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高选择性快速检测 Hg2＋的磺酰腙型探针的合成及其在 

吸附和 HeLa 细胞中的应用 

薛松松 a    解正峰*,a,b    褚义成 a    岳永双 a    石  伟 a    周家斌 a 
(a西南石油大学化学化工学院  油气田应用化学四川省重点实验室  成都 610500) 

(b西南石油大学工业危废处置与资源化利用研究院  成都 610500) 

摘要  以苯磺酰肼和 4-二苯胺基苯甲醛为原料, 通过缩合反应设计和合成了一种新型磺酰腙汞离子(Hg2＋)探针

N'-(4-(二苯氨基)亚苄基)苯磺酰腙(S1). 在二甲基亚砜(DMSO)/H2O (V∶V＝7∶3, pH＝7)溶液体系中, S1 对 Hg2＋展示出

快速响应、高选择和高荧光灵敏性. 通过 1H NMR 和 HRMS 探究了可能的机理. 聚丙烯酰胺(PAM)掺杂 S1 (PAMS)对

Hg2＋有高的吸附性能, 其去除率达到 99.99%, 并且在紫外灯下通过肉眼很容易区分. 通过扫描电子显微镜(SEM)观察

了 PAMS 吸附前后的微观形貌. 此外, S1 具有优异的生物相容性, 可以极好地检测 HeLa 细胞中的 Hg2＋.  
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Synthesis of Sulfonylhydrazone Type Probe with High Selectivity for 
Rapid Detection of Mercury and Its Application in  

Adsorption and HeLa Cell 
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Abstract  A novel sulfonylhydrazone Hg2＋ probe (4-(diphenylamino)benzylidene)benzenesulfonyl hydrazone (S1) was de-
signed and synthesized by condensation reaction between benzenesulfonyl hydrazide and 4-(diphenylamino)benzaldehyde.
Probe S1 exhibited a rapid response time, high selectivity and sensitivity fluorescent response to Hg2＋ in dimethyl sulfoxide
(DMSO)/H2O (V∶V＝7∶3, pH＝7) solution. The possible mechanism was studied by 1H NMR and HRMS. Polyacrylamide
(PAM) doped S1 (PAMS) had high adsorption for Hg2＋ with removal rate of 99.99% and could easily be distinguished by the 
naked-eye in UV lamp. And, the micro-morphology of PAMS before and after adsorption was observed by scanning electron 
microscope (SEM). In addition, probe S1 had excellent biocompatibility and could primely detected Hg2＋ in HeLa cells.  
Keywords  sulfonylhydrazone; mercury; polyacrylamide doping; adsorption; HeLa cell 

 

1  Introduction 

The presence of heavy metal ions such as mercury ion in 
water can contaminate the food chain and have lethal effects 
on vital organs, and accumulated mercury poisoning will be 
generated, such as cerebral palsy, fatigue of the whole body, 
dementia, which may even cause death if serious.[1-4] For the 

safety of human life and the protection of the environment, 
it is necessary to detect and remove mercury ions effec-
tively.  

At present, traditional detection methods of mercury ions, 
including atomic absorption spectrometry, atomic fluo-
rescence spectrometry, electrochemical method and induc-
tive coupling, mostly depend on large apparatus, profes-
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sional operators and involve high costs, which make these 
unsuitable for on-site detection of mercury ion.[5-11] There-
fore, we need to find a simple method to detect mercury 
ions. However, the spectrometric method has the ad-
vantages of simplicity, rapidity, low cost and high sensitiv-
ity, which is used in various fields.[12-17] In recent years, the 
spectrometric method had attracted the attention of many 
researchers because of its high selectivity, sensitivity, sim-
plicity and real-time usability.[18-23] Until now, many ex-
cellent works about Hg2＋ sensors have been successfully 
obtained through different designing thoughts by the in-
troduction of special functional groups to different optical 
matrixes, and have displayed impressive probing perfor-
mance.[24-27] The main types of mercury ions probes are 
rhodamine, fluorescein, carbohydrate and naphthalimide 
compounds.[22-33] For example, Khan et al.[32] designed a 
triazole incorporated fluorescent hexahydroquinoline ap-
pended calix arene probe, and it could be used to detect  
Hg2＋ by ultraviolet and visible spectrophotometer. Zhao et 
al.[33] designed a probe, which was modified by sulfonating 
cellulose and introducing carboxyl dithioacetyl. This probe 
with aggregation-induced emission (AIE) effect could be 
used to detect trace Hg2＋. Our group[34] designed a novel 
Schiff base probe by the condensation reaction of 4,4'- 
(9a,13a-dihydrodibenzo[a,c]phenazine-10,13-diyl)diben- 
zaldehyde and thiosemicarbazide, and the complexation 
mechanism of the probe and mercury ions was investigated. 
Although there are many kinds of sensors, but sulfonyhy-
drazone type sensors have not been reported. And the 
preparation process of these sensors is complicated and 
response time is long to mercury ions. More importantly, all 
of these Hg2＋ sensors can only be detected, but not be 
removed.[35-39]  

Now, the means of removing mercury ions include re-
duction, adsorption, ion exchange, sulfuration and elec-
trolysis.[40-51] Among them, because of its convenience, 
rapidity and low cost, adsorption have gradually become the 
major ways and attracted extensive attention.[46-48] Nowa-
days, the adsorption materials are mainly polymer materi-
als, modified inorganic materials, montmorillonite or mod-
ified materials.[46-52] For instance, through the thermal 
modification of molybdenum disulfide surface, Song et 
al.[47] provided more oxygen atom active sites and the 
complexation of mercury ions, which greatly improved the 
adsorption performance of mercury ions in aqueous solu-
tion. Zhang et al.[50] modified montmorillonite by impreg-
nation with CuO and CuCl2, and the removal rates of mer-
cury in soot were simulated to be 71% and 92%, respec-
tively. Yang et al.[52] obtained new materials by introducing 
carboxyl and hydroxyl groups into amine modified acti-
vated carbon, which could remove mercury ions in aqueous 
solution. Although, there are many adsorbent materials. 
Nevertheless, among the mercury ions adsorption materials, 
sulfonylhydrazone doped materials have not been reported. 
Herein, based on previous work of our laboratory, a novel 
sulfonyl hydrazone probe S1 was synthesized by simple 
condensation of benzene sulfonyl hydrazine with 

4-diphenylamino benzaldehyde (Scheme 1).[34-36,53-64] As 
compared to other probes reported before, sulfonyhydra-
zone based probes S1 displayed superiority from the 
viewpoint of high selectivity, sensitivity and ease in detec-
tion. Moreover, this probe can be applied for the detection 
of Hg2＋ in HeLa cells, which shows good biocompatibility 
and can evidently enhance the fluorescence in live cells 
imaging. In addition, it can be doped with polyacrylamide to 
obtain a high-efficiency adsorption material for Hg2＋, and 
the degree of adsorption can be observed by UV lamp, 
indicating a wide and strong applicability in treatment of 
mercury ions. 
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Scheme 1  Synthetic procedure of fluorescence probe S1 

2  Results and discussion 

2.1  Selective recognition of cations by fluorescent 
probe S1 

The response properties of S1 to cations (K＋, Fe3＋, Cd2＋, 
Ag＋, Zn2＋, Co2＋, Al3＋, Hg2＋, Cr3＋, Cu2＋, Pb2＋, Mg2＋, Ni2＋, 
Ba2＋, Ca2＋) were investigated by UV-Vis adsorption and 
fluorescence emission. Figure 1a is the ultraviolet spectrum 
of fluorescence probe S1 in the solution of DMSO/H2O. 
Upon addition of Hg2 ＋  (10 equiv.), a slight batho-
chromic-shift at 364 nm was observed while adsorption 
spectra of other ions remained basically unchanged. Fluo-
rescence response of S1 toward ions was also investigated 
in the presence of 10-folds excess of various metal ions 
(Figure 1b). It was found that the emission intensity of S1 
decreased dramatically when Hg2＋ were added to the so-
lution. Based on the use of a UV lamp, the solution of S1 
showed fluorescence quenching in the presence of Hg2＋, 
which could easily be distinguished by the naked-eye 
(Figure 1c). 

2.2  Competitive experiments of fluorescent probe 
S1 towards Hg2＋ 

The environmental system typically detected by the 
probe contained a variety of cations, which might affect the 
detection of specific cations by the probe. In order to eval-
uate the selectivity of S1 towards Hg2＋, competitive ex-
periments were carried out. First, 10.0 equiv. of other ions 
were added to S1, and then 10.0 equiv. of Hg2＋ were added. 
It was found that the fluorescence of probe S1 was sub-
stantially unchanged before Hg2＋ was added (Figure 2). 
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Figure 1  (a) UV spectra of S1 (1.0×10－5 mol/L) in DMSO/H2O (V∶V＝7∶3, pH＝7) upon addition of various cations (1.0×10－4 
mol/L), (b) fluorescence spectra of S1 (1.0×10－5 mol/L) upon the addition of cations (1.0×10－4 mol/L) in DMSO/H2O (V∶V＝7∶3, 
pH＝7) (λex＝357 nm, slit width: 5 nm×5 nm) and (c) photograph of the fluorescence of S1 (1.0×10－5 mol/L) in the presence of various 
other cations (1.0×10－4 mol/L) under UV lamp at 365 nm

When Hg2＋ was added the fluorescence intensity decreased 
greatly, indicating that the existence of other common ions 
would not interfere with the detection of   Hg2＋. Therefore, 
S1 was shown to be a promising selective fluorescent sensor 
for Hg2＋ in the presence of common metal ions.  

0

100

200

300

400

500

600

700

800

900

1000

1100

 

P
L 

in
te

ns
ity

/a
.u

.

 probe S1 + metal ions + Hg2+ 

 probe S1 + metal ions

Blan
k

Ag
+

Ba
2+

Ca
2+

Cd
2+

Co
2+

Cr3
+

Al3
+

Cu
2+

Fe
3+

K
+

M
g
2+

Ni2
+

Pb
2+

Zn
2+

 

Figure 2  Interference experiments with Hg2 ＋  (1.0×10 － 4 
mol/L) and ions coexisting in DMSO/H2O (V∶V＝7∶3, pH＝7) 
(λex＝357 nm, slit width: 5 nm×5 nm) 

2.3  Response time of fluorescence probe S1 to-
wards Hg2＋ 

The response time of the probe to cations is a considera-
ble important index to show the excellent properties of the 
probe. Therefore, Hg2＋ (10 equiv.) were added to the so-
lution of probe S1, and a fluorescence test was performed 

every 5 s. It could be observed that the fluorescence inten-
sity of the probe S1 was greatly reduced and substantially 
stable after the addition of Hg2＋ for 10 s (Figure 3), which 
indicated that the probe S1 could achieve the purpose of 
immediate detection of Hg2＋. 

 

Figure 3  Response time of fluorescence probe S1 to Hg2＋   
(λex＝357 nm, slit width: 5 nm×5 nm) 

2.4  Sensitivity of fluorescence probe S1 towards 
Hg2＋ 

The fluorescence titration experiments were carried out 
within a certain concentration of Hg2 ＋  (5.0×10 － 7 ～
1.0×10－ 4 mol/L). It showed a diagram of the gradual 
change between fluorescence intensity and Hg2＋concen- 
tration when the probe S1 was in different concentrations of 
Hg2＋ solution system (Figure 4a). As the concentration of 
Hg2＋ increased, a gradual decrease in the fluorescence 
intensity of probe S1 was observed at 504 nm. In the con-
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centration range of 1.5×10－6～7.5×10－6 mol/L, there was 
a good linear relationship between the concentration of  
Hg2＋ and the fluorescence intensity of S1. .And the linear 
correlation coefficient was 0.99619. The detection limit 
(DL) was calculated by the formula DL＝3σ/K, where σ is 
the standard deviation of the blank and K is the slope of the 
calibration curve.[34-35] The slope of the line of best fit gives 
K as 8.7×107 (Figure 4b). The detection limit of S1 for  
Hg2＋ was calculated to be 1.07×10－7 mol/L, demonstrat-
ing that S1 was a highly sensitive “turn-off” fluorescent 
sensor for Hg2＋. 

 

Figure 4  (a) Fluorescence of S1 (1.0×10－5 mol/L) in DMSO/ 
H2O (V∶V＝7∶3, pH＝7) upon the addition of Hg2＋ (5.0×  
10－7～1.0×10－4 mol/L) and (b) fluorescence value at 495 nm 
versus the concentration of Hg2＋ (λex＝357 nm, slit width: 5 
nm×5 nm; inset is the relationship between the concentration of  
Hg2＋ and the fluorescence intensity of S1)  

2.5  1H NMR titration experiments 

The measurement of Job's plot was carried out to deter-
mine the stoichiometric ratio of the interaction between S1 
and Hg2＋. According to the experimental results, it was 
speculated that the complexation ratio of S1 and Hg2＋ was 
1 ∶ 1. In addition, to explore the possible interaction 
mechanism between probe S1 and Hg2＋, 1H NMR titration 
experiments were prepared with the increase of Hg2 ＋ 
(Figure 5). The amine proton locating at δ 11.35 is charac-
teristic of an intramolecular hydrogen bond of the probe S1 
(Figure 5a). However, with the addition of Hg2＋, the proton 
peaks of the amine gradually disappear with the increase of 
Hg2＋ (Figures 5b, 5c and 5d). Therefore, it is speculated 
that the double bond in S＝O broke formed a double bond 
in S＝N. These results showed that Hg2＋ might coordinate 
with nitrogen in imine of probe S1. From the above ex-
perimental results, the complexation mechanism of S1 and 
Hg2＋ could be inferred and proposed (Figure 6). And this 
experiment results could be verified by mass spectrometry 
(m/z 629.1052 [S1＋Hg2＋]) 

 

Figure 5  1H NMR spectra of S1 with Hg2＋ in DMSO-d6  

 

Figure 6  Possible binding mechanisms of S1 and Hg2＋
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2.6  Adsorption experiment 

PAM and PAMS of a certain amount were placed in a 
certain volume of Hg2＋ (0.1 mol/L) solution, respectively. 
30 min later, certain volume of Hg2＋ solutions adsorbed by 
PAM, PAMS were taken to determine the concentration of 
Hg2＋. Before absorbing Hg2＋, although there was no dif-
ference between PAM and PAMS under natural light 
(Figure 7a), but PAM presented solid light, PAMS pre-
sented a strong blue light under UV lamp (Figure 7b). Be-
fore and after the adsorption of Hg2＋ by PAM, there was no 
obvious change in the light intensity of PAM under UV 
lamp. However, PAMS was basically without light, which 

formed a sharp contrast with before adsorption under UV 
lamp (Figure 7d). After adsorption by PAMS, the concen-
tration of Hg2＋ in aqueous solution was detected to be 
1.55×10－6 mol/L. We could know that the removal rate of 
Hg2＋ by PAMS was 99.99%. It showed that PAMS was a 
new style of material with excellent properties for absorbing 
Hg2＋. 

In addition, to better observe the micro-morphology of 
PAMS before and after adsorption, the morphology and 
elemental analysis of PAMS before and after adsorption of 
Hg2＋ were observed by scanning electron microscope 
(Figure 8). Before the adsorption of Hg2＋, the surface of  

 

Figure 7  (a, b) Diagrams of PAM (left) and PAMS (right) without absorb Hg2＋ solution in natural light and (c, d) diagrams of PAM 
(left) and PAMS (right) with absorb Hg2＋ solution in UV lamp (365 nm) 

 

Figure 8  (a) SEM and (b) EDS micrographs before PAMS adsorption of Hg2＋, and (c) SEM and (d) EDS micrographs after PAMS 
adsorption of Hg2＋   
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PAMS was irregularly folded and without mercury ions 
(Figures 8a, 8b). After the adsorption of Hg2＋, it was ob-
served that it had some foamy spherical cluster on the sur-
face of PAMS, indicating that probe S1 and Hg2＋ were 
effectively bonded (Figure 8c). Moreover, the foamy 
spherical clusters were well attached and dispersed on 
PAMS (Figure 8c). It also showed that PAMS could 
well-effectively adsorb Hg2＋ in aqueous solution (Figure 
8d). PAMS is expected to be Hg2＋ detection and adsorp-
tion material in environmental application field. 

2.7  Bioimaging experiment 

Cytotoxicity test was an important indicator of probe 
biocompatibility. In order to confirm the ability of S1 to 
detect the Hg2＋ concentrations in cellular systems, HeLa 
cells were treated with 0, 5, 10, 15 and 20 μmol•L－1 S1 for 
24 h. The experiment results showed that the cell viability 
remained 90% under the treatment of 10 μmol•L－1 S1. It 
showed that S1 was low cytotoxic to HeLa cells and could 
be used for cell imaging. It was observed that strong blue 
fluorescence was observed when HeLa cells were incubated 
with probe S1 (10 μmol•L－1) without Hg2＋ (Figure 9). 
After the treatment with different concentrations of Hg2＋ 
(0, 50, 100, 250, 500 μmol•L－1) for 30 min, the fluorescence 
intensity of HeLa cells gradually becomes weak (Figure 9). 
These experimental results showed that probe S1 could be 
used to image intracellular Hg2＋ in living cells. Therefore, 
it should be potentially useful for the study of the toxicity or 
bioactivity of Hg2＋, which is inevitable for bio-imaging 
experiments. 

3  Conclusions 

In summary, a novel sulfonylhydrazone type of Hg2＋

probe S1 based on benzene sulfonyl hydrazine Schiff base 

was designed and synthesized. Owing to its rapid response 
time, high sensitivity and selectivity, S1 could be used as a 
practical fluorescence chemosensor to detect Hg2＋. It was 
exciting that PAM doped S1 (PAMS) had high adsorption 
for Hg2＋ with removal rate of 99.99% and could easily be 
distinguished by the naked-eye in UV lamp. More im-
portant, S1 had excellent biocompatibility and could be 
applied to living Hela cells. Therefore, probe S1 has great 
potential applications in environment and biological sys-
tems.  

4  Experimental section 

4.1  Materials and Apparatus 

All reagents were used without further purification. 
Benzene sulfonyl hydrazine and 4-(N,N-diphenylamino) 
benzaldehyde were purchased from Adamas Reagent Co., 
Ltd. Other reagents were purchased from Chengdu Cologne 
Chemicals Co., Ltd. In the spectral experiment in this work, 
all cationic solutions were prepared from their hydrochlo-
ride or nitrate configuration [MgCl2, FeCl3, AgNO3, 
Ni(NO3)2, Cu(NO3)2, CaCl2, Hg(NO3)2, Pd(NO3)2, Cd- 
(NO3)2, CoCl2, ZnCl2, Ba(NO3)2, KCl, Al(NO3)3, Cr- 
(NO3)3]. All the water used in the experiment was deionized 
water. 

Melting points were determined on a X-5 digital melt-
ing-point apparatus and not corrected. 1H NMR and 13C 
NMR spectra were obtained on a Bruker AV-400 MHz 
spectrometer at 400 MHz (1H NMR) and 101 MHz (13C 
NMR) using TMS as the internal standard in DMSO-d6. 
UV-Vis spectra were measured with an UV-6000 spectro-
photometer. Fluorescence spectra were measured with an 
F-320 fluorescence spectrophotometer. ICP-MS was used 
to determine the concentration of Hg2＋.  

 

Figure 9  Fluorescence micro-graphs of HeLa cells under different conditions (temperature: 37 ℃, λex＝357 nm) 
HeLa cells were soaked with 10 μmol•L－1 S1 for 30 min. Blue channel for probe S1 
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4.2  Synthesis of fluorescence probe S1 

Benzene sulfonyl hydrazine (103 mg, 0.6 mmol) and 
4-(N,N-diphenylamino)benzaldehyde (150 mg, 0.55 mmol) 
were dissolved in 20 mL of anhydrous ethanol with 0.5 mL 
of acetic acid as catalyst. The reaction system was refluxed 
for 6 h. Red precipitate was obtained after the reaction 
mixture was cooled to room temperature and washed three 
times with anhydrous ethanol, then the product was dried in 
vacuo for 48 h to obtain S1. Yields 90.3%. m.p. 184～
185 ℃. 1H NMR (400 MHz, DMSO-d6) δ: 11.35 (d, J＝2.2 
Hz, 1H), 7.93～7.80 (m, 3H), 7.69～7.54 (m, 3H), 7.47～
7.38 (m, 2H), 7.38～7.26 (m, 4H), 7.14～7.00 (m, 6H), 
6.92～6.85 (m, 2H); 13C NMR (101 MHz, DMSO-d6) δ: 
149.46, 147.50, 146.97, 139.59, 133.42, 130.18, 129.67, 
128.53, 127.64, 127.32, 125.38, 124.45, 121.86, 40.63, 
40.42, 40.21, 40.00, 39.80, 39.59, 39.38; HRMS calcd for 
C25H21N3O2S [M＋H＋] 428.1429, found 428.1429.  

4.3  Cell imaging 

HeLa cells were cultured in high glucose medium sup-
plemented with 10% fetal bovine serum. And HeLa cells 
were grown in the constant temperature incubator (37 ℃, 
95% air, 5% CO2, time＝24 h). HeLa cells were cultured 
with S1 (10 μmol•L－1) for 30 min and washed by pheno-
barbital sodium (PBS) buffer as the control group. HeLa 
cells were pretreated with different concentrations of Hg2＋ 
(0, 50, 100, 250, 500 μmol•L－1) for 30 min, afterward 
cultured with probe S1 (10 μmol•L－1) for another 30 min, 
washed by PBS buffer, and then imaged. HeLa cells were 
imaged using an inverted fluorescence microscope (Zeiss). 

 
Supporting Information  1H NMR, 13C NMR and HRMS 
spectra of compound S1, HRMS and Job's plot spectra of S1 
binding to Hg2＋, cytotoxicity assay of probe S1 for HeLa 
cells at different concentrations and preparation methods 
and IR spectra of PAM and PAMS. The Supporting In-
formation is available free of charge via the Internet at 
http://sioc-journal.cn. 

References 

[1] Carter, K. P.; Young, A. M.; Palmer, A. E. Chem. Rev. 2014, 114, 
4564. 

[2] Paramanik, B.; Bain, D.; Patra, A. Indian. J. Chem. A 2016, 120, 
17127. 

[3] Mahato, P.; Saha, S.; Suresh, E.; Liddo, R. D.; Parnigotto, P.P.; 
Conconi, M.T.; Ganguly, B. A. Inorg. Chem. 2012, 51, 1769. 

[4] Zhao, Y.; Li, Y.; Long, Y.; Zhou, Z.; Tang, Z.; Deng, K.; Zhang, S. 
Tetrahedron Lett. 2017, 58, 1351. 

[5] Wang, Y.; Lin, L.; Liu, J.; Mao, X.; Wang, J.; Qin, D. The Anal. 
2016, 141, 1530. 

[6] Yang, L.; Su, Y.; Geng, Y.; Xiong, H.; Han, J.; Fang, Q.; Song, X. 
Org. Biomol. Chem. 2018, 16, 5036.  

[7] Huang, X.; Lu, Z.; Wang, Z.; Fan, C.; Fan, W.; Shi, X.; Zhang, H.; 
Pei, M. Dyes Pigm. 2016, 128, 33. 

[8] Wang, H.; Zhang, P.; Chen, J.; Li, Y.; Yu, M.; Long, Y.; Yi, P. Sens. 
Actuators, B 2017, 242, 818. 

[9] Wanichacheva, N.; Prapawattanapol, N.; Sanghiran, V.; Grudpan, 
K.; Petsom, A. J. Lumin. 2013, 134, 686. 

[10] Jang, Y. K.; Nam, U. C.; Kwon, H. L.; Hwang, I. H.; Kim, C. Dyes 
Pigm. 2013, 99, 6. 

[11] Saleem, M.; Abdullah, R.; Ali, A.; Park, B. J.; Choi, E. H.; Hong, I. 
S.; Lee, K. H. Anal. Methods 2014, 6, 3588. 

[12] Chen, K.; Han, B. C.; Ji, S. X.; Sun, J.; Gao, Z. Z.; Hou, X. F. Acta 
Chim. Sinica 2019, 77, 365 (in Chinese).  
(陈凯 , 韩百川 , 稽思鑫 , 孙瑾 , 高振忠 , 侯贤锋 , 化学学报 , 
2019, 77, 365.) 

[13] Ge, Y.; Xing, X.; Liu, A.; Ji, R.; Shen, S.; Cao, X. Dyes Pigm. 2017, 
146, 136. 

[14] Parthiban, C.; Elango, K. P. Sens. Actuators, B 2016, 237, 284. 
[15] Xu, J.; Wang, Z.; Liu, C.; Xu, Z.; Wang, N.; Cong, X.; Zhu, B. Lu-

minescence 2018, 333, 1122. 
[16] Liu, Y.; Liu, C. Y.; Zhang, Z. Y. Appl. Surf. Sci. 2012, 263, 481. 
[17] Pang, X.; Gao, L.; Feng, H.; Li, X.; Kong, J.; Li, L. New J. Chem. 

2018, 42, 15770. 
[18] Chereddy, N. R.; Nagaraju, P.; Niladri Raju, M. V.; Saranraj, K.; 

Thennarasu, S.; Rao, V. J. Dyes Pigm. 2015, 112, 201. 
[19] Cui, T.; Yu, S.; Chen, Z.; Liao, R.; Zhang, X.; Zhao, Q.; Sun, H.; 

Huang, W. RSC Adv. 2018, 8, 12276. 
[20] Banerjee, A.; Karak, D.; Sahana, A.; Guha, S.; Lohar, S.; Das, D. J. 

Hazard. Mater. 2011, 186, 738. 
[21] Zhang, L.; Shi, Y.; Sheng, Z.; Zhang, Y.; Kai, X.; Li, M.; Yin, X. 

ACS Sens. 2019, 126, 1234. 
[22] Wang, S. J.; Li, C. W.; Li, J.; Chen, B.; Guo, Y. Acta Chim. Sinica 

2017, 75, 383 (in Chinese).  
(王少静, 李长伟, 李锦, 陈邦, 郭媛, 化学学报, 2017, 75, 383.) 

[23] Chen, M.; Mu, L. X.; Cao, X. X.; She, G. W.; Shi, W. S. Chin. J. 
Chem. 2019, 37, 330. 

[24] Min, K. S.; Manivannan, R.; Son, Y. A. Sens. Actuators, B 2018, 
261, 545. 

[25] Pal, A.; Bag, B. RSC Adv. 2014, 4, 10118. 
[26] Zhang, Y.; Leng, J. Sens. Actuators, B 2017, 17, 346. 
[27] Zhou, T. T.; He, X. W.; Zuo, Y. P.; Wu, Y. H.; Hu, W. C.; Zhang, S. 

W.; Duan, J. H.; Shang, Y. J. Chin. J. Chem. 2020, 38, 1. 
[28] Xie, Z.; Fu, M.; Yin, B.; Zhu, Q. Chin. Chem. Lett. 2018, 38, 124. 
[29] Ma, S.; Li, L.; She, M.; Mo, Y.; Zhang, S.; Liu, P.; Li, J. Chin. 

Chem. Lett. 2017, 28, 2014. 
[30] Zhang, N.; Li, G.; Cheng, Z.; Zuo, X. J. Hazard. Mater. 2012, 229, 

404. 
[31] Gu, W.; Pei, X.; Cheng, Y.; Zhang, C.; Zhang, J.; Yan, Y.; Ding, C.; 

Xian, Y. ACS Sens. 2017, 2, 576. 
[32] Khan, B.; Hameed, A.; Minhaz, A.; Shah, M. R. J. Hazard. Mater. 

2018, 347, 349. 
[33] Zhao, L.; Zhang, Z.; Liu, Y.; Wei, J.; Liu, Q.; Ran, P.; Li, X. J. 

Hazard. Mater. 2019, 361, 546. 
[34] Feng, L.; Shi, W.; Ma, J.; Chen, Y.; Kui, F.; Hui, Y.; Xie, Z. Sens. 

Actuators, B 2016, 237, 563. 
[35] Li, Y.; Shi, W.; Ma, J.; Wang, X.; Kong, X.; Zhang, Y.; Feng, L.; 

Hui, Y.; Xie, Z. J. Photochem. Photobiol., A 2017, 338, 1. 
[36] Chu, Y.; Xie, Z.; Zhuang, D.; Yue, Y.; Yue, Y.; Shi, W.; Feng, S. 

Chin. J. Chem. 2019, 37, 1216. 
[37] Shellaiah, M.; Rajan, Y. C.; Balu, P.; Murugan, A. New J. Chem. 

2015, 39, 2523. 
[38] Lin, L.; Wang, Y.; Xiao, Y.; Liu, W. Acta Biotheor. 2019, 186, 147. 
[39] Duan, Q.; Zhu, H.; Liu, C.; Yuan, R.; Fang, Z.; Wang, Z.; Jia, P.; Li, 

Z.; Sheng, W.; Zhu, B. Anal. 2019, 144, 1426. 
[40] Chen, J.; Shu, W.; Wang, E. Chem. Res. Chin. Univ. 2016, 32, 742. 
[41] Hashemi, S. A.; Tabibian, S. Toxicology 2018, 5, 644. 
[42] Morales, G.; Campillo, G.; Vélez, E.; Osorio, J.; Urquijo, J.; Andrés 

Velásquez, Á. New J. Phys. 2019, 1247, 12021. 
[43] Samani, M. R.; Toghraie, D. Int. J. Environ. Res. 2020, 76, 345. 
[44] Dai, D.; Li, Z.; Yang, J.; Wang, C.; Wu, J.; Wang, Y.; Zhang, D.; 

Yang, Y. J. Am. Chem. Soc. 2019, 141, 4756. 
[45] Hellmann, C.; Costa, R. D.; Schmitz, O. J. Chromatographia 2019, 

82, 125. 
[46] Li, K.; Li, J.; Zhao, N.; Xie, T.; Di, B.; Xu, L. Dalton Trans. 2019, 

48, 17800. 
[47] Jia, F.; Liu, C.; Yang, B.; Zhang, X.; Yi, H.; Ni, J.; Song, S. ACS 

Sustainable Chem. Eng. 2018, 6, 9065. 



   
Chinese Journal of Organic Chemistry ARTICLE 

 
Chin. J. Org. Chem. 2021, 41, 1138～1145 © 2021 Chinese Chemical Society & SIOC, CAS http://sioc-journal.cn/     1145 

[48] Fan, B.; Jia, L.; Li, B.; Yao, Y.; Huo, R.; Zhao, R.; Qiao, X.; Jin, Y. 
Energy Fuels 2018, 32, 6869. 

[49] Balasundaram, K.; Sharma, M. Environ. Sci. Pollut. Res. 2018, 25, 
15518. 

[50] Zhang, X.; Cui, L.; Li, Y.; Zhao, Y.; Dong, Y.; Cao, S. Energy Fuels 
2019, 33, 7852.  

[51] Yang, Y.; Liu, J.; Zhang, B.; Liu, F. J. Hazard. Mater. 2017, 321, 
154. 

[52] Zhu, J.; Yang, J.; Deng, B. J. Hazard. Mater. 2009, 166, 866. 
[53] Yue, Y.; Xie, Z.; Chu, Y.; Xue, S. Chin. J. Org. Chem. 2020, 40, 501 

(in Chinese).  
(岳永双, 解正峰, 褚义成, 薛松松, 有机化学, 2020, 40, 501.) 

[54] Xie, Z.; Hao, Y.; Li, Z.; Sun, F.; Ma, J.; Chen, X.; Shi, W.; Feng, S. 
Russ. J. Bioorg. Chem. 2020, 46, 627.  

[55] Chu, Y.; Xie, Z.; Yue, Y.; Yue, Y.; Kong, X.; Shi, W.; Feng, S. ACS 
Omega 2019, 4, 5367. 

[56] Ren, X.; Xie, Z.; Wu, H.; Shi, W.; Zhang, Y. Colloids Surf., A 2019, 
583, 124003. 

[57] Xie, Z.; Kong, X.; Feng, L.; Ma, J.; Li, Y.; Wang, X.; Bao, W.; Shi, 
W.; Hui, Y. Sens. Actuators, B 2018, 257, 154. 

[58] Zhang, X.; Shi, W.; Chen, X.; Xie, Z. Sens. Actuators, B 2018, 255, 
3074. 

[59] Hao, Y. P.; Xie, Z. F.; Bao, W. R.; Wang, X.; Shi, W. Chin. J. Org. 
Chem. 2018, 38, 2109 (in Chinese).  
(郝云鹏, 解正峰, 包万睿, 王馨, 石伟, 有机化学, 2018, 38, 
2109.) 

[60] Wang, X.; Shi, W.; Feng, L.; Ma, J.; Li, Y.; Kong, X.; Chen, Y.; 
Hui, Y.; Xie, Z. Inorg. Chem. Commun. 2017, 79, 50. 

[61] Ma, J.; Shi, W.; Feng, L.; Chen, Y.; Fan, K.; Hao, Y.; Hui, Y.; Xie, 
Z. RSC Adv. 2016, 6, 28034. 

[62] Shi, W.; Chen, Y.; Chen, X.; Xie, Z.; Hui, Y. J. Lumin. 2016, 174, 
56. 

[63] Chen, Y.; Shi, W.; Hui, Y.; Sun, X.; Xu, L.; Feng, L.; Xie, Z. Talan-
ta 2015, 137, 38. 

[64] Shi, W.; Ma, F.; Xie, Z. Sens. Actuators, B 2015, 220, 600. 

(Zhao, C.) 


