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ABSTRACT: A mesoporous Eu3+-doped zinc/silicate phosphor
with a large surface area (>100 m2g−1) and amorphous structure
was prepared in an aqueous solution without using any organic
template. The residual concentration of the Zn2+ ion in the filtrate
is lower than the standard of effluent 3.5 ppm under a pH 8−11
preparation condition. When a sulfide ion (S2−) is present in
aqueous solution, the phosphor can react with the sulfide ion to
transform from the amorphous structure to the crystalline ZnS,
which causes structural transformation and a subsequent decrease
in luminescent intensity. This distinct phosphor with a high surface
area and amorphous structure can be applied through the structure
transformation mechanism for highly selective and sensitive detection of the sulfide ions at low concentrations. In addition, the
luminescent efficiency was obtained from adjustments in the pH value, calcination temperature, and Eu3+ ion concentration. The
quenching efficiency, the limit of detection (CLOD), S2− ion selectivity, and phosphor regeneration ability were systematically
explored in sulfide ion detection tests. Due to the novel S2− ion-induced structural transformation, we found that the amorphous
Eu3+-doped zinc/silicate phosphors demonstrate a CLOD sensitivity as low as 1.8 × 10−7 M and a high Stern−Volmer constant (KSV)
of 3.1 × 104 M−1. Furthermore, the phosphors were easily regenerated through simple calcination at 500 °C and showed a KSV value
of 1.4 × 104 M−1. Overall, the Eu3+-doped zinc/silicates showed many advantageous properties for detecting sulfide ions, including
low toxicity, green synthesis, good selectivity, high sensitivity, and good renewability.

1. INTRODUCTION
Sulfides exist in many forms, including hydrogen sulfides
(HS−), orthosulfides (S2−), polysulfides (Sn2−), and sulfur
oxides (SOx).

1,2 They react easily with acidic solutions to
produce corrosive and toxic hydrogen sulfide (H2S) gas.

3 Even
in concentrations as low as 4.7 × 10−4 ppm, H2S significantly
adversely affects human health.4 In Taiwan, the effluent
standard for the sulfide ion is 1.0 ppm. Moreover, the H2S
interacts strongly with metal and can damage metal pipelines,
corrode metallic equipment, and poison catalysts.5,6 Further-
more, fossil fuels usually produce large amounts of SOx on
combustion, forming sulfuric acid fog and contributing to acid
rain.7 Consequently, the need for efficient methods to detect
and remove sulfide compounds is a significant concern
nowadays.8

Many methods have been proposed for sulfide detection,
including photochemical,9,10 titrimetric,11 electrochemical,12,13

and ion chromatographic.14 In traditional spectrophotometry
methods, dimethyl-p-phenylenediamine (DMPD) reacts with
H2S in water under acidic conditions to produce methylene
blue.15 The concentration of sulfide ions in the water is then
evaluated by measuring the intensity of the methylene blue
emissions at a wavelength of 664 nm. Studies have shown that
the limit of detection (CLOD) can be as much as 1.6 × 10−6 M
when using such methods.16 However, while this CLOD is

adequate for detecting sulfide ions at concentrations as low as
1.0 ppm (around 3.1 × 10−5 M) in wastewater,17 DMPD is
toxic and carcinogenic to humans. Moreover, the methylene
blue produced in the reaction process is environmentally
unfriendly.18 Consequently, synthesizing highly selective,
stable, and reusable sulfide ion detection materials has been
required.
According to the literature,19−22 zinc silicate converts to

Willemite (Zn2SiO4) crystalline phase under high-temperature
treatment. The Willemite can then be used as a host material
for many luminescence ions. For example, phosphors with
different luminescence wavelengths can be obtained by
incorporating metal ions with empty orbital domains into the
Willemite crystal structure. In 1994, Blasse et al. discovered
that Zn2SiO4 doped with Eu3+ exhibits red luminescence
properties and has excellent luminescence efficiency.20,21 Wang
et al. used the ZnO/SiO2 nanocomposite as the sulfide sensor

Received: September 8, 2023
Revised: October 10, 2023
Accepted: October 26, 2023
Published: November 7, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

44229
https://doi.org/10.1021/acsomega.3c06823

ACS Omega 2023, 8, 44229−44237

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Han+Hsu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao-En+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lou-Yun+Lai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mei-Te+Kuo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia-Rung+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong-Ping+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c06823&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06823?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06823?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06823?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06823?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06823?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/46?ref=pdf
https://pubs.acs.org/toc/acsodf/8/46?ref=pdf
https://pubs.acs.org/toc/acsodf/8/46?ref=pdf
https://pubs.acs.org/toc/acsodf/8/46?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c06823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


based on room-temperature phosphorescence.19 However,
most existing methods for synthesizing phosphors are complex
and environmentally nonfriendly.18−20

Consequently, researchers have proposed various methods
for synthesizing high surface area phosphors using porous
materials as hard templates or surfactants as soft templates.23,24

These synthesis routes require a high temperature (greater
than 150 °C) reaction system, prolonged reaction time (longer
than 3 days), or waste of organic chemicals. This makes the
synthesis process hazardous, the emission of greenhouse gas
CO2, and energy- and time-consuming. Moreover, the residue
solution containing toxic transition-metal ions and organic
templates cannot be easily decomposed naturally; hence,
environmental pollutants are often produced.
In the present study, the mesoporous Eu3+-doped zinc/

silicates emitting red luminescence under 254 nm UV
irradiation were prepared by a simple coprecipitation method
in a one-pot reaction. The residual concentration of the Zn2+
ion in the filtrate can be lower than the standard of effluent 3.5
ppm in Taiwan under a pH of 8−11. Distinct from the typical
phosphors with a crystal structure, porous and amorphous
Eu3+-doped zinc/silicate phosphor could have a high potential
for applications in the adsorption and detection of toxic ions.
This study found that the S2− ions react with Zn2+ ions in the
amorphous Eu3+-doped zinc/silicate phosphor, forming
crystalline ZnS. This novel structural transformation causes a
subsequent decrease in luminescent intensity. The sulfide-

phosphor structural transformation mechanism could be
applied for highly selective and sensitive sulfide detection
tests. In addition, the effects of the phosphors’ pH value,
calcination condition, and the Eu3+-dopant content and
dispersity on the luminescence intensity, porosity, and
crystallinity were systematically studied. To demonstrate the
advantages in detecting the mesoporous Eu3+-doped zinc/
silicates, CLOD, quenching constant (KSV), and renewability
were then explored in sulfide-ion detection tests.

2. EXPERIMENTAL SECTION
2.1. Preparation of Eu3+-Doped Zinc/Silicate Phos-

phors. All chemicals were used without further purification.
The Eu3+-doped zinc/silicate phosphors were prepared via a
simple coprecipitation method. In a typical synthetic process,
2.26 g of ZnSO4 (99.5%, Acros) and 2.36 g of sodium silicate
(27% aqueous solution, Sigma-Aldrich) were dissolved
separately in 100.0 and 20.0 mL of water. 5.0 mL of 0.0295
M EuCl3 (99.99%, Acros) aqueous solution was added to the
ZnSO4 solution, and the pH value was adjusted to 1.0 using 0.6
M H2SO4(aq). Under acidic conditions (pH 1.0), the
precipitation of the Zn2+ and Eu3+ ions can be avoided, and
the silicate condensation rate is slow. After forming a stable
solution of these ions, a slow neutralization induces a
homogeneous co-condensation of all composites that makes
it easier to obtain the desired product. The sodium silicate
solution was then added to the Zn2+/Eu3+ acidic solution, and

Figure 1. (A) XRD patterns, (B) IR spectra, (C) N2 adsorption−desorption isotherms, and (D) luminescence spectra of Eu3+-doped zinc/silicate
phosphors synthesized at pH (I) 8.0, (II) 9.0, (III) 10.0, (IV) 11.0, and (V) 12.0 after calcination at 500 °C (Eu3+/Zn2+ molar ratio: 1.9 × 10−2).
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the final pH value was adjusted to 8.0−12.0 using 2.0 M
NaOH(aq). After stirring at 40 °C for 2 h, the resulting gel
solution was hydrothermally treated at 100 °C for 24 h. The
resulting precipitate was filtered, dried, and then calcinated at
400−700 °C for 3 h to obtain the final Eu3+-doped zinc/
silicate powder. The Zn/Si molar ratio of the Eu3+-doped zinc/
silicates is around 0.8.
2.2. Characterization and Quenching Performance of

the Eu3+-Doped Zinc/Silicate Phosphors. The XRD
patterns of the various samples were taken with an X−ray
diffractometer (XRD-7000S, Shimadzuu) using Cu Kα
radiation (λ = 0.15374 nm) operating at 40 kV and 20 mA.
The ATR-IR spectra were recorded using a Bruker ALPHA
spectrometer. The N2 adsorption−desorption isotherms and
BET surface area were measured using a Micromeritics TriStar
II volumetric adsorption analyzer. The phosphors’ structure
and energy-dispersive X-ray spectroscopy were characterized
through high-resolution transmission electron microscopy
(HR-TEM) acquired at 200 kV using a JEOL JEM2100F.
Luminescence measurements were performed using a fluo-
rescence spectrophotometer (Hitachi F-4500 FL) with
excitation and emission slit widths of 2.5 and 5.0 nm,
respectively. In performing the measurements, the voltage of
the photomultiplier tube was set as 700 V, and the scan speed
was selected as 1200 nm min−1. Luminescence measurements
were obtained for Na2S solutions at 0−10 ppm concentrations.
For each solution, the Eu3+-doped zinc/silicate phosphors were
allowed to interact with the sulfide ions for 20 min, and the
luminescence spectra were then obtained at the maximum
excitation and emission wavelengths of 254 and 612 nm,
respectively. Each data point in the spectrum is generated by
taking at least two sample measurements. Each sample’s size is
repeated five times to ensure accuracy and reduce variability.
The final reported value for each data point is the average of
these measurements. The error in the measurements is below
5%.

3. RESULTS AND DISCUSSION
3.1. Effects of the pH Condition on the Preparation of

Phosphors. The pH values of the reaction solutions
fundamentally affect the precipitation rate of the zinc
hydroxide, the condensation rate of the silica precursors, and
the crystallinity and metal-ion dispersion of the products.23−26

Thus, in the present study, the pH value used in synthesizing
the phosphor was varied in the range of pH 8−12 to examine
the effects of the pH value on the crystallinity, porosity, and
luminescence intensity of the resulting products. As shown in
Figure 1A, all of the products had an amorphous zinc/silicate
structure. FT-IR spectra were further acquired, as shown in
Figure 1B. The results revealed that all samples demonstrate a
characteristic peak associated with Zn−O−Si stretching at a
wavenumber of 1010 cm−1. The typical peak of Si−O−Si alone
occurs at a wavenumber of 1120 cm−1.27 Thus, the FT-IR
spectra indicate that a homogeneous mutual bonding between
the Zn2+ ions and silicates can occur at a pH range of 8−12.
The N2 adsorption−desorption isotherms (Figure 1C) of

the Eu3+-doped zinc/silicates are all type IV isotherms with an
H1-type hysteresis loop, indicating the presence of a
mesoporous structure. The specific surface areas of the zinc/
silicates lay in the range of 52−164 m2g−1 following calcination
at 500 °C. The sample synthesized at pH 10 has the highest
specific surface area of 164 m2g−1. The luminescence intensity
of the phosphors was measured as shown in Figure 1D. All of
the Eu3+-doped zinc/silicate phosphors showed a maximum
red luminescence intensity at a wavelength of 612 nm under
UV excitation at a wavelength of 254 nm. Eu3+ ions are known
for their distinctive emission features in the visible range due to
electronic transitions between different energy levels. Eu3+ ions
exhibit several 5D0 → 7FJ transitions, each corresponding to a
different final state. In this study, the 5D0 → 7F1 transition
emits orange-red light at approximately 590 nm, and the 5D0
→ 7F2 transition results in reddish-orange emission at about
612 nm transitions were observed.20 For pH values of 8−11,
the peak intensity of the luminescence at 612 nm is almost the
same, as shown in Figure 1D. In contrast, the peak intensity
was significantly reduced for the phosphors synthesized at pH
12.0. Among all the phosphors, the sample synthesized at pH
10.0 demonstrates the strongest luminescence intensity. The
low luminescence intensity of the phosphors synthesized at
high pH values of 11 and 12 may be attributed to ZnO being
an amphoteric material.28 Thus, some Zn2+ ions are dissolved
under high pH conditions. It is noted that this assertion is
consistent with the results presented in Table S1, which show a
higher Zn2+ ion concentration in the filtrate for the phosphors
synthesized at pH of 11 and 12. As the Zn content of the zinc/
silicates reduces, the change in the structure of the main lattice
results in a lower energy transfer efficiency, and hence the

Figure 2. (A) XRD patterns and (B) luminescence spectra of Eu3+-doped zinc/silicate phosphors synthesized at calcination temperatures of (I) 400
°C, (II) 500 °C, (III) 600 °C, and (IV) 700 °C (pH: 10.0, Eu3+/Zn2+ molar ratio: 1.9 × 10−2).
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luminescence intensity decreases. For the phosphor prepared
at pH 10, the residual filtrate has a Zn2+ ion content of less
than 1.0 ppm (effluent standard in Taiwan) and is thus
consistent with the 3.5 ppm wastewater standard in Taiwan.17

In brief, we have provided an environmentally friendly method
to prepare the Eu3+-doped zinc/silicates with high specific
surface area and luminescence intensity of all the prepared
phosphors. Because of the highest surface area, luminescence
intensity, and environmental friendliness, pH 10 was used to
study other synthesis factors.
3.2. Effects of Calcination Temperature on Lumines-

cence Intensity and Crystallinity of the Eu3+-Doped
Zinc/Silicate Phosphors. It is known that the amorphous
Eu3+-doped zinc/silicates readily transform to Eu3+-doped
Zn2SiO4 and also improved the overall crystallinity and
luminescence intensity after high-temperature calcination.29

Thus, in the present study, the synthesized Eu3+-zinc/silicate
composites were calcinated at various temperatures of 400−
700 °C to clarify the effect of the calcination temperature on
the crystallinity, surface area, and luminescence intensity of the
resulted phosphors. As shown in Figure 2A, the Eu3+-zinc/
silicates had an amorphous structure prior to calcination. For
calcination temperatures of 400−600 °C, the amorphous
structure was retained; however, the specific surface area
reduced from 151 to 40 m2g−1 (as shown in Table 1 and

Figure S1), while the luminescence intensity increased from
914 to 1735 au (Figure 2B and Table 1). At calcination
temperatures higher than 700 °C, the phosphors exhibited the
Zn2SiO4 crystal structure, and the representative XRD peaks of
the Zn2SiO4 (Willemite) were observed. The increase of the
crystallinity in the phosphors leads to a significant reduction in
the specific surface area (0.33 m2g−1) with a high luminescence
intensity (2200 au) (Figure 2B and Table 1). Here, the
luminescence properties of the Eu3+-doped zinc/silicates were
observed under UV lamps with emission wavelengths of 254
and 365 nm, respectively. Figure S2 shows the observation
results obtained under the two illumination wavelengths for
the samples prepared without calcination and with calcination
at different temperatures. However, the luminescence intensity
is strongly enhanced under a shorter wavelength of 254 nm
and increases with increased calcination temperature.
To examine the dispersity of the activator ions Eu3+, HR-

TEM images (Figure 3) of the Si, Zn, and Eu elements in the
Eu3+-doped zinc/silicates with a Eu3+/Zn2+ molar ratio of 1.9 ×
10−2 under 500 °C calcination are almost the same. This result
indicates that the Zn2+, silicate, and Eu3+ activator ions are
homogeneously dispersed in the zinc/silicate matrix. Due to
good dispersion and high surface area, this novel Eu3+-doped
zinc/silicates demonstrate high luminescence intensity of the
Eu3+ activator ions.
3.3. Effect of Structure on Sulfide Ion Detection

Sensitivity of Eu3+-Doped Zinc/Silicate Phosphors. To

study the structural effect on the Eu3+-doped zinc/silicate
phosphors for sulfide ion detection, the luminescence
quenching behaviors were explored at different S2− ion
concentrations. The phosphors calcined at 500 and 700 °C
have amorphous and Willemite structures, respectively. At
higher calcination temperatures, the phosphor with Willemite
structure exhibits higher luminescence intensity than that of
the amorphous structure (Figure 4A). After immersion in
different sulfide ion concentrations for the evaluation of the
quenching effect of the luminescence, it was reasonably
assumed that the luminescence intensity of the immersed
phosphors was proportional to the unquenched phosphor
content. Thus, the S2− detection sensitivity was defined as α =
(I0 − I)/I0, where I0 is the luminescence intensity in deionized
(DI) water, and I is the quenched luminescence intensity.30

Interestingly, the α value of the sample calcinated at 500 °C (α
value = 0.6−0.95) was all higher than that of the sample
prepared after 700 °C-calcination (α value = 0−0.15) (Figure
4B). Further detailed measurements were conducted on the
sample calcinated at 500 °C, focusing on the luminescence
intensity after soaking in sulfide ions solution at concentrations
ranging from 0 to 50 ppm (Figure S3). Notably, the
luminescence intensity gradually decreased within the 0 to
10 ppm range. At [S2−] ≈ 10 ppm, the residual luminescence is
only about 20% of the I0 (with an α value of around 0.8). As
the sulfide ion concentration increased to 50 ppm, the
luminescence was almost quenched (I ≈ 0), with the α value
approaching 1.0. To understand this novel luminescence-
quench of the amorphous phosphors by S2− ion, XRD
measurements were conducted on the phosphors after
immersion in different [S2−] solutions (Figure 4C). In the
presence of sulfide ions at a concentration higher than 10 ppm,
a noticeable crystalline ZnS structure was observed. As the
[S2−] increases, the crystallinity of the ZnS structure increases.
The result confirms that the Zn2+ sites in the amorphous
phosphor can react with sulfide ions to transform into the
crystal ZnS structure and significantly decrease luminescence
intensity. This novel amorphous → crystal structural trans-
formation causes luminescence quenching and is still required
for further study. In contrast, the Willemite crystal structure of
the 700 °C-calcined Eu3+-doped zinc/silicate remained even at

Table 1. Physical Properties of Phosphors Prepared with
Different Calcination Temperatures

temperature/°C phosphor intensity structure surface area/m2g−1

N/A 279 amorphous 210
400 914 amorphous 151
500 1569 amorphous 143
600 1735 amorphous 40
700 2200 Willemite 0.33

Figure 3. HR-TEM image of Eu3+-doped zinc/silicate phosphors
synthesized with a Eu3+/Zn2+ molar ratio of 1.9 × 10−2 under 500 °C
calcination.
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high [S2−] concentrations and had low decay in luminescence
intensity. Based on this S2−-induced structural transformation
and obvious quenching on the luminescent, we would like to
use the amorphous Eu3+-doped zinc/silicate phosphors to
develop a fast detector toward S2− ion. In addition, when the
phosphor is used for S2− ion detection, the criteria for the
phosphor include high luminescence intensity and amorphous
structure to achieve ZnS formation for improving detection
sensitivity.
3.4. Eu3+ Content on Luminescence Intensity of the

Eu3+-Doped Zinc/Silicate Phosphors. In addition to the
calcination temperature, the amount of activator ions Eu3+
doped to the zinc/silicates also affects the luminescence
intensity. As the Eu3+/Zn2+ ratio in the phosphor increases, the
overall fluorescence intensity also increases. However, when
the ratio increases to a specific value, there is a quenching
effect due to the high Eu3+ concentration, leading to a
decreasing trend in overall fluorescence intensity. For
improving the detection sensitivity of the S2− ions, further
synthesis of the Eu3+-doped zinc/silicates was performed using
a calcination temperature of 500 °C and the Eu3+/Zn2+ molar
ratios in the range of 3.7 × 10−3−5.5 × 10−2. The XRD pattern
of the sample synthesized with the lowest Eu3+/Zn2+ molar
ratio of 3.7 × 10−3 showed a peak corresponding to the zinc-
Stevensite crystalline phase. However, all of the other samples
showed an amorphous structure (Figure 5A). The existence of
this amorphous structure results from the significant size

difference between the Eu3+ and Zn2+ ions (i.e., 0.095 and
0.074 nm, respectively), which leads to a significant lattice
mismatch or crystal distortion. As the Eu3+/Zn2+ molar ratio
increases beyond 3.7 × 10−3, the lattice distortion effect and
unpacked crystal structure become significant, and hence, the
zinc-Stevensite phase transforms into the amorphous structure.
The overall luminescence intensity of the phosphors increased
significantly as the Eu3+/Zn2+ ratio increased from 3.7 × 10−3

to 3.7 × 10−2 (Figure 5B,C). However, the luminescence
intensity reduced slightly as the Eu3+/Zn2+ ratio was further
increased to 5.5 × 10−2 due to a concentration quenching
effect.31 The Eu3+/Zn2+ molar ratios of 3.7 × 10−2 in the
phosphors show the highest luminescence intensity. Although
the experimental results showed a slightly higher α value for
the Eu3+/Zn2+ ratio of 3.7 × 10−2 compared to the other two
ratios, its performance in quenching sulfides within the typical
wastewater standard range of 1.0 ppm showed no significant
difference compared to samples with lower Eu3+ ratios.
Furthermore, if the material is to be synthesized in large
quantities to meet industrial demands, a higher Eu3+ ratio
would incur more significant raw material costs. Therefore, a
Eu3+/Zn2+ ratio of 1.9 × 10−2 was selected as the optimal ratio.
3.5. Selectivity in the Sulfide Ion Detection. Industrial

wastewater usually contains many complex anions, and the
composition of these ions varies greatly depending on the
application. Thus, in addition to a good adsorption perform-
ance and high stability, effective detection adsorbents should

Figure 4. (A) Luminescence spectra and (B) S2− detection sensitivity of synthesized phosphors at calcination temperatures of (I) 500 °C and (II)
700 °C. (C) XRD patterns of the phosphor at a calcination temperature of 500 °C after testing under different S2− concentrations of (i) 0 ppm, (ii)
10 ppm, (iii) 100 ppm, and (iv) 250 ppm.

Figure 5. (A) XRD patterns, (B) luminescence spectra, and (C) luminescence intensity of Eu3+-doped zinc/silicate phosphors synthesized with
Eu3+/Zn2+ molar ratios of (I) 3.7 × 10−3, (II) 1.9 × 10−2, (III) 2.9 × 10−2, (IV) 3.7 × 10−2, and (V) 5.5 × 10−2 (pH: 10.0).
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also have high ion selectivity. Accordingly, the luminescence
quenching reaction of the Eu3+-doped zinc/silicate phosphors
was evaluated for simulated wastewater samples containing
different anions with a concentration of 1.0 ppm and a neutral
environment (pH 7). As shown in Figure 6, the luminescence

intensity of the phosphors reduced by around 30% following
the reaction with the sulfide ions compared to that in a pure DI
water sample. However, the luminescence intensity showed
virtually no change when exposed to other ions. Thus, the high
selectivity of the Eu3+-doped zinc/silicate phosphors for sulfide
ions in wastewater was confirmed. In the presence of different
anions, it was observed that only sulfide ions could react with
the amorphous Eu3+-doped zinc/silicate phosphors, leading to
a significant change in luminescence intensity. This result
indicates that the amorphous phosphors used in this study
exhibit excellent selectivity for sulfide ion detection.
3.6. Sulfide Ion Detection Limit (CLOD) of Eu3+-Doped

Zinc Silicates. Distinct from the typical phosphors with low
surface areas and rigid crystal structures, amorphous phosphors
with large surface areas and flexible structures could be used
for adsorption and detection applications. In this study, the
CLOD of the amorphous Eu3+dopped zinc/silicate phosphors
with high surface area was derived from the standard deviation
of five sets of blank analysis noise by tripling the slope of the
calibration curve (99.7% confidence level), i.e.,

= ×Y Y m CCalibration curve: sample blank

where Ysample is the sample’s peak intensity, Yblank is the peak
intensity of the blank sample (DI water), m is the slope of the
calibration curve, and C is the S2− concentration.
The detection limit was calculated as CLOD = [(t × S) ÷ m]

where t = 3 under a 99.7% confidence level, and S is the
standard deviation. The detection limit of the zinc/silicate
phosphors was evaluated over the sulfide ion concentration
range of 0−0.8 ppm. The luminescence intensities for sulfide
concentrations of 0, 0.2, 0.4, 0.6, and 0.8 ppm were 1990,
1756, 1571, 1287, and 1151 au, respectively. The individual
luminescence intensity values were subtracted from the blank
signal intensity (for which the luminescence intensity was not
quenched). The resulting absolute value was plotted along the
Y-axis against the corresponding sulfide ion concentration
along the X-axis. The calibration equation thus obtained was
found to be Y = 1329X, with a correlation coefficient of R2 =
0.9902 (Figure 7). After getting the value of m, the standard
deviation (S = 2.46) of the five sets of blank analysis noise
(93.26, 96.02, 95.43, 90.25, and 91.56 au) was calculated, and a
CLOD value of 1.8 × 10−7 M was obtained by tripling the slope
of the line (m = 1329).

The deactivation behavior of the zinc/silicates in the
presence of different S2− concentrations was further evaluated
using the Stern−Volmer equation, I0/I = KSV[C]+1, where I0 is
the initial luminescence intensity of the phosphors in DI water,
I is the luminescence intensity of the phosphors in the
presence of sulfide ion, and [C] is the sulfide ion
concentration. Furthermore, KSV is the luminescence quench-
ing constant, where a higher value indicates a greater sensitivity
of the phosphors to the quenching agent. The luminescence
intensity measurements at different Na2S concentrations over
the range of 0−1.0 ppm were substituted into the Stern−
Volmer equation. They were found to yield a linear relation
(Figure 8). The regression analysis results showed that the

intensity (Y) and concentration (X) were related as Y =
0.9434X+1. The quenching constant, KSV, was thus determined
to be 3.1 × 104 M−1. It is noted that this value is higher than
the typical KSV value obtained in conventional optical detection
methods based on methylene blue, i.e., 1.4 × 103 M−1.16

3.7. Renewability of Eu3+-Doped Zinc Silicate
Phosphors. In keeping with the principles of green chemistry,
reusing the Eu3+-doped zinc/silicate phosphors following the
sulfide ion detection process is desirable. Accordingly, the
renewability of the phosphors was evaluated by calcinating the
absorbents at a temperature of 500 °C for 3 h. The phosphors

Figure 6. Selectivity of Eu3+-doped zinc/silicate phosphors for
luminescence quenching with different anions (pH 7.0/concentration:
1.0 ppm). Figure 7. Luminescence intensity of Eu3+-doped zinc/silicate

phosphors for different S2− concentrations (0.0−0.8 ppm).

Figure 8. Stern−Volmer equation for luminescence quenching
reaction of Eu3+-doped zinc/silicate phosphors at different S2− ion
concentrations (0.0−1.0 ppm).
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retained an amorphous structure after the removal of the S2−

(Figure 9A). In addition, no ZnS characteristic peaks were
observed in either XRD pattern due to the low concentration
of Na2S(aq) (1.0 ppm). The phosphor retained an amorphous
structure after regeneration. However, the specific surface area
reduced from 136 to 108 m2g−1 (Figure 9B). The
luminescence intensities of the phosphors were measured
before and after adsorption of S2−, respectively, and following
regeneration. The raw phosphor showed a luminescence
intensity of 1773 au (Figure 9C). Following the adsorption
of S2−, the luminescence intensity reduced to 1008 au (a
reduction of approximately 43.1%). However, after calcination
at 500 °C, the luminescence intensity was restored to 1482 au
(approximately 83.6% of the original intensity). In addition,
the Stern−Volmer equation showed a linear relationship
between the quenching effect of the regenerated phosphors
and the Na2S(aq) concentration over the range of 0.1−1.0 ppm
(Figure 9D). Notably, the quenching constant (KSV) of the
regenerated phosphors was calculated to be 1.4 × 104 M−1.
Table 2 compares the CLOD and KSV performance of the
present Eu3+-doped zinc/silicates with those of a conventional
methylene blue optical detection method and several other
sulfide ion detection methods reported in the litera-
ture.15,19,30−34 The results confirm that the amorphous Eu3+-
doped zinc/silicates have a better CLOD and KSV performance
than the methylene blue detection method and generally
outperform all related methods.

4. CONCLUSIONS
This study has synthesized the amorphous Eu3+-doped zinc/
silicate phosphors with a high luminescence intensity, high
specific surface area (>100 m2g−1), high selectivity for S2− ions,

and good renewability through a simple one-pot coprecipita-
tion method. The synthesized amorphous phosphors have
been successfully applied to determine sulfide ions in water.
The results have shown that the limit of detection (CLOD = 1.8
× 10−7 M) and quenching constant (KSV = 3.1 × 104 M−1) of
the synthesized phosphors are higher than those of a
conventional methylene blue optical detection method (i.e.,
1.6 × 10−6 and 1.4 × 103 M−1, respectively). Furthermore, the
phosphors can be regenerated through a simple calcination
process at 500 °C for 3 h. The results show that the proposed
coprecipitation method provides an efficient and environ-
mentally friendly approach for preparing other mesoporous
silicate-base phosphors with amorphous structures to detect
different pollutants. In addition, this study has developed a
novel detection method for sulfide ions based on the apparent
quenching in luminescence intensity by structural trans-

Figure 9. (A) XRD patterns, (B) N2 adsorption−desorption isotherms, and (C) luminescence spectra of (I) raw phosphor, (II) phosphor
quenched with S2−, and (III) regenerated phosphor. (D) Stern−Volmer equation for luminescence quenching reaction of regenerated phosphor for
different S2− concentrations (0.0−1.0 ppm).

Table 2. Sulfide Detection Ability of Present Eu3+-Doped
Zinc/Silicate Phosphors and Other Phosphors Reported in
the Literature

materials
limit of

detection/M KSV/ M−1 references

Eu3+-doped zinc/silicate 1.8 × 10−7 3.1 × 104 present
study

methylene blue 1.6 × 10−6 1.4 × 103 15
ZnO/SiO2 nanocomposite 1.3 × 10−6 19
Eu3+@Bio-MOF-1 1.1−6.8 × 10−7 30
cyclen-appended BINOL
derivative

1.6 × 10−5 32

MoS2 nanosheets 4.2 × 10−7 33
SiO2@Eu-dpa 2.9 × 104 34
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formation. This approach holds potential for future applica-
tions in various detection systems toward different analytes.
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