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Abstract The aim of this work was to produce Cr-doped
alpha-alumina nanoparticles using a modified sol-gel
method that employs the complexation capacity of natural
organic matter (NOM). For this synthesis, the initial pH
of the sol was adjusted to 4.0, and final calcination of the
xerogel was performed at 1100 °C for 4 h. XRD and FTIR
analyses confirmed that the hexagonal a-Al,O; phase was
produced under these conditions. Chromaticity analyses
revealed that more intense pink colors were obtained for the
samples with higher Cr concentrations. XANES measure-
ments showed that the oxidation state of chromium in the
alumina matrix was strongly dependent on the dopant con-
centration and that it was possible to produce samples free
from Cr(VI). The photo- and radioluminescence spectra of
the nanoparticles were found to be sensitive to the dopant
concentration. All these findings demonstrated that the syn-
thesis procedure using NOM could provide considerable
environmental, technological, and economic benefits.
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1 Introduction

The production of inorganic nanopowders has received
much attention due to the improved optical, structural, and
electronic properties presented by these materials. Further-
more, the development of new eco-friendly synthesis routes
meets an increasing social demand for the use of green
technologies.

Nanopowders with controlled particle size (smaller than
100 nm) can exhibit unique behavior due to their high spe-
cific area, which results in improved surface energy [1-3].
Special attention is given to alumina, the most cost-effec-
tive and widely used structural engineering material in the
family of advanced ceramics, which has several crystalline
phases. Amongst these phases, a-Al,O5 is the most stable
and, consequently, is the most studied alumina phase [4].
Since it has excellent thermal and chemical stability, alu-
mina is frequently employed in the energy, oil, and ceram-
ics industries. It is also used as a precursor for various opti-
cal and optoelectronic materials [5, 7].

There have been many studies focusing on the lumines-
cence of new materials, and much effort has been dedicated
to improving the optical properties of structures that are
already known [8, 9]. Aluminum oxide doped with different
transition metals, especially chromium, can be highlighted
as an excellent luminescence emitter [10, 11]. Doping
with Cr also significantly improves the thermolumines-
cent properties of Al,O; [12—14]. The ceramics industry is
particularly interested in the development of highly stable
nanopigments with intense chromaticity that satisfy both
technological and environmental demands [15].

The synthesis of inorganic nanomaterials and nano-
structures by physical, chemical, and biological methods
has been developed in recent decades. The physical and
chemical methods can be problematic because they may
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be lengthy, expensive, and lead to environmental contami-
nation by the chemical precursors, solvents, or hazardous
byproducts [16]. All these drawbacks restrict the use of
chemical and physical synthesis routes for large-scale pro-
duction [17]. As an alternative, eco-friendly biological pro-
cesses have emerged as a promising option for the produc-
tion of nanoparticles (NPs) [18].

Biological processes involve the use of natural structures
to substitute the reagents traditionally used for the synthe-
sis of NPs [17]. Several different biological resources have
been investigated for the bio-production of NPs, including
bacteria, fungi, algae, viruses, plants, and plant extracts
[19]. A modified sol-gel route, in which natural organic
matter (NOM) is used to anchor metal ions, was reported
in a previous paper [20] describing the production of non-
doped nanoparticles of alpha-alumina.

Despite the evident economic and environmental advan-
tages of these bioprocesses, there remains a lack of investi-
gations concerning their influence on the properties of the
nanoparticles produced. It is well known that the synthe-
sis route can be a crucial determinant of the morphology,
defects, and other properties of various materials [21]. This
work therefore reports a careful investigation of the synthe-
sis parameters used in the production of Cr-doped alumina,
as well as the structural, morphological, compositional, and
optical properties of the samples produced.

2 Experimental

The NOM-rich water used in the synthesis was collected
from a waterfall in Sergipe State, Brazil, and was used
without any prior filtering or purification. The water was
transported from the waterfall to the laboratory at ambi-
ent temperature. The synthesis of non-doped alumina was
described previously [20] and a similar procedure was
adopted in the present work. The precursors used were
ALCl;-6H,0 and Cr(NO;);-9H,0, which were dissolved
in NOM-rich water, with continuous stirring for 120 min
at room temperature, until a gel was formed. This material
was then dried at 100 °C, resulting in a porous low density
solid (xerogel), which was then homogenized and calcined
at different temperatures (800, 900, or 1100 °C) in an open
atmosphere muffle furnace in order to remove the organic
material and crystallize the desired phase. The tests were
conducted using different initial solution pH values (3.0,
4.0, 5.0, 6.0, 7.0, 8.0, or 9.0, adjusted using NH,OH). The
optimum temperature for calcination of the xerogel was
also investigated using thermogravimetric (TGA) and dif-
ferential thermal analysis (DTA) measurements (model
SDT 2960 analyzer, TA Instruments). These measurements
were performed from room temperature up to 1200°C,
under a 100 mL min~! flow of synthetic air.

X-ray diffraction (XRD) measurements (Rigaku RINT
Ultima+2000/PC) were used for qualitative analysis of
the crystalline phases present in the samples. The measure-
ments were performed at room temperature, using Cu Ko
radiation, in continuous scan mode in the range from 10°
to 80°, with a scanning speed of 1° min~!. The diffracto-
grams were compared to the ICSD (inorganic crystal struc-
ture database) cards. Fourier transform infrared (FTIR)
spectrometry was used to determine the vibrational modes
related to the crystalline phases formed or other molecular
species in the samples. For these measurements, the mate-
rial was mixed with KBr and pelletized. The analyses were
performed using a Perkin Elmer instrument in transmission
mode, in the range 4000 —400 cm™!, with a resolution of
4 cm™!. Semi-quantitative determination of elements with
atomic mass >4 was performed by X-ray fluorescence
spectroscopy (XRF), using an S4 Pioneer X-ray fluorimeter
(Bruker). For these measurements, 1 g of the sample was
mixed with 9 g of H;BO; and this mixture was pressed into
cylindrical pellets. The morphology of the samples was
analyzed using a scanning electron microscope equipped
with a field emission gun (FEG-SEM, JEOL model JSM-
7500F). The size of the particles was estimated using
Image J software. For this, around ten images from differ-
ent regions of the sample were employed. The average size
was then calculated using various particles observed in dif-
ferent images (n=~50).

The valence states of the dopants were determined by
X-ray absorption near-edge structure (XANES) meas-
urements at the DOSB:XAFS2 beamline of the Brazilian
synchrotron light laboratory (LNLS) in Campinas, Brazil.
The XANES spectra were obtained at the K-edge of Cr
(5989 eV) for the samples and the Cr,05 and K,Cr,0O, ref-
erence materials (where the valence states of Cr are +3 and
+6, respectively).

Diffuse reflectance measurements were performed at
room temperature using an integrating sphere. Colorimet-
ric characterization was performed using the OA spectra,
following the CIE-L*a*b* 1976 norm, as recommended by
the CIE (International Commission on Illumination). The
photoluminescence (PL) properties of the samples were
determined at room temperature, in both emission and
excitation modes. For these measurements, a 300 W xenon
lamp coupled to a monochromator was used for excitation.
The light output of the samples was monitored with an
ocean optics HR 2000 spectrometer.

In order to investigate the feasibility of using the materi-
als as ceramic pigments, leaching tests were performed to
determine the degree of immobilization of the chromium
ions in the alumina matrix. These tests followed the ABNT-
NBR 10.005 norm. The specimens were composite pellets
of milled glaze and Al,O5:Cr, with glaze to pigment ratios
of 9:1, 7:3, and 5:5. The pellets were sintered at 1100 °C for
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4 h in a muffle furnace, using a heating rate of 10°C min~".

The sintered pellets were then ground and sieved, and the
resultant powder was stirred for 18 h in a solution contain-
ing acetic acid, sodium hydroxide, and distilled water. This
suspension was filtered using a 0.45 pm filter and the Cr
concentration in the liquid was determined by inductively
coupled plasma optical emission spectrometry (ICP-OES).
All the tests were repeated at least 3x using different
specimens.

3 Results and Discussion

The thermal behavior of the xerogel pre-calcined at 400 °C
was investigated in order to identify the best calcination
temperature for crystallization of the alumina. Figure 1 pre-
sents the TGA/DTA curves for the xerogels produced using
10% Cr and different pH values. The TGA curve for the
sample produced with initial pH 3.0 revealed two distinct
stages of mass loss from RT up to 800°C. The first stage
occurred before 200°C, with a mass loss of ~11.1%, and
was probably due to dehydration. This hypothesis was sup-
ported by the endothermic band observed in the DTA curve
(Fig. 1b) and by the peaks observed in the derivative mass
loss curve (Fig. 1c). Similar behavior was observed for the
samples prepared with initial pH of 4.0, 5.0, 6.0, 7.0, 8.0,
and 9.0. For these samples, the mass loss values at 200°C
were 15.6, 14.5, 19.3, 16.0, 16.3, and 16.6%, respectively.
In the second stage, there was a small weight loss of
approximately 5.2% between 400 and 850 °C, probably due
to crystallization of the amorphous phase to form gamma-
alumina. This was supported by the exothermic peaks
observed in the DTA curve and the derivative mass loss
curve (Fig. 1c). For the other samples, this mass loss was
observed up to ~800°C. No exothermic peaks correspond-
ing to the crystallization of gamma-alumina were observed
in these DTA curves. This behavior was in agreement with
results previously reported in the literature [22, 23].

It can be seen from Fig. 1c—e that similar TGA/DTA
curve profiles were obtained for the samples doped with
1 and 10% Cr. In earlier studies, Hafez and El-Fadaly [24]
synthesized nanoceramic pigments from Co?*-doped alu-
mina—titania and observed that different dopant concentra-
tions did not affect the TGA curve profile, due to the low
concentration of dopant. Sivakumar et al. [25] synthesized
Cu-doped BaSO, nanoparticles using the chemical precipi-
tation method and arrived at the same conclusion.

The X-ray diffraction technique was used to investigate
crystallization during the synthesis. Figure 2 presents the
XRD patterns of the 2% Cr-doped samples prepared using
different initial sol pH values. It can be seen that the sam-
ple produced using pH 4.0 consisted of a single phase. This
was related to the distribution of Al species as a function
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of pH, as well as the complexation capacity of the NOM,
which was also dependent on pH.

In the case of aluminum ions present in aqueous solution
at pH> 5.0, there is competition between formation of the
Al(OH), complex and the hydrolysis of aluminum. At pH
3.0 and 4.0, almost all the aluminum species are present as
AI**, as can be seen in the Pourbaix diagram of aluminum
(as well as from the Eh/pH plot), which provides a graphi-
cal representation of the possible stable phases of a metal
present at equilibrium. These species were available for
complexation by the negatively charged groups present in
the NOM. Furthermore, the main functional groups present
in the NOM are carboxyls and phenolic hydroxyls. These
two groups control the chemical behavior, especially reac-
tions involving cationic exchange, complexation, and chela-
tion, which are strongly pH-dependent [26].

The carboxyl groups are dissociated at pH>4.0, while
phenolic groups are dissociated at pH>9. At pH>5, the
aluminum ions are negatively charged [AI(OH),] or in the
form of the hydroxide, and consequently are not available
for complexation by the NOM, with repulsion between
these species and the negatively charged NOM groups.

The deprotonation of the carboxylic groups of the NOM
at pH 4.0 enables complexation between these groups and
the AI** ions. It has been reported previously that interac-
tion of aluminum ions with humic substances can occur
due to hydrogen bonding, electrostatic attraction, ionic
exchange, and chelation [27], with the interaction mecha-
nism being dependent on the pH of the solution. Hence,
it can be inferred that the main mechanism responsible
for the formation of alpha-alumina using NOM was ionic
exchange, because under the conditions of the synthesis,
the deprotonated carboxyl groups could interact with AI**
present in the medium, following the proposed mechanism
shown in Equations 1 and 2.
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The material obtained at pH 7.0 is also shown in
Fig. 2. In the presence of the intermediate kappa-alumina
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Fig.1 a Thermogravimetric (TGA), b differential thermal analysis
(DTA), ¢ derivative mass loss curves for A1203:Cr powder synthe-
sized using a Cr concentration of 10% and different pH values, d, e

phase at this pH, almost all the aluminum was in the form
of aluminum hydroxide [AI(OH);] and was not available
for complexation. This demonstrated the importance of
complexation of the aluminum ions by NOM, in order to
form alpha-alumina. In the case of the sample prepared
without NOM and calcined at 1100 °C for 4 h, with ini-
tial sol pH 4, the XRD diffractogram indicated no forma-
tion of the alpha-alumina phase (Fig. 3b). This confirmed

Temperature, °C

curves of TGA and DTA for Al203:Cr powder synthesized using a
Cr concentration of 1 and 10% and pH 4.0

the need for the presence of NOM in order to produce the
desired phase.

Figure 3b shows the XRD diffractograms obtained for
the non-calcined samples (gels) and the samples produced
using different dopant concentrations and calcination tem-
peratures, maintaining an initial pH of 4.0 and a calcina-
tion time of 4 h. The diffractograms showed similar pro-
files for the samples calcined at the same temperature but
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Fig. 2 X-ray diffraction patterns for the AI203:Cr (2%) sample
prepared using different initial sol pH values. Conditions: Concen-
tration=0.05 g mL~"; calcination at 1100°C for 4 h. The ICSD Ne.
73725 alpha-alumina standard is included for comparison

with different dopant concentrations. These results were
supported by the TGA/DTA curves as well as by previous
findings that alteration of the dopant concentration did not
affect the diffractogram profile [23, 24, 28]. In addition,
the samples showed the presence of the gamma phase and
some characteristic peaks corresponding to the alpha phase.

Single-phase alpha-alumina was observed for the sample
calcined at 1100°C (Fig. 4). In previous work concerning
the production of non-doped alumina using NOM [20], sin-
gle-phase alpha-alumina was obtained after crystallization

a —— Without NOM
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26 ()

Fig. 3 X-ray diffraction patterns for Al203:Cr, a sample prepared
without NOM and calcination of the powders for 4 h temperature
1100°C to Al203:Cr-1% and b calcination of the powders for 4 h at
different temperatures to concentration 1 and 10%. Conditions: initial
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at 1000 °C for 4 h, so it can be hypothesized that the inser-
tion of Cr ions enhanced the activation energy for crystal-
lization of alpha-alumina. In some cases, this might be due
to greater local disorder near the dopant ions [21, 29]. It
can also be seen (Fig. 4) that the alpha-alumina phase was
obtained for all the dopant concentrations tested, indicat-
ing that the temperature for formation of the alpha-alumina
phase was not influenced by the dopant concentration, as
reported in earlier studies [23, 24, 28].

Figure 4 also shows the XRD patterns for the alumina
powder doped with different concentrations of chromium
and calcined at 1100°C for 4 h. All the samples presented
well-defined diffraction peaks corresponding to alpha-
alumina, indicating a high degree of crystallization. The
absence of other diffraction peaks indicated that single
phase Al,O; was obtained and that Cr was well incorpo-
rated into the host matrix. Since the ionic radius of Cr’*
(0.64 A) is similar to that of AI** (0.50 A), no noticeable
change in the lattice parameters was expected, even with
10% doping. The positions and widths of the main XRD
peaks were the same for all the Cr-doped samples (Fig. 4b),
reflecting similar cell parameters and crystallite sizes
for all the doped samples. From these results, it could be
concluded that the dopant concentration did not affect the
crystallization temperature of the alpha-alumina, which
remained at 1100 °C (for 4 h) when an initial pH of 4.0 was
employed for the precursor colloidal suspension. These
findings are indicative of practical advantages for industrial
production, because the same synthesis conditions could be
used for any dopant concentration.

Analysis using infrared absorption spectrometry ena-
bled evaluation of the vibrational modes of the Al-O
bond in octahedral and tetrahedral configurations, as well

T
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sol pH 4; concentration=0.05 g L™!. The diffractogram of the ICSD
95302 gamma-alumina and alpha-alumina (ICSD 73725) standard is
included for comparison
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Fig. 4 a X-ray diffractograms for the Al203 doped with dif-
ferent concentrations of chromium. Conditions: Concentra-
tion=0.05 g mL~"; initial sol pH 4.0; calcination at 1100°C for 4 h.

as the effects of the chromium ions and pH on the alu-
mina vibrational modes. Alpha-alumina shows frequen-
cies of 639, 594, and 447 cm™', while the frequencies
for the tetrahedral coordination (AlO,) are 822, 740, and
530 cm™!. Figure 5 presents the FTIR spectra obtained
for alumina doped with different concentrations of chro-
mium ions, showing characteristic bands of alpha-alu-
mina for all the samples. No clear vibrational frequencies
were associated with the typical chromium—oxygen sites,
so it could be concluded that the presence of this dopant
did not significantly affect the characteristic vibrational
modes of alpha-alumina.

1%
2%
3%
5%
10%

34 35 36
26 ()

The ICSD N°. 73725 alpha-alumina standard is included for compari-
son and b zoom view of the main diffraction peak of doped samples

The initial sol pH can have a significant influence on the
vibrational modes of the Al-O bond [30]. It can be seen
from Fig. 5b that the vibrational modes associated with the
tetrahedral coordination of Al were present for all the sam-
ples, with the exception of the sample produced using pH
4.0. Furthermore, octahedral bands were present for all the
samples, except those produced using pH 7.0, 8.0, and 9.0.

Table 1 provides the concentrations of impurities in
the sample of alumina doped with 10% chromium. It
could be concluded that the samples synthesized using
NOM-rich water contained low concentrations of the ele-
ments Cl, S, Si, Fe, Cu, and Zn. Chlorine was present at

b —— gama- alumina
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pH - 4.0
——pH-5.0
——pH-6.0
pH-7.0
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pH -9.0
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Fig. 5 FTIR spectra of samples produced using a different concentrations of dopant, and b different pH
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Table 1 XRF analysis of impu-

N - Element Concentration
rities in the sample of alumina
doped with 10% Al 82.1+12
Cr 104+04
Cl 3.6+0.1
Si 2.1+0.8
S 0.81+0.3
Fe 0.53+0.1
Cu 0.35+0.01
Zn 0.11+£0.07

1%
1.0 e
3%
0.8 5%
10%
Cr (I)
0.6 Cr (Vi)
%)
x
0.4
0.2
0.0 5980 5990 6000
5980 6000 6020 6040 6060
E(eV)

Fig. 6 XANES spectra for alumina powder doped with different
concentrations of high purity chromium, and for the Cr203 (III)
and K2Cr207 (VI) reference materials. Conditions: concentra-
tion=0.05 g mL""; initial sol pH 4.0; calcination at 1100°C for 4 h

the highest concentration, which could have been due to
the use of aluminum chloride as the reaction precursor,
or the water used in the synthesis (because surface waters
contain significant amounts of chloride). The element
detected at the second highest concentration was sili-
con, which was possibly derived from soil. The elements
S, Fe, Cu, and Zn were detected at significantly lower
concentrations.

The XANES spectrum for the Cr(VI) reference material
(Fig. 6, blue curve) presented an intense peak in the pre-
edge region, which was not found for the Cr(III) reference
material (Fig. 6, green curve). Moreover, the absorption
edge, determined by the inflection point of the absorption,
occurred at higher energies for Cr(VI) (Eo=6008 eV),
compared to Cr(Ill) (Eo=6006 eV). The Al,05:Cr(1%),
Al O;:Cr(2%), and Al,05:Cr(3%) samples showed the
characteristic Cr®* peak In the pre-edge region. However,
the Al,0;:Cr(5%) and Al,O;:Cr(10%) samples did not
show this peak, indicating that Cr®* was absent. Due to the
toxicity of Cr®, the presence of this ion in the material is
undesirable for industrial applications. The results obtained
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here therefore showed that it was possible to produce alu-
mina-doped samples free from this toxic species.

The particle morphology was not influenced by the
concentration of Cr employed (Fig. 7) and all the sam-
ples presented spherical morphology, with average parti-
cle sizes of 41.8+2.1, 40.2+1.1, 42.2+1.6, 39+ 1.6, and
41.1£1.0 nm for alumina doped with 1, 2, 3, 5, and 10%
chromium, respectively. This indicated that the dopant con-
centration did not influence the particle size and that the
modified sol-gel route with NOM was effective in produc-
ing nanostructured materials.

Figure 8a shows the emission spectrum of the sample
doped with 2% Cr, with emission bands at around 686, 704,
and 707 nm. The same emission bands were also observed
for the samples prepared using other Cr concentrations. In
earlier work, Cr-doped alpha-alumina calcined at tempera-
tures above 1100°C for 4 h presented the well-known R1
and R2 lines located at approximately 689 and 696 nm,
respectively [31]. These bands are related to the position of
the chromium ions in the matrix, which causes a distortion
[31-33]. The spectrum also showed several less intense
bands that resulted from the presence of paired Cr ions in
the matrix [31, 32]. Since the PL spectra of the samples
produced with NOM were the same as those reported for
samples produced by unmodified sol—gel routes, it could be
concluded that the use of NOM-rich water to produce the
alumina preserved the optical properties of the material.

Figure 8b shows the emission spectra of the samples
doped with different Cr concentrations (1-10%). In the case
of the samples doped with 1, 2, 3, or 5% Cr, the emission
band at 697 nm was in agreement with results reported for
samples produced by traditional methods [34-38]. The
presence of this peak is due to the *E, — *A,, transition
[36] related to the defects arising from the Cr substitution.

The spectra shown in Fig. 9a revealed that the emission
efficiency was influenced by the concentration of Cr ions
in the alumina matrix. Similar results have been reported
for Cr-doped alumina synthesized using combustion and
hydrothermal methods [30, 36]. For low concentrations
of dopant, the emission intensity was lower because there
were fewer luminescence centers. For higher concentra-
tions, the emission efficiency increased, reaching a maxi-
mum for a concentration of 2% and then decreasing for
higher concentrations, with complete suppression when
a concentration of 10% was used. These findings are con-
sistent with the existence of a cross-relaxation mechanism,
which depends on the distance between the dopant ions.
Furthermore, for higher concentrations, there is saturation
of the host alumina network [32, 34, 37-40].

Figure 9b also presents the excitation spectra for the
samples with emissions centered at about 697 nm. Two
bands can be observed for the samples doped with 1, 2,
3, and 5% of chromium, with maxima at 400 and 550 nm,
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Fig. 7 SEM images of chro-
mium-doped alumina powders
produced by the NOM assisted
sol-gel route using different Cr
concentrations: a 1%, b 2%, ¢
3%, d 5%, and e 10%. Condi-
tions: initial sol pH 4.0; stirring
time =30 min; calcination at
1100°C for 4 h

related to Cr transitions *A,, — “T;, and ‘A, — Ty,
respectively [39, 40]. It can be seen that the intensities of
these bands were dependent on the dopant concentration.
Although NOM-rich water may contain several impurities,
the effect of these impurities did not seem to influence the
optical properties of the samples tested in this work.

Figure 8b compares the light outputs measured for the
non-doped and 2% Cr-doped samples. It could be con-
cluded that the emission was due to the presence of Cr
in the sample, since the non-doped alumina did not show
any light emission.

Figure 9 presents the XEOL curves obtained for the
samples doped with different concentrations of chromium

(1-10%). The spectra showed that the emission efficiency
was influenced by the concentration of chromium ions in
the alumina matrix, with lower emission intensity at low
chromium concentrations. The emission intensity reached
a maximum at a chromium concentration of 2%, with
decreased radioluminescence efficiency at higher concen-
trations. Radioluminescence was suppressed at a concen-
tration of 10%. All the spectra showed the same behavior
as the PL curves.

Figure 10 presents the chromaticity diagram for the alu-
mina doped with different concentrations of high purity
chromium (1-10%), using different initial sol pH values
(pH 3.0-9.0). The intensity of the pink color increased in
line with the concentration of the dopant, so different tones
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Fig. 8 a Emission spectrum of the alumina doped with 2% chromium, synthesized using NOM-rich water and b Excitation and emission spectra
for alumina doped with different concentrations of chromium. Conditions: initial sol pH 4.0; calcination at 1100 °C for 4 h
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Fig. 9 a XEOL emission spectra of the non-doped and 2% chro-
mium-doped alumina samples and XEOL emission spectra of the alu-
mina doped with different concentrations of chromium. Conditions:

were obtained by only varying the dopant concentration.
This significantly affected the chromaticity coordinates of
the doped alumina. For example, the sample obtained using
an initial sol pH of 3.0 (indicated in the diagram with the
letter “f”) presented a significantly less intense pink tone,
compared to the sample synthesized using the same con-
centration of dopant, but at pH 4.0, indicated in the dia-
gram with the letter “b”. These results were possibly due
to the different mixtures of phases present, which depended
on the pH (Fig. 4).

Leaching tests were performed according to the NBR-
10005 protocol. No significant concentrations of total
chromium (determined by ICP-OES) were detected in any
of the tests. Therefore, the use of NOM-rich water for the
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synthesis of nanopigments composed of alumina doped
with chromium would not harm the environment.

4 Conclusions

Synthesis of chromium-doped alpha-alumina nanopow-
der using water rich in aquatic humic substances is both
eco-friendly and highly practical. The best synthesis con-
ditions for obtaining a single-phase nanostructure using
this green biological route were pH 4.0 and calcination at
1100°C for 4 h. The results of XRD and FTIR analyses
confirmed formation of the alpha-Al,O;:Cr phase. The
chromaticity data revealed that the pink color intensified
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Fig. 10 Chromaticity diagram of the alumina samples doped with
different concentrations of chromium (a: 1%; b: 2%; c: 3%; d: 5%; e:
10%) and initial sol pH 4.0, diagram of the alumina samples doped

with increasing dopant concentration. The SEM results
indicated that the particles obtained in the present work
were spherical and smaller than 42 nm. The lumines-
cence and radioluminescence spectra of the nanoparti-
cles were sensitive to the dopant concentration, and the
spectra were identical to the profiles described in the lit-
erature for samples synthesized using traditional routes,
which supports the technological feasibility of the pro-
posed synthesis route. This new methodology could be
employed for the production of phosphorescent nanoma-
terials used in the development of various sensors and
new types of polycrystalline ceramic lasers, since the
impurities present in the NOM-rich water did not affect
the optical properties of the alpha-alumina doped with
chromium.
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with 2% of chromiun and using different initial sol pH values (f: 3.0;
g:4.0; h:5.0;i: 7.0; j: 8.0; [: 9.0)
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