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Nanosized CoxZn;_xAl,04 (x = 0, 0.1, 0.2, 0.4, 0.6, 0.8 and 1) blue pigments were prepared using a novel,
starch-based synthetic route, in which the carbohydrate acts as chelating, template and gelation agent.
The (Zn,Al,Co)-starch gel precursors were characterized using FTIR and thermal analysis, while their
corresponding oxides were characterized using FTIR, NIR-UV—Vis spectroscopy, XRD and SEM. The FTIR
spectra of the pink-reddish metals-starch gel precursors, dried at 80 °C, indicated the formation of

a complex (Zn,Al,Co)-starch assembly as well as the first signs of a spinelic phase. Thermal analysis of the
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precursors showed that mass loss was accomplished at ~ 430 °C; for CoxZn;_xAl;04 (0 < x < 0.6) metal-
oxide samples the spinel crystallization phase transformation occurred in the temperature range
~700—830 °C. The presence of a pure spinel lattice after calcination of the metal-starch gel precursors at
800 °C was confirmed; particles were homogeneous in shape and size, with a pronounced tendency to
form agglomerates and aggregatess. NIR-UV—Vis spectra of the blue oxides were characteristic of Co(II)
metal ions located in tetrahedral sites and also showed disorder dependence on cobalt(Il) cation-content.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Thernard’s Blue namely, cobalt (II) aluminate spinel, CoAl;0y4, is
one of the most popular of inorganic pigments [1] and its physico-
chemical features, such as high thermal and chemical stability, high
resistance to acids, alkalis, light and various atmospheric agents
make it suitable for various industrial applications, such as
ceramics, glass, plastics, paint, paper, rubber, and color TV tubes
[2—6].

As many blue inorganic pigments [1], the key elements for
cobalt (II)-based aluminate oxides are the constituent Co(Il)
cations, which are usually located on tetrahedral sites within
a conventional, cubic, spinel-type structure and are the source of
the observed blue color. However, the preparation of blue alumi-
nate pigments suffers several disadvantages that arise from the fact
that cobalt is scarce, expensive and, most importantly, toxic (cobalt
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is included in the European Council Decision 94/904/EC and
Council Directive 91/689/EEC). In this context, the reduction of the
cobalt content of such oxide pigments would prove of value, from
an environmental perspective, assuming that its coloration prop-
erties could be maintained.

It is well-known that the method of synthesis is crucial in terms
of oxide-based pigment characteristics and that the synthetic
method used can be adapted to achieve the desired properties.
Conventional high-temperature solid-state reactions between two
oxide components were used to prepare ceramic oxide-based
pigments with superior hiding properties [7—10]. Various chimie
douce (soft chemistry) techniques namely sol-gel and polyol
methods, hydrothermal synthesis as well as thermal decomposition
of metal-organic precursors have offered wide possibilities in
the synthesis of high purity, homogeneous, nanosized aluminate
particles of narrow size distribution, which result in improved
optical and coating properties [6,11—22]. Recently, a polymeric
precursor method involving citric acid and ethylene-glycol was
used to obtain cobalt(Il)-aluminates containing a reduced amount
of cobalt [23]. Although low temperature synthesis of CoAl,04 oxide
aluminates (temperatures starting from 450 °C) have been reported,
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no information about their coloration properties has been provided
[12,22]. A common temperature for the synthesis of the blue-
colored CoAl,04 pigment is >800 °C [16].

Less attention has been paid, unfortunately, to more environ-
mentally aware synthesis of oxide-based pigments. Usually, a non-
polluting method is associated with non-toxic raw materials and
reaction intermediates as well as minimal energy usage. This paper
concerns a novel, less-toxic, flexible and reproducible starch-based
synthesis of cobalt aluminate oxide spinels, CoxZn;_xAl,04 (x = 0,
0.1,0.2,0.4, 0.6, 0.8 and 1), which comprise the gradual insertion of
Co(II) cations within a gahnite (ZnAl,04) host lattice. The carbo-
hydrate has a triple role during the synthesis as complexing,
template and gelation agent.

The soluble starch is a low-cost, abundant, renewable, natural
polysaccharide and thus fulfils environmentally aware chemistry
demands. The starch has already been employed as a powerful tool
for controlling the particle shape and size of inorganic materials
[24—33] and carries a large number of functional polyol groups,
thereby acting as a ligand towards divalent or trivalent metal ions.
Moreover, at ~80—90 °C, the resulting complex precursors, in the
presence of an excess of starch, form gels. The host zinc aluminate
lattice was not chosen randomly but, rather, because ZnAl,04 is
non-toxic/non-hazardous. The toxicities of ZnO and Al,03 are low
(LD5p = 5000 mg kg~' for ZnO and 15 000 mg/kg for Al,03).
Furthermore, both zinc and aluminum metals are abundant in the
earth’s crust and ZnAl,O4 displays high thermal and chemical
stability. The versatility of the spinelic structure regarding cation
distribution is also noteworthy, as the tetrahedral/octahedral
occupied sites ratio for a cation is dictated mainly by the oxide’s
thermal history.

2. Experimental

The chemicals were purchased from commercial sources: cobalt
acetate [Co(CH3COO0),-4H,0, Reactivul], zinc acetate [Zn
(CH3C00);-2H,0, Reactivul], aluminum nitrate [AI(NOs3)s3-9H,0,
Merck]| and starch [(CgH1005)y, Carl Roth]. All manipulations were
performed using materials as received.

2.1. Synthesis

2.1.1. Metals-starch gel precursors

An aqueous solution containing Zn(II), Al(III) and Co(Il) metal
ion salts and starch was heated at 60 °C, under continuous stirring.
After 1 h, the temperature was raised to 80 °C and the mixture was
stirred for several hours until a pink-reddish gel was formed. The
used ratio M(IT)/AI(IIT) [M(II) = Zn and Co] is 0.5 and Mqa)/starch
[Motal = M(II) and AI(IIT)] was 2.4.

2.1.2. CoxZny_xAl,O4 (x = 0.1, 0.2, 04, 0.6, 0.8, 1) oxides

The blue mixed oxide have been obtained after a heat treatment
of the metal-starch gels precursors at T = 800 °C, for 1 h, with
a heating rate of 20 K/min.

2.2. Thermal investigations

The thermal analysis have been carried out under static air, with
sample mass about ~ 10 mg at heating rates of 5 K/min on a Netzch
thermo balance STA 409 PC/PG type.
2.3. Spectral investigations

The IR spectra (KBr pellets) were recorded in the

4000—400 cm™! region with an FTIR Brucker Tensor V-37 spec-
trophotometer. UV—Vis spectra (diffuse reflectance technique)

were recorded on the 200—1800 nm domain with a JASCO V-670
spectrophotometer, using MgO as a standard.

2.4. Structure and morphology

The structure of the as-resulted powders was examined at room
temperature with an SHIMADZU XRD 6000 diffractometer, using
Ni-filtered CuKao radiation (A = 1.5418 A), with a scan step of 0.02°
and a counting time of 1 s/step, for 26 ranged between (20—70)°.

In order to analyze the oxides powders morphology, crystal-
linity degree and to check their chemical composition and purity,
TEM and HRTEM coupled with SAED (surface area electron
diffraction) and EDX (energy dispersive X-ray spectroscopy)
investigations were performed using a high resolution trans-
mission electron TECNAI F30 S-Twin microscope.

3. Results and discussion

3.1. Synthesis and characterization of the metal-starch
complex precursors

3.1.1. Synthesis

The combined coordinating and structure-directed effects of the
starch have allowed us to easily obtain a stable (Zn, Al, Co)-starch
complex which has been encapsulated within the polysaccharide
(in excess) matrix (Scheme 1). Several steps of the synthesis
deserve to be discussed: (i) the polysaccharide acts initially as
ligand toward the metal cations and determines the formation of
the metals-starch complex; (ii) the residual starch gradually coats
(through a complex hydrogen-bonds supramolecular interactions)
the metals-starch complexes, which, thus, will be protected against
further chemical reactions. The helical form of the carbohydrate

[ Zn(CH,C00),2H,0 | [ Co(CHC00),4H0 |
— —

=

reaction medium
M(I)Y/AI(II) [M = Zn + Co] = 0.5
Mototal/starch [Mtotal = M(II) and AI(II[)] = 2.4.

magnetic stirring
1h/60°C

Metals-starch complex
precursor

magnetic stirring
3-4h/80°C

H0
elimination

Metals-starch gel
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heating treatment
1h/800°C
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Scheme 1. The resumed synthetic pathway of the nanosized CoxZn;_xAl;04 (x = 0, 0.1,
0.2, 0.4, 0.6, 0.8 and 1) mixed oxides.
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plays a structure-director role on the supramolecular assembly; (iii)
a further heating treatment, at T = 80—90 °C for several hours, is
accompanied by the water elimination, the mixture being finally
gelified, with the metals-starch complex “frozen” into a solid rigid
network. The formation of the amorphous gel is essential to assure
a high homogeneity and a good stoichiometry of the components.
The preservation of a uniform distribution of cations during the
thermal decompositions assures a supplementary protection
against the nanoparticles segregation. As a consequence, the
atomic diffusion processes are considerably reduced and the pure
spinelic phase could be achieved in shorter times at lower
temperatures than in solid-state reactions and even in analogue
solution synthetic methods. The synthetic pathway is presented in
Scheme 1.

3.1.2. FTIR spectra

The FTIR spectra of the (Zn,Al,Co)-starch gel precursors are
very similar and essentially contain absorption bands from the
polysaccharidic ligand. Fig. 1 exhibits the IR spectrum for gel
precursor sample of Cog4ZngeAl,04 oxide. The stretching vibra-
tions assigned to the C—O and of the adjacent C—C bonds overlap
the 1000—1150 cm™! region. A striking feature of the vibration
spectra is the occurrence of a broad and strong band on the
1450—1300 cm~! region, which most probably results from
a multiple overlapped absorptions originated from a combination
of 3(OCH), 3(COH) and d(CCH) deformation bands and the typical
nitrate band. A supplementary absorption of the NO3 anions
embedded in the polysaccharide matrix was identified as a weak
and sharp band at 833 cm~!. Water gives a medium intensity
band at 1632 cm~!' (H—O—H bending mode) and also is respon-
sible for the broad absorption in the 3000—3500 cm~! region
[34]. The broadness of bands suggests rather an overlap of
multiple absorptions and sustains the formation of a complicate
assembly made-up from (Zn, Al, Co)-starch complexes and
unreacted carbohydrate. The gels have been dried at 80 °C/1 h
and it is interesting to notice, after the mild heating treatment,
the formation of a spinelic phase: a low-intensity and structured
absorption in the 500—700 cm™! region, in which the triplet

characteristics for M—O and M—O—M’ bonds of the aluminate
spinels is distinguished [35—38].

3.1.3. Thermal analysis

The thermal decompositions (complex, multi-step ones, in
which several processes are partial or total overlapped) show
similar characteristics for all metals-starch gel precursor samples.
Fig. 2 shows the TG, DTG and DTA curves recorded for a middle
substitution (x = 0.4).

The thermal decomposition of the precursors starts with an
endothermic decomposition (~50—100 °C), which could be attri-
buted to the water evolving. The second decomposition stage (up to
~250 °C) is characterized by a first endothermic step, followed by
two exothermic processes. The endothermic effect is identified as
the start of the degradation process of the nitrate anions (origi-
nated from aluminum nitrate [39]) which, as the temperature is
rising, it will be overlapped by the starch and acetate (resulted
from zinc acetate [40]) decompositions. The change of the thermal
effect from endothermic to an exothermic one is determined by
the redox reaction between the evolved gaseous products with
both oxidant and reducing character. The last decomposition step
corresponds to the degradation process of the starch and nitrate
residua. The presence of nitrate anions in the reaction intermedi-
ates until the end of the decomposition process was confirmed by
FTIR spectroscopy.

Higher cobalt content is associated with lower decomposition
temperatures, in the final step: a variation of the substitution
parameter x from O to 1 determines the decrease of the Tpax pra of
the last exothermic decomposition process and of the final
decomposition temperature from 361.2 to 347.6 °C and from 426.5
to 367.5 °C, respectively.

An exothermic phase transition, assigned to the spinel crystal-
lization, was detected only for CoxZn;_xAl;04 aluminates samples,
in which 0 < x < 0.6 (Fig. 3). The cobalt content increase is
accompanied by the decrease of the DTA signal intensity, while the
Tmax pTA iS shifted toward lower temperatures: from ~713 °C
(x = 0) to 684 °C (x = 0.6). Such a behavior may be explained by
a better homogeneity of the rich-cobalt oxide samples: the phase
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Fig. 1. FTIR spectrum for metals-starch gel precursor of Cog4ZngcAl,04 oxide aluminate.
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Fig. 2. Thermal curves (TG, DTG and DTA) for the metals-starch complex precursor of
Cop.4Zng 6Al;04 oxide.

transition occurs more rapidly, at lower temperatures, with a lesser
need of atomic diffusion.

3.2. Synthesis and characterization of Co(II)-substituted
aluminates oxides

3.2.1. X-ray diffraction

Fig. 4 shows the XRD patterns of the CoxZn;_xAl,04 (x = 0, 0.1,
0.2, 0.4, 0.6, 0.8 and 1) oxides samples, heated at 800 °C, for 1 h.
After the calcination treatment only the diffraction peaks specific to
the spinel phase were present, no secondary phases being
identified.

CoAl,04 and Co304 have very similar diffraction patterns
because of their same spinel cubic structure (Fd3m), differing only
slightly in the parameter lattice. The relative intensity of the two
diffraction reflection [222]/[311] together with the presence of the
[331] Bragg reflection, are considered to be the signatures of
CoAl,04 phase [41—43]. The existence of a pure CoAl;04 (x = 1)
phase is sustained by the 1[220]/1[311] and 1[331]/I[311] ratios, of
0.7 and 0.04, respectively. These values are very close to those of
CoAl,04 (0.7 and 0.04, JCPDS-82-2252), and different from the
values recorded for Co304 (0.309 and 0.003, JCPDS-80-1545).
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Fig. 3. DTA curves of the CoxZn;_xAl,04 precursors [x = 0 (a), 0.1 (b), 0.2 (c), 0.4 (d), 0.6
(e), 0.8 (f) and 1 (g)].
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Fig. 4. Powder X-ray diffraction patterns of CoxZn;_xAl,04 oxides [x = 0 (a), 0.1 (b), 0.2
(c), 0.4 (d), 0.6 (e), 0.8 (f) and 1 (g)] calcinated for 1 h at 800 °C.

The cobalt content influences the mean crystallite sizes values of
the formed spinel oxides: from ZnAl,04 (x = 0) to CoAl,04 (x = 1)
the mean crystallite sizes values continuously decreases, from
250 A to 146 A (heating treatment at T = 800 °C, for 1 h), as it is
plotted in Fig. 5. An abrupt decrease has been recorded for
0.6 < x < 0.8. These values are lower comparative with those of
CoxZni_xAlO4 nano-oxides obtained by Pechini method
(381—220 A), after the same annealing treatment (800 °C/1 h) [23].
The reduced crystallite sizes together with the formation of spinelic
phase at relatively low temperatures are two strong arguments for
the efficiency and utility of the proposed synthetic route to prepare
nanosized oxide-based pigments with a reduced amount of Co(lI).

3.2.2. TEM, HRTEM and SAED analysis

TEM investigations indicate the formation of small particles,
homogeneous as shape and size and with a pronounced tendency
to form agglomerates and even aggregates. The particle average
size estimated from the TEM image of Cog4ZnggAl,04 is ~27 nm,
very close to the crystallite average size calculated from the X-ray
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Fig. 5. Diagram of the mean crystallite size of CoxZn;_xAl,04 oxides (calcinated for 1 h
at 800 °C) vs. the cobalt (x) content.
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Fig. 6. TEM image of Zng gCop 4Al,04 powder.

diffraction data, proving the single crystal nature of these particles
(Fig. 6). In spite of this small size, the HRTEM image from Fig. 7
clearly shows ordered fringes corresponding to the crystalline
(311) planes of the spinel structure. Moreover, the SAED pattern
presented in Fig. 8 also pointed out a relative high crystallinity
degree. Qualitative and quantitative EDX analyses showed a high
purity and suitable stoichiometry of the investigated powder.

3.2.3. Spectral properties

3.2.3.1. FTIR spectroscopy. The spinelic phase in CoxZni_xAlxO4
(x =0.1,0.2,04, 0.6, 0.8, 1) oxides is easily identified in vibration
spectra as a very intense triplet in the 500—800 cm~! region,

Fig. 7. HRTEM image of Zng C00.4Al1,04 powder.

Fig. 8. SAED patterns of Zng¢Cog 4Al,04 powder.

specific to the M—0 and M—O—M’ stretching vibrations [35—38].
Some authors associate the increase of cobalt content with a higher
intensity for the absorption at ca. 650 cm™, assigned to the [ZnO4]
group vibrations [23]. The analysis of the FTIR spectra of our
aluminate samples reveals that no visible change of the triplet
intensity occurs with the modification of the cobalt content.

3.2.3.2. NIR-UV—Vis spectroscopy. The color and coloring proper-
ties are fundamental characteristics of any pigment. Usually, in 3d
metal cation-based pigments, their color originates mainly from
the d—d allowed and/or forbidden electronic transitions. Not only
the metal ion geometry, but the cristalinity degree of the samples
or the crystallite sizes should be taken into account in evaluating
the pigments color. Fig. 9 exhibits the visible and near infra-red
diffuse reflectance spectra recorded for CoxZn;_xAl,04 (x = 0.1, 0.2,
0.4, 0.6, 0.8, 1) oxides obtained at a calcination temperature of
T = 800 °C.

con |Znn§AI7°1
1.0 ——Co, Zn, ALO,
Co, Zn, ALO,
09}k Co, Zn AlLO,

x40,
Co, Zn AlO,

i

CoAlLO,

Absorbance (arbitrary units)

400 600 800 1000 1200 1400 1600 1800
Wavelength(nm)

Fig. 9. Visible and near-infrared spectra for CoxZn;_xAl,O4 (x = 0.1, 0.2, 0.4, 0.6, 0.8, 1)
oxides.
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The metal-oxide samples spectra show similar features: in the
visible region, a three-structured band, with maxima at ca. 544, 595
and 622 nm that gives the blue coloration of the samples.
This absorption could be easily assigned to the 4A,(F)—4T;(P) [44]
spin allowed transition for the tetrahedral Co(Il) chromophores. Its
structured pattern is resulted most probably from the significant
effects of the spin-orbit coupling which split the T state in three
spinor components [45,46]. A slightly blue shift of absorption is
noted for the enriched-Co(Il) samples, but it is still uncertain if
could be related with the decrease of the mean crystallite sizes.

It is well-known that the blue-colored materials absorb visible
light in the 500—700 nm and the green coloration gives a shoulder
at ca. 400 nm in UV—Vis spectra. The greenish hues of our samples
are associated with the large shoulder, with a maximum at ca.
360 nm. Since it is unanimously accepted that the octahedral Co'!!
cations (in Co304 oxide) are usually stable only between 400 and
700 °C [42,43,47] and the XRD and EDX investigations of our oxide
samples show the presence of a pure spinelic phase, we could
conclude that these absorptions mainly result from the forbidden
spin transitions of the tetrahedral Co(II) cations. The absence of any
absorption in the 650—800 nm region, specific for 0>~ — Co3*
ligand-metal charge transfer (LMCT) is an additional argument that
Co304 is not present in our oxide-systems [48]. The signature for
the tetrahedral cobalt(Il) metal ion is also distinguished in the NIR-
region: a broad absorption with a maximum at about 1320 nm,
assigned to A, —*T;(F) transition. The two shoulders located at ca.
1220 and 1500 nm are the result of the decreased tetrahedral
symmetry [#Ty(F) level is split into #A; + “B; + *B; levels and three
bands are expected] [44].

In spinel-type oxides, the process of cation inversion is a very
common phenomenon, being possible any distribution between
a normal and an inverse spinel: (Aj_yBy)[B2_yAy]O4 (A = divalent
cations, B = trivalent cations, y = inversion parameter repre-
senting the fraction of A cations in octahedral sites). The
evolution of the substitution process of Zn(II) cations with Co(II)
metal ions within the gahnite lattice could be easily monitored
by analyzing the NIR-UV—Vis spectra. The increase in Co(Il)
cations concentration is accompanied by the gradual disap-
pearance of the high energy absorptions from 260 nm (assigned
to the fundamental band-to-band electron excitations in ZnAl,04
phase) and by the enlargements of UV—Vis bands [as the result

0,35
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1 1 1 1 1 1 1
400 600 800 1000 1200 1400 1600 1800

Wavenumber(nm)

Fig. 10. Visible and NIR spectra of the poor-Co oxides, Cog1ZngoAl,04, obtained at
1000 °C for 1 h (red continuous line) and for 5 h (green continuous line). (For inter-
pretation of the references to colour in figure legends, the reader is refered to the web
version of this article).

of the overlap of the allowed and forbidden spin transitions from
the tetrahedral and octahedral Co(Il) chromophores]. Thus, the
rich-Co(Il) oxides are characterized by the highest degree of
spinel disorder, a percent of the Co(II) cations adopting in fact an
octahedral stereochemistry.

The NIR-region absorptions are also affected by the Co(Il) metal
ions concentrations and also by the spinel inversion, the structured
pattern of tetrahedral Co(II) metal ions, covering 1200—1600 nm
domain, being gradually overlapped by a single broad band origi-
nating from ‘PT]g—»‘*ng transition for octahedral Co(Il) chromo-
phores [44].

The time exposure to the heat treatment of the samples should
also be considered for the pigments preparation. As shown in
Fig. 10, more intense absorptions are recorded for a longtime
calcined Cog1ZnggAl,04 oxide, effect that may attributed to the
increase of the crystallites size. Further studies are currently in
progress in order to clarify the influence of the calcinations
temperature and time exposure to the heat treatment over the
pigment quality.

4. Conclusions

The environmentally aware stages of the proposed route
comprise the synthesis of a blue pigment with low cobalt content,
via the use of starch in precursor build-up and the use of low
temperatures that are required for spinelic phase crystallization.
The precursor synthetic method involves three essential steps
namely the initial formation of complexes between the metal
cations and starch, followed by their encapsulation in the unreacted
starch matrix, and, thence, starch gelation. Gel formation assures
superior homogeneity of the precursors, which lowers the
temperature required for spinel crystallization. Further heat treat-
ment (800 °C/1 h) of the metal-starch, gel precursors leads to the
desired pure, stoichiometric, high crystalline spinelic phase of the
mixed-oxides, as shown by FTIR, XRD, TEM, HRTEM and SAED
investigations. The mean crystallite size of the aluminate pigment
samples was smaller than that of similar aluminate oxides prepared
using other solution methods and depended on cobalt content,
ranging from 250 A for ZnAl,04 (x = 0) to 146 A for CoALO4 (x = 1).
The optical properties of the CoxZn;_xAl;04 (x = 0.1, 0.2, 0.4, 0.6,
0.8, 1) oxides indicate the predominant tetrahedral coordination of
Co(II) cations, but also reveal a higher inversion degree for the rich-
Co(Il) aluminate samples.

The proposed synthetic procedure is simple, versatile and its
environmental-friendly ingredients turn it into an interesting non-
polluting alternative to the traditional synthesis of the oxide-based
nanosized pigments.
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