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ABSTRACT: The paper analyses the degradation process of commercial ultramarine blue pigments in cementitious materials. For
this purpose, two commercial pigments (with and without a protective coating) in different solutions and cement pastes are studied
incrementally. The results show that pigment degradation occurs due to an ion exchange phenomenon; during hydration high ion
contents are released, calcium and potassium being the most aggressive for the pigment. Calcium distorts the unit cell; between
the sodium of the pigment and the potassium in the medium a cation exchange phenomenon takes place. Both processes lead to
the diffusion of sulphate and sulphide ions from the pigment to the medium causing loss of colour and the formation of ettringite.
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RESUMEN: Degradacion del pigmento azul de ultramar en materiales cementicios: una nueva aproximacion al fenomeno. En
el presente articulo se analiza el proceso de degradacion del pigmento azul de ultramar en materiales cementicios. Para ello se han
estudiado dos pigmentos comerciales (con y sin recubrimiento protector) en diferentes soluciones y pastas de cemento, de manera
incremental. Los resultados muestran que la degradacion de los pigmentos es debida a un fendmeno de intercambio i6nico; durante
la hidratacion del cemento se liberan altos contenidos de iones, siendo el calcio y el potasio los mas agresivos para el pigmento. El
calcio distorsiona la celda unitaria del pigmento y entre el sodio del pigmento y el potasio del medio se produce un fenémeno de
intercambio catidnico. Ambos procesos conducen a la difusion de iones sulfato y sulfuro desde el pigmento al medio, la degradacion
del cromoforo con la consiguiente pérdida de color y la formacion de etringita.
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1. INTRODUCTION

The ultramarine blue pigment (UB), that was ex-
tensively used in Europe in the 14th and 15th centu-
ries, was first imported to Europe from Asia. The pig-
ment was obtained by the purification of lapis lazuli
(a semi-precious stone, from the Latin /apis, stone,
and lazulus, blue) by crushing, grinding and cleaning
the raw material to separate the other minerals from
lazurite (1). Therefore, the use of UB pigment was
limited due to its high price. In 1828, an artificial UB
was synthesized by Guimet, who, in 1830, started a
factory for the commercial production of the pigment
(2); the synthetic pigment was rapidly adopted soon
after its invention. A good account of the manufactu-
ring processes and synthesis of UB can be found in
the literature (2-5).

In general, UB is a pigment whose fundamental
structure is a sodium aluminosilicate type zeolite,
with a chromophore structure of polysulphides inside
the zeolite cell. In this type of structure, the skeleton
is formed by chains of aluminosilicates that join to
form a cage-like structure. Sodium ions and chromo-
phores are located inside the cell. Synthetic ultramari-
ne samples have a higher chromophore concentration
than natural pigments (5, 6).

UB has a general chemical formula of A ((Al,
Si),,0,,)X,, where A represents the cations included in
the structure (mainly Na“, although it can also include
K*, Mg*, Ca?") and X represents the anions included
in the structure, fundamentally SO,* and S, (7). The-
se pigments, due to their similarity to zeolites, have a
high cation exchange capacity. Therefore, the sodium
atoms can be replaced by other cations, among which
are K, Ca and Mg. Many studies have been published
about the structure of the aluminosilicate framework
of natural and synthetics UB (5, 8).

In the world of art and art restoration, the deterio-
ration of ultramarine blue is known as “ultramarine
sickness” or “ultramarine disease” (9-14). Different
alternatives have been developed for the protection
of UB pigment from degradation. Gobeltz et al. (15)
investigated the encapsulation of the chromophores
into the sodalite structure during the synthesis of the
UB pigment and confirmed the results with a source of
polysulphides. Liu et al. (16) proposed a two-step sili-
ca coating process (sol—gel process followed by dense
liquid process used to form silica films on surfaces to
minimize photodegradation). Compared with the sin-
gle-step sol—gel or the dense-liquid-coating process,
the two-step process produces magnetic nanocomposi-
tes with the highest protection against acid attack at the
lowest level of silica coatings with maximized magne-
tization. Li et al. (17) proposed another two-step me-
thod for the preparation of acid-resistant UB particles
with highly dense, smooth and uniform silica films.
They compared the resistance to hydrochloric acid of
the UB prepared with the method with those achieved
by dense liquids, sol-gel, and conventional two-step

coatings. A great enhancement of acid resistance for
ultramarine blue was achieved by coating the pigment
particles with transparent silica films (18). Aranzabe et
al. (19) developed pigments based on a standard UB
coated with different reflecting films, based on TiO,,
containing different types and concentrations of na-
noparticles of alumina, titania and their mixtures. The
pigments were dispersed in a water-based paint, stain-
less steel substrates were then painted with 50mm thick
layer and the total solar reflectance (TSR) was measu-
red. All of the obtained pigments increased the TSR of
the original UB pigment.

There are references in the scientific literature that
show the instability of the Ultramarine Blue pigments
in cementitious media and evaluate the improvement
of mechanical properties (20-22). They indicate the
convenience of protecting the pigment by means of
encapsulation or using additions with pozzolanic
characteristics, to avoid the loss of colour. Giraldo
et al. (23) delved into the pozzolanic properties of
the pigment by replacing high percentages of white
Portland cement (10 and 20%); attributing the reac-
tion between the pigment and the portlandite to the
formation of hauynite. They replaced the sodium ion
for a calcium ion in the structure of UB, which would
cause the disintegration and discoloration of the pig-
ment samples.

The degradation process of the UB pigment in ce-
mentitious matrices involves a series of physical-che-
mical processes that the present work incrementally
analyses in order to reveal the phenomenon that des-
tabilizes the chromophore.

To evaluate the influence of different characteristic
parameters of the cementing medium in the degrada-
tion process, the loss of colour of the pigment in so-
lution was first addressed. Then, the influence of the
pigment on the hydration of the cement and the forma-
tion of hydrated phases in cement pastes was studied.
For this, two commercial UB pigments were used, one
with, and the other without, a protective coating, in or-
der to compare the degradation process in both.

2. MATERIALS AND METHODS

2.1. Materials

The samples initially used in the study were of pig-
ment powder and then cement pastes incorporating
the pigment. The cement used in the production of the
different samples was a white cement BL I 52.5R. Its
chemical composition is presented in Tablel, with a
specific gravity of 3060 g/cm?® and a specific surface
(Blaine) of 410 m*/kg.

To carry out the studies, two commercially availa-
ble ultramarine blue pigments (called UBO and UB1)
were used. The pigments studied were two different
developments from the same company, being the pig-
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ment UB1 a modification of UBO by incorporating a
protective encapsulation to prevent its degradation in
cementitious media. This encapsulation was made by
silicates and water-repellent additives. Table 1 shows
the chemical composition (in the form of major oxi-
des) of both pigments determined by XRF. It can be
seen that the fundamental difference between pigment
UBO and UBI is in the silicon, zinc and phosphorus
contents, probably related to the encapsulation treat-
ment to which pigment UBI has been put through.

TaBLE 1. Chemical composition of cement and pigments used.

Oxide content (%) Cement UBO UBI
Sio, 21.4 37.2 53.7
ALO, 4.1 22.9 153
CaO 65.4 0.8 0.5
K,0 0.6 0.9 0.4
Na,O 0.1 19.4 13.0
SO, 34 12.9 9.2
PO, - 0.1 1.4
ZnO - 2.0
MgO - 0.2
BaO 1.3 0.4 0.6
TiO, - 0.02 0.1
Fe,O, - 0.4 0.3
Rb,0 0.3 0.02
SrO - 0.02 0.02
ZrO - 0.02
Lol 3.2 4.85 3.53

FiGure 1. Diffractograms of the pigments studied.

The X-ray diffractograms of the pigments studied
are shown in Figure 1. Most of the peaks detected co-
rrespond to a lazurite phase (L), which is characteris-
tic of the ultramarine blue pigment. The Lazurite che-
mical formula is Na,Al,Si,O S. The pigment sample
UBI1 presented another series of peaks, along with
phase L, corresponding to zinc phosphate (F), and a
halo between 20° and 30° 20 that reveals the presence
of amorphous components, probably amorphous sili-
ca due to the presence of spikes associated with silica
(S) in the diffractogram.

2.2. Experimental program

To study the degradation of the pigments, an incre-
mental study was carried out to analyse the pigments
dissolution, as well as in pastes.

2.2.1. Study of pigment deterioration in different
solutions

In the initial phase of the study, the process of colour
loss of the pigment in solution was addressed, to eva-
luate the influence of different characteristic parameters
of the cementitious medium in the degradation process
(such as pH, alkali content and Ca*" ion content).

Dissolution studies were carried out based on a mo-
dification of the method developed by Chinchon-Paya
et al. (24) for the study of the oxidation of pyrites and
pyrrhotites. Three different solutions were used, with
a constant O, contribution, to study the above indica-
ted parameters: a neutral solution (NS, medium only
with water); a saturated solution of Ca(OH),, named
SSC; and a solution that simulated the aqueous pha-
se of the pores, named SSP (using KOH 0.6 mol/l;
NaOH 0.2 mol/l; and Ca(OH), until saturation). The
solid / liquid ratio used was 1/20 (20 g of pigment per
400 ml of solution). The test duration was 60 days,
during which the pH of the solution was periodically
monitored. Likewise, samples of solution were ex-
tracted at 1, 3, 17 and 60 days for chemical analysis
by ion chromatography and inductively coupled plas-
ma — optical emission spectrometry (ICP-OES).

Through ion chromatography, the concentration of
sulphates in the different media was monitored. The
increase in sulphate concentration is directly related
to the pigment degradation. As this occurs, the chro-
mophore can get rid of the structure and oxidise. The
following elements were analysed by ICP-OES: Na,
K, Ca, Fe and Al. This allowed the analysis of the
variation of its concentration as a function of the re-
action time for the different media.

At the end of the test, the remaining solids were cha-
racterised by XRD, XRF and infrared spectroscopy and
the results were compared with the analyses performed
on the solid samples before beginning the dissolution
analysis. Colorimetric analyses were also performed to
determine the colour change in the samples.
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2.2.2. Study of pigment deterioration in cement
pastes

In the second stage of the experimental campaign,
the evolution of the hydrated phases and the pigment
in cement pastes were studied, using point and conti-
nuous DRX measurements. In order to do this, cement
pastes were manufactured incorporating the pigments
studied at 4% on the weight of the cement (w ). In all
the pastes, a fixed cement content (300 g) and a wa-
ter/cementitious material ratio of 0.35 (corresponding
to the amount of water necessary to obtain a normal
consistency paste) were used.

2.3. Characterization techniques
2.3.1. X-Ray Diffraction measurement

Two types of XRD analysis were performed: point
measurements and continuous measurements. For the
point measurements, a PANalytical X’Pert PRO MPD
Alphal was used, working in reflection with Bra-
gg-Brentano geometry. CuKo radiation (A=1.5418 A)
filtered by Ni and an X’Celerator detector (active len-
gth of 2,122°), operating at 40 kV and 45 mA were
used. The analysis conditions were between 4° 20 to
80° 20, using an angular pitch of 0.017° 20 and a step
time of 50 seconds, with a variable divergence slit.

Continuous XRD measurements were performed fo-
llowing the same methodology used by Salvador et al.
(25) to study the evolution of the hydration of cement
pastes with setting accelerators. To this end, cement
pastes were manufactured shortly before their measu-
rement with an w/c ratio of 0.4, 4% w_ pigment. An
internal alumina standard (NIST) was incorporated at
10% w_. To avoid water evaporation during the mea-
surements and carbonation of the samples, the sample
holders were covered with a Kapton® film, with a thic-
kness of 7.5um. The temperature remained constant
during the measurement process at 26 °C. The measu-
rements were made in a PANalytical X’Pert PRO MPD
0/ 8 device, working in reflection with Bragg-Brenta-
no geometry. CuKa radiation (A = 1.5418 A), filtered
by Ni, and a PIXcel detector (active length of 3,347°)
were used, operating at 40 kV and 45 mA. Cylindrical
sample holders, 32 mm in diameter and 3 mm deep,
were used, which amounted to the use of approximate-
ly 3.7 g of paste for each test. The analysis conditions
were between 5° 26 and 70° 260, using an angular pitch
of 0.026° 26 and 60 seconds of passage time, with a
fixed divergent slit of 0.5. A diffractogram was recor-
ded every hour for the different samples, obtaining the
first diffractogram 6 minutes after mixing the cement
with the water. During the first 48 hours after mixing
the cement with the water, diffractograms were obtai-
ned at the following times: 6 minutes, 1 hour, 12 hours,
24 hours and 48 hours. Once the continuous monito-
ring was completed, the samples were extracted and

kept in containers with water, to facilitate the hydra-
tion process and to accelerate the possible degradation
process. The samples, thus preserved, were maintained
for a maximum of 24 days, obtaining diffractograms
at3,5,7,10, 14, 17, 21 and 24 days. At the end of the
study, all samples had lost the blue hue. The different
diffractograms obtained were analysed qualitatively
using X’Pert High Score Plus software.

2.3.2. Chemical analysis methods

The ICP analyses were performed with a Perkin
Elmer Optima 4300DV Inductively Coupling Plasma
emission spectrometer. The ion chromatography was
carried out in a Dionex DX500 ion chromatography
System. Likewise, quantification of the oxide content
was carried out by X-ray fluorescence, in a sequential
X-ray spectrometer (PHILIPS MAGIX PRO) equi-
pped with a rhodium tube and beryllium window.

The characterisation of the solids before and af-
ter the experiment was carried out by infrared (IR)
spectroscopy using an FT-IR Spectrometer (Bruker
IF66 / S).

2.3.3. Colorimetric analysis

The analysis was conducted using an X-rite spec-
trophotometer (model RM200QC) with a measure-
ment area of 8 mm in diameter, independent tri-di-
rectional 25 LED light source, D65 illuminant and an
observer angle of 10°. Colour was expressed in the
CIE L*a*b* space (26, 27). The parameters measured
were the lightness L* (varying from black to white: 0
and 100, respectively), a* (which varies from +a* and
—a*, red and green, respectively) and b* (with ranges
from +b* and —b*, yellow and blue, respectively). The
total colour change AE*, was computed using succes-
sive measurements performed at different times:

AE", = [(AL*)* + (Aa*)? + (Ab*)*]"2 [1]

where AL*=L* -L* ; Da*=a* -a* and Db*=b* -b* ,
which are the colour differences between age 1 and
age t, according to the comparison of the colour be-
fore and after the exposure, respectively. For the pur-
poses of the evaluation of the total color change, the
criteria indicated in Table 2 were adopted, according
to (26, 28, 29).

TaBLE 2. Total colour change evaluation criteria.

AE_~ Visual assessment of AE*
0.5<AE < 1.5 Slight
1.5<AE,*<3.0 Obvious
3.0<AE,*<6.0 Very obvious
6.0<AE, "< 12.0 Large
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3. RESULTS AND DISCUSSION

3.1. Dissolution Testing
3.1.1. pH evolution

Figure 2 shows the evolution of pH with exposure
time, depending on the type of sample and the en-
vironment studied. The medium with the highest pH
value is the one that simulates the aqueous phase of
the pores (SSP). In general, there is a decrease in pH
in all media regarding values at early ages, although
there are differences regarding the speed of change.

FiGure 2. Evolution of pH in the different media studied.

The neutral solution (NS) and the saturated solu-
tion of calcium hydroxide (SSC) stabilised at a pH
between 8.5 and 9.0, by the second or third days after
starting the studies. In this sense, there are no signi-
ficant differences in behaviour between the two pig-
ments studied. The rapid and significant variation of
pH in the SSC medium was equal to the pH values of
the NS medium. The effect of CO, (carbonation) on
pH decrease is clear in both SSC and SSP mixtures.
The medium that simulates the aqueous phase of the
pores (SSP) maintains high pH values for longer time
due to larger amount of OH ions (Ca(OH), has, by
contrast, low solubility product). In this case stabili-
sation occurs around 20 days with a pH value close
to 10.5. In this medium, behavioural differences are
observed between the two pigments studied, the main
one being the fact that it took twice as long for the
UBI sample to achieve pH stabilisation in relation to
the UBO sample (16 days and 8 days, respectively).

3.1.2. Ion chromatography

The sulphate concentration in the different media
is monitored by ion chromatography. Figure 3 shows
this variation depending on the type of sample, me-
dium and time of sampling. Each value represented in
Figure 3 is the mean of the results of 5 samples, the

coefficients of variation obtained by a basic statistical
analysis of the results in all cases were less than 1%.

FiGure 3. Evolution of the sulphate concentration in the different
media studied.

In all of the samples studied, an increase in the sul-
phate content occurs with the exposure time. Howe-
ver, this increase is more noticeable in the UB1 pig-
ment samples and in the samples exposed to the so-
lution that simulates the aqueous phase of the pores
(SSP). These results show the different behaviour of
both pigments, as well as the different aggressiveness
of the solutions under study.

3.1.3. ICP-OES

The following elements have been analysed using
the ICP-OES technique: Na, K, Ca, Fe and Al. Table 3
shows the variation of its concentration as a function
of the reaction time. It is worth noting that Fe ion was
not detected in any of the solutions.

First, the variation of the calcium ion content will
be analysed. The variations obtained differ signifi-
cantly depending on the medium, so they will be
analysed separately. On the one hand, the samples
contained in the neutral solutions (NS) hardly show
any increase in the calcium content, with only mi-
nor increases occurring for the UB0 sample. On the
other hand, saturated solutions of calcium hydroxi-
de (SSC) show significant differences in calcium
ion content between both pigments. Considering
that it initially started from a concentration of 1850
ppm of calcium in solution (saturated medium), the
decrease in calcium content in solution may be due
to both environmental carbonation and the incorpo-
ration of the calcium ions into the pigment structu-
re. The differences obtained between the pigment
samples show a reaction of the calcium in solution
with the pigment, which was much more significant
in the UBO sample. Finally, in the SSP medium,
the observed behaviour is anomalous a priori. For
both samples studied, during the first few days, it
was not possible to detect calcium in solution; sub-
sequent measurements showed an increase in its
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TaBLE 3. Concentration of the cations in each of the solutions.

Time Ca (ppm) K (ppm) Na (ppm) Al (ppm)

Media (days) UBO UBI UBO UBI UBO UBI UBO UBI
1 0.722 0.0 22 1.4 107 120 0.577 0.034
3 0.828 0.376 7.0 8.1 149 150 0.717 0.037
17 1.664 0.15 11.1 2.4 204 187 1.1 0.149
SN 60 0.854 0.0 55 23 268 237 0.590 0.207
1 3.9 62.2 12.5 10.8 120 64 9.5 0.163

3 14.8 51.9 3.4 1.6 150 123 0.884 0.011
17 7.1 61.0 5.1 2.7 187 224 1.6 0.036
SsC 60 6.1 35.3 5.9 2.9 237 329 13 0.145

0.0 0.0 19420 20070 5250 5358 174 9.9

3 0.0 0.0 21260 19790 6087 5480 203 11.8

17 71.9 20.3 25500 24120 8666 7344 11.0 2.6

SSP 60 0.0 6.5 33200 33900 13100 11200 11.3 0.0

concentration and a subsequent disappearance or
decrease.

In the case of the variation of the potassium ion
content, the variations are significantly different de-
pending on the type of medium. In the neutral solu-
tion and that saturated with calcium hydroxide there
are very low contents of this ion (below 13 ppm in
all cases). The variations observed in these cases are
within the detection limit of the technique and cannot
be attributed to specific behaviours. The solution that
simulates the aqueous phase of the pores (SSP) shows
an increase in the potassium ion content in solution
throughout time, without appreciating significant di-
fferences between both pigments.

Studies carried out by Booth et al. (8) revealed that
the modification in cation type and content in the pig-
ment structure leads to an increase in the size of the
unit cell (larger structures), and also to interactions
between the cations and the chromophore that can
lead to a colour change. Based on the data in Table 1,
the potassium content in the pigments was less than
1%. Likewise, the initial content of potassium ion in
solution was 24,000 ppm (0.6 mol / L). The K con-
centration increase in SSP along time, evidencing a
possible ion-exchange phenomenon between the pig-
ment and the solution.

The variation in sodium ion content shows similar
trends for the different samples and media studied,
as can be seen in Table 3. In all cases, a continuous
increase in the sodium ion content is observed throu-
ghout time, both in the UBO sample and in UB1.1t is
noteworthy that the ion content that is present in so-
lution differs significantly between the samples expo-
sed to the medium that simulated the aqueous phase
of the pores (SSP) and the rest of the samples (NS and
SSC). The initial sodium ion content in that medium
was approximately 4,600 ppm, which shows the ion
exchange process that is taking place.

Finally, by analysing the aluminium ion content
in a general way, in the different samples and media
studied, it can be seen that its variation is minor, with
the exception of the samples exposed to the medium
that simulates the aqueous phase of the pores (SSP).
In this medium, both UB0O and UB1 show an increase
in the content of aluminium ions in the first 3 days
subsequently, show a reduction. In the case of UBO
it goes from a concentration of 203 ppm to one of
11 ppm. This abrupt variation in the content of the
aluminium ions may be related to some precipitation
or reaction process.

The results presented show that:

- An ion exchange phenomenon occurs. This ion
exchange takes place between the sodium ions of the
pigment and the calcium and potassium ions present
in the different media, without ruling out the existen-
ce of other ions or impurities present in the pigments
that could also contribute to this phenomenon.

- The ion exchange takes place in the three studied
media, with different extensions in each one of them.
When potassium ions are present (as is the case with
the medium that simulated the aqueous phase of the
pores, SSP), it takes place to a greater extent.

- Only the samples exposed to the SSP environment
have shown evidence of modification of the aluminosi-
licate structure that makes up the pigment cell. This mo-
dification has been confirmed by the presence of alumi-
nium contributed to the solution after the degradation of
the pigments and the higher concentration in the samples
exposed to the SSP medium at 1 and 3 days.

3.1.4. Solids analysis

Different samples of solids were taken at the same
times as the aliquots for the solutions analyses (at 1,
3, 18 and 60 days). The results obtained by XRD and
XRF were compared to analyses carried out on the
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solid samples before beginning the dissolution analy-
ses. Similarly, infrared spectroscopy analyses were
performed on both non-degraded pigments and the
final solids of each of the degradation experiences
(after 60 days of exposure). The results obtained are
presented and discussed below.

Diffractograms obtained for both pigments preser-
ved in the neutral solution (NS), at the different ages
studied, did not show significant differences, being
consistent with the results of the analysis of the so-
lutions, where no significant changes were evident.

Diffractograms of the samples of both pigments
exposed to the lime saturated solution (SSC) showed
some differences compared to the untreated sample.
The main difference found was the appearance of new
peaks at different angular spacings, in the 29 to 30 ° 260
and 43 to 50 ° 20 intervals in the UBO pigment, and in
the first interval only in the UB1 pigment. These co-
rresponded to the presence of calcite and could be in-
duced during sample preparation of UBO for the XRD;
in pigment UB1 they were less noticeable than in UBO.

Diffractograms of the two pigments that were ex-
posed to the SSP medium, showed greater differences.
The main variations were in relation to the intensity
losses in the peaks (displacement to 26 lower values
and an increase in the width of the peaks) as the expo-

a)

sure time of the pigments in solution progresses. The
effect of the degradation process is shown in Figure 4,
with the variation of the intensity and spacing of the
peak located at 24 ° 20.

The decrease in the intensity of the peak shows that
the crystalline structure is changing, while the modi-
fication of spacing d indicates that an increase in the
size of the unit cell (and its distortion) is taking place.

As the degradation process progresses, the structu-
re degrades, as shown in Figure 4b. This modification
leads to destabilisation and oxidation of the S.- chro-
mophore and, therefore, to loss of pigment colour.

The analysis of both parts of the figure shows that the
degradation phenomenon occurs more significantly in
UBO than in UB1, although both samples show evidence
of modifications in their crystal structure. The modifi-
cation that takes place is a distortion of the lazurite-like
structure of the pigment and a loss of crystallinity, this
may be associated with the formation of a new phase.

Figure 5 shows the diffractograms of UBO and UB1
after times 0 and 60 days in the SSP medium, showing
the coincidences with the hauynite phase (showed as
dashed lines on the diffractograms). Previous results
presented by Giraldo (23) also evidenced the forma-
tion of this phase. The new phase that is formed could
be related to hauynite, since the displacement of the

b)

FiGure 4. Modification of the main peak (24 ° 20): a) intensity; b) spacing d.

b)

FIGURE 5. Hauynite phase formation in samples degraded in the SSP medium: a) UBO; b) UB1.
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peaks coincides with that of this phase and has the
chemical formula: K, Ca, Na,, (AlSi0,)(SO,),,
It is also an alumino-silicate, but has incorporated
calcium and potassium into its structure.

The degradation of the pigment structure is obser-
ved in the X-ray diffractograms. Peak modifications
have been noted, as well as distortion of the unit cell.
According to (3), the diffractograms of the samples
depend fundamentally on the structure of the alumi-
nosilicate. Ultimately, it is this modification of the
aluminosilicate structure that favours the loss of co-
lour of the pigment.

The chemical composition of the solids obtained
after 60 days of treatment was determined by means
of X-ray fluorescence and compared with the untrea-
ted samples of the pigments. Likewise, the loss on ig-
nition (LOI) of the different samples was determined.
The results obtained are shown in Table 4, for the di-
fferent environments studied.

It is worth noting that the pigments were mainly
composed of silicon, sodium and sulphur, as shown
in Table 1, and that they hardly showed any trace of
calcium or potassium in their composition.

Firstly, the variation of aluminium and silicon con-
tent was analysed, since it may show modifications in
the structure of the zeolite that contains the chromo-
phore. In both cases, the observed variations do not
clearly show the effect of the degradation process.

It must be taken into account that X-ray fluorescen-
ce provides contents in percentages, so the variation
of one of the components can affect the others. In this
sense, the analysis of the Si/Al ratio in the pigment
can provide more information on the degradation
phenomenon, as can be seen in Table 4. This rela-
tionship hardly varies in the UBO samples while there
is a slight variation in the UB1 samples exposed to
SSC and SSP environments, showing a slight loss of
aluminium in the structure.

The analysis of the other major pigment com-
ponent, sodium, shows that, in both pigments, the
samples exposed to the SSP environment show sig-
nificant reductions in its content. In the analysis of
the major components of the pigments, it is worth

noting the variation in the sulphur content. In this
sense, a noticeable decrease in the sulphur content is
observed for all samples and studied environments,
although in SSP this decrease was the smallest. In
ultramarine pigments, sulphur can be found in the
form of a chromophore (S,-) or in the form of a sul-
phate ion (7), the former providing the blue colour
to the pigment. The sizes of the two ions differ mar-
kedly, and probably this difference in size allows ion
exchange of the sulphate anions to take place in all
of the media studied.

Another factor to consider is the loss on ignition
(LolI), which makes evident the presence of hydrated
or carbonated compounds in the pigments. The results
obtained show increases in these in all environments,
being more remarkable in the samples exposed to the
SSP environment. This fact could be the result of the
reaction or incorporation of calcium, in the form of
portlandite, to the pigment and its subsequent carbo-
nation with ambient CO,. The modification of the alu-
minosilicate structure that makes up the pigment cell,
has been confirmed by the decrease in the contents of
the major components studied in the pigments.

After this, the content variation of the minority
elements (calcium, potassium and phosphorus) was
analysed. Regarding calcium, there is a remarkable
increase in content in samples exposed to the medium
saturated with lime (SSC). This fact may be related to
the incorporation of this ion into the pigment struc-
ture. It is noteworthy that this increase is not seen in
the samples exposed to the medium that simulated the
aqueous phase of the pores (SSP).

Potassium also shows a remarkable increase in
content, in the samples exposed to the medium that
simulated the aqueous phase of the pores (SSP); the
samples exposed to the other environments do not
show significant variations in the content of this ele-
ment compared to the untreated sample UBO. As pre-
viously showed by Booth et al. (8), the ion-exchan-
ge phenomenon between the SSP solution and the
pigment may lead not only to an increase in the size
of the unit cell (larger structure), but interactions be-
tween the cations and the S* chromophore may also

TaBLE 4. Chemical composition (%) of the samples obtained after the studies in solution.

CaO  ALO, SO, SO, PO, NaO KO Lol  SiAl

UBO 0.8 241 391 136 0.1 204 09 49 1.63
NS/UBO 0.8 271 439 48 0.1 209 12 102 162
SSC/UBO 3 26 42 5 0.1 20 1118 159
SSP/UBO 1 24 40 7 0.1 16 10 352 164
UBI 0.5 159 557 95 L5 135 04 35 3.51
NS/UBI 0.5 175 579 45 16 139 07 120 330
SSC/UBI 2.0 156 592 49 16 129 05 83 3.80
SSP/UBI 0.8 142 539 78 09 107 91 132 3.80
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b)

FIGURE 6. IR spectra before and after 60 days of exposure to the different environments of the samples: a) UBO; b) UB1.

take place, which at the end can lead to the colour
change that is experimentally observed.

The presence of phosphorus in the UB1 pigment sam-
ples is interesting. The diffractograms of the untreated
samples, shown in Figure 1, evidenced the presence of
some type of inorganic phosphate in these samples. Ta-
ble 4 shows a decrease in the phosphorus content in the
UBI pigment samples exposed to the environment that
simulated the aqueous phase of the pores (SSP), compa-
red to the original samples; the possible degradation of
the coating pigment protector is evident.

Figures 6a and 6b show the different IR spectra ob-
tained for samples UB0O and UB1 before and after ex-
posure to the different environments evaluated. To fa-
cilitate interpretation, only the information contained
between wavelengths 500 to 1200 cm™ is presented.

Figure 6a clearly shows that the spectra obtained
from the UBO pigment are characteristic of alumino-
silicates. The characteristic peaks of the S,- chromo-
phore are located at 542 and 582 cm-! (30, 31); in
this pigment only the peak at 582 cm™ is observed.
Similar results have been obtained (32), showing an
intense band in that location. In this area, a certain
modification in the IR spectrum can be seen in the
Figure. Samples exposed to neutral and lime saturated
solutions do not undergo significant modifications.
However, the sample exposed to the solution that si-
mulated the aqueous phase of the pores shows a shift
of the chromophore peak to 578 cm'!.

The peaks that appear in the 650-700 cm™!' band
and the intense peak that appears around 1000 cm'!
are characteristic of the Si-O-Al bonds of the alumi-
nosilicates (33). In NS and SSC media, there are few
modifications in these bands but slight variations
in intensity in the 1000 cm™ band, which increases
in intensity in the SSC medium and moves to va-
lues close to 990 cm™. This may show the incorpo-
ration of Ca®" ions in the aluminosilicate structure.
The most significant changes are seen in the sample
exposed to the SSP environment. In addition to an
outstanding increase in the intensity of the band at
1000 cm' and a shift to values close to 970 cm™,
an outstanding distortion of the band 650-700 cm!
is observed in Figure 6a. These differences reveal

alterations in the Si-O-Al bonds, due to the pigment
degradation process.

When analysing the spectra obtained for the UB1
sample (see Figure 6b), no significant differences
were observed between the different media. There are
hardly any differences between the samples exposed
to the NS and SSC media, regarding the starting sam-
ple. The sample submitted to the SSP medium pre-
sents a series of differences that are similar to those
found in the UBO sample, although less intense. The
different changes observed are related to the distor-
tion of the structure of the chromophore and of the
Si-O-Al bonds of the aluminosilicates.

The shoulder seen around 1100 cm™ (marked with
an arrow in Figure 6b is related to Si-O-Al bonds,
probably due to the amorphous or polymeric silica
used in the coating of the UB1 sample. These results
agree with previously published results (17).

3.1.5. Colorimetric analysis

The results of the colorimetric analysis of the sam-
ples of pigments UB0O and UB1 as well as those of the
final solids of all the degradations studied in solution,
are presented in Table 5 where the values obtained by
the CIE L* a* b colour system are collected, and then
represented in Figure 7. In Table 5, it can be clearly
seen that the major colour differences AE*,, occur in
pigment UBO exposed to the medium that simulates the

aqueous phase of the pores (SSP), where AE*, >> 12.

3.2. Studies on pastes
3.2.1 Evolution in early and long-term stages

First of all, the evolution of the samples in early
stages was analysed during the first 48 hours after mi-
xing the material. The following study intervals were
selected: 0.10 hours (first measurement performed),
and then 1, 12, 24 and 48 hours. Figure 8 shows the
evolution of the hydration of the cement pastes with
the two pigments studied at the indicated ages. The
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TaBLE 5. Colorimetric analysis of each of the samples analysed.

Pigment Legend Solution L* a*

b AE* Visual assessment

76 Of AE*

[ | Initial 51.16 15.75 -39.02

UBO o NS 50.27 14.64 -35.45 3.84 Very obvious
A SSC 50.80 15.34 -37.34 1.77 Obvious
A SSP 47.45 12.17 -26.89 13.18 Very large
VAN Initial 53.24 15.16 4023

UBI Il NS 51.15 14.17 -35.32 5.43 Very obvious
O ssC 51.62 13.77 -35.54 5.15 Very obvious
@) SSP 49.60 14.49 -33.17 7.90 Large

Ficure 7. Visualization of colorimetric results using the CIE L * a * b colour system.

main modifications in the diffractograms appear in
the range 5 ° to 30 © 26, in which the main detected
phases have been indicated in the cited figure: Et —
Ettringite, M — Monocarboaluminate, G-Gypsum, P
— Portlandite, C — Calcite, L — Lazurite, A — Alumina

and Q — Quartz. From this angle, the variations co-
rrespond mainly to the unreacted cement.

As the hydration process progresses, as is clearly
seen in Figure 8a, portlandite, ettringite and monocar-
boaluminate appear as the main products of cement

b)

FiGure 8. Evolution of pastes with pigments at early stages: a) UB0; b) UB1.
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b)

F1GURE 9. Long-term evolution of pastes with pigments: a) UB0O; b) UB1.

hydration. Likewise, and as one would expect, the
disappearance of the gypsum is observed between 1
and 12 hours after manufacturing. The other phases
present are calcite, alumina (used as an internal stan-
dard) and quartz. Figure 8b shows the evolution of the
hydration of the cement paste with the UB1 pigment
in the initial stages. The phases identified are the same
as those found in the paste with UBO pigment. For at
least up to 48 hours, higher ettringite contents are not
appreciated, as stated in the bibliography (22, 23).

3.2.2. Long-term evolution

Once the continuous monitoring was completed,
the pastes were kept in containers with water, as in-
dicated in Section 2.3.2. In relation to the long-term
evolution Figure 9 shows diffractograms of the sam-
ples made with pigments UBO and UBI, indicating
the main phases detected.

In the samples made with the UBO pigment (as
shown in Figure 9a), the abundant presence of ettrin-
gite stands out. The low intensity of the portlandite
peak is also noteworthy, especially in the younger
samples (3 days) that have been less exposed to en-
vironmental carbonation. Finally, it is worth highli-
ghting that the evolution of the pigment degradation
process between 10 and 14 days, is not possible to
practically detect the peak with the highest intensi-
ty. The diffractograms of the samples made with the
UBI pigment present a similar scenario, as shown in
Figure 9b. High ettringite contents and low portlandi-
te contents can be repeatedly seen in all of the analy-
sed stages. It is noteworthy that the intensities of the
ettringite peaks are higher in the samples with UBI
pigment than in the samples with UBO pigment. The
peak corresponding to the pigment is appreciable for a
longer time, although at 24 days its intensity is practi-
cally negligible, revealing that degradation has taken
place. As a reference element, the diffractograms of
the long-term pigment-free cement pastes are shown
in Figure 10. Of the mentioned figure, two aspects
should be highlighted: the absence of peaks corres-
ponding to ettringite and the portlandite content.

Regarding ettringite, and in light of previous com-
ments on the cement hydration process, it disappears 3
days after the sample is manufactured, as can be seen
in Figure 10. Instead, we found the presence of various
phases of monosulfoaluminate and monocarboalumi-
nate. As sample curing progresses, the intensity of the
peaks in these phases increases. Therefore, the diffrac-
tograms obtained at 21 days for the reference sample
contrast with those obtained for pastes with different
pigment samples. In all the pigmented samples we
found high ettringite contents and the intensity of the
peak of the monosulfoaluminate / monocarboalumina-
te phases is lower than in the reference samples.

Ficure 10. Long-term evolution of reference pastes (without
pigment).

The intensity of the portlandite peak at 3 days stands
out compared to that observed in the pastes with the
different pigment samples. The intensity observed in
Figure 10, as well as its evolution over time, responds
to the normal process of cement hydration and carbo-
nation of the sample as it is preserved in laboratory
conditions and exposure to environmental CO,.

3.2.2 Semi-quantitative analysis

Complementary to the results shown in the pre-
vious section, and to facilitate the interpretation of
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the results, a semi-quantitative analysis of the evolu-
tion of the content of each phase was performed. For
this, the internal standard added in each sample was
used, in a known quantity. As this is an inert phase, its
intensity must be constant and vary according to the
experimental conditions of the diffractograms.

In this way, it is possible to obtain relative intensi-
ties. Table 6 shows the main data from the different
phases analysed. The calculation of the relative inten-
sities of the different phases has been performed ac-
cording to Equation [2], in which 7 is the intensity of
the main peak of the phase concerned (in calculation)
and is the intensity of the main peak of the internal
alumina standard (in calculation).

I.
Rel. Int.= —+ [2]
Alp03

TaBLE 6. Relation of the analysed phases and applied parame-
ters.

Phase Formula Code PDF  Main peak

(°26)
010-0173  43.36

Alumina AlLO,

Calcite CaCo, 083-0577  29.41

Portlandite ~ Ca(OH), 072-0156  18.11°

Ettringite Ca,AlL(SO,),(OH) ,- 041-1451  9.09
26H,0

Ultramarine A ((Al, Si),0,)X,  041-1393  38.76

blue

* Portlandite, along with other hydrated phases, usually has a pre-
ferred orientation of certain reflection planes. This causes that the
most intense peak is not the one outlined in the crystallographic
record, but the one indicated in Table 6.

Figure 11 shows the variation of the relative inten-
sities of the phases of interest (portlandite, ettringite,
calcite and pigment) for pastes containing the two stu-
died pigments.

The results corresponding to the pastes with pig-
ment UBO (Figure 11a), show that, firstly, the ettrin-
gite content increases continuously during the study
time, stabilising between 7 and 10 days. On the con-
trary, the content of portlandite increases during the
initial period, up to its maximum at 48 hours, then it
decreases drastically until it is practically undetecta-
ble on the diffractogram.

Figure 11a shows that the content of the UBO pig-
ment decreases continuously from the beginning,
reaching the minimum between 2 and 3 days. Sub-
sequently it remains at a level close to the detection
limit.

These results contrast with those that can be
seen for the samples with the pigment UB1, whose
variation of relative intensities over time is pre-
sented in Figure 11b. The most remarkable diffe-

b)

F1GURE 11. Variation of relative intensities over time of crystal-
line phases in pigmented samples: a) UBO; b) UBI.

rences are found in the ettringite and portlandite
contents.

Regarding the first, the contents in early ages are
similar to those observed in the sample with pigment
UBO. However, although there is an increase in the
ettringite content over time, it is not as remarkable as
the one observed in the sample with pigment UBO. An
increase in the ettringite content is only observed in the
sample after 14 days, reaching values much higher than
those observed in the sample with UBO pigment. This
phenomenon reveals the formation of ettringite from
monosulfoaluminate phases and at an age in which the
rigidity of the material is high. It should be borne in
mind that the formation of ettringite from these phases
is an expansive process, due to the difference in volu-
me between the two phases. This could become a du-
rability problem for materials containing this pigment.

Regarding portlandite, its contents are observed in
the early ages and are much higher than those found
in the sample with UBO pigment, which shows the di-
fferent reactivity of both pigments. Finally, regarding
the pigment content, Figure 11b shows only a slight
variation of the same. It should be noted that the star-
ting intensity of the pigment peak was already lower,
which influences the subsequent detection process. At
the end of the measurement process, it was practically
impossible to detect the pigment peak.

Materiales de Construccion 74 (353), January-March 2024, e332. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2024.357623


https://doi.org/10.3989/mc.2024.357623

Ultramarine blue pigment degradation in cementitious materials: a new approach to the phenomenon ¢ 13

4. CONCLUSIONS

4.1. General conclusion

The incremental study presented allows us to con-
clude that the process of degradation of the ultramarine
blue pigment in cementitious media mainly attends to
a process of reaction and ion exchange. During hydra-
tion, high ion contents are released, with calcium and
potassium being the most aggressive for UB pigments.

Calcium is incorporated into the aluminosilicate
structure, distorting the unit cell. A cation exchange
phenomenon occurs between the sodium in the pig-
ment and the potassium in the medium. Both pro-
cesses lead to the diffusion of sulphate and sulphide
ions from the pigment to the cementitious medium,
and thus the chromophore S* is degraded leading to
a colour loss. In the end, it is this phenomenon of di-
ffusion of sulphate ions that causes the formation o
ettringite in the studied material. This formation of
ettringite could have other consequences, depending
on the moment of formation in the material, since it
is, in some cases, an expansive phenomenon.

4.2. Conclusions of the dissolution studies

The dissolution studies presented in Section 3.1
allowed us determine the aggressiveness of different
conditions and identify the degradation processes that
were taking place.

The different results obtained allow us to conclude
that the most aggressive samples of the ultramarine
blue pigment are obtained with the medium that simu-
lated the aqueous phase in the pores (SSP). This ag-
gressiveness leads to the degradation of the pigments
to a greater extent. Likewise, it has been concluded
that the pigment with a protective coating (UB1) re-
sists the aggressive environment better than the one
without it (UBO), although it also suffers degradation.

4.3. Conclusions of the studies on cement pastes

The studies of cement pastes were aimed at mo-
nitoring the hydration process of the pastes with the
incorporation of the ultramarine blue pigment. This
allowed us to carry out an in-depth analysis of the
degradation process that takes place, see Section 3.2.

Degradation takes place in three different phases. In
phase one, calcium is incorporated into the pigment’s
aluminosilicate structure, distorting it. In phase two,
a cation exchange takes place between the pigment’s
sodium and the potassium present in the cementitious
medium. In phase three, and as a consequence of the
previous two, sulphate and sulphide ions are diffused
into the medium, leading to the stabilisation of the
primary ettringite and the formation of secondary et-

tringite. Occasionally, this phenomenon could give
rise to some expansive phenomenon, being a type of
internal sulphate attack.
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