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RESUMEN

Este trabajo estudia la viabilidad de un pigmento antico-
rrosivo medioambientalmente aceptable para la sustitu-
cion de los pigmentos de Cr (VI), caracterizando el pig-
mento de partida y los productos obtenidos después de
su interaccién con soluciones de iones agresivos desde el
punto de vista de la corrosion (Cl- and SO ?). Las técnicas
utilizadas para ello fueron difraccion de rayos X (DRX), ca-
lorimetria (DTA-TG), espectroscopia de IR con transforma-
da de Fourier (FTIR) y microscopia electrénica de barrido/
espectrometria de energias dispersivas (SEM-EDAX). Se
estudi6 la capacidad de intercambio idnico del pigmen-
to y se analizaron las soluciones obtenidas después de la
interaccidon pigmento-solucion. Los resultados obtenidos
muestran que tiene lugar unas serie de transformaciones
fisico-quimicas en el pigmento cuando interacciona con
los iones CI'y SO,%, en algunos casos acompafiado de
la aparicién de nuevas fases cristalinas, principalmente
silicatos de calcio y sodio y sulfato de sodio. Los anali-
sis de las soluciones obtenidas después de la interaccion
muestran un incremento en el contenido de calcio segun
aumenta la fuerza ionica del medio. Estos resultados su-
gieren que el mecanismo por el cual el pigmento actua
no solo esta basado en reacciones de intercambio idnico,
sino que también existen modificaciones estructurales, la
propia solubilidad del pigmento en el medio y consecuen-
temente reacciones de (co)precipitacion que dan lugar a
compuestos insolubles en el medio agresivo estudiado.

Palabras clave: Silice/calcio, pigmento, intercambio ioni-
co, anticorrosivo, XRD, SEM-EDAX, FTIR, DTA- TG

SUMMARY

This paper studies the suitability of an environmentally-
friendly anticorrosive pigment (Si/Ca) to replace Cr(VI)
pigments, characterising the initial pigment and the prod-
ucts obtained after interaction with aqueous solutions
containing aggressive ions from a corrosion viewpoint
(CI- and SO ?). X-ray diffraction (XRD), calorimetry (DTA-
TG), Fourier transform IR spectroscopy (FTIR) and scan-
ning electron microscopy (SEM-EDAX) techniques are

used. The ion exchange capacity of the pigment is studied
and the solutions obtained after the pigment-solution in-
teraction are analysed. The results obtained show that a
series of physical/chemical transformations take place in
the pigment on interaction with the CI- and SO,* solutions,
in some cases accompanied by the appearance of new
crystalline phases, mainly calcium and sodium silicates
and calcium sulphate. Analysis of the solutions obtained
after interaction shows a rise in the calcium content as the
ionic force of the medium increases. These results suggest
that the mechanism by which the pigment acts is not only
based on ion exchange reactions but also on a structural
modification of the pigment itself and consequently on (co)
precipitation reactions that form insoluble compounds in
the studied aggressive media.

Keywords: Silica/calcium, pigment, ion-exchange, anti-
corrosion, XRD, SEM-EDAX, FTIR, DTA-TG

RESUM

Aquest treball estudia la viabilitat d’un pigment anticor-
rosiu mediambientalment acceptable per a la substitucio
dels pigments de Cr (VI), caracteritzant el pigment de
partida i els productes obtinguts després de la seva in-
teraccio amb solucions de ions agressius des del punt de
vista de la corrosié (CI i SO,?). Les técniques utilitzades
van ser difraccié de raigs X (DRX), calorimetria (DTA-TG),
espectroscopia d’IR amb transformada de Fourier (FTIR)
i microscopia electronica de rastreig / espectrometria
d’energies dispersives (SEM-EDAX). Es va estudiar la ca-
pacitat d’intercanvi ionic del pigment i es van analitzar les
solucions obtingudes després de la interaccid pigment-
solucié. Els resultats obtinguts mostren que tenen lloc
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unes series de transformacions fisico-quimiques en el
pigment quan interacciona amb els ions (Cl" i SO,?), en
alguns casos acompanyat de I'aparicidé de noves fases
cristal-lines, principalment silicats de calci i sodi i sulfat de
sodi. Les analisis de les solucions obtingudes després de
la interaccié mostren un increment en el contingut de calci
quan augmenta la forga ionica del medi. Aquests resultats
suggereixen que el mecanisme pel qual el pigment actua
no només esta basat en reaccions d’intercanvi ionic, sin6é
que també hi ha modificacions estructurals, la propia solu-
bilitat del pigment en el medi i conseqlientment reaccions
de (co)precipitacio que donen lloc a compostos insolubles
en el medi agressiu estudiat.Paraules clau: Silice / calci,
pigment, intercanvi idnic, anticorrosiu, XRD, SEM-EDAX,
FTIR, DTA-TG

1. INTRODUCTION

In recent decades efforts have increasingly focused on the
search for environmentally friendly alternatives to replace
Cr(VI) pigments due to their toxicity to human health [1]
and the environment [2]. As a result, more efficient and ver-
satile pigments have been developed [3-4].

Calcium ion exchange silica (silica/calcium (Si/Ca)), mar-
keted in the 1980’s by the company W. R. Grace Davison
under the brand name Shieldex®, has proven to be a valid
environmentally friendly alternative to Cr(VI) pigments. The
chemical nature of this product and its physical and struc-
tural properties, like its high specific surface area (around
60 m2-g™), allow it to act either by adsorption/desorption
reactions or ion exchange reactions [5].

Since that time, research on silica/calcium has grown ex-
ponentially, seeking to determine its anticorrosive effec-
tiveness and to settle controversies regarding its action
mechanisms, exchange capacity, etc. Most papers at-
tribute an ion exchange mechanism, i.e. the retention and
immobilisation of aggressive species (H*, CI, etc.) from
the medium and the release of species that inhibit metallic
corrosion and/or form protective layers on the metallic sur-
face, Ca?* and polysilicate ions (Figure 1) [6-12]. However,
some studies suggest that anticorrosive protection may be
due more to a passivation process of the steel as a conse-
quence of the high pH of the pigment’s aqueous solution
(pPH ~ 9) and the deposition of a siliceous film on the steel
surface (iron silicate) rather than an ion exchange capacity
between Ca? and aggressive ions [13-14].

2H" |

Ca2+ ‘ —> H@032+

Figure 1. Scheme of mechanism by which aggres-
sive ions (H*) are retained and inhibitor (Ca?*) is released
from the silicon/calcium cation exchange pigment.

In previous studies the authors have assessed the inhibit-
ing efficiency of this pigment incorporated in organic coat-
ings applied on steel [15] and aluminium [16] surfaces, and
the metallic surfaces and the solutions obtained after the
pigment/electrolyte interaction have been analysed [17].

The aim of this work is to contribute to the better under-
standing of the mechanism by which the pigment acts and

to compare the results obtained with those reported in the
literature. Hitherto, studies have been based on identify-
ing any film formed on the metallic surface and analysing
the pigment solution after its interaction with the aggres-
sive ions in the environment, but not on characterising the
solids obtained after the pigment/electrolyte interaction,
which is main objective of the present work. The aqueous
solutions obtained after the pigment/electrolyte interaction
are also analysed, comparing the data yielded with the Si/
Ca pigment and a traditional Cr(VI) pigment. The results
obtained in the relation solid/liquid study allow interesting
conclusions to be drawn about the anticorrosive mecha-
nism of the Si/Ca pigment.

2. EXPERIMENTAL

The silica/calcium (Si/Ca) anticorrosive pigment used was
a commercial product (AC5 W.R. GRACE Davison) with a
maximum particle size of 5 ym.

The Cr(Vl) anticorrosive pigment used was a commercial
zinc chromate (Nubiola Inorganic Pigments) with a particle
size of no more than 30 pm.

Aqueous suspensions of the Si/Ca pigment were prepared
in 0.5M NaCl and 0.5M Na,SO, solutions with a concen-
tration of 10 g.L" to study ion exchange properties and
characterise the solids resulting from the pigment/electro-
lyte interaction. The suspensions were kept in continuous
stirring for 24 h to reach equilibrium and then separated
by centrifugation (9000 rpm for 5 minutes) and filtered with
a 2.5 ym filter. The aqueous solutions were collected for
analysis and the resulting solids were dried at room tem-
perature and pulverised for their subsequent study.

The same experimental procedure used with the Si/Ca pig-
ment, keeping the same solution concentration (10 g-L),
was also applied for comparative purposes with the Cr(VI)
zinc chromate pigment

2.1. Characterisation of solids

The chemical composition was determined by micro-X-ray
fluorescence (XRF) using a Brucker S8 Tiger unit with a
wolfram tube, a LiF analyser crystal and a 4 Kw generator.
The zeta potential of the pigment was determined at am-
bient temperature using a Zeta-Meter 3.0+ unit. Pigment
suspensions with a concentration of 7-102 gL' were pre-
pared using a 102 M KCI solution. All the suspensions
were broken up in ultrasound for 2 minutes and kept in
continuous stirring for 24 h prior to performing the meas-
urement. The variation in zeta potential with pH was also
studied using an automatic titrator connected to the po-
tential meter.

Physical/chemical characterisation was performed by
Fourier transform infrared spectrometry (FTIR), thermo-
gravimetric analysis (DTA-TG), X-ray diffraction (XRD) and
scanning electron microscopy - energy dispersive X-ray
spectroscopy (SEM-EDAX).

Infrared spectra were obtained using a Nicolet Magna-IR™
550 spectrometer. Spectra were acquired in the 400-4000
cm~' range. Samples were prepared by mixing the solids in
powder with ICs at a weight ratio of 15:85.

DTA-TG was carried out simultaneously using a SETARAM
DTA-TG Setsys Evolution 1750 thermobalance in a helium
atmosphere (20 mL: min-). Previously homogenised sam-
ples of around 20 mg were heated in alumina crucibles.
A record was made of the weight losses experienced in
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the 25°C-800°C temperature range. A heating rate of 20°C-
min-' was used in all cases.

The crystalline structure of the initial pigment and the pig-
ment/electrolyte interaction products was determined
by XRD using a Philips model X’Pert diffractometer with
CuKa radiation (A= 0.1541 nm) and a Ni filter. Data was
collected in the range between 10° and 100° in 26 scale at
arate of 0.1°-min-".

Morphological and structural characteristics of Si/Ca were
obtained by SEM with a JEOL JSM 6500F field emission
SEM unit equipped with secondary and backscattered
electron detectors and an EDAX brand EDS detector.
Samples were prepared by embedding in resin, surface
polishing with diamond paste, and coating with graphite.
2.2. lon exchange capacity

The cation content in the aqueous extract obtained after
the pigment/electrolyte interaction was determined by
atomic absorption spectrometry (AAS) using a Varian FS-

The Si/Ca pigment shows an amorphous crystalline struc-
ture with an intense, broad and poorly defined peak at 25°
(26) (Figure 2). The morphology of the Si/Ca particles, as
depicted in Figure 3, shows an irregular appearance with
different grain sizes (3.6-5 um). The Si/Ca particles are
seen to have well defined edges with rounded sides.

FTIR characterisation of the Si/Ca pigment (Figure 4) re-
veals the existence of two types of vibrational bands,
those corresponding to vibration modes of the O-H bond
and those related with the Si-O and Si-O-Si bonds.

The bands corresponding to vibration mode of the O-H
bond correspond to humidity, absorbed water and, to a
lesser extent, the possible presence of hydroxides in the
sample. These bands, of low intensity, appear at the wave-
lengths of 3517 cm, fundamental stretch vibration of the
O-H bond, and 1647 cm™, assigned to angular deforma-
tion of the O-H bond in water molecules [18-22].

Table 1.Chemical composition of Si/Ca pigment and the solids obtained after its exposure to different media.

Chemical composition ( % weight)
Sample e'ecéﬁ'yte Ca si o Na H s cl Si/Ca
Si/Ca - 5.33 36.67 56.29 0 1.5 0 0 6.9
4.60 2.60 25.56 63.72 3.1 3.9 1.01 0 9.8
Si/Ca/0.5M Na,SO, 7.10 2.67 27.39 62.72 2.98 3.6 0.67 0 10.2
10.00 3.45 30.80 59.78 2.42 2.7 0.85 0 8.9
4.60 3.10 24.45 65.09 1.95 4.4 0 0.95 7.9
Si/Ca/0.5M NaCl 6.50 3.78 27.05 62.76 1.63 3.8 0 1.01 7.2
10.00 3.00 22.29 66.87 1.76 5.0 0 1.07 7.4
4.60 3.64 25.55 66.31 0 45 0 0 7.1
Si/Ca/H,0 7.10 4.97 34.23 58.58 0 2.2 0 0 6.9
10.00 3.46 22.69 68.63 0 5.2 0 0 6.6
220 spectrophotometer. This equipment is provided with a
laminar flow burner for air-acetylene flame, for the analysis 600
of Zn, and nitrous oxide-acetylene flame for the analysis ~. 500
of Ca and Cr ions. Before starting to analyse the samples E
a calibration curve was created for each element, entering 5 400
previously prepared standards of a known concentration £ 300
of each element. All the samples were performed in du- o
plicate. = 200
To evaluate the effect of pH on ion exchange process, % 100
0.1 MH,S0,, 0.1 M HCI and 0.1 M NaCH solutions were o

added to the study solutions (0.5M Na,SO, and 0.5M
NaCl) to adjust the pH to 4.6, 6.2 and 10, following the
same procedure described above. As blank solution and
as a measure of the solubility of the different pigments,
the study was carried out with deionised water and at the
different pH values.

3. RESULTS AND DISCUSSION

3.1. Characterisation of Si/Ca pigment

The Si/Ca pigment consists fundamentally of Si, O and Ca,
with a 5.3 wt% content of the latter (Table 1). The Si/Ca ra-
tio is equal to 6.9/1, a value very close to that obtained by
Armstrong (7.5/1) [11]. The total mass loss in the 50°C to
800°C temperature interval is 13.61 wt%, which is equiva-
lent to 4.6 water molecules, very close to the value found
by Armstrong and Deflorian [11,9]. Therefore, the formula
of the characterised commercial pigment could present
the formula: CaO (7)-SiO, (4.6)'H,0

1]

10 20 30 40 50 &0 70 80 90 100
28 {‘?
{*) Si (silicon sample holder)

Figure 2. X-ray diffractogram of Si/Ca pigment.

The bands related with vibration mode of the Si-O bond
[18-21, 23, 24] are bands of greater intensity. The band at
1087 cm™, v, (Si-O), whose width goes from 950 to 1300
cm, is composed of two shoulders, the left shoulder cen-
tred at 950 cm is assigned to vibration of Si-OH (silanols),
and the shoulder situated on the right centred around 1150
cm™' corresponding to asymmetric stretching movements of
the bond Si-O-Si “asymmetrical stretch”.
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Figure 3. Morphology of Si/Ca pig-
ment particles observed by SEM.

This band indicates the formation of a SiO, network and is
highly characteristic in the identification of “silica gel” [20].
The bands at 798 and 466 cm™ corresponds to vibrations
modes of the Si-O-Si bond (v4). These two bands are as-
sociated with angular deformations of the basic structure
of SiO,. The lowest vibration mode (at 466 cm™) is as-
signed to rocking motions, perpendicular to the Si-O-Si
plane, and the bending movement out-of-plane to the vi-
bration band at 798 cm™.

The incorporation of calcium in the siliceous matrix may
be possible if the Ca-O-Si bond is formed, which accord-
ing to the literature seems to present a vibration between
600 and 500 cm™" [24-26]. The small amount of calcium in
the solid makes it impossible to detect the vibration of the
Ca-0O-Si bond, which is masked by the vibration modes of
greater intensity v4 (Si-O-Si).

From the physical-chemical study it may be deduced that
the pigment is constituted by an amorphous, colloidal in-
organic matrix of silicon oxide upon whose surface some
sites (hydroxyls) have been exchanged for calcium. The
Si/Ca presents a high surface area (60 m?g™) [5], which
makes it a solid upon which a large number of surface pro-
cesses (adsorption/desorption, ion exchange, etc.) may
take place.

Figure 5 shows the variation in the zeta potential of the Si/
Ca pigment, constituted by hydroxyl groups across the sur-
face of the solid, as a function of the pH. The results indicate
that the pigment surface is negatively charged throughout the
measured range, as a consequence of deprotonation of the
hydroxyl groups on the surface. The negative surface charge
is greater at alkaline pH values. These results clearly show a
favourable exchange of Ca?* ions throughout the pH range,
but especially at alkaline pH values.

Table 2 shows the pH of the Si/Ca aqueous anticorrosive
extracts prepared in 0.5M NaCl, Na,SO, and deionised
water. The pH values of the extracts, which are practically

) constant and close to 9, are not affected by variations in
404 & fr0egetsn @ v, SI-O ———>1087cm the medium pH, and ratify the buffer effect of the Si/Ca,
& o » i.e. its capacity to resist pH variations, which is directly re-
= (=) @ v,S-O-Si-——>798cm . .
S ] v, lated with the proportion of surface groups present on the
© @ o v, Si-0-Si --->466 cm’! solid. Thus it can be seen that pH variations in the medium
% - ® are not sufficiently important to interact with all the surface
= 204 groups present on the solid.
g As with Si/Ca, the extracts prepared with zinc chromate in
§ AN the different media show pH values that are independent
[ Y 4 SFO-Si of pH variations in the aggressive solution and close to
O-H . . .
04 V. g0 neutrality (~6.7), as was to be expected, since only dis-
— |3 ", : solution processes take place with this salt and so it does
3600 3000 2400 1800 1200 600 not present buffer properties.
Wavelength (cm™)
Figure 4. FTIR spectrum of Si/Ca pigment.
Table 2. Calcium and zinc content in aqueous anticorrosive extracts of Si/Ca and ZnCrO, pigments in different media.
Si/Ca ZnCrO,
electrolyte extract [Ca(ll)], mg-g electrolyte extract [Cr(VI)], mg-g [Zn(l)], mg-g
pH pH pigment-! pH pH pigment-" pigment!
4.60 9.75 1.88 4.60 6.70 35.19 26.00
H,0 7.10 9.70 1.83 7.20 6.70 34.50 23.25
10.00 9.70 1.79 10.00 6.70 35.53 23.75
4.60 9.40 10.00 4.60 6.60 57.50 60.50
0.5M NaCl 6.50 9.50 8.45 6.70 6.60 56.50 57.50
10.00 9.40 7.55 10.00 6.60 56.50 44.00
4.60 9.75 12.38 4.60 6.90 115.50 110.50
0.5M 7.10 9.75 12.63 6.30 6.90 117.00 113.00
Na,SO,
10.00 9.80 15.82 10.00 6.90 108.50 85.00
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Figure 5. Variation of zeta potential (mV) of Si/
Ca pigment and cation exchange capacity (Ca?*,
mg-g") with the pH of different media.

3.2. lon exchange capacity of Si/Ca in 0.5M Na,SO,
The calcium content in the solution obtained after immer-
sion of the Si/Ca pigment in 0.5M NaSO, (see Table 2) is
considerably higher than in water (1.83 mg-g™').

50
0.5M Na,SO,

N
o

| =——Si/Ca unexposed
— = pH4.6
== pH7.1

w
o
n

Transmittance (%)
= )
. °

3600 3000 2400 1800 1200 600
Wavelength (cm’)

and Zn) anticorrosive extract shows much higher values in
the latter case, following the same tendency with the 0.5M
NaCl and blank solutions, thus corroborating the nature
of the zinc chromate mentioned in foregoing paragraphs,
without ion exchange properties and highly soluble. Fur-
thermore, and as a characteristic of the soluble salts, the
Cr and Zn content in the aqueous solution increases as the
ionic force of the medium rises.

The exchange capacity increases as the pH of the solu-
tion rises, in concordance with the variation in the zeta po-
tential of the pigment (Figure 5), so that in alkaline media,
where the surface charge shows a more negative value,
the Si/Ca pigment presents a greater exchange capacity.
FTIR spectra (Figure 6) of the Si/Ca pigment after immer-
sion in 0.5M Na,SO, reveal the appearance of a triplet with
an absorption maximum at 616 cm™, a vibrational band
that does not appear in the fresh (unexposed) Si/Ca pig-
ment. At the same time, deformation of the band at 1087
cm is observed. These facts suggest modifications in the
Si-O-Si bond during immersion. The appearance of the
symmetrical absorption band at 616 cm-, characteristic of

| 0.5M Na,SO,
504 616 cm’ )
—_ | = Si/Ca unexposed
S \l —- pH46
0]
E4o<
£
S
%)
G
= 30

640 620 600 580 560 540 520 500
Wavelength (cm’)

Figure 6. FTIR spectra of Si/Ca pigment after immersion in 0.5M Na,SO, at differ-
ent pH values (left) and detail of vibrational band at 616 cm (right).
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Figure 7 . X-ray diffractograms of Si/Ca pigment after immersion in 0.5M Na,SO, (left) and in 0.5M NaCl (right) at pH 10.

In water, the Ca content in solution would be equivalent
to the solubility of the pigment, while the calcium content
obtained after immersion in 0.5M Na,SO, would represent
the result of surface processes, in particular the ion ex-
change process between the ions of the medium and the
Si/Ca. The speciation of calcium detected in the extract on
0.5M Na,SO,, of the order of 3.10° mol-L" of calcium, indi-
cates that calcium predominates in the form of CaSO, [15].
Comparison of the inhibiting ion content from the view-
point of corrosion in the Si/Ca (Ca) and zinc chromate (Cr

the Si-O-Si bond, very typical of silicates and tetrahedral
groups [SiO,]*[27], suggests the transformation of the si-
lanol groups to silicates during immersion of the pigment
in 0.5M Na,SO,, independently of the medium pH.

The formation of silicates is clearly identified in the XRD
study of the pigment exposed in 0.5M Na,SO, solution at
pH 10. The X-ray diffractogram (Figure 7, left) shows the
appearance of new crystalline phases in the Si/Ca pig-
ment. Peaks appear for wollastonite (CaSiO,) and di- and
hemi-hydrated calcium sulphates (gypsum and basanite)
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Figure 9. DTA curves for Si/Ca pigment after immersion in 0.5M Na,SO, (left) and in 0.5M NaCl (right) at different pH values.

as a consequence of the precipitation of calcium sulphates
in the anticorrosive extract. Peaks also appear which may
be attributed to a hydrated sodium and hydrogen silicate
(Na,H,SiO, x 4H,0), formed as a consequence of calcium
leaving the solution and the incorporation of hydrogen
and sodium cations in the silicate structure, showing the
competition between these ions to be incorporated in the
network.

The literature contains studies reporting the obtainment of
calcium silicates from SiO,-rich materials (like rice husks)
[22,23,28] due to the reactivity of the SiO, surface and CaO
and/or Ca(OH), deposited on the surface of the solid. In
many cases the addition of species to the solution [23], to
form ionic couples or calcium aguo complexes, assists the
controlled precipitation of the silicate, which could be the
case in hand, although thermal treatment is the most gener-
alised procedure for forming silicate, since raising the tem-
perature increases the diffusion of calcium towards the inte-
rior of the solid, transformations that are observed at 60°C.
Chemical analysis of the Si/Ca pigment exposed to the
0.5M Na,SO, solution shows a significant rise in the Si/Ca
ratio (Table 1). In contrast, the Si/Ca ratio of the pigment
exposed in the blank solution is very similar to the initial
value and comparable to that of the fresh pigment. The
increase in calcium content in the aqueous extract when
the pigment is exposed to the sulphate solution indicates
a decrease in the calcium content of the solid, and thus an
exchange of calcium ions to the aqueous medium, which
does not occur with the pigment treated in the blank solu-
tion, so these results are indicative of an electrolyte/pig-
ment interaction. Detection of sodium in the pigment and
its incorporation in the Si/Ca has been confirmed by XRD,
where a sodium and hydrogen silicate phase is observed,
pointing to an additional reaction in the ion exchange

model traditionally described for the pigment (Figure 1).
Finally, an increase in the hydrogen content is seen in the
Si/Ca pigment during immersion in 0.5M Na,SO, (table 1),
which seems to indicate that the sphere of Si/Ca coordi-
nation is affected during immersion of the pigment in the
0.5M Na,SO, solution.

Figure 8 shows the morphology of the pigment after its im-
mersion in 0.5M Na,SO, at pH 10. The particles present an
agglomerated and superficially different appearance to the
initial solid. This morphological change of the pigment is a
consequence of the transformations that take place due
to chemical reactions between the pigment and the 0.5M
Na,SO, aqueous solution.

Chemical analysis by SEM/EDAX of the pigment obtained
after immersion shows variations in the Si/Ca ratio com-
pared to the fresh pigment. Figure 8 depicts the morphol-
ogy of pigment particles after immersion and a representa-
tive EDAX spectrum, in which the Si/Ca ratio is much higher
than the initial value of the pigment. In the particles iden-
tified in the micrograph, the measured values yield Si/Ca
ratios of 15.6 and 29.5. These values indicate a decrease in
the calcium content in the pigment after immersion.

Figure 9 (left) shows DTG-TG curves. All the solids ex-
posed in 0.5M Na,SO, show an endothermic peak between
133°C and 143°C, corresponding to the loss of water. In
the fresh Si/Ca pigment, the endothermic peak occurs at
119°C. This shift in the dehydration temperature suggests
the existence of new hydration compounds in the exposed
pigments that were not present in the fresh pigment, cor-
responding with the drop in the Si/H ratio observed in the
composition of the pigment immersed in solution.

Figure 10 shows the variation in mass loss of the pigment
exposed in 0.5M Na,SO, at different pH values compared
to the fresh pigment. The mass loss remains constant
as the pH varies and represents 14.5 wt% of the initial
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weight. This value is much higher than the correspond-
ing mass loss of the fresh pigment. Transformation of the
Si/Ca pigment during immersion in 0.5M Na,SO, from an
amorphous SiO, matrix to a more polycrystalline structure,
formed of silicates, gypsum and basanite, seems to be re-
lated with the observed mass variations.

3.3. lon exchange capacity of Si/Ca in 0.5M NaCl

The Ca concentration rises in the aqueous extract ob-
tained after immersion of the pigment in  0.5M NaCl solu-
tion (Table 2). The exchange capacity of the Si/Ca pigment
in NaCl solution is lower than that seen in 0.5M Na,SO,
solution throughout the pH range (Figure 5). This figure
shows an increase of the exchange capacity as the pH de-
crease, in contrast to zeta potential measurements, where,
as indicated in the ion exchange capacity of Si/Ca in 0.5M
Na,SO,, the exchange processes are favoured mainly at
alkaline pH values. These results may be attributed to a
greater dissolution of the Si/Ca pigment in 0.5M NaCl,
rather than to a cation exchange itself.

In the FTIR spectra presented in Figure 11 at different
pH values, no vibrational band at 616 cm, associated
with the vibration of tetrahedral [SiO,]* groups typical of
silicates, is detected, as was the case with the solids ex-
posed in 0.5M Na,SO,. Thus, the transformation of silanol
groups to silicates observed during immersion of the pig-
ment in 0.5M Na,SO, does not seem to take place during
immersion in 0.5M NaCl.

he X-ray diffractogram for Si/Ca exposed in 0.5M NaCl at
pH 10 (Figure 7, right) shows the amorphous appearance
of the pigment without revealing any new crystalline phas-
es. The appearance of the Si/Ca particles after immersion
in 0.5M NaCl at pH 10, obtained by SEM (Figure 12), pres-
ents a similar morphology to the initial pigment, corrobo-
rating the fact that structural transformations in the Si/Ca
have not taken place during immersion in 0.5M NaCl.
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Figure 10. Relation between mass loss of Si/Ca pig-
ment after immersion in 0.5M Na,SO, and 0.5M NaCl and
cation exchange capacity of calcium ions (Ca?*, mg-g').
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The X-ray diffractogram for Si/Ca exposed in 0.5M NaCl at
pH 10 (Figure 7, right) shows the amorphous appearance
of the pigment without revealing any new crystalline phas-
es. The appearance of the Si/Ca particles after immersion
in 0.5M NaCl at pH 10, obtained by SEM (Figure 12), pres-
ents a similar morphology to the initial pigment, corrobo-
rating the fact that structural transformations in the Si/Ca
have not taken place during immersion in 0.5M NaCl.
DTA-TG curves for the pigment after immersion in 0.5M
NaCl solution (Figure 9, right) also show a shift in the en-
dothermic peak corresponding to the dehydration reac-
tion. This modification is coherent with the variation in Si/H
ratio values (Table 1), which indicates modifications in the
coordination sphere of the pigment as a consequence of
immersion in the 0.5M NaCl solution.

Figure 12. Morphology of Si/Ca pigment af-
ter immersion in 0.5M NaCl at pH 10.

The mass loss of the Si/Ca pigment exposed in 0.5M NaCl
varies between 15.5-18.3 wt% (Figure 10) and is a func-
tion of the exchange capacity and thus of the pH of the
electrolyte (see Figure 10). The mass loss is greater than
that determined for the pigment exposed in the sulphate
solution. This mass loss, which is greater for the fresh pig-
ment, is a consequence of the amorphous nature of the
pigment after exposure in 0.5M NaCl, in contrast to the Si/
Ca exposed in 0.5M Na,SO,, which presents a more poly-
crystalline nature.

4. CONCLUSIONS

A structural transformation of the pigment is deduced
from its immersion in 0.5M Na,SO,, as detected by FTIR,
XRD and SEM. As a consequence of these changes, new
phases appear during immersion, mainly silicates (CaSiO,
(wollastonite) and hydrated sodium and hydrogen silicate).
The presence of di- and hemi-hydrated calcium sulphates
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Figure 11. FTIR spectra of Si/Ca pigment after immersion in 0.5M NaCl at differ-
ent pH values (left) and detail of vibrational band at 616 cm’' (right).
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indicates possible CaSO, (co)precipitation processes as a
consequence of the speciation of calcium in the solution.

The Ca? ion exchange capacity is greater when the pig-
ment is immersed in 0.5M Na,SO,. In this case, calcium
ions are exchanged with hydrogen and sodium cations.
This exchange is greater at alkaline pH values, in concor-
dance with the observed variation in the zeta potential. In
contrast, when the aggressive medium is 0.5M NaCl, a
higher calcium content is shown at acid pH values, pos-
sibly as a consequence of the greater dissolution of Si/
Ca in 0.5M NaCl, rather than to the cation exchange itself.
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