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Abstract

High-surface mesoporous silicas with different pore sizes were employed for the first time as silicon precursors in the synthesis of reddish
Fe,0;-Si0; inclusion pigments. Interestingly, the size of included Fe,O3 nanoparticles was partially controlled through confinement effects into
silica mesopores. Notably, impregnated samples showed a more homogeneous and efficient encapsulation of smaller and monodisperse hematite
nanoparticles (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
improve the reddish coloration and thermostability of Fe,0;—SiO, ceramic pigments through and adequate control of confinement effects into

sintered mesoporous silicas.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The chemical nature of inclusion (heteromorphic) pigments
is based on the encapsulation of chromophore particles (nor-
mally colored transition metal oxides, such as Fe,O3 or V,05)
in the crystals of a suitable host lattice (i.e. SiO,, ZrO, or
ZrSiO4).1’5 To obtain more intense, stable and reproducible
colors, it is required that the host matrix be thermostable and
protect the chromophore particles against the chemical attack
of the ceramic glaze to which the pigment is added.%” Previous
studies about inclusion ceramic pigments prepared through non-
conventional chemical methods (i.e. coprecipitation, sol-gel and
microemulsion) reveal that the coloring performance strongly
depends on the microstructure of nanocomposite pigments.®~!3
An homogeneous and efficient encapsulation of chromophore
oxide particles must be accomplished to obtain optimal pigment-
ing properties. For this purpose, it is required an accurate control
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of the relative sizes of chromophore and host crystals during the
crystallization, sintering and inclusion processes taking place
simultaneously.!-%10:12

The conventional ceramic synthesis of reddish hematite—
silica (aFepO3-Si07) inclusion pigment involves the solid-state
mixture and calcination (around 800-1100 °C) of appropriate
Fe and Si precursors. According to previous studies,’!* the best
reddish colorations seem to be associated to hematite crystals
efficiently protected by an amorphous silica matrix. At around
1000 °C or even higher temperatures, amorphous silica crys-
tallizes into metastable cristobalite (or also trydimite), and the
resulting red shades are normally poorer. In a more recent study,
however, both the thermostability and reddish color improved
after cristobalite crystallization at a temperature range of 1100—
1200 °C."> Anyway, the use of hematite—silica ceramic pigment
is normally limited to low temperature ceramic glazes. In
glazes with high firing temperatures (above 1000-1050 °C) the
color usually becomes darker (dark brown or even grey) due
to the dissolution of non-protected hematite into the glassy
phase,!%13:16 and also as a result of the partial reduction of
hematite to give magnetite (Fe304).'7-18 Therefore, the thermal
stability and reproducibility of this pigment are still important
problems to overcome. An efficient inclusion of hematite
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particles seems to be crucial to minimize its dissolution in the
glaze and also to prevent the partial reduction to magnetite.

The effect of different synthesis parameters on the coloring
performance of hematite—silica red pigment has been reported
in different studies. For instance, the morphology and dimen-
sions of hematite particles can affect the red shade of pigments
prepared through the coprecipitation method, depending the
morphology on the precipitant agent used.'® Also recently, Costa
et al. have developed a novel approach to improve the efficiency
of hematite inclusion into amorphous silica and the resulting red
shade of the pigments through an innovative heterocoagulation-
spray drying method.!® Composites of iron oxides species
embedded in a silica xerogel matrix have been also prepared
by sol-gel methods using TEOS and different Fe salts as Si and
Fe precursors, respectively. However, only the crystallochemical
aspects2*2! and magnetic properties were analyzed.??

The effect of surface area of silica precursor has been also
analyzed.mJi]9 In this respect, Bondioli et al. found that the
red shade of the pigment obtained by the ceramic method can
be slightly improved by using fine-sized colloidal (fumed) sil-
ica with higher surface area (up to 400 m?/g).'* Hosseini-Zori
et al.!> also reported a slight increase of the red color with
increasing surface area of fumed silica. In spray-dried pigments,
however, there were no evidences of different behavior with
different surface areas.!® Nevertheless, in all these studies the
porous structure of precursor silicas was not analyzed, and nor
its effect on the encapsulation process and final red shade of the
pigments.

Chemists have now a set of efficient tools available at hand to
the tailored design of a wide range of mesoporous silicas (pore
sizes ranging from 2 to 50 nm).23-28 Moreover, iron species can
be homogeneously accommodated inside silica mesopores by
different synthesis procedures. Indeed, after the first report of
Abe et al. in 1995,2° a-Fe,O3 nanoparticles and many other
metal oxides (i.e. Ti, V, Mn, Zr, and Cu oxides) have been
successfully incorporated within the inner surfaces of meso-
porous silicas (MCM-41, MCM-48 or SBA-15 families). The
loading of iron species can be accomplished through the use of
in situ or “one pot” strategies.’* As an alternative method,
Fe species can be also incorporated within previously formed
mesoporous silicas by means of “post-functionalization” routes
(solid-state loading, wet impregnation, electrochemical deposi-
tion, or other post-grafting procedures).?%-3340-31 Upon firing at
high temperatures, the crystallization of hematite particles inside
the voids and the adequate sintering of silica host matrix yield
to an efficient hematite encapsulation.

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

Table 1
Precursors and molar ratios used for the preparation of mesoporous silicas.

as inclusion red pigments have not yet been investigated. Herein,
we report for the first time the potential application as red
ceramic pigments of hematite included in previously designed
mesoporous silicas (having high surface areas and controlled
pore size and pore organization). Thus, the effect of mesoporos-
ity of silica precursor on the synthesis and coloring performance
of hematite—silica ceramic pigment is analyzed. Iron incorpora-
tion within these mesoporous silicas has been carried out by
solid-state loading (route A) and also by conventional “incip-
ient wetness” technique (route B), using FeSO4-7H,0 as iron
precursor. The results are discussed in terms of the different
microstructure and compared with reference ceramic samples
prepared with other (non-porous) conventional silica sources
(quartz and fine-sized colloidal silica).

2. Experimental procedure
2.1. Preparation of precursor mesoporous silicas

Different high-surface mesoporous silicas (see Table 1)
were prepared using Si(OCH,CHj3)4 (TEOS, Fluka, 99%) and
NaySiz 07 (sodium silicate solution, Riedel-de-Haén, 27% SiO;,
10% NaOH) as Si sources. In order to control the mesopore
size and mesoscopic organization, some commercially available
templating agents were used in the synthesis: silica 1T was pre-
pared with an ionic surfactant (hexadecyl-trimethylammonium
bromide, C;¢TAB, from Fluka); silica 3T was prepared with a
non-ionic alkyl poly(ethylene oxide) (PEO) oligomeric surfac-
tant (C1gEOq9, Brij 76, from Aldrich); finally, a poly(alkylene
oxide) tri-block copolymer (EO20PO79EO», Pluronic® P123,
M,, =5800; from BASF) was used to obtain larger pore sizes
in the synthesis of 2T and 2S silicas. The overall molar
ratios (Si:template:EtOH:catalyst:H,O) employed in the differ-
ent preparations are summarized in Table 1. Removal of the
surfactant templates after the synthesis and drying of meso-
porous silicas was carried out in all cases by Soxhlet washing
(with EtOH for 12 h). Washing was preferred because the pro-
portion of non-condensed silanol groups (=Si—OH) is expected
to be considerably higher without calcination, and these moieties
can then be very useful as anchoring points for the post-grafting
of Fe species.

2.2. Preparation of Fe-loaded samples by
post-functionalization of mesoporous silicas

Loading of Fe within the previously washed mesoporous
silicas (see Scheme 1) was carried out by direct calcination
(solid-state route) and also through wet impregnation (incipient

Mesoporous silica Si precursor Template Catalyst Molar ratio Si:template:EtOH:catalyst:H,O
1T TEOS CisTAB HCl1 1:0.18:20:0.004:5

2T TEOS P123 HCl 1:0.017:-:6.1:169

28 Na,Si307 P123 CH3COOH 1 (0.56Na):0.017:-:0.8:230

3T TEOS Brij76 HCl 1:%:-:3.8:128

2 4 g of Brij 76 were used for 8.8 g of TEOS (according to Ref. [52]).
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Scheme 1. Routes for the synthesis of Fe;O3—SiO, nanocomposite inclusion pigments through post-functionalization (Fe-loading) of mesoporous SiO; matrixes.

wetness technique). FeSO4-7H,O was used as iron precursor in
both routes.

In the classical solid-state route (A samples), the formulated
composition was SiO,—0.2Fe;O3 (ca. 35 wt% Fe,03), a typi-
cal formulation for hematite—silica pigments employed in the
ceramic industry. The raw compositions were prepared by ball-
milling (20 min in acetone media) stoichiometric amounts of
FeSO4-7TH;0 together with the corresponding washed meso-
porous silicas. To adjust the Fe:Si molar ratio to the desired
composition (0.4:1), the SiO, content of pristine mesoporous
silicas was previously estimated by differential thermal analysis
(SiOy wt% of 1T, 2T, 28 and 3T samples around 83, 73, 86
and 81%, respectively; the DTA/TG curves are not included for
brevity reasons). The obtained mixtures were air-dried at room
temperature (for complete acetone evaporation) and then fired in
an electric furnace (in air) up to two different temperatures (800
and 1000 °C). The firing schedule consisted of heating in 4 h up
to 800 or 1000 °C, soaking times of 2.5h at this temperature,
and a free cooling down to room temperature.

In the wet impregnation route (B samples), the host
mesoporous silicas were Fe-loaded by the incipient wetness
technique3340:41:44:4548-50 with a 0.7M aqueous solution of
iron(IT) sulphate at a pH of ca. 2. In a typical impregnation
experiment, mesoporous silicas were suspended and vigorously
stirred (at room temperature for 1h) in the aqueous iron solu-
tion (25 mL of solution for 1 g of silica), repeating this process
two times. After the third impregnation cycle, the powders were
suspended in deionized water also at room temperature for 1 h
and then dried at 80°C. This suspension treatment has been
confirmed to favor the migration of Fe ions loaded on the outer
surface into the pores.?”*! The as-loaded Fe-SiO;, composites
were then fired (this time only up to 1000 °C) following the same
firing schedule as with A samples (4 and 2.5 h of heating and
soaking times, respectively).

For comparison reasons, two conventional ceramic refer-
ences (R1 and R2) with the same commercial composition
(S810,-0.2Fe;O3) were also prepared by ball-milling the
corresponding amounts of hydrated iron sulphate and two con-
ventional silicon sources. The employed SiO, precursors were a
commercial quartz from ATC (95% SiO», 4 m?/g of surface area)
in R1 sample, and a fine-sized colloidal silica from Salquisa
(76% Si0,, 107 m2/g of surface area) in R2 sample.

2.3. Characterization techniques

Simultaneous differential thermal and thermo-gravimetric
analysis (DTA-TGA) of washed mesoporous silicas was carried
out with a Mettler Toledo thermal analyzer (using Pt crucibles
with a constant 5 °C/min heating from 25 up to 1100 °C). The
porosity of mesoporous silicas (after Soxhlet washing) was char-
acterized by the conventional nitrogen adsorption—desorption
method at —196.15 °C using an ASAP 2010 (Micrometrics Co.)
analyzer. The samples were outgassed in vacuo at 150 °C for
12 h, prior to each measurement. Specific surface areas were
obtained by using the BET equation between 0.05 and 0.30 rel-
ative pressures,’> > and pore size distributions were determined
by the BJH method for mesopores.>®

Conventional powder X-ray diffraction (XRD) of calcined
samples was performed with a Siemens D-500 Diffractometer
with Ni-filtered CuK,, radiation (from 10° to 60° 20, with steps
of 0.02° 26 and a counting time of 2s at each step). The mor-
phology and microstructure of nanocomposites were examined
by scanning electron microscopy (SEM) with a Leo-440i Leyca
electron microscope (as grain mounts following conventional
preparation and imaging techniques). Semiquantitative elemen-
tal analysis (Si:Fe molar ratio and mapping distribution) was
obtained with an EDX analyzer attached to the microscope and
supplied 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, Sggt (mzlg)

Pore volume, V¢ (cm3/g)

Pore size (BJH)?, Dgyy (nm) d spacingb, d (nm)

1T 1114 0.91
2T 647 0.92
28 629 0.95
3T 640 0.54

2.7 5.0
7.1 11.8
7.0 11.9
33 5.7

2 Average pore size (Dsp) calculated from BJH size distribution curves (desorption branch).
7100 spacing (for 2T and 2S) or characteristic reflection (for 1T and 3T) obtained from small-angle X-ray diffraction (SAXRD) measurements (figure not

included for brevity reasons).

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

In order to test their coloring performance as reddish ceramic
pigments the obtained nanocomposites were 5 wt% enameled
with a commercial double-firing transparent glaze (approximate
Seger formula: K,00.106, CaO 0.565,Zn0 0.329, Al,03 0.323,
SiO, 1.972) onto conventional (fired) ceramic biscuits, and fired
following a fast-firing scheme (60 min of duration from cool
to cool at a maximum temperature of 1085 °C). The optical
and/or coloring properties of enameled samples were analyzed
by UV-vis—-NIR spectroscopy (diffuse reflectance) performed
with a PerkinElmer (lambda 2000) spectrophotometer at a range
between 300 and 1000 nm. Color parameters (L*a*b*) were also
measured using a standard lighting C, following the CIE-L*a*b*
colorimetric method recommended by the CIE (Commission
Internationale de I’Eclairage).>” On this method, L* is the light-
ness axis (black (0) — white (100)), b* is the blue (—) — yellow
(+) axis, and a* is the green (—) — red (+) axis.

3. Results and discussion

3.1. Characterization of templated mesoporous silicas

The results obtained in the BET/BJH characterization of
Soxhlet-washed mesoporous silicas are summarized in Table 2.
Nitrogen adsorption—desorption isotherms (BET method) and
pore size distribution curves (BJH method) are also shown in
Fig. 1. As may be appreciated, mesoporous silica 1T (prepared
with surfactant C14TAB) presents the highest surface area of all
silicas (around 1114 m?/g), associated to very small pore sizes.
The BJH distribution curve shows a relatively broad distribu-
tion of small pore sizes (average pore size around 2.7 nm; the
average pore sizes —Dpjyg — were estimated in all cases from
the BJH desorption branches). In comparison, mesoporous sil-
ica 3T (prepared with non-ionic surfactant Brij 76), presents
a smaller surface area (640 m?/g) and pore volume. Attending
to the BJH curve, the mesoporous framework of 3T sample is
constituted by slightly larger (average Dpjy around 3.3 nm) and
acceptably monodisperse mesopores. On the other hand, meso-
porous silicas 2T and 2S (prepared with tri-block copolymer
Pluronic® P123) contain considerably larger mesopores (type
IV isotherm),> as it was expected. The BJH curves of these
two samples are clearly indicative of a monodisperse pore size

distribution (average Dpjy around 7.1 and 7.0nm for 2T and
28, respectively). Despite of the high physisorption, the BET
surface areas of 2T and 2S mesoporous silicas (around 647
and 629 m?/g) are very similar to sample 3T and considerably
smaller than in 1T.

Finally, TEM characterization allowed us to corroborate and
complement the previous BET/BJH results (see representative
TEM details of washed mesoporous silicas in Fig. 2). TEM
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 28 consist of well-organized and larger mesopores
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Fig. 1. Nitrogen adsorption—desorption isotherms, above, and pore size distri-

bution curves (BJH), below, of Soxhlet-washed mesoporous silicas (1T, 2T, 2S
and 3T).
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Fig. 2. Representative TEM images of Soxhlet-washed mesoporous silicas ((a) 1T, (b) 2T, (c) 2S and (d) 3T) employed as Si precursors for the production of
Fe,03-Si0; inclusion pigments (in the case of sample 28, see also the TEM detail included in Scheme 1).

(Fig. 2b and c); perfectly aligned (parallel) channels with sizes
around 6—8 nm may be observed in both samples. Finally, meso-
porous silica 3T (Fig. 2d) also presents regularly spaced and
organized mesoporous channels, but in this sample the meso-
pore sizes (below 5nm) and wall thickness are considerably
smaller.

In summary, the mesoporous silicas herein prepared with
different templating agents exhibit in all cases considerably
high surface areas (around 1114 m?/g for 1T and 630-650 m?/g
for the rest), and present a range of increasing average pore
sizes (between 2.7 and 7.1nm): 1T (ca. 2.7nm) <3T (ca.
3.3nm)<2S (ca. 7.0nm)~ 2T (ca. 7.1 nm). Samples 2T, 2S
and 3T possess also a well-ordered mesoscopic organization
(hexagonal symmetry), being the mesopores of sample 1T less
organized (wormlike porosity).

3.2. XRD characterization of Fe;03-Si0O2 nanocomposites

Structural information about the presence of crystalline sam-
ples in Fe-loaded silicas after the thermal treatment (calcination
at 800 or 1000 °C) was obtained by XRD. The XRD patterns of
representative nanocomposite samples fired 1000 °C-fired sam-
ples may be seen in Fig. 3 (the spectra obtained at 800 °C are
not included for brevity reasons).

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

corresponding to SiO,-quartz (used as Si precursor). In contrast,
silica remains still amorphous at 800 °C in reference sample R2
(prepared with colloidal silica), while it is already crystallized
at 1000°C as SiO,-cristobalite (diffraction peaks of medium
intensity). Remarkably, both reference samples also present at
800 and 1000 °C relatively intense XRD peaks associated to
hematite (a-Fe,O3). Considering the peak width at medium
height (Scherer formula), these peaks are associated to well-
grown hematite crystals with considerably large crystallite sizes
(above 100 nm).

Comparatively, hematite—silica nanocomposites prepared
from mesoporous silicas by direct calcination (A samples) still
contain amorphous silica, even after the firing treatment at
1000°C (Fig. 3). The corresponding amorphous silica back-
ground at around 20-22° 20 may be better appreciated in
magnificated XRD patterns (not shown). Remarkably, all the
XRD patterns present also peaks associated to well-grown
hematite crystals (see the selected 1T-A and 2S-A patterns in
Fig. 3). The intensity of hematite peaks is quite similar to that
of reference samples, irrespective of the surface area and aver-
age pore size of mesoporous silicas. From these XRD patterns
(using the Scherer formula) it is evident that these samples
contain a considerable amount of hematite crystals having par-
ticle sizes (around 100 nm) larger than the pore sizes of pristine
mesoporous silicas (2.7-7.1 nm). Thus, Fe-loading through the
classical 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
at 1000 °C (references and representative A samples, above, and B samples
below). Crystalline phases: C=SiO, (cristobalite), Q=SiO, (quartz), H=a-
Fe, 03 (hematite), and O = orthorhombic Fe, O3 (residual phase in 2S-B sample).

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

In contrast, XRD spectra of iron—silica nanocomposites (at
1000 °C) obtained by wet impregnation (B samples; see Fig. 3,
below) show less intense or even absent iron oxide peaks. In
the case of nanocomposite samples 1T-B and 3T-B (having
smaller pore sizes, around 2.7-3.1 nm), the XRD spectra are
completely free of iron oxide peaks. In contrast, composites
obtained with mesoporous silicas 2T-B and 2S-B (with larger
pore sizes, around 7.0-7.1 nm) present broad diffraction peaks
of low intensity attributed to nanosized hematite (a-Fe; O3) crys-
tals. The peaks intensity is much smaller than in references and
A samples. In addition, the presence of orthorhombic Fe;O3
(O in Fig. 3) is also detected as residual phase accompanying
hematite (specially in 2S-B sample). The average hematite size
calculated from the Scherer formula was around 20 and 33 nm
for 2T-B and 2S-B samples, respectively. On the other hand,
the broad band around 20-22° 26 in all B samples is associated

to the presence of amorphous silica, still on the first stages of
cristobalite crystallization.

The smaller particle sizes of hematite crystals in impregnated
B samples (not detected by XRD in 1T-B and 3T-B, due to its
smaller size or also to its smaller amount) could be reflecting
a more efficient confinement of hematite particles within the
mesoporous system of amorphous silicas.*>* However, this
must be further confirmed by electron microscopy characteri-
zation, as it is discussed below.

3.3. Morphology and composition characterization by
electron microscopy

Representative SEM micrographs of 1000 °C-fired nanocom-
posites and reference samples are shown in Figs. 4 and 5
(backscattering detector was used to better appreciate the pres-
ence of chemical un-homogeneities). Regarding to calcined
reference samples (R1 and R2), SEM observations confirm
in both cases an heterogeneous Fe distribution (see Fig. 4a
and b, respectively). The clearly visible brighter regions cor-
respond to Fe-enriched aggregates (indicated with 1 Fe-% in
SEM images), while the darker regions are Si-enriched (| Fe-
%). Indeed, representative EDX mapping analyses and spectra
of both reference samples (not shown) confirmed the higher
Fe:Siratio associated to the brighter regions. The average Fe,O3
content (wt%) estimated by EDX semiquantitative analyses
in both samples was around 25-26 wt% (slightly lower than
the theoretical 35 wt% Fe;O3 of the formulated composition,
Si0,-0.2Fe,03).

Regarding to solid-state loaded A samples, SEM images
show in general a more regular distribution of iron throughout
the amorphous (cotton-like) silica aggregates (Fig. 4c—f). How-
ever, and similarly to reference samples, Fe-enriched (brighter)
regions of bunchy nano-grained aggregates with relatively large
sizes (ca. 1-5 um) are still observed (see, i.e. the details of 2S-
A and 3T-A in Fig. 4e and f). EDX analyses performed with
1000 °C-fired powders (not shown) confirmed some dispersion
in the Fe:Si distribution, possessing the brighter aggregates a
higher iron oxide content. The average Fe:Si molar ratio by
EDX analyses was around 0.23:1 (ca. 21-26 wt% Fe,0O3) for
1T-A and 3T-A samples, and a little bit higher for 2T-A and
2S-A (0.30:1; ca. 28 wt% Fe;03).

In contrast, SEM images of impregnation B samples fired
at 1000 °C (Fig. 5) exhibit a much more homogeneous mor-
phology, without perceivable brightness/contrast differences
throughout the grains (see, i.e. representative details of 1T-B
and 2S-B nanocomposites in Fig. 5a and c). Elemental analy-
ses (EDX) performed in different aggregates of B samples gave
always a leveled Si:Fe ratio (representative EDX spectra are
shown in Fig. 5b and d). This indicates a regular distribution of
iron species throughout the amorphous silica matrix. Thus, the
impregnation procedure employed in B samples seems to enable
a higher microstructure control and a much more homogeneous
encapsulation of iron species (in comparison to the solid-state
route). Noteworthy, the average Fe:Si molar ratio was substan-
tially lower in samples 1T-B (ca. 0.05:1, or 6 wt% Fe;03) and
3T-B (ca. 0.06:1, or 7wt% Fe;03) than in 2T-B (ca. 0.16:1,
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e) 25-4

Fig. 4. Representative SEM images of Fe;03-SiO2 A samples (direct calcination route) after calcination at 1000 °C: (a) R1 (reference with SiO»-quartz), (b) R2
(reference with colloidal SiOy), (c) 1T-A (C;sTAB-TEOS), (d) 2T-A (P123-TEOS), (e) 2S-A (P123-Na;Si307), and (f) 3T-A (Brij76-TEOS).

or 18 wt% Fe;03) and 2S-B (ca. 0.20:1, or 21 wt% Fe,03),
also in agreement with powder-XRD characterization (hematite
XRD peaks were not detected in 1T-B and 3T-B samples). The
average pore size of pristine mesoporous silicas was smaller in
1T and 3T samples (2.7-3.3 nm) than in 2T or 2S (7.0-7.1 nm).
Thus, iron species seem to be incorporated in larger quantities by
wet impregnation the higher the pore size. Also remarkably, the
Fe; 03 loadings found in 2T-B and 2S-B samples (18-21 wt%)
are considerably high, only slightly lower than in solid-state
loaded A silicas (around 21-28 wt%).

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

nanoparticles within the collapsed (sintered) mesoporous sil-
ica framework, and also their approximate particle size. TEM
images of Fe—silica nanocomposites (see Figs. 6 and 7) show
in general a stronger contrast than those of non-doped silica
materials (Fig. 2), which can be attributed to the presence of the
stronger scatterer/absorber iron in the silica framework. In the
case of solid-state loaded samples (A), TEM observations show
that iron oxide particles are regularly dispersed within the silica
matrixes (Fig. 6a—f). Very interestingly, the existence of con-
finement effects on the growth of Fe, O3 particles within silica
mesopores is confirmed by the correlation between the size of
Fe, O3 particles and the pore size of pristine mesoporous silicas.
In effect, from a visual inspection of TEM images the average
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Fig. 5. Representative SEM images and EDX spectra of Fe;03-SiO, B samples (impregnation or “incipient wetness” route) after calcination at 1000 °C: (a and b)

1T-B (C;6TAB-TEOS); (c and d) 2S-B (P123-Na,Siz07).

size of Fe, O3 particles may be estimated around (or below) 5 nm
in 1T-A sample (Fig. 6a and b), between 5 and 10 nm for 3T-A
sample (Fig. 6f), and around 10-20 nm for 2S-A (not shown) and
2T-A samples (Fig. 6¢c and d). Noteworthy, some reminiscences
of original mesoporous channels may still be appreciated by
TEM in some regions of 2S-A and 2T-A nanocomposites (see,
i.e. TEM details of 2T-A sample in Fig. 6¢ and e). Thus, the col-
lapse and sintering of original mesopores was not fully achieved
in these larger pore-sized silicas after calcination at 1000 °C.
Regarding to wet impregnated samples (B), TEM observation
also confirmed a homogeneous distribution of iron oxide species
(darker spots) throughout the silica matrixes in all samples (see
selected TEM details in Fig. 7). The morphologies of Fe,O3
particles are mainly round-shaped, especially in samples 1T-B,
2T-B and 3T-B (not shown), in accordance with the hexagonal
(rhombohedral) symmetry of hematite particles. However, more
elongated particles with higher aspect ratio are also appreciated
(for instance, in the case of 2S-B). These particles would cor-
respond to the residual orthorhombic Fe,O3 also detected by
powder-XRD (Fig. 3). The size of the included Fe, O3 particles
is again around 5nm in the case of 1T-B (Fig. 7a) and 3T-B
samples (not shown), while in samples 2T-B (Fig. 7b and c) and
2S-B (Fig. 7e), comparatively, the average sizes may be esti-
mated around 5-20 and 10-35 nm, respectively (it was around
20nm for 2T-A and 2S-A samples). These values are in good
agreement with the sizes calculated with the Scherer formula

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

As a summary of the previous discussion, microstructure
and composition characterization by SEM/EDX and TEM tech-
niques confirm a higher iron oxide loading in solid-stated (A)
samples (around 21-28 wt% Fe,>03) than in impregnated sam-
ples (around 6—7 wt% Fe; O3 for 1T-B and 3T-B samples, and ca.
18-21 wt% Fe, O3 for 2T-B and 2S-B samples). The presence of
hematite-enriched aggregates is appreciated by SEM characteri-
zation in A samples, which also contain larger hematite particles
(around 100 nm), presumably grown onto the external silica sur-
faces. In contrast, impregnated B samples exhibit a more regular
and homogeneous distribution of smaller hematite nanoparti-
cles. In these samples, iron species are more exclusively confined
within the inner surfaces of the mesoporous silica matrix. TEM
analyses of hematite—silica aggregates (at the local scale) con-
firm the inclusion of hematite nanoparticles with smaller sizes
(below 5) in smaller pore-sized mesoporous silicas (1T and 3T).
In contrast, when using larger pore-sized mesoporous silicas (2T
and 2S), the resulting hematite nanoparticles present larger sizes
(around 10-35 nm).

3.4. UV—vis-NIR and color characterization

Finally, and as the main objective of this study, the color-
ing performance as red ceramic pigments of the hematite—silica
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Fig. 6. Representative TEM images of Fe,03-SiO; A samples (“direct calcination” route) after calcination at 1000 °C: 1T-A (a and b), 2T-A (c—e), and 3T-A (f).

nanocomposites was finally evaluated by UV-vis spectroscopy
and by colorimetric measurements (with both powder and enam-
eled samples). As it was previously commented, the coloring
properties of nanocomposites consisting of hematite nanoparti-
cles included in mesoporous silicas have not yet been reported.
The reddish color of hematite—silica inclusion pigments is
associated to the presence of hematite crystals protected by
amorphous silica grains. The intensity of the reddish color
is directly proportional to the amount of efficiently protected
hematite, with the appropriate size and morphology. A typical
absorption spectrum of reddish bulk hematite (a-Fep03)'2 usu-
ally presents an intense charge transfer band centered at 290 nm
due to iron-ligands interaction, followed by a band at 850 nm and
two shoulders at 600—660 and 480-580 nm, that are attributed

respectively to the spin-forbidden 6A1g — 4T1g, 6A1g — 4T2g,
and 6A1g — 4A1g transitions of Fe3* in octahedral environment
(corundum structure of hematite).

All these features may be appreciated with a moderate inten-
sity in the UV-vis spectra of enameled A samples fired at
800 °C (see Fig. 8, above). Interestingly, at 800 °C the Fe-loaded
mesoporous silicas (A samples) produced slightly more intense
reddish colors after the enameling process than the reference
ceramic pigments (R1 and R2). A representative picture of
enameled references and A samples is shown in Fig. 9a. The
better red color was corroborated by the stronger absorption
band around 460-550 nm in the UV-vis spectra, as well as by
the measured CIE-L*a*b* color parameters (see parameters at
800 °C in Table 3). In this colorimetric scale,” the yield of red
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color is mainly governed by the parameter a*: the more posi-
tive the a* value, the redder the color hue. On the other hand,
the color becomes more yellow the more positive the b* value.
Finally, the coordinate L* gives us the lightness—brightness of
the pigment (the lower L*, the darker) as well as the intensity or
saturation degree (the lower L*, the more intense).

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

references. Samples A present higher a* values (around 16-20
against 14-15 for references), and lower L* values (55-60
against 64-66), although they are also slightly more yellow
according to the higher b* values (34-37 against 31-34). As
an additional and remarkable observation, there is no evident
relationship between the pore size of pristine mesoporous sil-
icas (or the size of included hematite nanoparticles) and the
obtained red hues of nanocomposites A fired at 800 °C. The color

Table 3

Color parameters (L*a*b*) of references (R1 and R2) and “solid-state loaded” samples (A) fired at 800 °C.

800°C R1 R2 3T-A 3T-A 2T-A 2S-A
L*/a*/b* (powders) 54/22/15 49/26/25 50/20/14 50/14/15 52/16 51/16/17
L*/a*/b* (enameled) 66/15/31 64/14/34 60/16/34 56/20/37 55/19/37 56/17/36
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Fig. 8. UV-vis spectra of samples enameled with hematite—silica pigments fired
at 800 °C (above; A samples) and 1000 °C (below; references R1 and R2, and
representative A and B samples).

of A nanocomposites seems therefore to be mostly influenced
by the larger hematite particles (around 100 nm) non-efficiently
protected by silica grains (“exogenous” hematite nanoparticles
presumably grown onto external surfaces of silica mesopores).
Indeed, nanocomposite A powders fired at 1000 °C and the cor-
responding enameled samples exhibited much darker or browner
colorations. A comparison of the visual aspect of representa-
tive enameled samples (2S-A and 3T-A) with pigments fired at
800 and 1000 °C is shown in the picture of Fig. 9b. It is gen-
erally accepted that darker brown colors are obtained when the
hematite—silica pigment contains a higher amount of larger and
non-protected hematite particles. In this case hematite can be

Table 4

more easily dissolved in the glaze or reduced to the darker mag-
netite (Fe304). In the UV—vis absorption spectra of enameled A
samples at 1000 °C (Fig. 8, below), this effect is evidenced by
the strongly increased absorption at higher wavelengths (from
600 nm), with respect to the 800 °C spectra. These browner col-
orations are also confirmed (see color parameters at 1000 °C in
Table 4) by a strong decrease in the L* (from 56-66 at 800 °C
to 43-56 at 1000 °C) and b* values (from 31-37 at 800 °C to
17-23 at 1000 °C), while the red a* values exhibited only a slight
decrease (from 14-20 to 12-16).

In contrast, hematite—silica nanocomposite pigments pre-
pared by the incipient wetness procedure and fired at 1000 °C
(B samples) produced even at this high temperature interest-
ing reddish colorations (after the enameling process). Fig. 8
(below) shows also the UV—vis absorption spectra at 1000 °C of
selected enameled B samples (1T-B representative of small pore-
sized silicas, and 2T-B representative of large pore-sized silicas),
along with references and A samples. The UV-vis absorption
spectra of both B samples (1000 °C-fired) present the typical
bands of hematite, with a slightly reduced intensity between 450
and 600 nm with respect to A samples. However, these spectra
have comparatively a much lower absorption at higher wave-
lengths (from 600 nm). Consequently, the selected B samples
exhibit a more reddish and less brown color than solid-state sam-
ples (A). This could be attributed to the more homogeneous and
efficient confinement of hematite nanoparticles onto the inner
surfaces of pristine mesoporous silicas (confirmed by XRD,
SEM/EDX and TEM characterization).

As afinal observation, the color hue of non-enameled B pow-
ders (fired at 1000 °C) was slightly more reddish in 2T-B (a*
value around 16) than in 1T-B (a* value around 10), in agree-
ment with the higher iron loading accomplished in the former
(18 wt%, against 6 wt%). However, after the enameling process
the situation was reversed, and the best red hues were obtained
with the lower pore-sized silica (L*/a*/b* parameters around
65/18/31 for 1T-B, and around 69/14/31 for 2T-B). This appar-
ent contradiction could be explained by the expected reaction of
the pigments with the glaze during enamel firing. In the case of
1T-B nanocomposite (having smaller mesopores), a more effi-
cient protection of hematite was accomplished due to the more
extended sintering and collapse of the smaller mesopores during
the firing treatment (as it was confirmed in TEM images). How-
ever, in the larger pore-sized nanocomposites (2T-B and 2S-B)
reminiscent mesoporous channels were still not fully sintered
and accessible after the calcination at 1000 °C (see Fig. 7d, for
2T-B sample). Thus, despite of the higher amount of Fe;O3,
these particles can be more easily attacked by the glaze during
the enamel firing (at 1085 °C) through this open porosity, and

Color parameters (L*a*b*) of references (R1 and R2) and representative “solid-state loaded” samples (3TA, 2TA and 2S-A) and “wet impregnated” samples (1T-B
and 2T-B) fired at 1000 °C. The average hematite content (wt% Fe;O3) in the nanocomposite hematite—silica pigments measured by EDX is also included.

1000°C R1 R2 3T-A 2T-A 2S-A 1T-B 2T-B
L*/a*/b* (powders) 53/20/15 37/14/ 46/14/10 49/16/13 48/17/13 59/10/22 58/16/24
L*/a*/b* (enameled) 56/16/23 46/14/18 43/14/17 44/16/21 44/12/17 65/18/31 69/14/31
Average (EDX) wt% Fe,;03 25% 26% 26% 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
at 800 °C; (b) comparison of samples 2S-A and 3T-A fired at 800 °C and 1000 °C, showing the change from reddish to dark-brown colorations when the firing
temperature of the pigment is increased; and (c) comparison of representative “impregnation” B samples fired at 1000 °C (small pore-sized 1T-B, and large pore-sized

2T-B), with better preservation of the reddish coloration (than in A samples).

be consequently dissolved in the glaze, leading to poorer red
hues.

4. Conclusions

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

As the most relevant results, the loading of iron species
through wet impregnation (instead of the classical solid-state
loading) leads to a much more efficient and homogeneous encap-
sulation of smaller hematite nanoparticles. Moreover, the size of
hematite nanoparticles embedded in the silica matrixes can be
partially controlled through confinement effects in the inner sur-
faces of silica mesopores. In comparison with reference samples
prepared with other conventional (non-porous) silica sources,
the obtained impregnated nanocomposites exhibit much more
intense reddish colorations at 1000 °C. Thus, it is prevented
the darkening effect at these temperatures (around 1000 °C)
associated to the dissolution of non-protected, larger hematite
particles. The best red shade was associated to nanocomposite
inclusion pigments with smaller hematite nanoparticles, derived
from smaller pore-sized silicas.

In summary, this work enlightens the possibility to control the
final red hues and thermal stability of hematite—silica nanocom-

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