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Background: The monitoring and removal of heavy metal ions in wastewater
will effectively improve the quality of water and promote the green and
sustainable development of ecological environment. Using more efficient
adsorption materials and more accurate detection means to treat heavy
metal ions in water has always been a research focus and target of researchers.

Method: A novel titania nanomaterial was modified with sulfhydryl group (nano
TiO,-SH) for detection and adsorption of heavy metal ions in water, and
accurately characterize the adsorption process using Surface-Enhanced
Raman Spectroscopy (SERS) and other effective testing methods.

Results: The maximum adsorption efficiency of nano TiO,-SH for the Hg?*, Cd**,
Pb?* three heavy metal ions reached 98.3%, 98.4% and 98.4% respectively. And
more importantly, after five cycles of adsorption and desorption, the adsorption
efficiency of nano TiO,-SH for these three metal ions is still above 96%.

Conclusion: These results proved the nano TiO,-SH adsorbent has great
potential in practical water pollution purification.
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Introduction

With the rapid industrial development, the pressure on water ecological environment is
also increasing. Heavy metal ions pollution in water is mainly caused by the cleaning and
discharge of materials in industrial production processes, such as pickling wastewater from
metal smelting, crushing and leaching of ore mining, lead-acid battery manufacturing, leather
tanning treatment, and synthesis of related chemical products. (Ma et al., 2020a; Ma et al,,
2020b; Li et al,, 2021; Yan et al,, 2021; He et al., 2022). The sewage of heavy metals cannot be
easily biodegraded, which causes serious deterioration in the ecological environment; the
damage is mainly reflected in the accumulation of these metals in the human organs that may
lead to intellectual disability, developmental delay, liver cirrhosis, and kidney exhaustion.
(Bolisetty et al., 2019; Shao et al., 2022; Singha et al., 2022). Therefore, highly efficient methods
for separation and enrichment of heavy metal ions are urgently required.

Over the last few decades, several strategies for removing heavy metal ions, including
flotation, chemical precipitation, adsorption, membrane separation, ion exchange,

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2022.1072139/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.1072139/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.1072139/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2022.1072139&domain=pdf&date_stamp=2023-01-27
mailto:bbchen@gzata.cn
mailto:bbchen@gzata.cn
mailto:jxcao@gzu.edu.cn
mailto:jxcao@gzu.edu.cn
https://doi.org/10.3389/fchem.2022.1072139
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2022.1072139

Chen et al.

electrodialysis, and biological processes. (Wu et al., 2019
Hasanpour and Hatami, 2020; Wang et al., 2020; Gupta et al,,
2021). Among these methods, the use of adsorption is
advantageous in practical applications because of the high
reusability,
associated with this approach. The adsorbents are roughly

efficiency, simple operation, and low cost
divided into five types: modified silicon-based materials,
modified aluminum-based materials, modified manganese-
based materials, modified carbon-based materials, and
biological materials. (Choi et al., 2020; Xie et al, 2021; Chen
et al., 2022; Shi et al., 2022; Xu et al., 2022). In recent years, nano
titanium dioxide (nano TiO,) materials have been used as
adsorbent materials by many researchers due to their
advantages of large specific surface area and porosity. The
modification of nano TiO, can effectively improve its
adsorption efficiency for more kinds of materials through the
interface assembly of organic components. (Dong et al., 2017;
Huang et al., 2019; Zhou et al., 2019; Qiang et al., 2020; Roy,
2022).

On the other hand, Surface-enhanced Raman spectroscopy
(SERS) has become a rapid detection method with great
potential developed in recent years due to its advantages,
including fast detection, simple operation, simple equipment,
high sensitivity, etc. (Grasseschi and Toma, 2017; Sun et al,
2019) As a detection technology to obtain the characteristic
information of trace substances by inelastic scattering fingerprint
signals of molecules and the enhancement of precious metal
substrate, SERS technology has shown unique application
advantages and prospects in the fields of materials, medicine,
food, safety, etc. (Cardinal et al, 2017; Sahin et al, 2022) The
heavy metal ions (such as: Hg**, Cd*', Pb*") concentration in
environmental water is low and the matrix is complex, so it is
difficult for conventional detection instruments to obtain ideal data
results. Therefore, it is of great significance to use SERS as a new
detection method to detect heavy metal ions in water and to
characterize the adsorption process of heavy metal ions through
the interaction between heavy metals and functional groups.

Here, according to Lewis’s hard and soft acid-base theory, the
sulfhydryl group has a strong affinity for heavy metal ions, and it
can capture heavy metal ions in the form of coordination in water
by forming chelates. Nano titanium dioxide (nano TiO,) has a
large specific surface area, resulting in high surface activity and a
large number of suspension bonds. The Ti and O atoms on the
surface of the particles can easily adsorb OH™ and H* in the water
to form surface titanium ions rich in -OH, which can make the
grafting reaction proceed smoothly. In order to realize organic-
inorganic hybrid nanomaterials as a heavy metal ion adsorption
material, we demonstrate the use of MPTMS containing -SH to
modify the nano titanium dioxide to obtain a new nano
adsorption material. A series of single-factor parallel
experiments were carried out to determine the optimal
adsorption  conditions, and the maximum adsorption

efficiency of nano TiO,-SH for the Hg*, Cd*',Pb** three
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reached 98.3%, 98.4% and 98.4%
respectively. And more importantly, after five cycles of

heavy metal ions
adsorption and desorption, the adsorption efficiency of nano
TiO,-SH for these three metal ions is still above 96%. We also
used Surface-Enhanced Raman Spectroscopy (SERS) to
accurately characterize the characteristic peaks of trace
relevant groups before and after the adsorption of nano TiO,-
SH, which is of great significance for the monitoring and removal
of heavy metal ions in water.

Materials and methods
Materials

Hydrochloric acid, sodium hydroxide, nitric acid, butyl titanate,
ethanol were purchased from National Medicine. Mercury nitrate
[Hg(NO), H,0], cadmium nitrate [Cd(NO),-4H,0], Lead chloride
[PbCL,] were purchased from Macklin. 3-Propyl hydrophobic
[(OCH,);Si (CH,);SH] (MPTMS)
purchased from Alfa Aesar Inc.

trimethoxysilane was

Synthesis of nano TiO,

5 g of titanium alkyd was dissolved in 20 ml ethanol solution
(95%), and 0.5 ml glacial acetic acid (inhibitor) was added to form
chelate with butyl titanate, so that butyl titanate was hydrolyzed
uniformly, and uniform colloid solution was obtained. After
vacuum evaporation and drying at 120°C, the sol was gradually
transformed into gel. White TiO, nanomaterials were obtained by
calcination of the gel at 250°C for 1 h.

Synthesis of nano TiO,-SH

59.5 ml anhydrous ethanol and 10.5 ml ultrapure water were
accurately taken into a 100 ml conical flask, and 600 ul ammonia
water and 0.42 g MPTMS were added, and the reaction was carried
out in a water bath at 65°C for 3 h. After the reaction, it was removed
and left standing for 15 min, and 1 g nano TiO, was slowly added
under 30 min of intense agitation. It was stirred in nitrogen
atmosphere for 6 h at room temperature. After the reaction, it was
alternately washed with ethanol and ultrapure water for 3 times,
centrifuged, and vacuum dried at 80°C for 10 h to obtain the sulfur-
modified nano titanium dioxide (nano TiO,-SH).

Determine the content of -SH in nano
TiO,-SH

Ellman method was used to determine the content of -SH in
sulfur-based nano TiO, materials. 0.5 g nano-TiO,-SH, drop
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3 ml ultra-pure water, add 1 ml DTNB (2-nitrobenzoic acid) and
0.3 ml phosphate buffer solution, stand at room temperature for
4 h, centrifuge for 15 min, take the supernatant to measure the
absorbance at 412 nm. The -SH content in nano TiO,-SH
material was calculated.

Adsorption experimental methods

The adsorption performance of heavy metal ions (Hg>*, Cd*",
and Pb*) on nano TiO,-SH was investigated through
intermittent batch experiments. Vials containing these heavy
metal ions were placed in a thermostatic water bath vibrator and
stirred at a fixed vibration rate of 200 r min™". Simultaneously,
under the different pH conditions, the different heavy metal ion
concentration, the different temperature and contact time on
adsorption were studied. The residual concentrations of heavy
metal ions were analyzed atomic
(AAS)

spectroscopy (AFS), and each experiment was repeated more

using absorption

spectrophotometer and  atomic  fluorescence
than three times. The equilibrium adsorption capacity (q.) and
removal rate (R.) of the three metal ions on nano TiO,-SH were
calculated using the following equations: (Choi et al., 2020; Shi
et al, 2022)

Where the C, and C. (mmol L") are the initial concentration
and equilibrium concentration of the testing metal ions,
respectively. V (L) is the actual volume of the metal ions

solution, and W (g) is the mass of the adsorbent.

Desorption experiment

In this experiment, HCI solution was used as the eluent to
study the relationship between elution efficiency and eluent
concentration. The experimental results show that when the
concentration of HCl solution is 0.05%-1.5%, the elution
efficiency increases with the increase of eluent concentration.
In order to ensure the efficient recovery of Hg**, Cd**, and Pb*"
ion, 1.5% hydrochloric acid was selected as the eluent in this

experiment.

Measurements and characterization

Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR)
Scientific Nicolet iS50. Raman spectroscopy was measured by

spectroscopy was measured by a Thermo

a Thermo Scientific DXR2. The test of solution particle size was
carried out on a Malvern Zetasizer AT. Before testing, the
solution is first treated with ultrasound to ensure uniform
particle dispersion. Thermal stability analysis was conducted
on a TA Instruments Q800 thermogravimetric analyzer
(TGA) under a nitrogen atmosphere. Each text sample weight
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control in 3-5 mg and was heated from 25°C to 600°C at a heating
rate of 10°C min™". The samples were scan from diffraction angle
10°-80° with a scan speed of 5°/min in x-ray diffraction (XRD)
test. The morphologies and microstructures of the as-prepared
samples were determined by TESCAN scanning electron
microscope, transmission electron microscopy (JEOL).

PFO and PSO equation

Kinetic models of the linear pseudo-first-order (PFO) and
pseudo-second-order (PSO) rate laws were selected. (Choi et al.,
2020; Shi et al., 2022).

Where q. and q; (mmol g') are the adsorption capacity of
three metals (Hg*",Cd**,Pb*") at equilibrium and at time t (min),
respectively, whereas k; (min™') and k, (g mmol ™' min™") are the
rate constants of PFO and PSO.

Results and discussion

In our experiment, nano TiO, was firstly prepared by the sol-
gel method (Supplementary Figure S1). The prepared nano TiO,
material was characterized by scanning electron microscopy,
Fourier infrared, Raman, X-ray diffraction and dynamic light
scattering, and the results showed that the nano TiO, material
with a particle size of about 50 nm was successfully synthesized.
(Supplementary Figure S2). As shown in Figure 1A, MPTMS was
first grafted with alcohol hydroxyl groups, and then grafted with
the prepared nano TiO, in a certain solvent environment to
obtain the -SH modified nano TiO,-SH novel organic-inorganic
hybrid material. Through TEM characterization of nano TiO,-
SH, it was found that the prepared nanoparticles were uniform in
size and the size was similar to that of the original nano TiO,
(52 nm, Figure 1B).

Additionally, in order to further prove the success of the
modification of nano TiO,-SH material, we also carried out
comparative tests on the prepared nano TiO, and nano TiO,-
SH. As shown in Figure 2A, B, it can be clearly seen from the SEM
characterization results that the particles of nano TiO, and nano
TiO,-SH are spherical with almost no difference in size
(=50 nm), but interestingly, the -SH graft-modified nano TiO,
showed a better uniform distribution than the ungrafted nano
TiO,. This was due to the presence of a large amount of -OH on
the surface of nano TiO, materials, the hydroxyl groups on the
nano TiO2 are clustered by hydrogen bonding interactions,
resulting in a certain degree of agglomeration. (Ho et al,
2016). However, since there is almost no -OH on the surface
of nano TiO, modified by -SH, the agglomeration phenomenon
is significantly reduced, which also ensures that the particle size is
more uniform, the boundary is more obvious, and it is more
conducive to the dispersion of particles. This result can also be
reflected in the DLS test results. In Figure 2D, it can be seen that
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(A) The preparation mechanism and structure diagram of nano TiO,-SH. (B) TEM image of nano TiO,-SH, inset is an optical photograph of nano

TiO,-SH.

nano TiO,-SH has a narrower particle size distribution than
nano TiO,, indicating that nano TiO,-SH nanoparticles have a
more uniform particle size distribution. In addition, the mapping
diagram of element distribution on the surface of materials also
shows the sulfur element on the surface of nano TiO,-SH
material and the excellent dispersion and uniformity of each
element (Supplementary Figure S3). The elemental analysis
spectrogram also proves the existence of the S element and Si
element. This proves that MPTMS has been successfully grafted
onto nano TiO, (Figure 2C). Moreover, the Tg test curve results
illustrate the prepared hybrid nanomaterials have organic
which high
temperatures, thereby reducing mass (Supplementary Figure S4).

components inside, are carbonized at

To further reveal the internal structure of nano TiO,-SH, we
performed X-ray diffraction (XRD), Fourier transform infrared
(FT-IR) spectroscopy and Raman spectroscopy analyses. The
XRD crystal peaks showed that the unmodified nano TiO, had
three typical characteristic diffraction peaks at 20 = 25.3%, 38" and
48, indicating that it was standard anatase type nano TiO,, and
the three diffraction peaks corresponding to the three crystal
planes (101), (004) and (200) in the material respectively. The
diffraction peak position and intensity of the modified nano
TiO,-SH were consistent with that of nano TiO,, indicating that
the modified titanium dioxide was still standard anatase type, and
the crystallinity and morphology were not changed, further
indicating that MPTMS only had condensation reaction with
the hydroxyl group on the surface of nano TiO, to make -SH
access smoothly. It does not change the crystal structure of nano-
TiO, (Figure 2E). The FT-IR region at 2550 cm™' in MPTMS is
attributed to the stretching of -SH, and this characteristic peak
appears in nano TiO,-SH, indicating the success of -SH
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modification. Moreover, the characteristic peaks belonging to
-CH; and -CH,- at 2924 cm™" and 2858cm™ also appeared in
nano TiO,-SH, which further confirmed the successful
modification of nano TiO, by MPTMS.

Surface-enhanced Raman scattering (SERS) is one of the
most promising analytical techniques capable of probing a single
molecule. When light irradiates the surface of coinage-metal (Au,
Ag, and Cu) nanostructures, the surface plasmon resonance
(SPR) can be excited, significantly increasing the local
electromagnetic field and intensity of Raman scattering.
(Cardinal et al., 2017; Grasseschi and Toma, 2017; Sun et al.,
2019; Sahin et al., 2022). In our experiment, silver nanowires
supported by cellulose film were used as the reinforcement
substrate, (Koh et al, 2021; Feng et al, 2022) so as to
improve the accurate characterization of related groups of
nano TiO,-SH hybrid materials and accurate detection of the
heavy metal adsorption process of materials in Raman test
(Figure 3A). In the Raman test results, the characteristic peaks
at 142cm™, 395cm™', 513cm™ and 637 cm™
corresponding to nano TiO,, which proved that nano TiO,

were

was successfully synthesized (Supplementary Figure S5). And
as shown in Figure 3B, a characteristic peak attributed to
2580cm™' of -SH appeared in the Raman spectrum of nano
TiO,-SH, but due to the low content of the -SH group, the peak
strength was poor, but through SERS detection, the peak strength
was improved, and the occurrence of the group could be
identified more clearly. It can be seen that SERS has higher
sensitivity for the characterization of the group structure in the
we also carried out SERS
characterization of nano TiO,-SH before and after heavy

material. At the same time,

metal adsorption, as shown in Figure 3C, the results showed
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FIGURE 2

(A) SEM image of nano TiO,. (B) SEM image of nano TiO,-SH. (C) Content of various elements in nano TiO,-SH. (D) The particle size distribution
of nano TiO, and nano TiO,-SH. (E) XRD spectra of nano TiO, and nano TiO,-SH. (F) ATR-FTIR spectra of nano TiO,, MPTMS and nano TiO,-SH.

that the -SH characteristic peak in nano TiO,-SH disappeared
after heavy metal ion adsorption, and the -SH characteristic peak
of the material reappeared after desorption and attachment. This
is because the chelation of heavy metal and -SH makes the free
-SH disappear, and after desorption and attachment, the metal
ions leave nano TiO,-SH, and the free -SH reappears. Therefore,
the characteristic peak of -SH reappears. These phenomena also
proved SERS detection method can be used to sensitively and
intuitively characterize the adsorption-desorption process of
materials for heavy metal ions. Meanwhile, FT-IR was also
used to characterize the changes in the -SH group before and
after adsorption. The results showed that the characteristic peak
at 2550 cm ™" attributed to -SH disappeared after adsorption of
heavy metal ions, but reappeared after desorption and
attachment. This result was also consistent with the detection
result of SERS (Figure 3D).

In our experiment, we first explored the influence of the
additional amount of MPTMS on -SH content in nano TiO,-SH.
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Ellman method was used to determine the content of -SH in
sulfur-based nano-TiO, materials. The results showed that when
the amount of MPTMS was less than 0.3 ml, the content of -SH
increased with the increase of MPTMS, and when the amount of
MPTMS was 0.3 ml, the content of -SH almost did not increase.
Therefore, the additional amount of MPTMS was 0.3 ml to
prepare nano TiO,-SH, and the -SH content in nanomaterials
was 3.13 mg/g (Supplementary Figure S6).

Next, we use a series of parallel experiments to determine the
optimal parameters for material adsorption. (Zhang et al., 2021;
Shaheen et al, 2022). First, comparison of the adsorption
capacity of nano TiO,-SH with different -SH contents for
Hg**, Cd** and Pb** heavy metal ions was explored, as shown
in Figure 4A. The results showed that with the increase of -SH
content, the adsorption efficiency of nano TiO,-SH for heavy
metal jons increased continuously. Finally, the adsorption
efficiency of Hg’*, Cd** and Pb*" reached 98.3%, 98.4% and
98.4% respectively. The adsorption efficiency of nano TiO,-SH
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for heavy metal ions also showed great differences under different
pH conditions (Figure 4B). Within the range of pH from 1 to 13,
the adsorption capacity of nano TiO,-SH for Hg**, Cd** and Pb**
showed a trend of first increasing and then decreasing. In an acid
environment, adsorbent adsorption efficiency is low, this may be
due to when pH is low, the system in the presence of large
amounts of H* will compete and adsorption sites on the surface
of the adsorbent, and a large number of H* makes hydrophobic
base -SH proton was synthesized on the surface of the nanometer
titanium dioxide, reduce -SH content on the surface of the
the reduced; When
pH reaches 8, the adsorption rate of Hg*" reaches 98.3%, and
when pH reaches 9, the adsorption rate of Cd*" and Pb*" reaches

adsorbent, adsorption  capacity is

98.4%. Subsequently, with the increase of pH value, the solution
environment becomes alkaline, and the adsorption rate
decreases. This is because when pH is higher, due to the
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existence of a large number of anions in water, the positively
charged metal ions will be surrounded by anions, forming
negatively charged atomic groups, affecting the adsorption
effect of heavy metal ions. When the pH value of the solution
exceeds the precipitation limit of heavy metal ions, a large
number of metal ions will exist in the form of hydroxide
precipitation, and the Ksp values of the three metal ions are
different, so the precipitation rate is also different, which affects
the adsorption process. (Li et al., 2015; Wieszczycka et al., 2020).
The adsorption temperature has almost no influence on the final
adsorption efficiency, as shown in Figure 4C, D, but it greatly
affects the adsorption equilibrium time. At a higher temperature,
the molecular motion is violent, and the entropy value in the
high,  thus the
process, and the adsorption equilibrium is reached only in

system  is promoting adsorption

about 30 min.
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(A) Effect of -SH content on adsorption efficiency. (B) Effect of pH on adsorption efficiency. (C,D) Effect of temperature on adsorption efficiency

and equilibrium time.

We also evaluated the change curve of the adsorption rate
when nano TiO,-SH was used as an adsorbent material to adsorb
heavy metal ions Hg**, Cd** and Pb** at room temperature
(Figures 5A, B). The results showed that the adsorption
efficiency for the three ions increased significantly at the
beginning, then slowly increased, and reached the saturation
value at about 40min. (98.3%, 98.4%, 98.4%) Then parallel
experiments were conducted to compare the amount of
adsorbent, as shown in Figures 5C, D. With the increase of
the amount of nano TiO,-SH, the adsorption efficiency was
significantly improved and reached a balance at 30 mg.
Subsequently, the adsorption efficiency did not increase with
the increase of the amount of adsorbent. This may be due to the
increase of the amount of adsorbent, which increases the surface
area and active site on the surface of nano TiO,-SH, and increases
the chance of contact between the adsorption site and heavy
metal ions. When the amount of adsorbent continues to increase,
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the content of heavy metal ions in the system is very low, so the
adsorption rate tends to be stable. However, with the increase of
the amount of adsorbent, the adsorption capacity of adsorbent
decreases gradually, because when the concentration (content) of
heavy metal ions is constant, the content of metal ions that can be
allocated to the adsorbent per unit mass decreases.

Adsorption kinetics is applied to determine the rate and
mechanism of adsorption. To fit the experimental data in this
study, kinetic models of the linear pseudo-first-order (PFO) and
pseudo-second-order (PSO) rate laws were selected. (Cai et al.,
2019; Jiang et al., 2021). As can be seen from Supplementary
Figure S7, Supplementary Figure S8, and Supplementary Figure
S9 the nano TiO,-SH adsorbs heavy metal ions (Hg**, Cd** and
Pb*") at 40 or 50 min when the balance, the level 2 dynamic
equation well fitted the experimental results, the regression
analysis of the determination coefficient R* value (> 0.999) is
close to 1, and the equilibrium adsorption from the calculated
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adsorption capacity of heavy metal ions.

through the model’s very close to the experimental results, the
adsorption process follows the secondary reaction mechanism.
This shows that the adsorption process is mainly chemical
adsorption, that is, the chemical adsorption of -SH group on
the surface of the material to heavy metal ions. On the other
hand, due to the unique characteristics of multi-porosity and the
high specific surface area of nanomaterials, there may also be a
small amount of physical adsorption to further accelerate the
adsorption speed.
Based the
experimental data results, we give the mechanism of

on structure character analysis and
adsorption of heavy metal ions by the nano TiO,-SH in
Figure 6A. Heavy metal ions (Hg**, Cd**, Pb*") with a
positive charge are captured by S$* ions with a negative
charge which lose hydrogen atoms and then interact with
each other so that the heavy metal ions are firmly blocked to

nano TiO,-SH so that the heavy metal ions in aqueous
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solution are removed and the quality of an aqueous
solution is improved. According to previous studies, the
regeneration and stability of adsorbents are the definitive
indicators for the evaluation of their performance for
practical industrial applications. (Kamran et al., 2019; Jin
etal., 2022). As shown in Figure 6B, the adsorption efficiency
of the adsorbent for Hg**, Cd**, and Pb*" reduced from
98.3%, 98.4%, and 98.4%-97.2%, 97.7%, and 97.4% after
recycling for 5 times, respectively. Similarly, the
desorption efficiency reduced from 97.9%, 97.7%, 98.3%,
and 96.2%-96.9%, and 97.1%, respectively. It can be seen
that nano TiO,-SH, as an adsorbent material for heavy metal
ions, still has a very high adsorption efficiency (>96%) for
these three metal ions after five cycles of the adsorption-
desorption process. In general, the regeneration experiments
confirmed that nano TiO,-SH as a heavy metal ion adsorbent
possesses excellent regeneration and reuse potential.
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(A) Process mechanism of heavy metalion adsorption by adsorbent materials (B) Removal efficiency of adsorption-desorption after five recycle.

Conclusion

In this work, we have successfully fabricated a new type of nano
TiO,-SH hybrid material, we use MPTMS to modify the nano TiO,
to obtain a functional -SH structure which can sensitively capture
heavy metal ions. Our system shows excellent adsorption efficiency
for a variety of heavy metals (Hg**, Cd**, Pb*), which can greatly
expand the application range of this material. The adsorption
efficiency of the nano adsorbent for the three heavy metal ions
(Hg™", Cd**, Pb*") reached 98.3%, 98.4% and 98.4%, respectively. And
after five cycles of adsorption and desorption, the adsorption
efficiency of nano TiO,-SH for these three metal ions is still above
96%. In addition, we also used Surface-Enhanced Raman
Spectroscopy (SERS) to accurately characterize the characteristic
peaks of trace relevant groups before and after the adsorption of
nano TiO,-SH, which is of great significance for the monitoring and
removal of heavy metal ions in water. Based on the findings indicating
the effective removal of heavy metal ions by nano TiO,-SH, we believe
this distinct approach will advance the development of the
monitoring and treatment of sewage containing heavy metal jons.\
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