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Abstract
In this study, TiO2 nanotubes (TNTs) and AgCl-modified TNTs nanocomposites with multiple crystal phases were synthesized
through a hydrothermal method without calcination. The resultant samples had a large Brunauer-Emmett-Teller surface area.
Additionally, the Ag modification process reduced the recombination rate of electron-hole pairs in the synthesized sample and
possessed more oxygen vacancy sites. The surface area of the AgCl-modified TNTs was smaller than that of non-modified TNTs
sample; however, the nanocomposites exhibited outstanding photocatalytic performance and adsorption properties. AgCl com-
pounds present on the TNTs surface effectively interacted with Hg0, improving the dye photodegradation efficiency. The Hg0

removal efficiencies of the TNTs and AgCl-modified TNTs samples were about 63% and 86%, respectively. The crystal violet
(CV) and malachite green (MG) removal efficiencies of the AgCl-modified TNTs sample were around 57% and 72%, respec-
tively. Both dyes photodecomposition efficiencies for AgCl-modified TNTs sample are higher than those of TNTs sample. The
oxygen vacancy on the AgCl-modified TNTs surface was determined to be advantageous for OH− and arsenate adsorption
through ligand exchange. The maximum adsorption quantity of As5+ calculated by Langmuir equation was 15.38 mg g−1 (TNTs)
and 21.10 mg g−1 (AgCl-modified TNTs).
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Introduction

Gaseous and aqueous environments contain various pollutants
such as organic contaminants or inorganic heavy metals. Gas-
phase mercury (Hg) emission from anthropogenic sources is a
global concern. Coal-fired power plants constitute the primary
source of Hg emissions (Pacyna et al. 2010). The major Hg

species in exhausts are elemental (Hg0), oxidized (Hg2+), and
particle-bond (Hgp) (Hsi et al. 2010). Among these species,
Hg2+ and Hgp can be easily removed using traditional air
pollution control devices or technologies (e.g., wet flue gas
desulfurization). By contrast, removing Hg0 using traditional
air pollution control devices is difficult because it is highly
volatile and insoluble in water. In addition, organic dyes and
heavy metals in aqueous phase have significant harmful ef-
fects on aquatic animals and human beings. Various organic
dyes such as crystal violet, malachite green, Congo red, and
safranin-O are used in dyeing clothes and in handlooms. The
discharged dye wastewater may pollute surface water and
groundwater. Abukhadra et al. (2018) fabricated bentonite/
polyaniline@Ni2O3 composite for removing safarnin-O dye,
which can be completely removed after 90 min. Mohamed
et al. (2018) synthesized polypyrrole nanofiber/Zn-Fe layered
double hydroxide nanocomposites for the safranin dye remov-
al, and synthetic nanocomposite can be used for six cycles.
Apart from organic pollutants, groundwater ammonia and
heavy metals, such as arsenate (As5+) and hexavalent chromi-
um (Cr6+), are also relatively common contaminants. Shaban
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et al. (2017) prepared zeolite Na-Awhich had a high efficien-
cy in the removal of ammonia and other water pollutants.
Shaban et al. (2018) synthesized graphene oxide and
polyaniline for removing Cr6+ contaminants from aqueous
solutions. Recently, Abukhadra et al. (2019) investigated
Cr6+ and Congo red dye removal by using bentonite/
chitosan@cobalt oxide composite (BE/CH@Co). The adsorp-
tion capacity of BE/CH@Co was 303 mg g−1 for Congo red
and 250 mg g−1 for Cr6+. Adsorptive techniques are usually
applied to remove the aforementioned contaminants; such
techniques are commonly applied because of their operational
simplicity and cost-effectiveness. However, in recent years,
titanium dioxide (TiO2) photocatalyst nanoparticles have been
frequently studied for their ability to adsorb and decompose
contaminants.

An ideal absorbent should have a high surface area, uni-
formly accessible pores, and physical/chemical stability. TiO2

nanotubes (TNTs) are considered highly efficient oxidizers
and adsorbents for removing organic pollutants and heavy
metals in gaseous and aqueous phases because of their large
specific surface areas and various functional hydroxyl groups.
Moreover, transition metal cations and alkali can be ex-
changed with protons of OH groups in aqueous solutions
(Bavykin et al. 2005, 2006).

Improving the TiO2 electron-hole (e
−/h+) separation time is

one of the methods to enhance photocatalytic activity. Metal
modification of the TiO2 surface is an effective method for
increasing the separation time of photogenerated electrons
and holes. Several metals, such as Ag, Fe, and Pd, have been
used to modify the surface of TiO2, resulting in excellent
photocatalytic activity (Yu et al. 2009; Li et al. 2017;
Narayani et al. 2018). Ag has low toxicity, adequate bacteri-
cidal capability, and low cost; thus, it is commonly used as a
modified precursor. Synthesizing Ag nanoparticles on the sur-
face of AgX (X = Br, I, or Cl) can increase the stability of AgX
and can induce photogenerated electrons to shift preferentially
to Ag nanoparticles rather than the Ag+ ions in AgX (Wang
et al. 2008; Tian and Zhang 2012; Tian et al. 2014). Wang
et al. (2008) synthesized a Ag@AgCl photocatalyst by using
Ag2MoO4 with HCl to fabricate AgCl particles and then re-
duce Ag+ ions in the AgCl particles to Ag0 species. In addi-
tion, applying a hydrothermal process for synthesizing TNTs
requires the use of HCl acid washing. Therefore, after hydro-
thermal synthesis, applying HCl to oxidize Ag can lead to the
formation of AgCl; this may be a feasible method for fabri-
cating highly efficient AgCl/TNTs photocatalysts.
Nevertheless, no study has been conducted on this method.

We previously developed a simple synthesis process for
fabricating TNTs nanocomposites. The TNTs nanocomposites
were fabricated without calcination, engendering large specif-
ic surface areas (Tsai et al. 2017). In the current study, we
employed the aforementioned synthesis process by using
Ag2O and Degussa P-25 as precursors to manufacture AgCl-

modified TNTs nanocomposites. Moreover, we studied
the formed samples for determining organic dye
photodegradation and heavy metal removal; the dyes were
crystal violet (CV) and malachite green (MG), and the metals
were aqueous-solution As5+ and gas-phase Hg0. We also ex-
amined the removal mechanisms. Notably, approaches for
producing Ag-modified TNTs nanocomposites for dye and
heavy metal removal are few, particularly those for removing
As5+ and Hg0.

Experimental

TNTs and AgTs fabrication

Commercial TiO2 nanoparticles (Degussa P-25 TiO2) and
Ag2O (Alfa Aesar) were used as precursors for fabricating
non-modified TNTs and AgCl-modified TNTs (AgTs) com-
posites by using an alkaline hydrothermal method. The hydro-
thermal process resemble to those in the literature (Kasuga
et al. 1999; Tsai et al. 2017). TNTs were synthesized by
mixing 200 mL of 10 M NaOH aqueous solution and 5 g of
Degussa P-25 TiO2 nanopowder, pacing the mixture in an
autoclave, and heating at 130 °C for 24 h. The as-prepared
samples were then washed alternatively with distilled water
and 0.5 N HCl solution for several times. Subsequently, the
samples were dried at 100 °C for 24 h. AgTs were synthesized
through a similar process, with 10 wt% Ag2O powder being
added.

As-prepared samples characterizations

A powder X-ray diffraction (XRD) instrument (Bruker, D2
Phaser) with Cu Kα radiation (λ = 1.5405 Å) was utilized to
examine the crystal phase of the as-prepared samples. The
JCPDS database was applied to identify the crystalline phases
of the samples. The total surface area (SBET), total pore vol-
ume (Vtotal), and pore size distribution of the as-prepared sam-
ples were analyzed on the basis of the N2 adsorption outcome
acquired at 77 K (Micromeritics ASAP 2020). SBET was cal-
culated using the Brunauer-Emmett-Teller (BET) equation
based on the ASTM D4820-96a method. The Barrett-
Joyner-Halenda (BJH) method was employed for establishing
the mesopore size distribution (Gregg and Sing 1982). The
morphology of the resultant products was determined using
a transmission electron microscope (TEM; Hitachi H-7100)
and high-resolution transmission electron microscope (HR-
TEM; Philips/Tecnai F30) through visual counting.
Furthermore, a field-emission scanning electron microscope
(FE-SEM; Hitachi SU8220) coupled with an energy-
dispersive spectrometer (EDS) was used to examine the resul-
tant samples. The diffuse reflectance UV-visible (UV-vis)
spectra of the samples were observed in the range of 250–
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800 nm by employing a spectrophotometer (JASCO V-650).
Photoluminescence (PL) spectroscopy was performed using a
fluorescence spectrometer (Horiba Fluoro Max-4). An X-ray
photoelectron spectroscope (XPS; VG Scientific ESCALAB
250) was also used to determine the compositions and Ti, O,
and Ag bonding patterns. The obtained XPS spectra were
deconvoluted using XPSPEAK® software.

Gas-phase Hg0 photocatalytic experiments

The resultant TNTs and AgTs samples were evaluated for
determining their efficiency in removing gas-phase Hg0. The
experimental equipment and method were similar to those
used in our previous studies (Hsi and Tsai 2012; Chen et al.
2014). The experimental apparatus comprised a mixed gas
generation unit, photochemical quartz reactor, and gas-phase
Hg0 analysis system. The total gas flow rate was 0.2 L min−1,
with a Hg0 concentration of 250 μg Nm−3. A sample of 10 mg
was placed on two pieces of glass and was set in the quartz
reactor. A UV lamp (80 W, Raceahead Co., Taiwan) with a
light intensity of 8.0 ± 0.5 mW/cm2 (Sentry UVC-ST512),
which exhibited a major sharp peak at 254 nm (Rainbow
Light RLS-1000, Taiwan), was placed at a distance of approx-
imately 13 cm from the quartz reactor. Gas-phaseHg0 removal
experiments were performed at atmospheric pressure and
room temperature. The Hg0 concentration was determined
using a gold amalgamation system (Brooks Rand model
AC-01) and a cold-vapor atomic fluorescence spectrophotom-
eter (Brooks Rand Lab model III). Each complete run required
6 min, and 50 runs were carried out for each synthesized
sample.

Aqueous solution organic dye and arsenate removal
tests

The photocatalytic activity of the as-prepared products was
evaluated on the basis of the photodegradation of CV
(Sigma-Aldrich) and MG (Sigma-Aldrich) dyes. Moreover,
oxidizing radical trapping experiments are also carried out in
this study, which added 10 ppm L-ascorbic acid (Scharlau).
Tenmilligrams of the prepared sample and 15 ppm of aqueous
dye solution were mixed in a 100-mL photochemical reactor
for photodegradation experiments. Two UV lamps with an
intensity of 3.0 ± 0.1 mW/cm2 were placed 20 cm from the
photochemical reactor. The photodegradation efficiency was
calculated using the following equation:

Decolorization efficiency %ð Þ

¼ C0−Ci

C0
� 100% ð1Þ

where C0 is the initial concentration of the dye and Ci is the
final concentration of the dye after UV-vis irradiation for

60 min. The solution was placed in a centrifuge to separate
the dye solution and sample after the photodegradation test.
The final dye concentration was analyzed using a UV-vis
spectrophotometer (Thermo Genesys-20), where λ was
590 nm for CVand 621 nm for MG.

For aqueous As5+ (H3AsO4; Merck), adsorption tests were
performed using a similar process to that mentioned in the
preceding section. Specifically, 40 mg of the sample and 5–
25 ppm of aqueous As5+ were mixed in a 100-mL reactor in a
dark environment for 60 min. After the adsorption tests, the
concentration of the solution was determined using an induc-
tively coupled plasma-optical emission spectrometry instru-
ment (Agilent 5110).

Results and discussion

Physical and chemical properties of synthetic samples

Figure 1 presents the analysis results obtained for the crystal
phase of the TNTs and AgTs samples. The results for the
crystal phase of the TNTs were similar to those for the anatase
phase of TiO2. The AgTs included a AgCl crystal phase, an
anatase phase, and a small amount of Ag. Peaks were ob-
served at 25.27° and 48.0°, corresponding to the (101) and
(200) planes of the anatase phase of TiO2, respectively
(JCPDS No. 21-1272). In addition, peaks were observed at
27.8°, 32.2°, 46.2°, 54.8°, and 57.5°, corresponding to the
(111), (200), (220), (311), and (222) planes of the cubic phase
of AgCl, respectively (JCPDS No. 31-1238). Another peak
was observed at 38.2° that should be indexed to the Ag cubic
phase (111) plane (JCPDS No. 65-2871). These results indi-
cate that the amount of cubic phase Ag was very low in the
Ag-modified TNTs sample. Ohno et al. (2001) reported that
the anatase-to-rutile phase ratio in Degussa P-25 TiO2 was
approximately 75:25. The XRD data obtained for the resulting
samples revealed that the rutile phase in raw P-25 TiO2 was
destroyed after the hydrothermal synthesis process. Several
reports have indicated that the crystal phase TNTs sample
exhibited an amorphous phase after the hydrothermal process.
In general, if the crystal composition of TNTs transitions from
the amorphous to the anatase or rutile phase, calcination must
be performed to develop photocatalytic activities. However,
after calcination, over conversion may induce the transforma-
tion of nanotubular structures into nanoparticles. This would
considerably reduce the surface area of TNTs and then reduce
the activated and adsorption sites. The XRD patterns present-
ed herein indicates that our method can enable the preparation
of AgTs without calcination or reduction treatment.

The total surface area (SBET) and total pore volume (Vtotal)
of a raw P-25 precursor were approximately 55 m2/g and
0.15 cm3/g, respectively. The SBET, Vtotal, and pore size of
the TNTs sample fabricated through hydrothermal synthesis
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were approximately 392 m2/g, 1.13 cm3/g, and 11.5 nm, re-
spectively. The surface area of the TNTs increased by nearly
seven times compared with that of raw P-25. By contrast, the
addition of Ag2O markedly reduced the surface area of the as-
prepared samples. Compared with the TNTs, the AgTs exhib-
ited a significant reduction in SBET, Vtotal, and pore size, with
the corresponding values being approximately 261.8 m2/g,
0.61 cm3/g, and 9.3 nm, respectively. These results are similar
to those in a previous study (Yee et al. 2017), which reported
that precipitations blocked the ends of nanotubes and
prevented the agglomeration and growth of Ag nanoparticles,
resulting in a surface area reduction.

Figure 2 presents the N2 adsorption/desorption iso-
therms and pore size distribution of the resulting TNTs
and AgTs samples. As revealed by the isotherms, adding
the Ag2O precursor engendered significant changes in
physical characteristics. We observed adsorption hystere-
sis for the samples when the relative pressure was higher
than 0.6, signifying a type IV isotherm pattern (IUPAC
classifications) (Gregg and Sing 1982; Sing 1985).
Mogilevsky et al. (2008) reported that rolling up a nano-
sheet could result in the formation of a tubular shape.
Hysteresis was observed because the plate-like or sheet-
like aggregates resulted in slit-shaped pores (Kubo and
Nakahira 2008). The pore volume of the TNTs sample
was 1.2 cm3 g−1 nm−1 at 2.2 nm. The volume increased
to 1.4 cm3 g−1 nm−1 (at 1.1 nm) when Ag2O was added as
a precursor. The pore size distribution of the AgTs sample
became narrower than that of the TNTs sample. These

results indicate that the properties of the precursor can
strongly influence the porous structure of synthetic TNTs.

Figure 3 presents the synthesized samples’ morphology
observed using a TEM and HR-TEM. Compared with the
AgTs sample, the TNTs sample exhibited a clearer tubular
design. After the Ag2O precursor was added, certain tubular
and polygonal objects could be observed, as revealed by the
TEM images. By observing the HR-TEM images, we deter-
mined d-spacing values of 0.35, 0.27, and 0.23 nm, corre-
sponding to anatase (101), AgCl (200), and Ag (111),
respectively.

Figure 4 depicts the SEM images. As revealed by the im-
ages, the samples showed a nanotubular shape.Moreover, Fig.
4 presents elemental EDS mapping results. The EDS results
revealed the existence of Ti, O, Ag, and Cl in the TNTs and
AgTs samples. Additionally, the EDS results indicated that Ag
and Cl were homogeneously placed on the surface of the AgTs
sample.

The absorption edges of the TNTs and AgTs were mea-
sured using a UV-vis spectrophotometer (Fig. 5). The litera-
ture values for Ag2O and P-25 were 1.4 eV (Chen et al. 2016)
and 3.27 eV (Pennington et al. 2018), respectively. The ab-
sorption edge of the TNTs sample was at approximately
365 nm (3.39 eV). The adsorption edge of the AgTs sample
exhibited a blue shift, which was at approximately 300 nm
(4.13 eV). This is because the band gap of AgCl is 5.6 eV
(Zhao et al. 2015). This observation suggests that the junction
formed between AgCl and the TNTs surface changed the band
structure of the AgTs sample.

Fig. 1 XRD patterns of AgTs and
TNTs samples
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PL spectroscopy was conducted on the as-prepared sam-
ples to determine the e−/h+ separation efficiency (Fig. 6). In
general, three types of physical properties could be deter-
mined from the PL spectra of anatase TiO2, namely, self-
trapped excitons (Tang et al. 1993; Saraf et al. 1998), oxygen
vacancies (Vo) (Saraf et al. 1998; Serpone et al. 1995), and
surface states (Forss and Schubnell 1993). Three significant
peaks could be observed at approximately 376, 466, and
561 nm. We attributed the peak at approximately 376 nm to
the presence of self-trapped excitations from TiO6

8− octahe-
drons (Tang et al. 1994). Saraf et al. (1998) and Serpone et al.
(1995) have reported that the PL spectra of anatase TiO2 re-
vealed a peak at the long wavelength side, which was attrib-
uted to Vo. Additionally, the PL spectra revealed shallow traps
at 0.51 eV (465 nm) (Serpone et al. 1995) and 0.8 eV (525 nm)
(Saraf et al. 1998) below the conduction band (CB), which
were attributed to Vo. In the current study, the peak at

approximately 466 nm was considered to indicate the exis-
tence of surface defects and was attributed to Vo. Other studies
have indicated that the peak at 525 nm signified a trap with Ti
atoms adjacent to Vo (Redmond et al. 1993; Lei et al. 2001). In
our PL spectra, no peak was observed at 525 nm, indicating
that most e− elements were trapped by the oxygen vacancy.
The oxygen vacancy sites were positive, which favored the
adsorption of anions (Oikawa and Takamura 2015). The emis-
sion peak at about 561 nm was assigned to the irradiative
recombination of charge carriers (Knorr et al. 2008). Tang
et al. (1994) indicated that PL emission intensity is the result
of the recombination of moved e−/h+ by PL emission.
Therefore, an increase in e−/h+ separation would be observed
at a lower PL intensity of the sample. The PL results demon-
strated that the addition of Ag2O as a precursor reduced the e−/
h+ recombination rate compared with that for the non-
modified TNTs. Anion species or metals (e.g., Cl, Sn, and
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Ag) having small resistance can conduct electrons (Elahifard
et al. 2007; Kowalska et al. 2009; Yu and Jimmy 2009); there-
fore, the electron-hole recombination rate is reduced.

Moreover, some studies have suggested the loading of Ag
nanoparticles on the surface of TiO2. A heterojunction
(Schottky junction) would be created between Ag and TiO2,

TNTs

AgTs

Fig. 4 SEM and EDS images of
synthesized samples
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with CB electrons being shifted to the Ag clusters because of
the higher work function of Ag, thus effectively restraining the
recombination of e−/h+ pairs (Wold 1993; Linsebigler et al.
1995; He et al. 2011a).

Figure 7 illustrates the XPS spectra of Ti, O, and Ag of the
as-prepared samples. Magnified peaks, namely Ti4+ and Ti3+,
were observed, signifying the presence of TiO2 and Ti2O3,
respectively (Borges et al. 2008; Gharagozlou and Bayati
2014). The primary reason for the reduction of Ti4+ to Ti3+

was the presence of the oxygen vacancy (Borges et al. 2008).
The O1s spectra of the samples exhibited a wide and asym-
metric shape, indicating the presence of two chemical states.
The O1s peak of the samples contained two constituents,
namely hydroxyl groups (–OH) and lattice oxygen (Ti–O).

The patterns showed a primary peak, which was ascribed to
the Ti–O bonds in the TiO6

8− octahedral crystal lattice, and a
secondary peak, which was ascribed to –OH attached to the
upper layer of the surface (Wang et al. 2012). Furthermore,
two peaks were noted between 376 and 364 eV, which were
attributed to the spin-orbit splitting of 3d3/2 and 3d5/2 of Ag,
respectively. These peaks could be further separated into two
peaks, namely Ag+ of AgCl andAg0 (Huang et al. 2015).

Vapor-phase elemental mercury removal experiments

Figure 8 presents the Hg breakthrough curves of the TNTs and
AgTs under UV irradiation or darkness in a N2 environment.
The AgTs exhibited a higher level of photodegradation effi-
ciency than did the TNTs sample. Under UV irradiation, the
Hg0 removal efficiency levels increased sharply at runs 16–30
and 41–50, revealing that the inlet Hg0 was removed through
the adsorption and oxidation function of the sample. The no-
table increase in Hg0 degradation for the samples validates the
crucial role of the synthesized samples in the photocatalysis of
oxide Hg0 into Hg2+, thereby increasing the removal of gas-
phase Hg species. The Hg0 removal efficiencies of the AgTs
and TNTs samples were approximately 86.1% and 62.9%,
respectively (run 30). The surface area of the materials in-
creased with the content of active sites. The SBET and Vtotal
values of the TNTs sample were 392 m2/g and 1.13 cm3/g,
respectively, which were higher than those of the AgTs sample
(261.8m2/g and 0.61 cm3/g, respectively). However, the AgTs
presented superior Hg0 removal efficiency, which can be at-
tributed to the sufficient separation of e−/h+ pairs and oxygen
vacancies, corresponding to the aforementioned sample
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analysis results. The species of theTiO2 surface could act as
rapid reaction media (e.g., OH radicals), thus improving the
photodegradation efficiency of the AgTs sample. Several stud-
ies have indicated that primary oxides, such as OH• were

produced through the oxidation of H2O adsorbed on TiO2,
and the produced OH• subsequently oxidized the contaminant
(Jain et al. 2007; Xiao et al. 2008). In the current study, the Hg
removal efficiency observed at runs 41–50 was higher than
that observed when UV irradiation was first applied (runs 16–
30). A similar phenomenon has been observed is previous
studies because Hg0 was removed using photocatalysis and
adsorption simultaneously (Wu et al. 1998; Pitoniak et al.
2003; Wang et al. 2011). Therefore, the Hg0 removal efficien-
cies observed at later runs were superior to those obtained
when UV irradiation was first applied.

According to the findings of this study as well as the mech-
anisms proposed in previous studies (Chen et al. 2014; Anpo
2004; Pal and Ariya 2004; Li and Wu 2006, 2007; Lee and
Hyun 2006;Wang et al. 2010), the possible degradationmech-
anisms of Hg0 on the surface of AgTs, including oxidation and
adsorption, are illustrated in Fig. 9. In a gas-phase Hg0 mixed
N2 environment, TNTs primarily rely on a low concentration
of O2

•– and OH•, which can be generated by the pre-adsorbed
H2O and O2 on the TNTs surface for the photocatalytic oxi-
dation of Hg0. Moreover, the oxygen vacancies and defect
sites on the TNTs surface can enhance the oxidation of Hg0

into Hg2+. The surface functional groups of TNTs, for exam-
ple Cl species and oxygenated groups, can simply adsorb Hg0.
Because Hg0 and HgO have strong affinity, the adsorbed ox-
idized Hg (i.e., HgO) on the TNTs surface can further adsorb
Hg0. Furthermore, Hg0 can be oxidized by Cl2 and •ClOH−,
which can be formed through a reaction between Cl−, OH•,
and h+ (Zhao et al. 2014), and h+ can increase the oxidation of
Cl− to Cl0 atoms because of the negatively charged AgCl
surface (Tian et al. 2014). The formed Cl0 atoms can oxidize
Hg0 into Hg2+ because of the high oxidation ability of Cl0 and
can be reduced to Cl− ions again to react with Ag+ in order to
maintain the steadiness of AgCl (Tian et al. 2014; Zhao and
Hao 2014). On the basis of the photocatalytic reaction,
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reactive substances including OH•, O2
•–, h+, and Cl0 can

strongly oxidize Hg0.

Photodecomposition of dyes

CV and MG were employed to measure the photocatalytic
activities and adsorption efficiencies of the as-prepared sam-
ples under UV irradiation and dark conditions, respectively.
Figure 10 illustrates the CV and MG photodegradation effi-
ciency levels. The dye photodecomposition efficiency of the
AgTs heterostructures was superior to that of the TNTs sam-
ple. The CV and MG removal efficiency levels of the AgTs
sample were 56.57% and 71.65%, respectively. By contrast,
the TNTs sample had lower CV and MG removal efficiency
levels, namely 48.86% and 67.77%, respectively. Notably, the
SBETand Vtotal values of the AgTs were lower than those of the
TNTs sample. The MG removal efficiency of both samples
was higher than the CV removal efficiency, and the primary
reason for this may be that the molar mass of MG (364.91 g/
mol) is lower than that of CV (407.99 g/mol). For the same
photocatalyst and test condition, the MG photodegradation
efficiency was higher than the CV photodegradation efficien-
cy. This finding suggests that photocatalytic activity was en-
hanced through Ag modification, which increased the separa-
tion efficiency of e−/h+ pairs. Furthermore, discussing the dye
adsorption efficiency levels of the synthesized samples under
dark conditions is crucial. The CVadsorption efficiency levels

of the AgTs and TNTs were 15.98% and 6.16%, respectively.
The AgTs had a smaller SBET than did the TNTs sample;
however, the CVadsorption efficiency of the AgTs was supe-
rior to that of the TNTs sample. This superiority may be at-
tributed to the presence of Cl− in CV dye (Fig. 10). Therefore,
it can be adsorbed easily on the oxygen vacancy sites of the
AgTs sample. By contrast, the MG adsorption efficiency did
not differ significantly between the samples (1.83% for the
TNTs and 1.62% for the AgTs) because of the absence of
Cl−. Therefore, the adsorption efficiency of MG depends on
surface area of sample. These results suggest that the surface
of AgTs has more oxygen vacancy sites compared with that of
TNTs. In addition, the photodecomposition efficiency of MG
with L-ascorbic acid addition significantly decreased to
44.91% (AgTs) and 38.33% (TNTs), which reduction one of
fourth compares with that of MG+UV. The results suggested
that oxidizing radical is one of the key factors for driving the
photodecomposition dye.

The test results indicated that the formations of most dyes
were degraded by the photocatalytic function of the synthe-
sized samples. The primary reaction processes of TiO2 under
UV irradiation are summarized by the following equations
(Giménez et al. 1997; San et al. 2002; da Silva and Faria
2003; Akpan and Hameed 2009; Wang et al. 2009; Xin et al.
2009):

TiO2 þ hv→e– þ hþ ð2Þ

Fig. 9 Hg0 oxidation and adsorption mechanisms for AgTs
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Fig. 10 Photocatalytic degradation of dyes of fabricated samples and removal mechanisms for AgTs sample
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e– þ O2→
●O2

– ð3Þ
2HOO●→H2O2 þ O2 ð4Þ
H2O2 þ e–→●OHþ OH– ð5Þ
hþ þ H2O adsð Þ→●OHþ Hþ ð6Þ
Dyeþ ●OH or●O2

–ð Þ→degradation product ð7Þ

According to Eqs. (2)–(7) and the experimental results, the
dye degradation process of the AgTs can be explained by the
following mechanism (Fig. 10). Photogenerated e−/h+ pairs
can be created on the AgTs surface under UV irradiation.
The photogenerated electrons can then be transferred to
TiO2, whereas holes can be transferred to AgCl because of
the suitable CB and valence band energy levels between
AgCl (− 3.3 V and − 6.6 eV) and TiO2 (− 4.0 V and −
7.2 eV). Consequently, the recombination rate of the
photogenerated e−/h+ pairs can be reduced (Morimoto et al.
2007; Tian et al. 2014). Moreover, a heterojunction between
Ag and TiO2 can hinder the recombination of e−/h+ pairs
(Wold 1993; Linsebigler et al. 1995; He et al. 2011a). In ad-
dition to ●O2

− and ●OH (Eqs. (3), (5), and (6)), the h+ coupled
with Cl− may produce Cl0 radicals. The decomposition of
organic dyes can also be achieved through Cl0 radicals (Eqs.
(8) and (9)) (Yu et al. 2009).

Cl– þ hþ→Cl0 ð8Þ
Dyeþ Cl0→degradation product ð9Þ

In the reaction environment, active species including ●O2
−,

●OH, and Cl0 precipitate during the mineralization and de-
composition of dyes.

Arsenate adsorption tests

Adsorption isothermmodel is beneficial to predict the adsorp-
tion amount of materials. Two popular models were utilized to
describe adsorption between sample and As5+, which are
Langmuir and Freundlich. The linear forms of Langmuir
(Eq. (10)) and Freundlinch (Eq. (11)) models are present as
follows:

Ce

qe
¼ 1

qmaxð Þb þ Ce

qmax
ð10Þ

logqe ¼ logK f þ 1

n
logCe ð11Þ

For the Langmuir isotherm, Ce and qe are the equilibrium
concentration of As5+ (mg L−1) and the amount of adsorbate
adsorbed (As5+) per unit of mass of adsorbent (mg g−1), re-
spectively. And qmax is the monolayer maximum adsorption
capacity (mg g−1) and b is the constant of Langmuir. For the
Freundlich adsorption model, Kf is associated to adsorption

amount (mg g−1) as well as 1/n is an estimate of adsorption
intensity and surface heterogeneity.

The isotherm models of sample with As5+ are shown in
Fig. 11 (a) Langmuir and (b) Freundlich. For TNTs sample,
adsorption data of As5+ more fit well with Langmuir (R2 =
0.9940) that compared to Freundlich (R2 = 0.9550) equation.
In contrast, AgTs sample fit well with both models, which R2

values are 0.9941 (Langmuir) and 0.9988 (Freundlich). The
theoretical calculated qmax of TNTand AgTs for As5+ is 15.38
and 21.10 mg g−1, respectively.

In the dark environment, the adsorption of arsenate on the
TiO2 surface occurred only through electrostatic factors.
Equations (12)–(14) demonstrate H2AsO4

− to be the predom-
inant As5+ species (Goldberg and Johnston 2001; Dutta et al.
2004; Sharma and Sohn 2009; Rivera-Reyna et al. 2013).

H3AsO4↔Hþ þ H2AsO4
– pK1 ¼ 2:3 ð12Þ

H2AsO4
–↔Hþ þ HAsO4

2– pK2 ¼ 6:8 ð13Þ

HAsO4
2–↔Hþ þ AsO4

3– pK3 ¼ 11:6 ð14Þ

He et al. (2011b) indicated that the surface functional
groups (–H2O and –OH) on the surface of TiO2 with arsenate
species can form inner-sphere arsenate complexation through
the ligand exchange of unprotonated oxygen atoms. Wei et al.
(2011) applied density functional theory to calculate As5+ on
the TiO2 anatase (101) plane. They concluded that the order of
adsorption abilities for arsenate species, water, and OH− was
as follows: AsO4

3− > OH− > HAsO4
2− > H2AsO4

− >
H3AsO4 > H2O (Wei et al. 2011). The aforementioned studies
have indicated that TiO2 first adsorbs OH− firstly, and then
generates complexation through a ligand exchange of
H2AsO4

− or HAsO4
2−.

Arsenate species on the TiO2 surface form complexation
through the monodentate mononuclear (MM) complex, which
can theoretically increase the amount of arsenate adsorbed on
the TiO2 surface because it occupies one surface Ti site. Wei
et al. (2016) indicated that because one H-bond between
HAsO4

2− and surface O cannot generate a steady MM struc-
ture, two H-bonds are required to form the MM structure in
order to achieve structural stability. Therefore, although the
mechanism of the adsorption of HAsO4

2− on the TiO2 surface
was first determined to be anMM complex, it should shift to a
bidentate binuclear (BB) complex. Moreover, regarding ad-
sorption energy, the BB surface complex was the most ther-
modynamically favorable mode at low pH (He et al. 2009).
The amount of arsenate species adsorbed decreased with the
generation of the BB type (Wei et al. 2016). Jegadeesan et al.
(2010) utilized X-ray absorption near-edge structure and ex-
tended X-ray absorption fine structure to measure the
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mechanisms of arsenate adsorption on TiO2; they reported that
the mechanism of the adsorption of As5+ on commercial crys-
talline TiO2 was also a characteristic of a BB complex.

According to the arsenate species adsorption test and the
observed physical characteristics of the resultant samples, we
developed a sample surface structure for explaining the ad-
sorption behavior of arsenate species (Fig. 11). In this study,
the O and Ti sites of the TNTs surface adsorbed H+ and OH−,
respectively. The PL and XPS Ti2p analysis indicated the
existence of an oxygen vacancy (Vo) in the synthesized sam-
ples. Because the TNTs shape was formed in a strong alkaline
solution, planar defects may be created with the Ti–O–Ti link-
ages of the octahedrons coordinated TiO2 break. A previous
study suggested that oxygen vacancies can be easily created in
grain-boundaries (GBs) (Ihara et al. 2003).Wendt et al. (2005)
reported oxygen vacancies to be major reactive agents for
various adsorbents; therefore, several reactions on the adsor-
bent surface could be affected by these point defects. Because
of the existence of oxygen vacancies around Ti4+, such sites
were determined to possess positive charges that can be ben-
eficial for the attraction of OH− (Wendt et al. 2005). Arsenate
species could engage in ligand exchanges with OH− on the
TiO2 surface to generate complexation. Dye photodegradation

and gas-phase Hg0 removal tests suggested that AgCl and
TiO2 formed a heterojunction, thus effectively blocking the
recombination of e−/h+ pairs. Therefore, the AgTs had superi-
or photodecomposition efficiency, although the BET of the
AgTs was smaller than that of the TNTs. For the AgTs sample,
in addition to Ti and oxygen vacancy sites bonding with OH−,
the sites around Ti4+ with Cl− may also possess positive
charges. In addition, the Ag2O phase was not determined in
the XRD pattern, indicating that most of the oxygen sites
between AgCl and TNTs were vacant. Accordingly, we infer
that AgTs can absorb more arsenate species than can TNTs.

Conclusions

In this study, AgTs were successfully synthesized through a
hydrothermal process without additional calcination or reduc-
tion treatment. We compared a TNTs sample with the AgTs
sample, and we observed that the TNTs sample had a larger
BETsurface (392 m2/g) than did the AgTs sample. The crystal
phase of the AgTs sample was the anatase phase, cubic AgCl,
and Ag coexistence. The unmodified TNTs had a nanotubular
shape, and the AgTs exhibited certain tubular shapes and some
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polygonal shape. PL and XPS results indicate that the pre-
adsorbed H2O, OH groups, and oxygen vacancies were on
the surfaces of the synthesized samples. The e−/h+ pair sepa-
ration time was enhanced by the presence of Ag and AgCl
species on the surface of the AgTs, which has benefits to
generate more ●O2

− and ●OH. AgTs is a high performance
absorbent due to without calcination treatment. Moreover,
AgTs also has a multiple function of photocatalyst because
of e−/h+ pair recombination reduction. Therefore, AgTs can
achieve outstanding adsorption and oxidation functions for
vary contaminants. Containing C–H organic pollutant, such
as dye in this study, can be degraded by the ●O2

− and ●OH on
AgTs surface. On the other hand, containing Cl− ion CV dye is
easily adsorbed on the AgTs sample, which indirectly proves
AgTs sample possesses more oxygen vacancy sites. For the
inorganic contaminants, such as As5+, AgTs remove it mostly
through adsorptions. Since As5+ adsorption is mainly by li-
gand exchange with OH− on the sample surface, hence more
oxygen vacancy site has a high affinity to absorb As5+. In
contrast, vapor-phase Hg0 removal process is not like As5+

only by adsorption removal because Hg0 is not easily captured
by adsorbents. AgTs first oxidize Hg0 into HgO, and then
HgO adsorbs on AgTs surface to achieve better removal effi-
ciency. In addition, the oxidation of Hg0 can be enhanced by
the oxygen vacancy and defect sites on the AgTs surface.
When HgO was formed and adsorbed on the AgTs surface,
Hg0 can be further adsorbed on the AgTs surface because Hg0

and HgO have strong affinity. Oxidation and adsorption are
both important functions for the vapor-phase Hg0 removal.
Overall, the AgTs sample was determined to possess superior
CV and MG photodegradation efficiency levels compared
with the unmodified TNTs sample. Oxygen vacancy sites on
the AgTs sample were determined to be advantageous for
As5+ adsorption. Furthermore, Hg0 removal relies on AgTs
outstanding oxidation and adsorption abilities.
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