A combined synchrotron powder diffraction and vibrational study
of the thermal treatment of palygorskite—indigo to produce Maya
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Abstract The heating precess (30-200 °C) of a paly-
gerskite-indige mixture has been menitered in situ and
simultaneeusly by synchretren pewder diffractien and
Raman spectrescepy. During this precess, the dye and the
clay interact te ferm Maya blue (MB), a pigment highly
resistant te degradatien. It is shewn that the fermatien of a
very stable pigment eccurs in the 70-130 *C interval; i.e.,
when palygerskite starts te leese zeelitic water, and is
accempanied by a reductien ef the crystallegraphic «
parameter, as well as by alteratiens in the C=C and C=@
bends ef indige. Mid- and near-infrared spectrescepic
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werk and micreperesity measurements, empleyed te study
the rehydratien precess after the cemplex fermatien, pre-
vide evidence fer the inhibitien ef the rehydratien of MB as
cempared with palygerskite. These results are censistent
with the blecking ef the palygerskite tunnel entrance by
indige melecules with a pessible partial penetratien inside
the tunnels. The surface silanels ef palygerskite are net
perturbed by indige, suggesting that MB is net a surface
cemplex.

Introduction

The Maya blue (MB) pigment has attracted the attentien ef
many research greups in the last years. In additien te the
centinueus interest in the cultaral, histeric, ethnelegic, and
archacelegical aspects ef this pigment invented by the
Maya at seme time during the first centuries AD [1-3], MB
can be censidered as a predecesser of medern hybrid
cemplexes [4]. Yet, a leng lasting debate cencerns the
structural and chemical aspects of this ergane—clay pig-
ment. The cembinatien ef an erganic melecule (indige)
with a specific clay mineral (palygerskite) under mederate
heating induce seme wansfermatiens and interactiens [5—8]
in the indige melecule that impreve the celer preperties of
the resulting cemplex with respect te bare indige er the
unheated mixture. In this fermatien precess, the celer
changes frem dark blue (indige) te a mere clear turqueise
blue, characteristic of the Meseamerican blue artwerks.
But the mest inwiguing aspect of MB is its exceptienal
chemical stability in cencentrated acids, selvents, etc.,
centary te indige which degrades in centact with chemi-
cals er intensive light.

Indige is enc of the eldest dyes used in many civiliza-
tiens (China, Egypt, Meseamerica, Eurepe) fermed by
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Fig. 1 a A schematic representation of the molecule of indigo, with
interatomic distances (in A). b A schematic cross section of the
palygorskite structure, perpendicular to the direcion of the channel. It
shows the different types of water. Triangles represent the tetrahedral
containing Si in the center. Selid circles represent the Mg and Al
centers. Cell dimensions and tunnel dimensions are also represented
(after [47])

indigetin (Fig. 1a) C,4H;4N,®, (3H-indel-3-ene, 2-(1,3-
dihydre-3-exe-2H-indel-2-ylidene)-1,2- dlhydro) a quaSJ-
planar melecule of appreximate dimensiens S A x 12A.
The deep blue celer of this erganic melecule is atwibuted
te the chremephere shewn in Fig. la, censisting ef ene
slightly elengated central C=C deuble bend substituted by
twe dener greups NH and twe accepter greups —C=@ [9,
10]. Beth intra- and inter-melecular hydregen interactiens
between C=@ and NH in the chremephere de affect the hue
of the dye, and small atemic er electrenic changes may
strengly affect the hue. Thieindige, in which NH greups
are replaced by sulfur, shews an intense red celer. Mene-
clinic (P2,/c) crystalline indige exhibits streng inter-
melecular hydregen bending [11]. Indige is inseluble in
water, and preduces deep blue selutien in seme erganic
selvents (e.g., pyridine), and sublimes at abeut 380 *C.
Palygerskite is a fibreus clay mineral of theeretical for-
mula Sig(Mg,Al,)@,¢(®H),(®H,),-4H,®. Recent vibra-
tienal and analytical data [12] suggest that the cempesitien
of palygerskite can be better appreximated by the fermula
YMgs-(1 — y)[xMgyFe, (1 — x)Mgr AL ]] Sig®,o(@H),(@H,),-
4H,®, where x is the Fe-centent ef the diectahedral

cempenent, and y is the triectahedral fractien. Palygerskite
is a 2:1 phyllesilicate with a medulated structure. The
periedical inversien of the apical exygen eof the tetrahedral
iens every twe silicate ribbens results in a discentinueus
ectahedral sheet and preduces structural tunnels with a
6.4 A x 3.7 A cress sectien (Fig. 1b). These tunnels are
pepulated by strengly beund ceerdinated water and weakly
beund nen-swuctural zeelitic water. The latter can be
released by mederate heating er under vacuum. Zeelitic
dehydratien is reversible and palygerskite rehydrates very
quickly in atmespheric cenditiens. The discentinuity ef the
silica sheets makes pessible the presence of silanel greups
(Si-@H) at the external surfaces. The structural medel for
palygerskite that is mestly accepted teday censists of a
mixture of twe pelymerphs: meneclinic and ertherhembic
[13-15]. Sepielite is a similar medulated clay mineral. It is
ideally wiectahedral (magnesian) and exhibits wider chan-
nels (10.6 A x 3.7 A) than palygerskite.

Synthetic analegues te MB were first preduced in the
196@s. Van @lphen [16] ebtained stable pigments of indige
with palygerskite and sepielite, using different recipes. He
peinted eut that (i) the channel structure eof the clay is
essential te ebtain the acid stability (he failed te ebtain
stable pigments using plate clays), (ii) the necessity of
heating te activate the interactien, and (iii) the effect of the
particle size. Altheugh Van @lphen and ether authers state
that MB (er analegeus pigments) can alse be made with
indige cembined with sepielite, the pigments made with
sepielite are much less resistant than these ef made with
palygerskite [8]. Van @lphen suggested a first swuctural
mechanism of cemplex fermatien, by the pesitiening ef the
indige melecules aleng the surface greeves ef the clay.
And he summarized the questien epen te debate in the
fellewing half-century:
stabilization of the complexes by heating is not clear.” A
secend pessible structural appreach prepesed by Kleber
et al. [17] weuld allew indige te penetrate (partially er
deeper) inte the clay tunnels. It can be feund literature
supperting Van @lphen [18-22] and Kleber [13, 23-26]
medels. Mere recently, Hubbard et al. [6] suggested the
cevering eof the epening ef nane-tunnels by the indige
melecules. The structural aspects eof the MB fermatien
sheuld be cempleted with a medel of the clay—erganic
interactien. It is well agreed that a chemical interactien of
the palygerskite—indige cemplexes is activated by a med-
erate thermal treatment, which is respensible fer the
lightning ef the celer, frem the dark-blue eof indige te a
turqueise-greenish celer in MB. This precess has been
menitered by eptical specwescepy [7]. Hydregen bending
[7, 13] er direct bending [20, 23] mechanisms have alse
been prepesed. Deménech et al. [S, 27-30] applied a selid-
state electrechemical methedelegy, the veltammetry eof
micre-particles, te study MB. It previded evidence fer the

“the precise mechanism of the



presence of dehydreindige, the exidized ferm of indige, in
NMB samples, thus intreducing a new facter fer explaining
the chemistry ef this particular ergane—clay hybrid mate-
rial. They alse peinted eut that different tepelegical ise-
mers eof varieus indigeid melecules attached te the
palygerskite mawix may ceexist in MB [31, 32].

This study reperts en the synchreneus menitering ef the
fermatien of VB frem a heated mixture of palygerskite and
indige by in situ X-ray diffractien (XRD) and Raman
spectrescepy, as a functien ef temperature. Mid-infrared
(MIR) and near-infrared (NIR) spectrescepies as well as
peresity measurements are empleyed te study the rehy-
dratien of MB. Beyend the specifics of the indige—paly-
gerskite interactien, this study belengs te a breader effert
in understanding the fermatien and preperties of hybrid
erganic—inerganic materials invelving layered structures
[33].

Materials and methods

Indige was purchased frem Sigma Aldrich, Saint-Quentin
Fallavier, France. Palygerskite (fermerly attapulgite, name
still in use fer industrial applicatiens) cemes frem Ticul,
Yucatan, Mexice. This palygerskite has been studied in
several werks [8, 13, 24, 34]. The particular sample
empleyed in this study is mestly diectahedral (y = 0.07)
and exhibits a lew level of Fe™ fer Al substitutien
(x = 0.12), estimated frem its NIR spectrum as in Ref.
[12]. The mixture of palygerskite equilibrated at ambient
cenditiens and indige was finely crushed in a mertar.

The in situ simultaneeus Raman/XRD experiments were
perfermed at the ESRF in Greneble en the BMIB SNBL
(Swiss-Nerwegian beamline, http://www.snbl.eu). A 1-mm
diameter capillary was filled with a mixture ef Ticul
palygerskite and indige (2 wt%). The capillary was kept
epen se that water ceuld evaperate during the heating
precess. The high-reselutien XRD data were cellected with
the standard BMIB setup, using a wavelength ef
0.5003% + 0.00001 A. A centinueus set ef diffractien
patterns was ebtained as a functien ef time er temperature.
XRD scans cevered the interval 2-22° in twe-theta with a
step size of 0.02 and finally summed with 0.81 intervals.

The Raman spectra have been measured with a disper-
sive instrument (Renishaw inVia) with a 785-nm laser
excitatien and a 1200 lines/mm grating. A RP10® cempact
videe fiber eptic prebe with a 108-mm leng distance
ebjective fecuses the laser en the sample and cellects the
Raman signal back. The RP10 is equipped with edge filters
te suppress the Rayleigh scatter. The Raman spectra were
cellected using a time accumulatien ef abeut 6@ s per scan.

The sample helder was a retating capillary, standard
fer XRD, and suitable fer Raman techniques. Thermal

weatments were carried eut using a Cyberstar gas blewer,
cenwelled by a Euretherm 982b temperature centreller.
The time synchrenizatien ef the Raman and XRD detecters
and ef the gas blewer was ebtained by cellecting data in
centinuum and by recerding, in each XRD and Raman data
file, the time of the measurement. The temperature ramp
was set te 1 *C/min. Mere details and the Raman/XRD
experimental setup and en the data cellectien strategy are
reperted elsewhere [33].

MR spectea (525-4000 cm™ ') were measured at ambient
cenditiens using a Feurier transferm spectremeter (Bruker
Equinex SS), equipped with a single reflectien diamend
attenuated tetal reflectien (ATR) accessery (DuraSampl IR
K by SensRR). Each spectrum represents an average of 100
scans at a reselutien ef 2 cm ™.

NR spectra (40002000 cm ') were measured en a
Feurier wansferm spectremeter (Vecter 22N by Bruker
@®ptics, Marne la Vallée, France), using an integrating sphere
attachment. This accessery is suitable fer the diffuse
reflectance measurement of S800 mg pewder samples cen-
tained in sealed or epen glass vials. The NIR spectra (aver-
ages of 100 scans at areselutien of 4 cm ™' anda zere-filling-
facter of 2) are measured against a geld mirrer fer reference.

Micreperesity was ebtained frem adserptien—deserptien
of N, in a Micremeritics ASAP 2010 apparatus. The
adserptien—serptien isetherma at 77 K were recerded after
degassing the samples at 110 *C during 4 h with a residual
pressure less than ¥ e pmHg.

Results and discussion

The authers whe have reperted the synthesis of MB agree
in the fact that a heating ef the palygerskite—indige mixture
is required fer ebtaining a resistant pigment. Hewever,
there is a large variatien in the duratien ef the heating
precess (frem a few minutes [35] te heurs er days) and in
the applied temperature (90-100 °C in Ref. [35], 190 *C in
Ref. [17] or even 250-300 °C in [16]). Palygerskite alene
heated te 130 °C undergees zeelitic dehydratien, a precess
that has been feund te be asseciated with very specific
vibratienal specwescepic, therefere structural, changes
[36]. Pest and Heaney [15] studied the dehydratien
behavier of twe palygerskites frem Alaska and Kerea by
synchretren XRD and reperted that the remeval of zeelitic
H,@ results in the decrease in unit cell velume by ca. 1.3%
ewing te a decrease in the a-axis by ca. 0.15 A and the
slight increase in the b-axis. In turn, the a-axis ef ambient
palygerskite, that determines the height ef the tunnel, is
dependent en the cempesitien of the ectahedral sheet [37].
Therefere, a detailed investigatien of the chemical aspects
of VB fermatien by heating requires the parallel swructural
and spectrescepic study ef the particular palygerskite



empleyed. This is presented in a first sectien, where the in
sittt XRD and Raman menitering permit te cerrelate
structural and chemical changes during the thermal treat-
ment of the palygerskite—indige mixture. These results are
cemplemented by MIR spectrescepy. A secend sectien
describes the ex situ study ef the rehydratien of the MB
during its ceeling te reem temperature (RT), cembining
XRD, MR, and NI, as well as peresity measurements.

The heating ef palygerskite and palygerskite-indige
te preduce MB

The heating precess (30-200 °C) of a palygerskite-indige
mixture has been menitered in situ by synchretren pewder
diffractien and Raman spectrescepy at the same time. This
is cemplemented by ex situ MR spectrescepy study.

Comparison of the heating of palygorskite
and palygorskite—indigo monitored by synchrotron
powder XRD

Twenty-twe XRD scans ef the pristine Ticul palygerskite
were recerded upen heating frem 33.7 te 193 *C (Fig. 2a).
Altheugh there are ne drastic changes in the diffracte-
grams, seme differences in peak pesitien, shape, and
intensity ceuld be neticed. These changes can be studied at
the peaks with lew 26, where there is ne everlapping ef
reflectiens. In particular, we analyze the peaks at ca.
20 = 2.7,4.5,5.3, and 6.4° cerrespending te the 110, 200,
130, and 040 reflections, respectively. The medificatiens in
peak pesitien and intensity are related te the changes in cell
dimensiens accempanying the zeelitic dehydratien [15].

The 110 reflectien increases significantly in intensity
(56%) and its pesitien shifts frem 2.725° (d;,4 = 10.513 A)
te 2.739° (d;,9 — 10.458 A) when temperature increases.
Interestingly, these trends are net linear (Fig. 3a) but fellew
a sigmeid curve, which can be fitted with an Errer functien,
giving an inflexien at 100 + 1 °C fer the peak intensity and
108 £ 1 *°C fer the peak pesitien (the errer values are ene
standard deviatien ebtained frem the cevariance matrix ef
the fitting parameters), and width (full-width-at-half-max-
imum ef its Gaussian derivative) at S9 = 9 *C fer the
intensities, and 42 + 8 *C fer the peak pesitiens, thus
indicating that mest changes happen in the 70-130°C
temperature range.

Similar sigmeid variatiens fer the pesitiens and inten-
sities are ebserved for the ether peaks. The intensity ef the
200 peak increases by 96% and its pesitien shifts frem
4.455° (dr9 = 6434 A) 10 4.511° (d2ge = 6.353 A) with a
similar sigmeid trend (fit center 103 £ 2 and 34 + 7 *C
width), manifesting the reductien ef the cell parameter &
(or « sinf if we censider the meneclinic phase of paly-
gerskite). The 130 peak decreases in intensity (15%) and

shifts frem 5.308° te abeut 5.297° when temperature
increases. The @40 peak increases in intensity by 9%
and shifts frem 6.421° (dg4e9 = 4.464 A) te 6.403°
(dgse = 4476 A), with inflexien at 181 =+ 2 *C and width
44 + 7 °C.

The intensity changes eof the studied reflectiens are
highly cerrelated with their shifts. The large increase in
intensity ef the 110 peak upen dehydratien is due te the
enhancement of the electren density centrast as the tunnels
beceme empty [33]. In fact, if ene suppeses that water is
lest at appreximately the same rate frem the twe zeelitic
sites, as suggested in Ref. [15], ene can simulate the
dependence of the peak intensity en the zeelitic water
eccupatien using the ertherhembic palygerskite swucture
defined in Ref. [14]. In this way, we ebtained a intensity
versus water eccupancy dependence clese te a straight line
(data net shewn), with a tetal increase in intensity ef 59%
when passing frem the fully hydrated te fully zeelitically
dehydrated palygerskite indicating that the 110 peak
intensity is depending en the charge density present inte
the tunnels and then it is a geed indicater ef the ameunt ef
zeelitic water lest. The experimental 118 peak intensity
increase is 56%, in geed agreement with the theeretical
value. Hewever, this peak intensity varies with temperature
in a sigmeid trend, therefere manifesting that the elimi-
natien ef the zeelitic water fellews the same sigmeid trend
versus temperature.

Seme ether features are neticed frem the data: (i) the
200 peak (~4.5%) is split, perhaps as a result that Ticul
palygerskite centains mere er less the same prepertien ef
ertherhembic and meneclinic phases [13, 34], and their
cell parameters de net match exactly. Its shape changes
during heating, as a result of an intensity increase in the
rightmest cempenent eof the peak. Further discussien ef this
peint will require additienal measurements. (ii) The peak
with 20 clese te 9° cemes frem impurities: it is the mest
intense reflection of calcite (i.e., the 814), (iii) the changes
in the bread envelepe at 20 ~ 9°, a zene that is highly
sensitive te the B angle of the meneclinic phase [14],
suggesting alse a pessible variatien ef this angle during
dehydratien [15], (iv) the activatien ef the tiny 020 peak
(20 ~ 32°, dgze = B.SSA), prebably due te an incipient
felding ef the palygerskite structure [38, 39]. The effect of
radiatien damage is net excluded as the cause of this effect,
ebserved at lewer temperatures than usual.

A similar precedure was dene fer the palygerskite and
indige mixture. Twenty-three XRD scans were recerded
(Fig. 2b) upen heating frem 36 te 199 *C. The variatiens
of the 110 peak intensity and pesitien (Fig. 3b) are similar
te these ef pristine palygerskite (Fig. 3a), but they are
centered at lewer temperatures (inflexien of the Errer
functien fit at 8@ £ 3 *C fer the peak intensity and at
94 + 2 °C fer the peak shift). The increase in peak
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Fig. 2 X-ray diffractograms recoded as a funciion of the temperature for a palygorskite and b palygorskite—indigo mixture (1 wt% indigo).
Insets: X-ray diffractograms averaged in three temperature ranges



Fig. 3 Evolution of the 110
XRD peak intensity and peak
position versus temperature for
a palygorshite and

b palygorshite and indigo

(1 wt%). Experimental points
are fitted with an error function
(centinueus lines)
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intensity is much reduced (25%) as cempared with pristine
palygerskite (56%), indicating that the indige inhibits the
evacuatien ef the zeelitic water with respect te the same
heating weatment in pristine palygerskite and/er that indige
enters the tunnels and reduces centrast.

The 200 peak increases 65% its intensity and shift frem
4.462° (dr9e = 6.422 A) te@ 4.512° (d29¢ = 6.351 A) with a
similar sigmeid trend (fit center 89 = 3 and 39 + 10°C
width). The 130 peak increases 16 % its intensity and shifts
frem 5.309° te 5.295° when temperature increases. The 040
peak slightly increases its intensity and shifts frem 6.422°
(dosg = 4.464 A) te 6.403° (dg,q = 4476 A), with inflex-
ien in 96 + 2 °C and width 38 + 6 *C.

Therefere, the tetal changes in cell parameters in MB
are similar te pristine palygerskite: « (or & sinf) decreases
by 0.14 A upen MB fermatien (0.16 A for pristine paly-
gerskite) and b increases slightly (0.5 A fer beth MB and
pristine palygerskite). These changes are related te the less
of zeelitic water in beth cases, and in geed agreement with
Ref. [15]. There are, hewever, small differences: the
inflexien peint is feund at slightly lewer temperatures in
MB than in pristine palygerskite. This may be explained by
a blecking ef the dehydratien precess at a given mement
because of the presence of indige. In the absence of indige,
the palygerskite centinues te dehydrate, thus the inflexien
of the sigmeid curve is feund at slightly higher tempera-
tures. The increase in the peak value of the 110 reflexien
versus temperature is much mere impertant in the case of
palygerskite than in indige. Alse, the smaller increment of
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the cell parameter &« in MB with respect te pristine paly-
gerskite is cempatible with the idea that the dehydratien in
MB is ebstucted by indige as well as with the idea eof
indige entering inte the tunnels. This may be the result of
the partial intreductien ef the indige in the palygerskite
tunnels or blecking ef the tunnel entrances, with a deuble
effect: the release of zeelitic water is inhibited, and the
electren density of the palygerskite matrix is altered, thus
reducing the diffractien signal.

In erder te better visualize the changes in temperature,
we averaged (i) the diffractegrams fer T < 90 °C that
remain almest censtant, (ii) the diffractegrams fer
T > 130 °C alse censtant, and (iii) the diffractegrams fer
temperatures in the 90-130 *C range which are these that
change the mest. They are represented in the insets ef
Fig. 2. Similar wend is ebtained fer MB than fer paly-
gerskite with the exceptien eof seme tiny peaks
(20 = 344°, 4.71°, and 7.32°) that cerrespend te crystal-
line indige, and are enly visible at lew temperatures.

In situ Raman monitoring of the heating of & palygorskite—
indigo mixture

The study of MB by Raman specwescepy has the advan-
tage that enly indige is active, therefere it simplifies the
interpretatien with respect te infrared spectrescepy, where
indige and palygerskite bands are superimpesed. Paly-
gerskite can be seen in the Raman specwum using NIR
excitatien [40]. The Raman spectrum ef MB is similar, but



net identical, te that ef indige. In fact, several bands ef the
MB spectrum are different te these of indige. Witke et al.
[41] remarked the presence of new bands in MB and an
intensity increase in seme indige bands. They suggested
that the indige melecule lesses its planarity when inter-
acting with palygerskite, this mechanism being respensible
of the exceptienal stability ef MB. Sanchez del Rie et al.
[42] shewed that similar differences between indige and
NMB de eccur in the nen-heated palygerskite-indige mix-
ture, which is net resistant te acids. Mereever, they feund
similar effects with indige-sepielite, and indige mixed
with ether planar clays, which de net ferm stable pigments.
Therefere, the interest here is net te cempare the Raman
spectrum of MB with the indige spectrum, but te study the
differences in Raman spectra when the palygerskite-indige
mixture is being heated. The Raman spectra frem the in
situ ceupled Raman-XRD measurements are shewn in
Fig. 4. The changes in the pesitien and intensity ef peaks in

the Raman spectra are discussed in feur wavenumber zenes
based en the band assignatien by Tatsch and Schrader [43]
and Sanchez del Rie et al. [42].

The first zene (<200 cm™') cerrespends te lattice
vibratiens ef the indige. We ebserved (Fig. 4) three peaks
at RT (135, 172, and 182 cm™') with linearly decreasing
intensities as temperature increases until they tetally dis-
appear areund 100 °C. This is due te the excess of crys-
talline indige that disappears with temperature, because its
crystalline structure is lest when it diffuses and interacts
with palygerskite. This is in well agreement with the
extinctien of the indige peaks in XRD.

The secend zene (200-590 cm ™) is related te the in-
plane bending (J) and eut-ef-plane defermatien (y) medes
of several greups centaining the deuble bends present in
indige (C=C, C=@). The cemplex envelepe in the
200-300 cm ' range is heavily altered by the thermal
weatment. We ebserve feur peaks in this regien: 237 cm ™
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Fig. 4 Raman recoded as a funciion of the temperature for
palygorskite and indigo (1 wt%). Specta are shifted vertically for
clarity. The peints represent the (averaged) experimental points and

the centinueus lines are the smoothed data. The spectra, from top to
bottom, go from RT (T =36°C)to T = 199 °C



unassigned in Ref. [43], 253 cm ™! cerrespending te eut-ef-
plane vibratiens ef the deuble bends C=C and C=@ and the
266 plus 275 cm ™' peaks that are assigned te in-plane
vibratiens ef the deuble bends pessibly including the five-
member ring. With increasing temperature, these feur
peaks merge in a single breadband. The variatien with
temperature fellews a similar trend as ebserved in the XRD
case: the feur peaks are well reselved for 7 < 90 °C, all
they merge in a large band in 90 < T < 130 *°C and this
band remains almest censtant fer 7 > 130 *C (its width
increases slewly with temperature). Nagasawa et al. [44]
feund that indige carmine in pretic selvents presents a
single bread peak at ~268 cm™', whereas it beceme a
deublet (254 and 265 cm ') in apretic selvents. Therefere,
we ceuld make a parallelism of the wansitien frem unhe-
ated te heated palygerskite-indige with the passage frem
apretic te pretic selvents. An intense band at 547 cm™"
cerrespends te in-plane vibratiens §C=C-C@®-C. This band
shifts 7 cm™" te higher wavenumbers with temperature
(Fig. 5). The trend is again sigmeidal and fitted with an
Errer functien (inflexien at 85 £ 1 °C and width
42 £+ 3 *C). These values are similar te these ef the vari-
atien ef the MRD 110 peak pesitien (Fig. 3, inflexien at
94 + 2 *C and width 33 £+ 6 °C). The C=C-C@®-C greup
centains the chremephere of the indige melecule, therefere
it is deduced that the active part ef the indige interacting
with the clay is here. The interactien shewn here runs
parallel te the bathechremic shift ebserved in eptical
spectrescepy frem indige te MB [7]. The geed cerrclatien
of the peak shift between XRD and Raman data as a
functien ef temperature indicates that the chemical inter-
actien eccurs when the palygerskite cell parameter & is
reduced, with a pessible indicatien ef the trapping and
immebilizatien ef the indige melecule in the tunnels, or in
the tunnel entrances.

Peak position [cm™']

50 100 150 200
Temperature [C]

Fig. 5 Change in posiion versus temperature of the 6C=C-C®-C
band for palygorskite and indigo (1 wt%)

The third zene, in the 5901100 cm ™! range, refers te
bending and defermatiens of C bends. It may eccasienally
centain seme infermatien en deuble C=C and C=@ bends,
and dees net include stretching medes. The band at
599 con ' lesses 75% ef its intensity linearly with tem-
perature, with ne change in pesitien. After Tatsch and
Schrader [43], this peak cerrespends te JC=@ SC-H and
dC-NH-C, but Sanchez del Rie et al. [42] assigned it te
0C—C,,, and 6C-N. The fact that this band dees net shift
with temperature, as it happens fer these invelving a
deuble C=C or C=@ bend, suggests that there is ne deuble-
bend invelved, as suggested in Ref. [42]. The decrease in
intensity may be given te the rele of NH, as discussed
belew.

A bread band at 636 cm ™' cerrespends te eut-ef plane
vibratiens yYN-H [43] with seme miner centributien ef C—C
[42]. The intensity ef this band decreases linearly with
temperature, and vanishes abeve 120 *C, witheut shifting.
Leena et al. [45] suggested that this band, which is present
in indige and absent in MB, can be used fer the unam-
bigueus differentiatien ef pure indige frem its ferm fixed
en palygerskite. Altheugh this band is seen here at lew
temperatures, Sanchez del Rie et al. [42] de net find it in
unheated mixtures of indige with palygerskite, sepielite,
and mentmerillenite. The fact that it disappears quickly
befere the crucial temperatures in the range 90 <
T < 130 *C can be explained by twe facts. The first ene is
related te a less of planarity ef the indige melecule when
interacting with the clay surface. Fer the Raman spectra of
indige carmine in selutien [44], this peak is sharp and
streng with apretic selvents, and bread and weak with
pretic selvents. This clay-indige interactien at the surface
eccurs even befere applying the thermal treatment, and is
cemmen te indige with several clays, including laminar
enes. Therefere, altheugh this surface interactien may exist
in MB, it is certainly net respensible ef its resistance. The
secend explanatien is related te an excess of indige. It is
clear that the vibratiens ef the N-H bend de change when
passing frem indige te MB, because in pure indige there
are inter and intra-melecular interactiens (hydregen bend-
ing) of N-H with C=@, which are certainly altered when
the crystalline swructure is lest, but we believe that the N-H
greup is net invelved in the mechanism that preduces
stability te MB. This idea is alse supperted experimentally
by the fact that a stable pigment can be made with paly-
gerskite and thieindige, which dees net centain NH.
Interestingly, a thieindige—palygerskite mixture turns frem
red te deep blue when heating, similar te what happens
with 44'-77'-Tewaclereindige [7].

The band at 675 cm™" (a cemplex in-plane vibratien
mede [42] mixing 6C-C,,,, SN-H and perhaps deuble
bends C=C, C=@) deubles its width linearly when passing
frem RT te 200 °C, with a slight linear shift te lewer



wavenumbers (~2 cm™ ') but keeping censtant its ampli-
tude. The band at 759 cm™' (SC-H and SN-C-C [43])
becemes ca. S8% breader when temperature increases, but
it dees net shift. Three small peaks are alse ebserved: (i) at
868 cm™ !, with amplitude that slightly decreases with
temperature but dees net disappear at high temperatures,
(ii) 1016 cm™" which intensity reduces quickly and dis-
appears at 100 *C, and (iii) 1090 cm ™" that alse disappears
at <100 *C. These peaks cerrespend te indige bands [43],
but they are tee neisy in eur data te discuss pessible shifts.

The feurth and last zene cerrespends te wave numbers
in the region 1100-1700 cm~'. We feund ten bands all ef
them listed in Refs. [42] and [43]. The twe vibratienal
bands including nitregen reduce their intensity with
increasing temperature: (i) the 1227 cm™ ' band (6C-H,
vC-N after Ref. [43]) decreases ca. 30% ef its intensity
linearly frem RT te 70 °C, then it becemes censtant. It
shifts te lewer wave numbers (~8 cm™') in the tempera-
ture range 70-200 °C. (ii) The 1364 cm ™' band (6N-H
SC-H after Ref. [43]) disappears linearly with temperature
until a tetal extinctien at T ~ 120 *C. Twe bands are
related te deuble bends: (i) 1250 cm ™! (SC-H §C=@ after
Ref. [43], or 6C-H 5C=C ON-H after Ref. [42]) shifts te
higher wave numbers (~4 cm™') with a sigmeid trend,
and (ii) 1313 cm ™! (8C-H 6C=C after Ref. [42]) increases
its intensity ca. S8% and shifts te higher wave numbers
(~Scm™) with a sigmeid trend, keeping a censtant
width. The peaks at 1574 cm ™! (vC-C [43] or N-H C-H
6vC—Cpiny [42]) and 1585 cm™! (swretching medes of the
C=C and C=@ bends [43]) everlap in a deublet. This
deublet at RT breadens and appears as a single band at ca.
1579 cm™ upen MB fermatien. Similar spectral differ-
ences between indige and MB have been ebserved by
Leena et al. [45], ascribed te medificatiens in the charge
distributien ef the indige melecule during its fixatien te
palygerskite, tegether with the disappearance ef the signal
due te intermelecular interactiens in free indige. Mereever,
these authers suggested that the shifts in N-H and C=@
frequencies can be explained with different hydregen
bending fer these functienal greups in pure indige and MB,
witheut excluding a pessible change in symmetry. @ur
spectra shew that the deublet intensity slightly decreases
and becemes breader when increasing temperature.

Seme cenclusiens can be withdrawn, even theugh the
peak everlapping makes difficult te quantitative analyze
each peak ef the Raman spectrum independently, and the
inherent neise in the in sitt Raman recerding. The peaks
related te N—H tend te disappear linearly with temperature,
because they are highly affected by the less of crystallinity in
indige, a phenemenen that eccurs when the indige melecule
interacts with the clay, even if the interactien is enly at the
clay surface. Therefere, this greup dees net play an essential
rele in the stability ef MB. This has been neticed by

numerical simulatiens using melecular dynamics [23] and it
is reinferced by twe experimental facts: (i) a resistant pig-
ment can be ebtained with thieindige, which dees net cen-
tain N-H, and (ii) similar indige—palygerskite hydregen
bending threugh NH sheuld alse eccur in sepielite-indige,
and well in indige with ether planar clays, where the mineral
presents similar terminatien greups; hewever, it is well
lmewn that the resistance eof palygerskite-indige is much
superier than fer the ether cemplexes [8]. @ther peaks cer-
respending te C—C and C-H present changes in amplitude
and shifts, but ne direct cenclusiens can be drawn. The
pesitien ef the stretching and in-plane bending vibratiens
that include deuble bends C=C and C=@ changes fellewing
asigmeid curve, similar te what is ebserved for the intensity
of the 110 XRD peak. This indicate that the electrenic
changes that eccur in the indige chremephere when interact
with palygerskite de happen when the tunnel shrinks. It
ceuld be visualized as if the height ef the palygerskite tunnel
starts te clese, wapping, and fixating the indige melecule at
the entrance ef the tunnel. Results of ether cemplemen-
tary experimental techniques are in well agreement with
hypethesis, as shewn belew.

MIR analysis of palygorskite and palygorskite—indigo

As discussed earlier, Raman spectrescepy decs net previde
infermatien abeut the swucture ef palygerskite and its
pessible changes asseciated with the fermatien of MB. Fer
this reasen, we cempare the infrared abserptien spectra ef
palygerskite and a S wt% indige—palygerskite mixture
befere and after heating te 130 *C (Fig. 6). A higher indige
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Fig. 6 ATR spectra of palygorskite (gray) and indigo—palygorshite
5 wt% mixture (black). Bettem: No thermal treatment, equilibrated to
ambient conditions. Middle: Immediately after heat weatment at
130 °C overnight. Tep: Heat-treated samples re-equilibrated to
ambient conditions for 1 h



cencentratien has been chesen fer infrared experiments
with respect te Raman experiments in erder te be mere
sensitive te the changes induced by the indige. The spec-
trum ef the unheated mixture is the superpesitien ef the
spectra of hydrated palygerskite [36] and pelycrystalline
indige [43], suggesting that simple grinding ef palygerskite
with indige dees net alter the structure of the latter. Zeelitic
dehydratien by heating te 130 *C has a very characteristic
effect en its infrared spectrum [36]. Changes invelving the
stretching and bending medes of water (3000-3600 and
1600-1650 cm ™!, respectively), the envelepe of the Si-@
stretching medes (950-1200 cm™!) as well as the blue-
shift ef the AlAI@H stretching mede frem 3613 te
3622 cm™ !, are ebserved in beth heated palygerskite and
MB. This suggests that the presence of indige in VB dees
net induce any significant structural changes te paly-
gerskite, as this exhibits the expected pattern ef zeelitic
dehydratien. @n the centrary, and in agreement with the
Raman data, the indige-diagnestic part ef the infrared
spectrum undergees changes in peak pesitiens and relative
intensities that are typical ef NMB fermatien. We are
therefere faced with a situatien where the specific chemical
interactien between indige and palygerskite leading te the
fermatien of MB is easily detected frem the spectra ef
indige itself, but has little er ne effect en the spectra of
palygerskite. This can enly imply that this interactien
invelves a small part of the active (surface er tunnel) sites
of dehydrated palygerskite, and therefere remains belew
the detectien limits of eur techniques.

Similar studies have been carried eut using different
indige—palygerskite cencentratiens. They indicate that the
palygerskite—indige signatures feund belew are maintained
frem 1 te mere than 5% and less than 10% ef indige in
palygerskite. @bvieusly, a higher indige cencenwatien
preduces a darker pigment.

Study ef the rehydratien ef palygerskite
and palygerskite-indige

The fermatien of MB implies a heating ef the palygersk-
ite—indige mixture, as studied in the previeus paragraph.
Hewever, a secend unaveidable phase is the ceeling back
te RT, whese effects are studied here. It is well knewn that,
after mederate heating te evacuate zeelitic water, the raw
palygerskite rehydrates quickly by just abserbing atme-
sphere water vaper. The interactien with indige suggests a
clear distinctien between neat palygerskite and MB when
the zeelitically dry samples are left te rehydrate in the
ambient.

In erder te study the rehydratien of the MB by MRD, we
have heated ex situ te 200 °C a capillary with palygerskite—
indige mixture in an even, then seal the capillary at 200 *C,
ceel te RT, put it in the beam, breke the capillary te allew

rehydratien, and take feur measurements after the capillary
has breken (abeut 20 min). The diffractegrams ebtained did
net change with time, meaning that there is ne rehydratien
when the pigment is put in centact with the atmesphere.
This is shewn by calculating the difference diffractegrams
(Fig. 7) where the smaller difference is feund with
T> 130°C, indicating that the sample is net rehydrated
after the fermatien of MB. Netice, hewever, a largest dif-
ference in the negative values clese te the 110 peak pesi-
tien, meaning a change in peak width, and seme large
differences areund 15 *, which may be affected by neise. Fer
the calcite peak (20 ~ 9.4°) it is feund a larger difference
with the high temperature ene (green line), due te the fact
that calcite is net affected by water and there is enly the
effect of the thermal expansien/cempressien of the unit cell.

The MIR spectra of Fig. 6 indicate that a 10-mg sample of
dehydrated neat palygerskite rehydrates fully and within
minutes after expesure te ambient. The Si-@-Si bands
(1000-1200 cm ') are sensitive te expansien ef the a-axis
upen rehydratien in palygerskite, but this effect is net seen in
MB, in geed agreement with the XRD previeusly discussed.
Alse, the AIAI@H stretching band shifts in the palygerskite
spectrum frem its dehydrated pesitien (3622 cm™") te its
ambient pesitien (3613 cm ™) but net fer MB. Therefere, in
agreement with the XRD data, the S% indige MB prepara-
tien remains zeelitically dry after a 1-h expesure te the
ambient (Fig. 6), suggesting that indige is blecking the
entrance of water inside the palygerskite tunnels.

A mere detailed vibratienal spectrescepic assessment of
palygerskite in MB can be ebtained frem the secend
derivative NIR specwa in the @H stretching evertene
regien (Fig. 8). The use of the secend derivative ensures
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Fig. 7 Effect of possible rehydrason of MB. The figure shows the
differences between the averaged diffractogram during rehydration
and the averaged diffractogram for lew temperatures 7 < 80 °C
(bettem), the averaged diffractogram for mid temperatures
90 < T < 130 °C (center), and the averaged diffractogram for high
temperatures 7 > 130 °C (tep)
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Fig. 8 NIR second derivative real-ime monitoring of the rehydration
of neat palygorskite (fe p) and a 5 wt% mixture of indigo—palygorskite
(bettem) heated to 130 °C overnight and during a 4 h equilibrakion to
ambient temperature and 100% RH. Specta are shown in the @H
overtone region. The main peaks of the dehydrated and rehydrated
phases are marked in beld and italics, respectively

that the bread bands due te the stretching medes of the
varieus types of H,O are filtered eut, leaving behind very
clear signatures of A1AI@H, AlFe®H, FeFe®H species of
diectahedral palygerskite (7054, 6992, 6925 cm™!,
respectively), and Mg;@H greups ef triectahedral paly-
gerskite (7216 cm ™) [46]. Upen zeslitic dehydratien, the
diectahedral triplet exhibits a blue-shift by ca. 20 cm™},
whereas the triectahedral mede shews an eppesite shift.
Therefere, the pesitien ef the evertenes ef the structural
hydrexyls is a sensitive indicater ef the strain induced en
the medulated 2:1 layers by the remeval ef zeelitic H,®.

Zeelitic dehydratien is accempanied by the dehydratien ef
the external surface silanel greups (Si@H), which is man-
ifested by the appearance of new sharp bands at ca. 7250
and 7270 cm ™' [36]. The specta of neat palygerskite and
S wt% MB samples (500 mg each), sealed and measured
immediately after heating te 130 °C, are feund identical in
terms eof beth structural and surface ®H greups (Fig. 8).
Hewever, the twe samples exhibit drastically different
rehydratien behavier upen expesure te 100% RH at
ambient temperature. The rehydratien ef the neat sample
invelves the expected ene-mede shift ef the swructural
hydrexyls and the cencemitant disappearance eof the dis-
creet Si@H features [36]. @n the centrary, the rehydratien
of the MB sample under the same experimental cenditiens
is mere cemplex. While the surface Si@H greups rehydrate
freely as in neat palygerskite and the intensity ef their NIR
active evertene vanishes, the relaxatien of the swructural
hydrexyls teward their nermal “hydrated” pesitien is enly
partial: abeut half ef the structural hydrexyls rehydrate
freely but the remaining half de net, suggesting that abeut
50% ef the channels are blecked. Further experiments (data
net shewn) demenstrate that the rehydratien of MB dees
net advance significantly after ca. 1 menth at 100% RH.
The fractien of blecked channels is a functien ef the indige
centent: it is net mere than ca. 10% in 1 wt% indige MB
but can be as high as ca. 70% in 10% indige VB.

The micrepere surface is calculated for raw palygerskite
and unheated and heated (190 °C during S5 h) by measuring
the adserptien—deserptien eof N,. The results (Table 1)
shew that (i) the peresity ef the raw palygerskite and the
palygerskite heated at 190 *C during S h (then rehydrated
naturally in the atmesphere) present identical values,
demenstrating that the thermal treatment applied dees net
affect the palygerskite peresity, ence this palygerskite is
fully rehydrated. The unheated palygerskite-indige sam-
ples present smaller peresity, due te the presence eof the
large indige melecules that bleck the peres. Mereever, this
bleckage is even increased after the thermal precess,
making irreversible the reductien ef the micrepere surface.
This is in geed agreement with the micreperesity data frem
[6], and supperts the idea of a partial filling ef the zeelitic
tunnels in MB.

Table 1 Surface BET, external surface, and microporous surface obtained from the isotherms of the adsorption—desorption of N,

Sample BET surface External surface Micropore surfaces
(n*/g) (m?g) (m*/g)

Unheated palygorskite 236 (221) 124 (140) 112 (81)

Heated (5 h 190 °C) palygorskite and ambient rehydration 236 (224) 120 (131) 116 (93)

Unheated palygorskite (Ticul) + 1% indigo 273 (185) 187 (124) 86 (61)

Heated (5 h 190 °C) palygorskite + 1% indigo and ambient 153 (175) 111 (120) 42 (55)

rehydration

Numbers in brackets correspond to samples prepared using Attapulgus palygorskite instead of Ticul palygorskite (no brackets)



The fact that MB dees net rehydrate as fully as paly-
gerskite dees mean that water is ebstructed frem entering
the channels, thus supperting the idea that the indige
melecules bleck the entrance te the twmels, either by the
trapping ef a single (er cluster) of indige melecules at the
epening ef the tunnels er by the partial penetratien ef
several indige menemers inte the tunnels, which is never
cempletely free of zeelitic water.

Summary and conclusions

A mixture of palygerskite and indige has been heated frem
RT te abeut 200 *C under synchretren XRD and Raman
menitering. The XRD shews a reductien ef the a cell
parameter of 0.16 A due te the less of zeelitic water. This
effect, similar fer raw palygerskite and palygerskite—
indige, eccurs in the temperature interval 7@-130 *C.
Raman spectra evidenced changes in the same temperature
interval at the vibratiens invelving the deuble bends C=C
and C=@, indicating that the medificatien ef the indige
chremephere is cerrelated with the shrinking ef the tuimel
width. The palygerskite-indige mixture dees net rehydrate
after being heated as raw palygerskite dees. The rehydra-
tien in MB was studied by MIR, NIR, and micreperesity,
and the data are fully cempatible with a medel where the
indige melecules clese the entwance te the tunnel, as
eriginally prepesed by Hubbard et al. [6], and pessibly
penetrate inside the tunnels [13, 17, 23-25].
Seme ether results can be withdrawn frem eur study:

e A “mederate” thermal treatment (120 *C during
90 min) is eneugh te stabilize MB. This is in geed
agreement with experimental results of Reyes-Valerie
and ce-authers [8, 35] and alse indicates that mere
intense weatments prepesed by ether authers are net
necessary.

e The surface silanels are net medified in the presence of
indige and rehydrate fully after MB fermatien, a result
that is incempatible with the descriptien of MB as
a “surface cempeund,” as suggested in seme werks
[18, 21].

e There is a partial rehydratien ef the tunnels of MB
ebserved by the ceexistence of dry and wet signatures
in the NIR bands related te ectahedral catiens. The
rehydratien is cemplete fer raw palygerskite.

e The NH functienal greups de net play a fundamental
rele in the MB fermatien. Their Raman signatures
decrease linearly with temperature and de net exhibit
the sigmeidal trend of the chremephere bands.

e The MR ectahedral bands in palygerskite and paly-
gerskite-indige shew the same shift when samples are
dehydrated. This shift is reversible in palygerskite and

irreversible in MB, as a result of the blecking ef the
rehydratien. The shift is enly due te the hydratien, and
net te a pessible indige clay interactien via the
ectahedral catiens. The pessible interactien ef indige
with ectahedral catiens in MB has recently received a
censiderable attentien. It has been prepesed that indige
ceuld mestly bend te AI*" rather than Mg>™ [26]. This
interactien is suppesed te play a capital rele in the
indige—clay asseciatien [20, 21]. Hewever, the asseci-
atien clay-indige via the ectahedral AT seems
imprebable (if net cempletely inexistent), because there
is ne evidence that this catien can eccupy the external
ectahedral pesitiens at the tunnel edges [12]. Nuclear
magnetic Resenance measurements cenfirmed the inac-
tivity of AI’" in the clay-indige asseciatien [31, 32].

@ur results frem different experimental techniques peint
te the medel for an indige—palygerskite cemplex where the
indige melecules are trapped inside the tunnels because of
the similar width ef the indige (4.96 A) and palygerskite
tunnel (3.7 A x 6.4 A). Whether a single indige melecule
is trapped at the entrance of each tunnel, a dimer of cluster
of indige melecules blecks the entrance eof each single
tunnel, or several indige menemers enter in each tunnel is a
questien that requires further study. Based en the presently
available data, it is deduced that the indige melecules must
fill at least the epening ef the tunnels in erder te bleck
rehydratien. This structural anchering is accempanicd by
an indige <lay chemical interactien, which dees affect the
indige chremephere. Indige links te palygerskite threugh
its C=@ greup. The changes ebserved in the deuble bends
C=@ and C=C are essential in MB fermatien, in geed
agreement with numerical simulatiens [23, 25]. @ther
interactiens invelving N-H [23, 25] and pessibly the are-
matic rings with the silicen atems ef the tetrahedral sheet
[31] are net excluded, but are believed te be much less
impertant. The particular cress dimensien ef the paly-
gerskite channel, which is very clese te the width ef the
indige melecule, and the shrinkage resulting frem zeelitic
dehydratien are fundamental in letting the indige te ancher
in a particular pesitien, prebably via beth C=@ greups,
which is net pessible in the larger tunnel epening in
sepielite.

It has alse been shewn that the simultanceus use eof
multiple techniques is eof great help fer ebtaining new
results, in particular with MB, a cemplex highly studied
and debated during the last years. Further study is needed
te better identify the chemical mechanisms ef the stability
of the MB, as well as te ebtain a mere accurate swuctural
medel of hew indige places in palygerskite. Fer that, in situ
studies during the necessary thermal treatment fer the
synthesis of MB, as presented here, will be of great help fer
explaining the high stability ef MB.
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