates
the model of Suarez et al. (2007) over broader ranges of
octahedral substitution and d»g (6.36—6.54 A) Ideal dioc-
tahedral aluminous, Mg, Al,SigO,0(OH),(OH,)4, and ferric,

Mg, Fe,Sig0,0(0OH)>(OH,)y4, palygorskites are predicted to
have dyg, spacings of 6.362 and 6.491 4+ 0.013 A, respec-
tively. In dioctahedral palygorskites with intermediate Fe 1
for Al substitution, xMg,Fe,-(1-x)Mg,Al,SigO,¢(OH),
(OH,)y4, dygg varies linearly with x between these limits. Itis
emphasized that dioctahedral palygorskites are Al-Fe solid
solutions and not weighted mixtures of the x =0 and x = 1
end-members (Gionis et al., 2006, 2007).
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The effect of trioctahedral fraction, y, in expanding d»qg
is about twice as large as that of the dioctahedral ferric
fraction, as expected from the larger ionic radius of Mg and
the occupation of the M1 octahedral site. With all cautions
that apply to the physical meaning of extrapolations over
composition gaps that may involve structural discontinu-
ities, Equation (2) predicts dgp = 6.667 £ 0.013 Aforay
= 1 palygorskite, MgsSigO20(OH)>(OH,),. Remarkably,
this value is in the center of the 6.63-6.72 A d,(, range
of sepiolite (Post & Crawford, 2007) and coincides exactly
with the 6.67 A d-value measured for SepSp-1.

A similar regression analysis of d;o (data in Table 1,
graph not shown) yields

diio(A) =(10.46 +0.01) +
+ (0.41 +0.05)y

(0.10 +0.05)x(1 — y)
3)

This fit (R2 =0.83,0 =0.04 A) is inferior to Equation (2)
suggesting a poorer correlation between composition and
b. An additional source of incertitude of d;q is due to the
fact that this reflection, although very intense, is at low 20
and is usually highly asymmetric. Therefore, texture, crys-
tallinity and particle size have a stronger effect on d ;o than
droo- Equation (3) extrapolates to MgsSigO50(OH)2(OH»)4
at dyo ~ 10.9 A a value that is about 1.2 A less than the
di1o spacing of SepSp-1 and other sepiolites (Post &
Crawford, 2007).

3.2. Monitoring the loss of zeolitic H,O by NIR
spectroscopy

All samples (Table 1) were monitored by NIR spectroscopy
and representative dehydration sequences are shown for
SEG, YUC, ESQ and GR2 in comparison to SepSp-1
(Fig. 5). Based on the assignments of Gionis et al. (2006),
the M2M2OH overtone triplet of AIAIOH, AlFeOH and
FeFeOH umts in dioctahedral palygorsklte (7056, 6994,
6928 cm ™' shifting by ca. +20 cm™ ' upon dehydration), is
clearly identified. The position of these overtones and their
response to the loss of zeolitic H,O are independent of
composition, whereas the relative intensity of the indivi-
dual components is solely governed by x (Chryssikos et al.,
2009). Trioctahedral ribbons in palygorsklte are identified
by their MgzOH overtone at 7214 cm ™' shifting to 7192

m ' (22 cm™ ') upon dehydration (Gionis et al., 2007).
Except for its intensity that scales with y, this spectroscopic
fingerprint is identical in all palygorskite samples investi-
gated. This suggests that the trioctahedral entities encoun-
tered in palygorskite are of a single well-defined type,
regardless of octahedral composition. Notably, these can-
not be distinguished spectroscopically from those of sepio-
lite, which is a three-chain ribbon mineral (Fig. 5).

The early steps of the zeolitic dehydration of palygors-
kite and sepiolite are paralleled by the loss of H,O
adsorbed on the external surface of the particles. This
process produces additional bands attributed to SiOH spe-
cies (Ahlrichs et al., 1975; Serna et al., 1977). These
species terminate the exposed edges of the ribbons and
are relatively abundant owing to the lath-like morphology
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Fig. 5. NIR monitoring of the zeolitic dehydration of palygorskites SEG, YUC, ESQ and GR2 and sepiolite SepSp-1, over the 2nd derivative
OH overtone (left), H;O combination (x2, middle) and OH combination (right) wavenumber ranges. Traces in black mark the zeolitically

dry end-point of each sequence.

of palygorskite and sepiolite. In the 2nd derivative NIR
spectra of palygorskite samples, these surface SiOH groups
(shown schematically as open circles in Fig. 2) exhibit a
sharp overtone mode at 7252 cm™', with a 2-3 cm™'
dependence on x (Gionis et al., 2006). Increasing the
trioctahedral character of palygorskite, e.g. from SEG (y
= 0), to GR2 (y = 0.45) results in the decrease of the
relative intensity of the 7252 cm™' overtone and the
appearance of a new band at 7270 cm ™' with increasing

intensity (Fig. 5). Clearly, the latter is related to the
exposed edges of the trioctahedral ribbons of palygorskite
(filled circles, Fig. 2). Interestingly, Fig. 5 demonstrates
that these edges cannot be distinguished from those of
SepSp-1, also active at 7270 cm .

Lastly, the NIR spectra are sensitive to the presence and
bonding of H,O in the tunnels (Fig. 5). The corresponding
2nd derivative spectra of ambient ideal palygorskite reveal
three bands at ca. 5317,5240 and 5190 cm™ " (Gionis et al.,
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2006). The 5317 cm ™! band is assigned to H,O adsorbed
on the surface SiOH groups and is vanishing upon mild
dehydration. The remaining two bands of the ambient
(v+9) combination spectrum and especially the low wave-
number component at ca. 5190 cm™ " arise from the inter-
action between zeolitic H,O and coordinated OH,. As
zeolitic H,O is removed, coordinated OH, rearrange and
interact asymmetrically with the Si-O-Si linkages of adja-
cent ribbons. By doing so, they lower their symmetry from
C,, to C; (Prost, 1975; Serna et al., 1977) and produce two
sharp NIR combination modes at ca. 5220 and 5120 cm ™'
(Gionis et al., 2006). Overall, the loss of zeolitic H,O of
palygorskite involves a simple transition as the combina-
tion spectrum at ambient conditions diminishes and gives
place to that of the zeolitically dry state.

This is not the case with sepiolite SepSp-1. Although the
H,0O combination spectrum of sepiolite is analogous to that
of palygorskite in both the ambient and dry states (with
triplet and doublet envelopes peaking at 5317, 5256 and
5201 and 5226, 5159 cm ', respectively), the transition
between these states involves a well-defined intermediate
not observed in palygorskite. This intermediate state is
identified mainly by a sharp (v+3) H,O band at ca. 5270
cm~ ' which initially grows and then decreases in intensity
upon drying (Fig. 5). This band signals the presence of
partially filled tunnels of sepiolite and is therefore asso-
ciated with a localized H-bonding motif between Mg-coor-
dinated OH, and remaining zeolitic H,O. Interestingly, the
same intermediate state is observed in the NIR spectra of
Mg-rich palygorskites upon drying (Fig. 5).

Similarly, in the spectra of dry palygorskite the H,O
combination mode at ca. 5110-5120 cm ™' is exclusively
related to the dioctahedral component: Its intensity
decreases with increasing y, it is absent from SepSp-1
and its peak wavenumber depends exclusively on x:

(v + 6)HO — Hp(em™ ') = 5111.7 + 19.8x

(R*=0.97,6 = 0.8) )

This increase of the (v-+06)HO-H, wavenumber with x
indicates the weakening of the H-bonding interactions
between coordinated OH, and the neighboring inter-ribbon
Si-O-Si linkage (Prost, 1975; Serna et al., 1977). The trend
is consistent with the parallel increase of d»oo which, in the
case of ideal dioctahedral palygorskite, was found to
depend solely on the fraction of Fe'™ in M2 sites
(Equations (1) and (2), Fig. 6).

4. Discussion

The above analysis has identified a number of NIR spectro-
scopic indicators for palygorskite and sepiolite subjected
to loss of zeolitic H,O. These indicators ‘‘report” from
three specific locations of the structure:

(1) the ribbons (various types of M,O-H and M;0O-H

species),

(2) the tunnels (coordinated OH, and zeolitic H,O), and
(3) the external surface of the particles (terminal SiOH).
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Fig. 6. Dependence of the (v+8) SiOH wavenumber of dry paly-
gorskite (upper), and the (v+93) H,O wavenumber of ambient paly-
gorskite (lower) on dyg. Solid lines are least square fits. Dashed lines
mark the corresponding values for SepSp-1.

All these indicators distinguish the dioctahedral entities of
palygorskite from their trioctahedral counterparts. The
spectrum and structure of the dioctahedral entities vary in
a manner determined uniquely by the substitution of Al by
Fe!" in M2 sites. In contrast, only one type of trioctahedral
entity is observed in the palygorskite samples investigated.
This trioctahedral entity, common to all palygorskite sam-
ples investigated, is spectroscopically (hence structurally)
identical to sepiolite.
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Other features of the NIR spectra cannot distinguish
between the two types of entities in palygorskite. As typi-
cally observed with low-resolution indicators, these fea-
tures exhibit a pseudo-one mode behavior and shift
smoothly from the aluminous dioctahedral palygorskite to
the sepiolite limit values as y spans the 0-0.5 range of
Equation (1). Examples of this type are the (v+d3) H,O
mode of ambient palygorskite at ca. 5190 cm™' (SEG =
5184 cm ', GR2 = 5200 cm ', SepSp-1 = 5201 cm ™',
Table 1), or the (v+6) SiOH mode of zeolitically dry paly-
gorskite (SEG = 4578 cm !, GR2 = SepSp-1 = 4571
cm ™). Both vary linearly with d,oo over the 6.35-6.55 A
range (hence depend on both x(1—y) and y, Equation (2)) and
reach the values expected from sepiolite at y ~ 0.5 (Fig. 6).
According to these indicators, any hypothetical sample
with 0.5 <y < 1 would appear identical to sepiolite.

The assignment of the trioctahedral vibrational signa-
ture in palygorskite to sepiolite-type ribbons,
MggSi;,050(OH)4(OH,)4, accounts fully for the observed
spectra, their dependence on composition and their sys-
tematic changes upon loss of zeolitic HO. No spectro-
scopic evidence is left unassigned to hint the presence of
trioctahedral two-chain palygorskite ribbons,
MgsSigO,0(OH),(OH,),4. Given the finenesse of the spec-
troscopic indicators employed, the hypothesis that the two
types of trioctahedral ribbons are indistinguishable from
each other is not probable. Thus, Mg-rich palygorskite as
observed by NIR is a polysomatic mineral consisting of
palygorskite (dioctahedral with variable Fe'" for Al sub-
stitution) and sepiolite [001] ribbons, as in Fig. 7.
Polysomatism is shown as random although connectivity
constraints impose either stacking along 100, or the for-
mation of dislocations and tunnel defects.

Similar silicate chain-width polysomatism in TOT
minerals, ordered or disordered in the b direction, has
been extensively studied in biopyriboles (Veblen &
Buseck, 1979; Welch et al., 1992), and palygorskite/sepio-
lite structures have been included as special limiting cases
in the polysomatic model of Zoltai (1981). More relevant
in the context of this study is the polysomatic description of
kalifersite, a member of the palygorskite/sepiolite group
with regularly alternating palygorskite and sepiolite-like
[001] ribbons, PS; (Ferraris et al., 1998; Ferraris & Gula,
2005). Krekeler et al. (2005) and Krekeler & Guggenheim
(2007) have provided HRTEM evidence for chain-width
polysomatism in a palygorskite sample from the
Hawthorne formation, as well as for the presence of tunnel
defects in a sepiolite from Finland and a yofortierite from
Quebec. Martin Vivaldi & Linares Gonzales (1960)
described a sample from Almeria, Spain, as a random
intergrowth of sepiolite and palygorskite. However, to
our knowledge, this is the first time that Mg-rich palygors-
kite samples from many different localities are generally
described as members of a polysomatic series involving
(dioctahedral) palygorskite and sepiolite with formula:

»MggSi12030(OH),(OH,),-(1 — y')[x'Mg,Fe;-

(1 — x")Mg,Al,]Sig050(OH),(OH,), 5)

E.T. Stathopoulou et al.
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Fig. 7. Polysomatic model for Mg-rich palygorskite with 35 %
trioctahedral character consisting of sepiolite ribbons (dark grey)
intergrown amidst dioctahedral palygorskitic ribbons (grey).
Ordering along b (upper) or dislocations (lower) are imposed by
the geometric constrains.

where, y' and (1-y') represent the fractions of sepiolite and
palygorskite ribbons, respectively, and x’ is the fraction of
Fe'" in the M2 sites of palygorskite. This formula can be
extended to accommodate possible substitutions of Mg in
sepiolite by other divalent cations M" (e.g., Fe' or Ni), if
these substitutions are evident via the characteristic
Mgz M"., z = 0-3)OH overtone quadruplet (Clark
et al., 1990; Petit et al., 2004). The correlation between
NIR and AEM data, (Chryssikos et al., 2009), which is
incorporated in the calculation of x and y (Equation (1))
remains compatible with Equation (5) and the parameters
x and y'. In this case, x and x’ are identical because they are
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confined to the dioctahedral portion of the formulae. Also,
y/(1-y) = 2y'/(1-) because sepiolite has twice as many
structural OH per unit cell than palygorskite, hence y' = y/
(2—y). Therefore, the trioctahedral fraction which, if
expressed in terms of magnesian palygorskite ribbons, is
in the range 0 <y < 0.5 (Equation (1)), yields a narrower
range when expressed as sepiolite in Equation (5),0 <y’ <
0.33.

Despite strong evidence from vibrational spectroscopy,
the proposed palygorskite-sepiolite polysomatic model
needs to be tested by additional experimental techniques.
Techniques sensitive to the structure of the tetrahedral
sheet such as 2Si NMR have been used to distinguish
two- from three-chain width polysomes in biopyriboles
(Welch et al., 1992). Visualization of the polysomes by
HRTEM is the most direct approach (Chen et al., 2008)
and requires the study of a number of beam-sensitive
particles from each sample. In combination to HRTEM,
pattern simulation techniques can be used to in interpret the
X-ray diffraction pattern of the Mg-rich samples as in the
work of Kogure et al. (2006). Finally, studies should be
extended to palygorskite/sepiolite samples bridging the
range between the most magnesian palygorskite reported
in this work and SepSp-1.
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