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bstract

igh-surface mesoporous silicas with different pore sizes were employed for the first time as silicon precursors in the synthesis of reddish
e2O3–SiO2 inclusion pigments. Interestingly, the size of included Fe2O3 nanoparticles was partially controlled through confinement effects into
ilica mesopores. Notably, impregnated samples showed a more homogeneous and efficient encapsulation of smaller and monodisperse hematite
anoparticles (sizes around 10–35 nm). Moreover, they resulted in an improved reddish color at 1000 ◦C within a ceramic glaze. The best red shade

a* ≈ 18) was associated to nanocomposite with smaller hematite nanoparticles (around 5 nm). These promising results suggest the possibility to
mprove the reddish coloration and thermostability of Fe2O3–SiO2 ceramic pigments through and adequate control of confinement effects into
intered mesoporous silicas.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

The chemical nature of inclusion (heteromorphic) pigments
s based on the encapsulation of chromophore particles (nor-

ally colored transition metal oxides, such as Fe2O3 or V2O5)
n the crystals of a suitable host lattice (i.e. SiO2, ZrO2 or
rSiO4).1–5 To obtain more intense, stable and reproducible
olors, it is required that the host matrix be thermostable and
rotect the chromophore particles against the chemical attack
f the ceramic glaze to which the pigment is added.6,7 Previous
tudies about inclusion ceramic pigments prepared through non-
onventional chemical methods (i.e. coprecipitation, sol–gel and
icroemulsion) reveal that the coloring performance strongly

epends on the microstructure of nanocomposite pigments.8–13
n homogeneous and efficient encapsulation of chromophore
xide particles must be accomplished to obtain optimal pigment-
ng properties. For this purpose, it is required an accurate control
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f the relative sizes of chromophore and host crystals during the
rystallization, sintering and inclusion processes taking place
imultaneously.1,9,10,12

The conventional ceramic synthesis of reddish hematite–
ilica (�Fe2O3–SiO2) inclusion pigment involves the solid-state
ixture and calcination (around 800–1100 ◦C) of appropriate
e and Si precursors. According to previous studies,9,14 the best
eddish colorations seem to be associated to hematite crystals
fficiently protected by an amorphous silica matrix. At around
000 ◦C or even higher temperatures, amorphous silica crys-
allizes into metastable cristobalite (or also trydimite), and the
esulting red shades are normally poorer. In a more recent study,
owever, both the thermostability and reddish color improved
fter cristobalite crystallization at a temperature range of 1100–
200 ◦C.15 Anyway, the use of hematite–silica ceramic pigment
s normally limited to low temperature ceramic glazes. In
lazes with high firing temperatures (above 1000–1050 ◦C) the
olor usually becomes darker (dark brown or even grey) due
o the dissolution of non-protected hematite into the glassy

hase,12,15,16 and also as a result of the partial reduction of
ematite to give magnetite (Fe3O4).17,18 Therefore, the thermal
tability and reproducibility of this pigment are still important
roblems to overcome. An efficient inclusion of hematite

mailto:mllusar@qio.uji.es
dx.doi.org/10.1016/j.jeurceramsoc.2009.07.018
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articles seems to be crucial to minimize its dissolution in the
laze and also to prevent the partial reduction to magnetite.

The effect of different synthesis parameters on the coloring
erformance of hematite–silica red pigment has been reported
n different studies. For instance, the morphology and dimen-
ions of hematite particles can affect the red shade of pigments
repared through the coprecipitation method, depending the
orphology on the precipitant agent used.16 Also recently, Costa

t al. have developed a novel approach to improve the efficiency
f hematite inclusion into amorphous silica and the resulting red
hade of the pigments through an innovative heterocoagulation-
pray drying method.19 Composites of iron oxides species
mbedded in a silica xerogel matrix have been also prepared
y sol–gel methods using TEOS and different Fe salts as Si and
e precursors, respectively. However, only the crystallochemical
spects20,21 and magnetic properties were analyzed.22

The effect of surface area of silica precursor has been also
nalyzed.14,15,19 In this respect, Bondioli et al. found that the
ed shade of the pigment obtained by the ceramic method can
e slightly improved by using fine-sized colloidal (fumed) sil-
ca with higher surface area (up to 400 m2/g).14 Hosseini-Zori
t al.15 also reported a slight increase of the red color with
ncreasing surface area of fumed silica. In spray-dried pigments,
owever, there were no evidences of different behavior with
ifferent surface areas.19 Nevertheless, in all these studies the
orous structure of precursor silicas was not analyzed, and nor
ts effect on the encapsulation process and final red shade of the
igments.

Chemists have now a set of efficient tools available at hand to
he tailored design of a wide range of mesoporous silicas (pore
izes ranging from 2 to 50 nm).23–28 Moreover, iron species can
e homogeneously accommodated inside silica mesopores by
ifferent synthesis procedures. Indeed, after the first report of
be et al. in 1995,29 �-Fe2O3 nanoparticles and many other
etal oxides (i.e. Ti, V, Mn, Zr, and Cu oxides) have been

uccessfully incorporated within the inner surfaces of meso-
orous silicas (MCM-41, MCM-48 or SBA-15 families). The
oading of iron species can be accomplished through the use of
n situ or “one pot” strategies.30–39 As an alternative method,
e species can be also incorporated within previously formed
esoporous silicas by means of “post-functionalization” routes

solid-state loading, wet impregnation, electrochemical deposi-
ion, or other post-grafting procedures).29,33,40–51 Upon firing at
igh temperatures, the crystallization of hematite particles inside

he voids and the adequate sintering of silica host matrix yield
o an efficient hematite encapsulation.

Nevertheless, to the best of our knowledge the coloring prop-
rties and potential application of these nanocomposite systems

s
(

able 1
recursors and molar ratios used for the preparation of mesoporous silicas.

esoporous silica Si precursor Template

T TEOS C16TAB
T TEOS P123
S Na2Si3O7 P123
T TEOS Brij76

a 4 g of Brij 76 were used for 8.8 g of TEOS (according to Ref. [52]).
eramic Society 29 (2009) 3319–3332

s inclusion red pigments have not yet been investigated. Herein,
e report for the first time the potential application as red

eramic pigments of hematite included in previously designed
esoporous silicas (having high surface areas and controlled

ore size and pore organization). Thus, the effect of mesoporos-
ty of silica precursor on the synthesis and coloring performance
f hematite–silica ceramic pigment is analyzed. Iron incorpora-
ion within these mesoporous silicas has been carried out by
olid-state loading (route A) and also by conventional “incip-
ent wetness” technique (route B), using FeSO4·7H2O as iron
recursor. The results are discussed in terms of the different
icrostructure and compared with reference ceramic samples

repared with other (non-porous) conventional silica sources
quartz and fine-sized colloidal silica).

. Experimental procedure

.1. Preparation of precursor mesoporous silicas

Different high-surface mesoporous silicas (see Table 1)
ere prepared using Si(OCH2CH3)4 (TEOS, Fluka, 99%) and
a2Si3O7 (sodium silicate solution, Riedel-de-Haën, 27% SiO2,
0% NaOH) as Si sources. In order to control the mesopore
ize and mesoscopic organization, some commercially available
emplating agents were used in the synthesis: silica 1T was pre-
ared with an ionic surfactant (hexadecyl-trimethylammonium
romide, C16TAB, from Fluka); silica 3T was prepared with a
on-ionic alkyl poly(ethylene oxide) (PEO) oligomeric surfac-
ant (C18EO10, Brij 76, from Aldrich); finally, a poly(alkylene
xide) tri-block copolymer (EO20PO70EO20, Pluronic® P123,
av = 5800; from BASF) was used to obtain larger pore sizes

n the synthesis of 2T and 2S silicas. The overall molar
atios (Si:template:EtOH:catalyst:H2O) employed in the differ-
nt preparations are summarized in Table 1. Removal of the
urfactant templates after the synthesis and drying of meso-
orous silicas was carried out in all cases by Soxhlet washing
with EtOH for 12 h). Washing was preferred because the pro-
ortion of non-condensed silanol groups ( Si–OH) is expected
o be considerably higher without calcination, and these moieties
an then be very useful as anchoring points for the post-grafting
f Fe species.

.2. Preparation of Fe-loaded samples by
ost-functionalization of mesoporous silicas
Loading of Fe within the previously washed mesoporous
ilicas (see Scheme 1) was carried out by direct calcination
solid-state route) and also through wet impregnation (incipient

Catalyst Molar ratio Si:template:EtOH:catalyst:H2O

HCl 1:0.18:20:0.004:5
HCl 1:0.017:–:6.1:169
CH3COOH 1 (0.56Na):0.017:–:0.8:230
HCl 1:a:–:3.8:128
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cheme 1. Routes for the synthesis of Fe2O3–SiO2 nanocomposite inclusion p

etness technique). FeSO4·7H2O was used as iron precursor in
oth routes.

In the classical solid-state route (A samples), the formulated
omposition was SiO2–0.2Fe2O3 (ca. 35 wt% Fe2O3), a typi-
al formulation for hematite–silica pigments employed in the
eramic industry. The raw compositions were prepared by ball-
illing (20 min in acetone media) stoichiometric amounts of
eSO4·7H2O together with the corresponding washed meso-
orous silicas. To adjust the Fe:Si molar ratio to the desired
omposition (0.4:1), the SiO2 content of pristine mesoporous
ilicas was previously estimated by differential thermal analysis
SiO2 wt% of 1T, 2T, 2S and 3T samples around 83, 73, 86
nd 81%, respectively; the DTA/TG curves are not included for
revity reasons). The obtained mixtures were air-dried at room
emperature (for complete acetone evaporation) and then fired in
n electric furnace (in air) up to two different temperatures (800
nd 1000 ◦C). The firing schedule consisted of heating in 4 h up
o 800 or 1000 ◦C, soaking times of 2.5 h at this temperature,
nd a free cooling down to room temperature.

In the wet impregnation route (B samples), the host
esoporous silicas were Fe-loaded by the incipient wetness

echnique33,40,41,44,45,48–50 with a 0.7 M aqueous solution of
ron(II) sulphate at a pH of ca. 2. In a typical impregnation
xperiment, mesoporous silicas were suspended and vigorously
tirred (at room temperature for 1 h) in the aqueous iron solu-
ion (25 mL of solution for 1 g of silica), repeating this process
wo times. After the third impregnation cycle, the powders were
uspended in deionized water also at room temperature for 1 h
nd then dried at 80 ◦C. This suspension treatment has been
onfirmed to favor the migration of Fe ions loaded on the outer

urface into the pores.29,41 The as-loaded Fe–SiO2 composites
ere then fired (this time only up to 1000 ◦C) following the same
ring schedule as with A samples (4 and 2.5 h of heating and
oaking times, respectively).

p
t
o
s

ts through post-functionalization (Fe-loading) of mesoporous SiO2 matrixes.

For comparison reasons, two conventional ceramic refer-
nces (R1 and R2) with the same commercial composition
SiO2–0.2Fe2O3) were also prepared by ball-milling the
orresponding amounts of hydrated iron sulphate and two con-
entional silicon sources. The employed SiO2 precursors were a
ommercial quartz from ATC (95% SiO2, 4 m2/g of surface area)
n R1 sample, and a fine-sized colloidal silica from Salquisa
76% SiO2, 107 m2/g of surface area) in R2 sample.

.3. Characterization techniques

Simultaneous differential thermal and thermo-gravimetric
nalysis (DTA–TGA) of washed mesoporous silicas was carried
ut with a Mettler Toledo thermal analyzer (using Pt crucibles
ith a constant 5 ◦C/min heating from 25 up to 1100 ◦C). The
orosity of mesoporous silicas (after Soxhlet washing) was char-
cterized by the conventional nitrogen adsorption–desorption
ethod at −196.15 ◦C using an ASAP 2010 (Micrometrics Co.)

nalyzer. The samples were outgassed in vacuo at 150 ◦C for
2 h, prior to each measurement. Specific surface areas were
btained by using the BET equation between 0.05 and 0.30 rel-
tive pressures,53–55 and pore size distributions were determined
y the BJH method for mesopores.56

Conventional powder X-ray diffraction (XRD) of calcined
amples was performed with a Siemens D-500 Diffractometer
ith Ni-filtered CuK� radiation (from 10◦ to 60◦ 2θ, with steps
f 0.02◦ 2θ and a counting time of 2 s at each step). The mor-
hology and microstructure of nanocomposites were examined
y scanning electron microscopy (SEM) with a Leo-440i Leyca
lectron microscope (as grain mounts following conventional

reparation and imaging techniques). Semiquantitative elemen-
al analysis (Si:Fe molar ratio and mapping distribution) was
btained with an EDX analyzer attached to the microscope and
upplied by Oxford University. Further microstructure details
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Table 2
Structural parameters of mesoporous silicas after Soxhlet washing (BET surface area, pore volume, pore size (BJH), and characteristic d spacing).

Mesoporous silica BET surface area, SBET (m2/g) Pore volume, Vt (cm3/g) Pore size (BJH)a, DBJH (nm) d spacingb, d (nm)

1T 1114 0.91 2.7 5.0
2T 647 0.92 7.1 11.8
2S 629 0.95 7.0 11.9
3T 640 0.54 3.3 5.7

a Average pore size (D50) calculated from BJH size distribution curves (desorption branch).
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observations reveal that sample 1T contains a rather disordered
(amorphous), wormlike mesoporosity (Fig. 2a) with very small
pore sizes (approximately below 5 nm). In contrast, mesoporous
silicas 2T and 2S consist of well-organized and larger mesopores
b d (1 0 0) spacing (for 2T and 2S) or characteristic reflection (for 1T and 3T
ncluded for brevity reasons).

ere obtained by transmission electron microscopy (TEM) in a
EOL JEM-1010 (100 kV) microscope. For TEM observations,
he micronized powders were suspended in EtOH, and deposited
fter sonication onto conventional holey carbon grids.

In order to test their coloring performance as reddish ceramic
igments the obtained nanocomposites were 5 wt% enameled
ith a commercial double-firing transparent glaze (approximate
eger formula: K2O 0.106, CaO 0.565, ZnO 0.329, Al2O3 0.323,
iO2 1.972) onto conventional (fired) ceramic biscuits, and fired
ollowing a fast-firing scheme (60 min of duration from cool
o cool at a maximum temperature of 1085 ◦C). The optical
nd/or coloring properties of enameled samples were analyzed
y UV–vis–NIR spectroscopy (diffuse reflectance) performed
ith a PerkinElmer (lambda 2000) spectrophotometer at a range
etween 300 and 1000 nm. Color parameters (L*a*b*) were also
easured using a standard lighting C, following the CIE-L*a*b*

olorimetric method recommended by the CIE (Commission
nternationale de l’Eclairage).57 On this method, L* is the light-
ess axis (black (0) → white (100)), b* is the blue (−) → yellow
+) axis, and a* is the green (−) → red (+) axis.

. Results and discussion

.1. Characterization of templated mesoporous silicas

The results obtained in the BET/BJH characterization of
oxhlet-washed mesoporous silicas are summarized in Table 2.
itrogen adsorption–desorption isotherms (BET method) and
ore size distribution curves (BJH method) are also shown in
ig. 1. As may be appreciated, mesoporous silica 1T (prepared
ith surfactant C16TAB) presents the highest surface area of all

ilicas (around 1114 m2/g), associated to very small pore sizes.
he BJH distribution curve shows a relatively broad distribu-

ion of small pore sizes (average pore size around 2.7 nm; the
verage pore sizes –DBJH – were estimated in all cases from
he BJH desorption branches). In comparison, mesoporous sil-
ca 3T (prepared with non-ionic surfactant Brij 76), presents
smaller surface area (640 m2/g) and pore volume. Attending

o the BJH curve, the mesoporous framework of 3T sample is
onstituted by slightly larger (average DBJH around 3.3 nm) and
cceptably monodisperse mesopores. On the other hand, meso-

orous silicas 2T and 2S (prepared with tri-block copolymer
luronic® P123) contain considerably larger mesopores (type

V isotherm),55 as it was expected. The BJH curves of these
wo samples are clearly indicative of a monodisperse pore size

F
b
a

ained from small-angle X-ray diffraction (SAXRD) measurements (figure not

istribution (average DBJH around 7.1 and 7.0 nm for 2T and
S, respectively). Despite of the high physisorption, the BET
urface areas of 2T and 2S mesoporous silicas (around 647
nd 629 m2/g) are very similar to sample 3T and considerably
maller than in 1T.

Finally, TEM characterization allowed us to corroborate and
omplement the previous BET/BJH results (see representative
EM details of washed mesoporous silicas in Fig. 2). TEM
ig. 1. Nitrogen adsorption–desorption isotherms, above, and pore size distri-
ution curves (BJH), below, of Soxhlet-washed mesoporous silicas (1T, 2T, 2S
nd 3T).
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ig. 2. Representative TEM images of Soxhlet-washed mesoporous silicas ((a
e2O3–SiO2 inclusion pigments (in the case of sample 2S, see also the TEM de

Fig. 2b and c); perfectly aligned (parallel) channels with sizes
round 6–8 nm may be observed in both samples. Finally, meso-
orous silica 3T (Fig. 2d) also presents regularly spaced and
rganized mesoporous channels, but in this sample the meso-
ore sizes (below 5 nm) and wall thickness are considerably
maller.

In summary, the mesoporous silicas herein prepared with
ifferent templating agents exhibit in all cases considerably
igh surface areas (around 1114 m2/g for 1T and 630–650 m2/g
or the rest), and present a range of increasing average pore
izes (between 2.7 and 7.1 nm): 1T (ca. 2.7 nm) ≤ 3T (ca.
.3 nm) < 2S (ca. 7.0 nm) ≈ 2T (ca. 7.1 nm). Samples 2T, 2S
nd 3T possess also a well-ordered mesoscopic organization
hexagonal symmetry), being the mesopores of sample 1T less
rganized (wormlike porosity).

.2. XRD characterization of Fe2O3–SiO2 nanocomposites

Structural information about the presence of crystalline sam-
les in Fe-loaded silicas after the thermal treatment (calcination
t 800 or 1000 ◦C) was obtained by XRD. The XRD patterns of
epresentative nanocomposite samples fired 1000 ◦C-fired sam-

les may be seen in Fig. 3 (the spectra obtained at 800 ◦C are
ot included for brevity reasons).

The XRD spectra of reference sample R1 present at both
emperatures (800 and 1000 ◦C) the typical diffraction peaks

c
t
m
c

(b) 2T, (c) 2S and (d) 3T) employed as Si precursors for the production of
cluded in Scheme 1).

orresponding to SiO2-quartz (used as Si precursor). In contrast,
ilica remains still amorphous at 800 ◦C in reference sample R2
prepared with colloidal silica), while it is already crystallized
t 1000 ◦C as SiO2-cristobalite (diffraction peaks of medium
ntensity). Remarkably, both reference samples also present at
00 and 1000 ◦C relatively intense XRD peaks associated to
ematite (�-Fe2O3). Considering the peak width at medium
eight (Scherer formula), these peaks are associated to well-
rown hematite crystals with considerably large crystallite sizes
above 100 nm).

Comparatively, hematite–silica nanocomposites prepared
rom mesoporous silicas by direct calcination (A samples) still
ontain amorphous silica, even after the firing treatment at
000 ◦C (Fig. 3). The corresponding amorphous silica back-
round at around 20–22◦ 2θ may be better appreciated in
agnificated XRD patterns (not shown). Remarkably, all the
RD patterns present also peaks associated to well-grown
ematite crystals (see the selected 1T-A and 2S-A patterns in
ig. 3). The intensity of hematite peaks is quite similar to that
f reference samples, irrespective of the surface area and aver-
ge pore size of mesoporous silicas. From these XRD patterns
using the Scherer formula) it is evident that these samples

ontain a considerable amount of hematite crystals having par-
icle sizes (around 100 nm) larger than the pore sizes of pristine

esoporous silicas (2.7–7.1 nm). Thus, Fe-loading through the
lassical solid-state route does not enable to confine exclusively
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Fig. 3. XRD patterns of Fe-loaded samples after the calcination treatment
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t 1000 ◦C (references and representative A samples, above, and B samples
elow). Crystalline phases: C = SiO2 (cristobalite), Q = SiO2 (quartz), H = �-
e2O3 (hematite), and O = orthorhombic Fe2O3 (residual phase in 2S-B sample).

he growth of hematite particles inside the mesopores of host sil-
cas, and larger hematite particles seem to grow also on external
urfaces.

In contrast, XRD spectra of iron–silica nanocomposites (at
000 ◦C) obtained by wet impregnation (B samples; see Fig. 3,
elow) show less intense or even absent iron oxide peaks. In
he case of nanocomposite samples 1T-B and 3T-B (having
maller pore sizes, around 2.7–3.1 nm), the XRD spectra are
ompletely free of iron oxide peaks. In contrast, composites
btained with mesoporous silicas 2T-B and 2S-B (with larger
ore sizes, around 7.0–7.1 nm) present broad diffraction peaks
f low intensity attributed to nanosized hematite (�-Fe2O3) crys-
als. The peaks intensity is much smaller than in references and

samples. In addition, the presence of orthorhombic Fe2O3
O in Fig. 3) is also detected as residual phase accompanying

ematite (specially in 2S-B sample). The average hematite size
alculated from the Scherer formula was around 20 and 33 nm
or 2T-B and 2S-B samples, respectively. On the other hand,
he broad band around 20–22◦ 2θ in all B samples is associated

e
r
t
3

eramic Society 29 (2009) 3319–3332

o the presence of amorphous silica, still on the first stages of
ristobalite crystallization.

The smaller particle sizes of hematite crystals in impregnated
samples (not detected by XRD in 1T-B and 3T-B, due to its

maller size or also to its smaller amount) could be reflecting
more efficient confinement of hematite particles within the
esoporous system of amorphous silicas.40,44 However, this
ust be further confirmed by electron microscopy characteri-

ation, as it is discussed below.

.3. Morphology and composition characterization by
lectron microscopy

Representative SEM micrographs of 1000 ◦C-fired nanocom-
osites and reference samples are shown in Figs. 4 and 5
backscattering detector was used to better appreciate the pres-
nce of chemical un-homogeneities). Regarding to calcined
eference samples (R1 and R2), SEM observations confirm
n both cases an heterogeneous Fe distribution (see Fig. 4a
nd b, respectively). The clearly visible brighter regions cor-
espond to Fe-enriched aggregates (indicated with ↑ Fe-% in
EM images), while the darker regions are Si-enriched (↓ Fe-
). Indeed, representative EDX mapping analyses and spectra

f both reference samples (not shown) confirmed the higher
e:Si ratio associated to the brighter regions. The average Fe2O3
ontent (wt%) estimated by EDX semiquantitative analyses
n both samples was around 25–26 wt% (slightly lower than
he theoretical 35 wt% Fe2O3 of the formulated composition,
iO2–0.2Fe2O3).

Regarding to solid-state loaded A samples, SEM images
how in general a more regular distribution of iron throughout
he amorphous (cotton-like) silica aggregates (Fig. 4c–f). How-
ver, and similarly to reference samples, Fe-enriched (brighter)
egions of bunchy nano-grained aggregates with relatively large
izes (ca. 1–5 �m) are still observed (see, i.e. the details of 2S-

and 3T-A in Fig. 4e and f). EDX analyses performed with
000 ◦C-fired powders (not shown) confirmed some dispersion
n the Fe:Si distribution, possessing the brighter aggregates a
igher iron oxide content. The average Fe:Si molar ratio by
DX analyses was around 0.23:1 (ca. 21–26 wt% Fe2O3) for
T-A and 3T-A samples, and a little bit higher for 2T-A and
S-A (0.30:1; ca. 28 wt% Fe2O3).

In contrast, SEM images of impregnation B samples fired
t 1000 ◦C (Fig. 5) exhibit a much more homogeneous mor-
hology, without perceivable brightness/contrast differences
hroughout the grains (see, i.e. representative details of 1T-B
nd 2S-B nanocomposites in Fig. 5a and c). Elemental analy-
es (EDX) performed in different aggregates of B samples gave
lways a leveled Si:Fe ratio (representative EDX spectra are
hown in Fig. 5b and d). This indicates a regular distribution of
ron species throughout the amorphous silica matrix. Thus, the
mpregnation procedure employed in B samples seems to enable
higher microstructure control and a much more homogeneous

ncapsulation of iron species (in comparison to the solid-state
oute). Noteworthy, the average Fe:Si molar ratio was substan-
ially lower in samples 1T-B (ca. 0.05:1, or 6 wt% Fe2O3) and
T-B (ca. 0.06:1, or 7 wt% Fe2O3) than in 2T-B (ca. 0.16:1,
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RD peaks were not detected in 1T-B and 3T-B samples). The

verage pore size of pristine mesoporous silicas was smaller in
T and 3T samples (2.7–3.3 nm) than in 2T or 2S (7.0–7.1 nm).
hus, iron species seem to be incorporated in larger quantities by
et impregnation the higher the pore size. Also remarkably, the
e2O3 loadings found in 2T-B and 2S-B samples (18–21 wt%)
re considerably high, only slightly lower than in solid-state

oaded A silicas (around 21–28 wt%).

Finally, TEM investigation of 1000 ◦C-fired nanocompos-
tes (in areas with non-segregated hematite) enabled us to
ppreciate with much more insight the inclusion of iron oxide

fi
m
F
I

ute) after calcination at 1000 C: (a) R1 (reference with SiO2-quartz), (b) R2
(e) 2S-A (P123-Na2Si3O7), and (f) 3T-A (Brij76-TEOS).

anoparticles within the collapsed (sintered) mesoporous sil-
ca framework, and also their approximate particle size. TEM
mages of Fe–silica nanocomposites (see Figs. 6 and 7) show
n general a stronger contrast than those of non-doped silica

aterials (Fig. 2), which can be attributed to the presence of the
tronger scatterer/absorber iron in the silica framework. In the
ase of solid-state loaded samples (A), TEM observations show
hat iron oxide particles are regularly dispersed within the silica

atrixes (Fig. 6a–f). Very interestingly, the existence of con-

nement effects on the growth of Fe2O3 particles within silica
esopores is confirmed by the correlation between the size of
e2O3 particles and the pore size of pristine mesoporous silicas.
n effect, from a visual inspection of TEM images the average
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ig. 5. Representative SEM images and EDX spectra of Fe2O3–SiO2 B sample
T-B (C16TAB-TEOS); (c and d) 2S-B (P123-Na2Si3O7).

ize of Fe2O3 particles may be estimated around (or below) 5 nm
n 1T-A sample (Fig. 6a and b), between 5 and 10 nm for 3T-A
ample (Fig. 6f), and around 10–20 nm for 2S-A (not shown) and
T-A samples (Fig. 6c and d). Noteworthy, some reminiscences
f original mesoporous channels may still be appreciated by
EM in some regions of 2S-A and 2T-A nanocomposites (see,

.e. TEM details of 2T-A sample in Fig. 6c and e). Thus, the col-
apse and sintering of original mesopores was not fully achieved
n these larger pore-sized silicas after calcination at 1000 ◦C.

Regarding to wet impregnated samples (B), TEM observation
lso confirmed a homogeneous distribution of iron oxide species
darker spots) throughout the silica matrixes in all samples (see
elected TEM details in Fig. 7). The morphologies of Fe2O3
articles are mainly round-shaped, especially in samples 1T-B,
T-B and 3T-B (not shown), in accordance with the hexagonal
rhombohedral) symmetry of hematite particles. However, more
longated particles with higher aspect ratio are also appreciated
for instance, in the case of 2S-B). These particles would cor-
espond to the residual orthorhombic Fe2O3 also detected by
owder-XRD (Fig. 3). The size of the included Fe2O3 particles
s again around 5 nm in the case of 1T-B (Fig. 7a) and 3T-B
amples (not shown), while in samples 2T-B (Fig. 7b and c) and

S-B (Fig. 7e), comparatively, the average sizes may be esti-
ated around 5–20 and 10–35 nm, respectively (it was around

0 nm for 2T-A and 2S-A samples). These values are in good
greement with the sizes calculated with the Scherer formula

3

i

pregnation or “incipient wetness” route) after calcination at 1000 ◦C: (a and b)

rom the powder-XRD patterns (around 20 and 33 nm for 2T-B
nd 2S-B, respectively).

As a summary of the previous discussion, microstructure
nd composition characterization by SEM/EDX and TEM tech-
iques confirm a higher iron oxide loading in solid-stated (A)
amples (around 21–28 wt% Fe2O3) than in impregnated sam-
les (around 6–7 wt% Fe2O3 for 1T-B and 3T-B samples, and ca.
8–21 wt% Fe2O3 for 2T-B and 2S-B samples). The presence of
ematite-enriched aggregates is appreciated by SEM characteri-
ation in A samples, which also contain larger hematite particles
around 100 nm), presumably grown onto the external silica sur-
aces. In contrast, impregnated B samples exhibit a more regular
nd homogeneous distribution of smaller hematite nanoparti-
les. In these samples, iron species are more exclusively confined
ithin the inner surfaces of the mesoporous silica matrix. TEM

nalyses of hematite–silica aggregates (at the local scale) con-
rm the inclusion of hematite nanoparticles with smaller sizes
below 5) in smaller pore-sized mesoporous silicas (1T and 3T).
n contrast, when using larger pore-sized mesoporous silicas (2T
nd 2S), the resulting hematite nanoparticles present larger sizes
around 10–35 nm).
.4. UV–vis-NIR and color characterization

Finally, and as the main objective of this study, the color-
ng performance as red ceramic pigments of the hematite–silica
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ig. 6. Representative TEM images of Fe2O3–SiO2 A samples (“direct calcina

anocomposites was finally evaluated by UV–vis spectroscopy
nd by colorimetric measurements (with both powder and enam-
led samples). As it was previously commented, the coloring
roperties of nanocomposites consisting of hematite nanoparti-
les included in mesoporous silicas have not yet been reported.
he reddish color of hematite–silica inclusion pigments is
ssociated to the presence of hematite crystals protected by
morphous silica grains. The intensity of the reddish color
s directly proportional to the amount of efficiently protected
ematite, with the appropriate size and morphology. A typical

bsorption spectrum of reddish bulk hematite (�-Fe2O3)12 usu-
lly presents an intense charge transfer band centered at 290 nm
ue to iron–ligands interaction, followed by a band at 850 nm and
wo shoulders at 600–660 and 480–580 nm, that are attributed

b
b
t
8

route) after calcination at 1000 ◦C: 1T-A (a and b), 2T-A (c–e), and 3T-A (f).

espectively to the spin-forbidden 6A1g → 4T1g, 6A1g → 4T2g,
nd 6A1g → 4A1g transitions of Fe3+ in octahedral environment
corundum structure of hematite).

All these features may be appreciated with a moderate inten-
ity in the UV–vis spectra of enameled A samples fired at
00 ◦C (see Fig. 8, above). Interestingly, at 800 ◦C the Fe-loaded
esoporous silicas (A samples) produced slightly more intense

eddish colors after the enameling process than the reference
eramic pigments (R1 and R2). A representative picture of
nameled references and A samples is shown in Fig. 9a. The

etter red color was corroborated by the stronger absorption
and around 460–550 nm in the UV–vis spectra, as well as by
he measured CIE-L*a*b* color parameters (see parameters at
00 ◦C in Table 3). In this colorimetric scale,57 the yield of red
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olor is mainly governed by the parameter a*: the more posi-
ive the a* value, the redder the color hue. On the other hand,
he color becomes more yellow the more positive the b* value.
inally, the coordinate L* gives us the lightness–brightness of
he pigment (the lower L*, the darker) as well as the intensity or
aturation degree (the lower L*, the more intense).

In effect, nanocomposite A samples (fired at 800 ◦C) exhibit
lightly redder and more intense colorations than both ceramic

a
r
i
o

able 3
olor parameters (L*a*b*) of references (R1 and R2) and “solid-state loaded” samp

00 ◦C R1 R2 3T

*/a*/b* (powders) 54/22/15 49/26/25 50
*/a*/b* (enameled) 66/15/31 64/14/34 60
ipient wetness” route) after calcination at 1000 ◦C: 1T-B (a), 2T-B (b–d), and

eferences. Samples A present higher a* values (around 16–20
gainst 14–15 for references), and lower L* values (55–60
gainst 64–66), although they are also slightly more yellow
ccording to the higher b* values (34–37 against 31–34). As

n additional and remarkable observation, there is no evident
elationship between the pore size of pristine mesoporous sil-
cas (or the size of included hematite nanoparticles) and the
btained red hues of nanocomposites A fired at 800 ◦C. The color

les (A) fired at 800 ◦C.

-A 3T-A 2T-A 2S-A

/20/14 50/14/15 52/16 51/16/17
/16/34 56/20/37 55/19/37 56/17/36
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and accessible after the calcination at 1000 ◦C (see Fig. 7d, for

T
C
a
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L
L
A

t 800 ◦C (above; A samples) and 1000 ◦C (below; references R1 and R2, and
epresentative A and B samples).

f A nanocomposites seems therefore to be mostly influenced
y the larger hematite particles (around 100 nm) non-efficiently
rotected by silica grains (“exogenous” hematite nanoparticles
resumably grown onto external surfaces of silica mesopores).
ndeed, nanocomposite A powders fired at 1000 ◦C and the cor-
esponding enameled samples exhibited much darker or browner
olorations. A comparison of the visual aspect of representa-
ive enameled samples (2S-A and 3T-A) with pigments fired at
00 and 1000 ◦C is shown in the picture of Fig. 9b. It is gen-

rally accepted that darker brown colors are obtained when the
ematite–silica pigment contains a higher amount of larger and
on-protected hematite particles. In this case hematite can be

2
t
t

able 4
olor parameters (L*a*b*) of references (R1 and R2) and representative “solid-state
nd 2T-B) fired at 1000 ◦C. The average hematite content (wt% Fe2O3) in the nanoco

000 ◦C R1 R2 3T-A

*/a*/b* (powders) 53/20/15 37/14/ 46/14/1
*/a*/b* (enameled) 56/16/23 46/14/18 43/14/1
verage (EDX) wt% Fe2O3 25% 26% 26%
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ore easily dissolved in the glaze or reduced to the darker mag-
etite (Fe3O4). In the UV–vis absorption spectra of enameled A
amples at 1000 ◦C (Fig. 8, below), this effect is evidenced by
he strongly increased absorption at higher wavelengths (from
00 nm), with respect to the 800 ◦C spectra. These browner col-
rations are also confirmed (see color parameters at 1000 ◦C in
able 4) by a strong decrease in the L* (from 56–66 at 800 ◦C

o 43–56 at 1000 ◦C) and b* values (from 31–37 at 800 ◦C to
7–23 at 1000 ◦C), while the red a* values exhibited only a slight
ecrease (from 14–20 to 12–16).

In contrast, hematite–silica nanocomposite pigments pre-
ared by the incipient wetness procedure and fired at 1000 ◦C
B samples) produced even at this high temperature interest-
ng reddish colorations (after the enameling process). Fig. 8
below) shows also the UV–vis absorption spectra at 1000 ◦C of
elected enameled B samples (1T-B representative of small pore-
ized silicas, and 2T-B representative of large pore-sized silicas),
long with references and A samples. The UV–vis absorption
pectra of both B samples (1000 ◦C-fired) present the typical
ands of hematite, with a slightly reduced intensity between 450
nd 600 nm with respect to A samples. However, these spectra
ave comparatively a much lower absorption at higher wave-
engths (from 600 nm). Consequently, the selected B samples
xhibit a more reddish and less brown color than solid-state sam-
les (A). This could be attributed to the more homogeneous and
fficient confinement of hematite nanoparticles onto the inner
urfaces of pristine mesoporous silicas (confirmed by XRD,
EM/EDX and TEM characterization).

As a final observation, the color hue of non-enameled B pow-
ers (fired at 1000 ◦C) was slightly more reddish in 2T-B (a*
alue around 16) than in 1T-B (a* value around 10), in agree-
ent with the higher iron loading accomplished in the former

18 wt%, against 6 wt%). However, after the enameling process
he situation was reversed, and the best red hues were obtained
ith the lower pore-sized silica (L*/a*/b* parameters around
5/18/31 for 1T-B, and around 69/14/31 for 2T-B). This appar-
nt contradiction could be explained by the expected reaction of
he pigments with the glaze during enamel firing. In the case of
T-B nanocomposite (having smaller mesopores), a more effi-
ient protection of hematite was accomplished due to the more
xtended sintering and collapse of the smaller mesopores during
he firing treatment (as it was confirmed in TEM images). How-
ver, in the larger pore-sized nanocomposites (2T-B and 2S-B)
eminiscent mesoporous channels were still not fully sintered
T-B sample). Thus, despite of the higher amount of Fe2O3,
hese particles can be more easily attacked by the glaze during
he enamel firing (at 1085 ◦C) through this open porosity, and

loaded” samples (3TA, 2TA and 2S-A) and “wet impregnated” samples (1T-B
mposite hematite–silica pigments measured by EDX is also included.

2T-A 2S-A 1T-B 2T-B

0 49/16/13 48/17/13 59/10/22 58/16/24
7 44/16/21 44/12/17 65/18/31 69/14/31

28% 28% 6% 18%
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Fig. 9. Representative enameled samples (5% pigment in a transparent ceramic glaze): (a) references R1 and R2 and A samples (“direct calcination” route) fired
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t 800 ◦C; (b) comparison of samples 2S-A and 3T-A fired at 800 ◦C and 100
emperature of the pigment is increased; and (c) comparison of representative “im
T-B), with better preservation of the reddish coloration (than in A samples).

e consequently dissolved in the glaze, leading to poorer red
ues.

. Conclusions

The potential application as red ceramic pigments of hematite
ncluded in previously designed mesoporous silicas having con-
rolled pore size and pore organization has been analyzed for
he first time. The mesoporosity of precursor silicas has proven
o have an important effect on both the efficient encapsulation
f hematite nanoparticles and the performance as red ceramic
igments in the coloration of conventional transparent ceramic
lazes.

As the most relevant results, the loading of iron species
hrough wet impregnation (instead of the classical solid-state
oading) leads to a much more efficient and homogeneous encap-
ulation of smaller hematite nanoparticles. Moreover, the size of
ematite nanoparticles embedded in the silica matrixes can be
artially controlled through confinement effects in the inner sur-
aces of silica mesopores. In comparison with reference samples
repared with other conventional (non-porous) silica sources,
he obtained impregnated nanocomposites exhibit much more
ntense reddish colorations at 1000 ◦C. Thus, it is prevented
he darkening effect at these temperatures (around 1000 ◦C)
ssociated to the dissolution of non-protected, larger hematite
articles. The best red shade was associated to nanocomposite

nclusion pigments with smaller hematite nanoparticles, derived
rom smaller pore-sized silicas.

In summary, this work enlightens the possibility to control the
nal red hues and thermal stability of hematite–silica nanocom-
showing the change from reddish to dark-brown colorations when the firing
nation” B samples fired at 1000 ◦C (small pore-sized 1T-B, and large pore-sized

osites through confinement effects in mesoporous silicas with
he appropriate surface areas and pore sizes. Current investiga-
ions are being carried out to better correlate the intensity of the
eddish colorations with the size of hematite nanoparticles (and
f the silica mesopores in which they are confined).
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