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surface coating of a strontium
mono-aluminate europium dysprosium-based
(SrAl2O4:Eu

2+,Dy3+) phosphor by polyethylene (PE),
polystyrene (PS) and their dual system on the
photoluminescence properties of the pigment

Masumeh Tayebi,a Saeed Ostad Movahed *b and Ali Ahmadpour a

SrAl2O4:Eu
2+,Dy3+ as a known strontiummono-aluminate europium dysprosium-based phosphor is widely

used in paints and coating formulations as a photoluminescence pigment. It has two major drawbacks:

improper dispersion in organic-based paints and weak water and moisture resistance. To address the

above-mentioned drawbacks, the surface coating of phosphors with polyethylene and polystyrene

individually and in combination using a solution technique was performed. The FT-IR spectra showed

that the used polymers were coated on the phosphor properly. Also, the EDS spectra showed the

presence of elemental carbon for the treated phosphors with different amounts. No regular trend was

observed for element ratios when the polyethylene content in the coating layer was reduced from 100

to 0%. Based on the XRD patterns, the crystalline structure of the coated phosphors was not affected by

the polymeric coated layer. In the SEM micrographs, the sharp and rough edges of the uncoated

phosphor changed to a smooth and soft state for the coated phosphors. The brightness of most of the

coated phosphors was independent of time and did not change over a period of 5 minutes after UV

irradiation. This property makes the polymeric coated phosphors suitable as photoluminescence

pigments in all kinds of paints and coatings.
1. Introduction

SrAl2O4:Eu
2+,Dy3+ as a known strontium mono-aluminate

europium dysprosium-based phosphor is widely used in
paints and coating formulations as a photoluminescence
pigment. It has several useful properties including brightness,
non-radioactivity, high uorescence intensity and long aer-
glow time.1 It also emits blue-green light in the dark aer light
excitation at wavelengths ranging from 200 to 450 nm.2 This
luminescence pigment has an inorganic part named SrAl2O4,
which acts as the host to store the excitation energy, and two
earth elements as activated doping ions, which are known as
activators (Eu2+ and Dy3+) to give radiation aer excitation.3

However, the fast hydrolysis of this pigment results in O–Sr–O
bond breaking and subsequently, it destroys the material.4 To
avoid this above-mentioned drawback, the phosphor is encap-
sulated with several inorganic and/or organic materials.5–15 The
luminous intensity of the coated pigment depends on the
dispersion of the pigment (phosphor) in the polymer (paint)
y of Engineering, Ferdowsi University of

ence, Ferdowsi University of Mashhad,

hemistry 2019
matrix.16 However, because SrAl2O4:Eu
2+,Dy3+ is a mineral

material, it's dispersion in an organic (polymeric) base paint
matrix and the fast hydrolysis of this pigment in waterborne
environments are major drawbacks.17 The encapsulation
(coating) of SrAl2O4:Eu

2+,Dy3+ with an organic material, i.e.,
a polymer or polymer blend improves the dispersion state of the
pigment in the organic paint because of chemical structure
similarity. Mishra et al.18 coated the surface of SrAl2O4:Eu

2+,Dy3+

with ethyl vinyl acetate (EVA). They found that the EVA-coated
pigment particles achieved a uniform dispersion. In another
attempt,19 the researchers used other polymers including
several grades of polyethylene, polypropylene and a copolymer
of polypropylene and methyl acrylate. They found different
effects of used polymers on the photoluminescence properties
of the coated phosphor. Peng and his colleagues20 investigated
the water resistance of coated alkaline-earth–rare earth–alumi-
nate phosphors with poly(methyl methacrylate) (PMMA). They
concluded that the water-resistance property improved
remarkably because the organic parts were graed onto the
phosphor surface. The surface modication of the SrAl2O4:-
Eu2+,Dy3+ phosphor by methylmethacrylate (MMA) was done by
Xingdong Lü and co-workers21 using methylamino propyl tri-
methoxy silane (MAPS) as a coupling agent. They claimed that
the water resistance of the modied phosphor was much better
RSC Adv., 2019, 9, 38703–38712 | 38703
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Table 1 The PE–PS weight ratios in binary mixtures

PE100 PE–PS 100–00
PE75 PE–PS 75–25
PE50 PE–PS 50–50
PE25 PE–PS 25–75
PE00 PE–PS 00–100
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than that of the unmodied phosphor. Other researchers22–40

also reported improvement in the phosphor properties, i.e.,
water resistance and photoluminescence intensities when the
SrAl2O4:Eu

2+,Dy3+ surface was coated with other polymers and
chemicals and via different technologies. Polyethylene (PE) and
polystyrene (PS) are two common thermoplastics. They are
cheap, safe and accessible in commercial scales. Considering
the above-mentioned parameters and also their organic nature,
it seemed that they can be suitable volunteers as a cover layer on
the phosphor surface to reduce the aforementioned drawbacks
of the SrAl2O4:Eu

2+,Dy3+ phosphor. However, to the best of our
knowledge, there is no systematic research on the effects of
coating the SrAl2O4:Eu

2+,Dy3+ phosphor surface by polyethylene
(PE) or polystyrene (PS) individually or in combination on the
Fig. 1 The FT-IR spectra comparison between un-treated and several S

38704 | RSC Adv., 2019, 9, 38703–38712
photoluminescence properties and water resistance of the
above-mentioned phosphor.

2. Experimental
2.1. Materials

Low-density polyethylene (LDPE, Lupolen 2420D, AMIR KABIR
petrochemical company, Bandar Emam, Iran) with density and
melt ow rate (MFR, 190 �C/2.16 kg) of 0.923 g cm�3 and 0.25 g/
10min, respectively, was obtained. General-purpose polystyrene
(GPPS, TJPS-G1551, TJPAPC, Assalouyeh, Iran) with density and
melt ow rate (MFR, 200 �C/5 kg) of 1.04 g cm�3 and 9 g/10 min,
respectively, commercial SrAl2O4:Eu

2+,Dy3+ phosphor with
a particle size of 50–75 mm and melting point of 1200 �C
(emitting agent, Hangzhou Yeming Science & Technology Co.
Ltd, China), and toluene (solvent, Merck, Germany) were ob-
tained. Acrylic resin (ACROPOL™ 63-893, a high-molecular-
weight vinyl acetate acrylic copolymer emulsion, Allnex, Ger-
many) was also used.

2.2. Sample preparation and identication techniques

The coated phosphors were prepared by a solution method.
First, 0.1 g polymer (PE, PS and/or a mix of them) was dissolved
rAl2O4:Eu
2+,Dy3+ phosphors treated by PE and PS.

This journal is © The Royal Society of Chemistry 2019
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Table 2 The element wt% for uncoated and coated phosphors ob-
tained by EDS

Sample C O Al Sr

Un-coated — 40 19 40
PE100 60 10 10 20
PE75 55 14 10 21
PE50 20 23 20 37
PE25 38 18 14 30
PE00 34 17 18 31
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in 2 ml toluene by using a laboratory water bath. Subsequently,
2 g phosphor was added to the solution and continuously stir-
red until a homogeneous solution was obtained. Table 1 shows
the prepared sample formulation. Aer this time collapsed, the
dish content was spread on a glass strip to make a narrow lm
at room temperature before further investigations. The chem-
ical structures of the un-treated and polymer-treated phosphors
Fig. 2 The EDS spectra comparison between un-treated and several Sr

This journal is © The Royal Society of Chemistry 2019
were assessed by attenuated total reectance Fourier transform
infrared spectroscopy (ATR-FTIR, AVATAR 370FT-IR, Termo
Nicolet, USA) with 400–4000 cm�1 sweeping wavelength. Fig. 1
compares the FT-IR spectra of the un-treated phosphor and
several SrAl2O4:Eu

2+,Dy3+ phosphors treated by PE and PS. The
elemental assessment of the phosphors was performed by an
Energy-Dispersive X-ray Spectroscopy (EDS) instrument (7353,
Oxford, UK) with 133 eV resolution. Table 2 and Fig. 2 show the
results for all studied coated and uncoated phosphors. The
angles and intensities of diffracted beams to phosphors were
measured by an X-ray diffraction crystallography (XRD) instru-
ment (GNR, Italy) with l ¼ 0.154 nm Cu Ka radiation at 40 kV
tube voltage, 30 mA tube current, and scintillator as detector
type under beam incident from 10 to 80�. Table 3 represents the
average crystallite size of the untreated and treated phosphors
measured by XRD using the Scherrer's equation41 as follows:

D ¼ kl

b cos q
(1)
Al2O4:Eu
2+,Dy3+ phosphors treated by PE and PS.

RSC Adv., 2019, 9, 38703–38712 | 38705
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Table 3 The average crystallite size of the un-coated and polymer-
coated SrAl2O4:Eu

2+,Dy3+ phosphor crystals derived by the XRD
technique

Sample
b

(degree)
2q
(degree) D (nm)

Un-coated 0.55 29 14.7
PE100 0.41 30 19.7
PE75 0.41 30 19.7
PE50 0.41 29 19.6
PE25 0.53 29 15.3
PE00 0.59 35 13.9
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Here, k is the Scherrer constant, l is the X-ray wavelength, b is
the peak width of half maximum, and q is the Bragg diffraction
angle.

Fig. 3 compares the XRD patterns of the same studied
phosphors. Also, a LEO 1450VP (Germany) eld emission gun
scanning electron microscope (SEM) with a resolution of 2.5 nm
at 20 kv was used for the morphology study of the samples
(Fig. 4). The TGA analysis was performed with 12 mg samples in
the air atmosphere for swept temperatures of 25–950 �C and
with 10 �C min�1 temperature rise. Fig. 5 compares the TGA
curves of the untreated and several treated SrAl2O4:Eu

2+,Dy3+

phosphors with various PE–PS ratios. Aer the phosphors were
excited by a Xe lamp at 390 nm for 15 min at PMT voltage of
700 V and Ex slit of 10 nm, a uorescence spectrophotometer
(Cary Eclipse, VARIAN, USA) was used for recording aerglow
decay photoluminescence spectra (Fig. 6 and 7).
Fig. 3 The XRD pattern comparison between un-treated and several
SrAl2O4:Eu

2+,Dy3+ phosphors treated by PE and PS.
3. Results and discussion
3.1. Identication and characteristics

As observed from Fig. 1, the peaks for the uncoated phosphor
appearing at 647, 782, 850, 897, 3431 and 445 cm�1 were
attributed to the stretching vibrations of the Sr–O, Al–O, Al–O,
Al–O, and –OH groups and O–Al–O of SrAl2O4, respectively.42

The intensity of the assigned peak for the –OH group helped
evaluate the moisture (water) content of the phosphor. Schemes
1 43 and 2 44 represent the typical FT-IR spectra for PE and PS,
respectively. As observed from Scheme 1, the peaks at 2850 and
2918, 1470 and 720 cm�1 were attributed to CH2 stretching,
bending, and rocking, respectively.43 Fig. 1 shows the afore-
mentioned peaks were appeared in FT-IR spectra of all PE
contributed coated samples, PE100, PE75, PE50 and PE25.
However these peaks were not appeared for PE00 (coated
phosphor with only PS, Table 1) and un-coated samples.
Scheme 2 shows that the peak at 3025 cm�1 belongs to alkenyl
C–H or stretching of –CH2– and –CH– of the aromatic ring of
PS.44 The above-mentioned peak appeared at the same position
with different intensities for all PS-coated samples. Considering
the small amount of the polymer when compared with the
amount of the core phosphor in the treated phosphors, the
other peaks seemed to be overlapped by much stronger peaks of
the un-coated phosphor in the same areas. The coating of the
studied phosphor with PE and PS was more evidenced by the
38706 | RSC Adv., 2019, 9, 38703–38712
EDS analysis results. Table 2 and Fig. 2 depict the element wt%
and the EDS spectra for uncoated and PE and PS-coated SrAl2-
O4:Eu

2+,Dy3+ phosphors, respectively. The uncoated phosphor
had 19, 40 and 40% elemental aluminum, oxygen and stron-
tium in the chemical structure, respectively. No elemental
carbon was observed in the chemical composition of the above-
mentioned phosphor. Meanwhile, for the rest of the treated
phosphors with the studied polymers, elemental carbon was
observed with different amounts. They were 60, 55, 20, 38 and
34% for the treated phosphors PE100, PE75, PE50, PE25 and
PE00, respectively. There was no regular trend for the element
content when the PE content in the coating layer was reduced
from 100% (pure PE) to 0% (pure PS). However, the most carbon
content belonged to PE100 with 60%. This is because the PE
macromolecules had higher mobility in the prepared solution
when compared with the PS macromolecules. This resulted in
the adsorption of the former macromolecules on the phosphor
surface with more convenience. Fig. 2 also shows distinguished
peaks attributed to carbon, oxygen, aluminum, and strontium
near 0.3, 0.5,1.5 and 1.8 keV of different intensities, respectively.
As an important conclusion and considering the above-
mentioned evidences, the treated phosphor surfaces were
properly coated by PE and PS as well as their combination.

Fig. 3 compares the XRD patterns of the uncoated and PE
and PS-coated SrAl2O4:Eu

2+,Dy3+ phosphors. As observed, the
crystalline structure of the SrAl2O4:Eu

2+,Dy3+ phosphors was not
affected by the polymeric coated layer. In other words, with
a precise comparison of the patterns, the reader may nd that
themain structure of the phosphor did not change, and only the
crystallite size of the particles changed during the coating
process. Table 3 shows the increase in the average crystallite
size (D) of the coated phosphor derived by the Scherrer's
This journal is © The Royal Society of Chemistry 2019
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equation41 aer coating. When the D value for the uncoated
phosphor was 14.7 nm, it increased to the values of 19.7, 19.7,
19.6 and 15.3 nm for the coated phosphors PE100, PE75, PE50,
Fig. 4 The SEM micrograph comparison between un-treated and sever

This journal is © The Royal Society of Chemistry 2019
and PE25, respectively. There was an exception for PE00 with
pure PS in the coating layer. The reason refers to the amorphous
state of PS. In fact, PS unlike PE is a known amorphous polymer.
al SrAl2O4:Eu
2+,Dy3+ phosphors treated by PE and PS.

RSC Adv., 2019, 9, 38703–38712 | 38707
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Fig. 5 The TGA curve comparison between un-treated and several SrAl2O4:Eu
2+,Dy3+ phosphors treated by PE and PS.
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Fig. 4 compares the SEM micrographs of the uncoated and
studied PE and PS-coated SrAl2O4:Eu

2+,Dy3+ phosphors. As ex-
pected,42 Fig. 4 clearly shows sharp and rough edges for the
uncoated phosphor because the used phosphor particles were
already ground. The aforementioned edges subsequently were
covered by a so and smooth layer of the polymer (Fig. 4).
Fig. 6 The emission spectra comparison between un-treated and sever

38708 | RSC Adv., 2019, 9, 38703–38712
The thermal stability of the treated phosphors was assessed
by TGA analysis. Fig. 5 compares the TGA curves of all the
studied phosphors. As observed, the uncoated phosphor was
completely stable with negligible weight loss at the swept
temperatures of 25–950 �C. However, the coated phosphors
missed a part (3.5–5%) of their initial weights between 200 and
500 �C. This is the temperature range of polymer (PE and PS)
al SrAl2O4:Eu
2+,Dy3+ phosphors treated by PE and PS.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 The afterglow brightness decay curve comparison between un-treated and several SrAl2O4:Eu
2+,Dy3+ phosphors treated by PE and PS.
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degradation. The most traditional polymers start degrading
when the temperate rises to 200 �C. The surface of the coated
phosphors was covered by PE, PS and/or their combinations.
Hence, weight loss was predicted during the aforementioned
temperatures. The highest and lowest weight loss values were
attributed to PE100 and PE75 (4.5 and 2.5%, respectively).
3.2. Aerglow properties and water resistance

Fig. 6 compares the emission spectra of all studied SrAl2O4:-
Eu2+,Dy3+ phosphors.
Scheme 1 A typical FT-IR spectrum for PE.44

This journal is © The Royal Society of Chemistry 2019
For the uncoated phosphor, the maximum intensity was
observed at 531 nm because the ratio of Al/Sr in the chemical
structure of the phosphor was 2. At this wavelength, the emitted
color was green.23 However, the maximum intensity for the
coated phosphors was around 528 nm, which showed a negli-
gible difference. Moreover, the intensities of the coated phos-
phors were lower than that of the uncoated phosphor because
the refractive indexes of the used polymers were 1.51 and 1.59
for PE and PS, respectively. These values were lower than the
value for the uncoated phosphor. It was predicted that the
RSC Adv., 2019, 9, 38703–38712 | 38709
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Scheme 2 A typical FT-IR spectrum for PS.45

Fig. 8 A typical dispersion of the un-coated phosphor (A) and phos-
phors coated by the studied polymers PE and PS ((B) PE50 in Table 1) in
water.
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polymeric coating can reduce the photoluminescence property
of the phosphor. In fact, for practical applications, a compro-
mise between two crucial properties, i.e., photoluminescence
and water resistance should be reached. Here, although a poly-
meric coating was not relatively suitable for the former property,
it was remarkably benecial for the latter one.

Fig. 7 depicts the aerglow brightness decay curves for the
uncoated and all the studied polymeric coated phosphors
PE100, PE75, PE50, PE25, and PE00. As observed, the intensity
(brightness) of the uncoated phosphor was reduced by 50%
aer 5 minutes. Interestingly, with the exception of PE25, the
brightness of all the coated phosphors was independent of the
time and did not change during the 5 minute period aer UV
irradiation. This conrmed that the polymeric coating pro-
tected the phosphor from hydrolysis as it was predicted that the
brightness decay of the SrAl2O4:Eu

2+,Dy3+ phosphor refers to the
fast hydrolysis of the phosphor.42 The reason was the strong
hydrophobic properties of the used polymers PE and PS.

As mentioned, the fast hydrolysis and the subsequent
weakness against waterborne media is the major drawback of
the SrAl2O4:Eu

2+,Dy3+ phosphor. Fig. 8 represents a typical
dispersion of the uncoated phosphor (Fig. 8A) and the phos-
phors coated by the studied polymers PE and PS (Fig. 8B, PE50
in Table 1) in water. As observed, the uncoated phosphor
particles partially dispersed in water and the remaining phos-
phor particles precipitated on the bottom of the beaker.
38710 | RSC Adv., 2019, 9, 38703–38712
Meanwhile, the coated phosphor particles were not dispersed in
water; they agglomerated with each other and most of them
oated on the water surface. These observations showed
hydrolysis prevention of the phosphor and the consequent pH
enhancement of the liquid medium, i.e., water. Consequently, it
was good evidence for the improvement of the water resistance
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 The appearances of the added studied pigments to an acrylic resin before UV irradiation, after UV irradiation and after 15 minute aging.
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property of the phosphor aer encapsulation with the studied
polymers. It was concluded that the polymeric coated layer
protected the phosphor (pigment) from air moisture and water.
Our observation was in conformity with another report.45

3.3. The apparent photoluminescence appearance

To assess the apparent photoluminescence appearance of the
studied phosphors in a real paint, several compositions of the
pigment with an acrylic resin were prepared. The procedure has
already been explained in detail.42 The resin–phosphor
(pigment) weight ratio was 100–30. The prepared paints were
irradiated with a UV source at 390 nm for 15 minutes. Fig. 9
compares the photoluminescence of the prepared pigment-
acrylic resin compositions before UV irradiation, aer UV irra-
diation, and aer aging for 15 minutes. As observed, unlike the
uncoated phosphor, the brightness of the coated phosphors
changed aer aging for 15 minutes sensitively. Beyond this
time, the brightness completely disappeared.

3.4. Concluding remarks

From this study, it was revealed that PE and PS individually and
in combination were coated on the SrAl2O4:Eu

2+,Dy3+ phosphor
properly. The EDS spectra showed elemental carbon for the
treated phosphors with different amounts. There was no regular
trend for element amounts in the composition of the treated
phosphors when the PE content in the coating layer was
reduced from 100% (pure PE) to 0% (pure PS). Based on the
XRD patterns, the crystalline structure of the SrAl2O4:Eu

2+,Dy3+

phosphors was not affected by the polymeric coated layer. In the
SEM micrographs, the sharp and rough edges of the uncoated
This journal is © The Royal Society of Chemistry 2019
phosphor changed to a smooth and so state for the coated
phosphors. The thermal stability of the treated phosphors was
lower than that of the uncoated phosphor at high temperatures.
The brightness of most of the coated phosphors was indepen-
dent of the time and did not change during the 5 minute period
aer UV irradiation. This property makes the polymeric coated
phosphors suitable as photoluminescence pigments in all kinds
of paints and coatings.
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