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Mathemnatics and Natural Sciences, This paper deals with a systematic study on the co-doping N,S on TiO, photocatalyst

Universitas Gadjah Mada, to improve its activity under visible light on the removal of Pb(ll) from the aqueous
Yogyakarta, Indonesia media. The co-doping TiO, by N,S atoms was conducted in an autoclave by one-
step hydrothermal of TiO, mixed with nitric and sulfuric acids as the sources of N
and S, respectively. The mole ratio of TiO,:nitric acid:sulfuric acid was varied as
1:1:05, 1:1:1, and 1:1:1.5 to find the best ratio toward the activity. The co-doped
photocatalysts obtained were characterized by specular reflectance UV/Vis (SRUV), X-
ray diffraction (XRD), and fourier transform infrared (FTIR) instruments. A batch
experiment was carried out for oxidation of Pb(ll), driven by a combination of visible
light and TiO,-N,S photocatalyst. The research results attribute that co-doping N,S
into TiO, has remarkably narrowed the gap in the TiO, structure, emerging in the
visible region. It was also proven that the co-doped in TiO, can considerably
enhance its activity in the removal of Pb(ll) under visible light, and the highest
activity was owned by TiO,-N,S (1:1:1). Furthermore, the most effective removal of
Pb(ll) 10 mg/L (98%) could be reached by employing 500 mg L of the TiO»-N,S (1:1:
1) dose, 45 min of the time, and the solution pH at 7. The Pb(ll) removed is due to
the photo-oxidation induced by OH radicals to form the handleable PbO,.
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Introduction

Oxidation of various organic pollutants on a solar-powered semiconductor photocata-
lyst provides a clean and environmentally friendly process [1]. Among the existing
semiconductor materials, titanium dioxide (TiO,) is a very active, low cost, and non-
toxic photocatalyst. TiO, with a wide gap assigned by Eg 3.20 eV can only be activated
under UV light [2-16], and consequently, it is less active under visible light exposure.
This deficiency restricts the application of TiO, photocatalyst under low cost sunlight,
which is mostly composed of visible light [2, 8, 11]. The enhancement of TiO, activity
under visible light by mono-doping [2-6, 9, 10] and co-doping [7, 8, 11-16] has been
proven to be the most successful strategy. By doping process, the gap can be narrowed
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and thus decreasing the Eg of TiO, [2-8, 10, 11, 13—15], emerging in the visible radi-
ation. Thereby, the visible response and the activity of organic pollutant degradation of
the doped TiO, under visible light exposure are considerably enhanced [2, 3, 5, 9-11,
13]. Besides, the improvement of the photodegradation of various organic pollutants
underdoped TiO, is also contributed by the ability of the dopant in suppressing the re-
combination of electrons (e") and holes (h") photogenerated by TiO, during UV irradi-
ation [5, 9, 15], as presented as Eqs. (1) and (2).

TiO; + hv—TiO, (e + i) (1)
TiO,(e” + h")—>TiO; + heat (2)

Compared to metal elemental dopants, the non-metals are more interesting due to
their smaller size allowing them to be inserted into the TiO, crystal lattice facilely [2, 4,
9-11]. Furthermore, among the non-metal dopants, nitrogen has attracted extensive
interest as it can be easily introduced into the TiO, structure, due to its atomic size,
which is comparable with that of oxygen, its low ionization energy, and high stability
[2-4, 15]. In accordance, N-doped TiO, demonstrates significant photocatalytic activity
under visible light irradiation [2—4]. It was also reported that increasing the dopant
loaded has improved the photodegradation of organic pollutants, but the further in-
crease was found to show the opposite effect [2, 5, 8—11, 15]. This unexpected trend is
generated by the turning role of the dopant from preventing becomes servicing recom-
bination [5, 6, 11, 15]. Consequently, the fast recombination may proceed that declines
the effectiveness of the photocatalytic organic degradation.

For solving such drawback, co-doping TiO, with two different non-metal elements
has received intensive attention [6, 7, 11-16], as with low loading co-dopants can de-
liver a significant effect on increasing the photocatalytic degradation of various organic
pollutants under visible light [2, 15]. Moreover, some studies have also proven that co-
doped TiO, showed higher activity than the corresponding mono-doped [8, 11, 15].

Considering the advantages of using N dopant, as presented above, the double elem-
ental dopants of N combined with C [7, 12], with P [11], as well as with S dopants [13—
16] have been intensively studied. Due to the pronoun effect shown by double dopants
of N and S in the improving photodegradation under visible light exposure, co-doping
with N and S is growing of interest [13—16]. Several studies have investigated the co-
doping TiO, with N-S atoms for accelerating the degradation of residual anti-
inflammatory drug [13], antibiotic residual [14], p-chlorophenol [15], and phenol [16]
in the presence of the visible light, and high results have been obtained.

To the best of our knowledge, the co-doped TiO,-N,S has not been examined for oxi-
dation of hazardous heavy metals such as Pb (II). The heavy metal become an environ-
mental concern due to its characters including wider disposal sources, rapid
accumulative in biotic tissues, and high hazard for human health [17-23]. To prevent
the dangerous effect of Pb(II) ion on the ecosystem and humans, an effective detoxifica-
tion method is urgently required to treat the corresponding wastewater before reaching
the environment. Removal of Pb(II) ions from water has been frequently performed by
adsorption techniques [17-19]. Unfortunately, at the end of the process, the adsorbent
saturated with Pb(Il) can generate undesired hazardous solid waste, which creates a
new problem in the environment. The most suitable method is believed to be oxidation
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of Pb(II) resulting from the less toxic and handleable PbO, [20—23]. The effective Pb(II)
oxidation can be obtained through the photo-Fenton process [20] and photocatalysis
over TiO, photocatalyst under UV illumination [20-23].

However, detoxification of Pb(II) by using N,S-coped TiO, in the presence of visible
light so far is untraceable in the literature. The application of the N,S co-doped TiO,
for photo-oxidation of Pb(Il) in the solution contributes plausibly a novelty in Pb(II) re-
mediation as well as the application of TiO,-N,S photocatalyst. Under the circum-
stance, in the present research, photooxidation of Pb(II) over TiO,-N,S photocatalyst
under visible light irradiation is addressed.

Concerning the co-doping N,S into TiO,, urea, and thiourea are the most employed
as the sources of the N and S dopants [2, 3, 9, 10, 13, 14, 16] and other organic com-
pounds [2, 11, 12]. However, using organic amine for N and S dopant sources can inev-
itably lead to organic residues on the photocatalyst surface [4, 5] that can decrease the
activity of the photocatalyst. To avoid such weaknesses, in this paper, nitric and sulfuric
acids are proposed as the simple inorganic N and S dopant sources respectively, into
the TiO, structure. The co-doping is performed in one step suggesting a fast and prac-
tice process. Furthermore, to reach the maximum Pb(II) photo-oxidation result, the in-
fluences of some important parameters controlling the effectiveness of Pb(II) oxidation
such as dopant amount in the photocatalyst, photocatalyst mass, irradiation time, and
solution pH are also evaluated.

Methods

Materials

The main materials used were TiO, (Degussa P25), HNO3 (65%), H,SO, (95-97%),
and Pb(NO,)s;, which were purchased from E. Merck company and used without any
purification.

Co-doping of TiO, by N and S atoms

The co-doping TiO, with N and S elements was employed by a pressured hydrothermal
technique in the autoclave [24]. Powder of TiO, about 0.8 g was suspended in 20 mL
of a mixture of distilled water (10 mL) and ethanol (10 mL), followed by stirring for 30
min to make a good suspension. Into the suspension, 20 mL of HNO3 5 M and 20 mL
of HySO, 5 M were added, accompanied by stirring for 30 min to get a homogenous
mixture. The mixture was then put in the autoclave and heated at a constant
temperature of 150°C for 6 h. After that, the co-doped TiO, photocatalyst was collected
and washed with deionized water three times to remove the weakly adsorbed species.
Then, the photocatalyst was dried at 110°C and continued with calcination at 400°C for
2 h. The quantities of TiO,, HNO3 and H,SO, introduced would give a mole ratio of
Ti:N:S = 1:1:1. This as-prepared photocatalyst was coded as TiO,-N,S(1:1:1).

The same procedure was copied for processes by addition of HNO3; and H,SO, with
the same concentration (5M) but different volume, giving mole ratio of Ti:N:S = 1:1:1.5
and 1:1:0.5, as well as by using single HNO3 and H,SO, with the same volume (20 mL)
and concentration (5 M). The photocatalyst samples prepared were given codes as
TiO,-N,S(1:1:1.5), TiO,-N,S(1:1:0.5), TiO»-N(1:1), and TiO,-S(1:1), respectively.
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Characterization

The effect of co-doping on the crystallinity of TiO, was followed by using an X-ray dif-
fractometer of 6000X Shimadzu with Cu K radiation. The XRD patterns were recorded
from 4-40° of the 2 theta angles. The absorption edge and band gap energy of the sam-
ples were measured using a UV/visible spectrophotometer equipped with a Specular re-
flectance accessory of the UV-1800 series. The SRUV spectra were taken from 300—-800
nm of the wavelength. Infrared spectra (IR) with the wavenumber of 4000—400 cm™
were recorded on a Shimadzu Prestige 21 Infrared spectrophotometer that was used to
evaluate the success of the N,S doping. The determination of Pb(II) concentration in
the solution from the photooxidation process was carried out by using 3110 Perkin-
Elmer flame Atomic Absorption Spectrophotometry elemental analysis.

Photocatalytic removal of Pb(ll) from water under visible irradiation

In this typical process, 25 mg of the co-doped photocatalyst mixed with 50 mL of a so-
lution containing Pb(II) 10 mg/L was stirred to get a homogenous mixture. The mix-
ture was placed in a container glass, and the container was put in the photo-process
apparatus equipped with 4 visible lamps (TL-D Intensity @20 W, 2000 Im/m?). Then,
the visible lamps were turned on, and the mixture was magnetically stirred for 30 min.
After the desired time, the solution in the container was filtered under 41 Whatman fil-
ter paper to collect the solution containing the Pb(II) residue. The concentration of
Pb(II) ions left in the solution was analyzed by using AAS based on the respective
standard curve. The removed Pb(II) (in %) from the solution was calculated by the fol-
lowing equation:

Co-C

x 100% (3)

where Co is the initial amount of Pb(II) (mg) and C represents the amount of Pb(II)
left in the solution (mg).

The same procedure proceeded with various mole ratios of Ti:N:S, photocatalyst
masses, irradiation time, and solution pH, as well as by using mono-S-doped and N-
doped photocatalyst as a comparison.

Result and discussion

Characterization of The N,S Co-doped TiO,

SRUV spectra

The SRUV spectra of the co-doped TiO, along with un-doped photocatalysts are exhib-
ited in Fig. 1. By taking the intersection of the absorbance at the respective wavelength,
the maximal absorbance can be obtained. From the maximal absorbance, the band gap
energies of the photocatalyst can be calculated, and the calculation results are pre-
sented in Table 1.

Data in the Table 1 indicates that by co-doping, the absorption of the photocatalyst
shifts significantly into a longer wavelength, entering the visible region. The shifts are
due to the considerable decrease of the band gap energy, resulting from narrowing the
gap, which is synergically created by the two dopant (N and S) atoms. Further, the de-
creasing band gap energy is observable in more effective when the amount of dopant S
is enlarged giving larger narrowing the gap. This data provides evidence of the success



Wahyuni et al. Journal of Engineering and Applied Science (2022) 69:11 Page 5 of 12

08 -
a
C

. 06 -
S
b
w
= d
S 04
o
v
o
=

0,2 1

o l T | T 1 T |
200 300 400 500 600 700 800 Q00
Wavelength (nm)
Fig. 1 The SRUV Spectra of a TiO,, b TiO,-N,5(1:1:0.5), € TiO»-N,S(1:1:1), and d TiO»-N,S(1:1:1.5)

of co-doping. The decrease of Eg and absorption shift allow TiO, to be highly respon-
sive under visible irradiation. Similar findings have also been frequently reported [2, 5,
8-10, 15].

XRD data

Figure 2 displays the XRD patterns of un-doped TiO, along with the co-doped TiO,-
N,S samples. The XRD pattern of TiO, is characterized by peaks appearing at 25.091,
37.651, 48.021, 53.891, 55.071, 62.381, 68.701, 70.041, and 75.001 of the 26 under Cu-
Ko that well fit with those of the standard anatase phase of TiO, recorded by JCPDS
card number of 01-071-1167 [2].

Similar patterns of the co-doped photocatalyst samples to the pattern of the undoped
TiO, are also clearly observed. The difference that appeared in the intensities of the
doped photocatalyst is lower than the intensities of the undoped one. With the increase
of the amount of S in the co-doped photocatalyst, the intensities are seen to be consid-
erably decreased. The lowering intensities imply the crystallinity deforms partially, due
to the insertion of the atom dopants in the crystal lattice [2, 10]. The more amount of
S dopant produces, more S inserted into the lattice leading to higher deformation of
the crystal. This alteration of the intensities is good proof of the success of the N,S co-
doping in TiO,. Other studies have also obtained the same trend [2, 5, 8, 11].

Table 1 The effect of co-doping on the decreasing Eg

Photocatalyst TiO, TiO5-N,S (1:1:0.5) TiO,-N,S (1:1:1) TiO5-N,S (1:1:1.5)
Wavelength (nm) 387 420 460 490

Eg (eV) 3.20 295 269 253
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FTIR data

Several characteristic peaks belonging to TiO, are notable in the FTIR spectra as seen
in Fig. 3. The characteristic peaks of TiO, appearance at 700-500 cm™ of the wave-
numbers belonged to the O-Ti—O bond. The other peaks also appear at about 3400
and 1630 cm™ associated with O—H from water adsorbed on the TiO, surface [9, 10,
15]. The spectra of all TiO,-N,S samples are similar to that of TiO,, with several new
peaks at about 1390-1405, 1219, 1134-1140, and 1049 cm™! of the wavenumbers. Fur-
ther, the intensities of the new peaks are seen sharper as the enlargement of the S con-
tent. The peak appearing at 1396-1404 cm™ was related to NO vibration. The
additional peaks observed at 1049 cm™ is attributable to S—O—bond that of at 1134—
1140 and 1219 cm™ correspond to S=O from sulfate [9, 10, 15]. The absorbance of S-
O and S=O vibrations are notable only in the co-doped TiO, with higher S content,
and the absorbance is insignificant in TiO,-N,S with the lowest S content. Further, the
absorbance of S—O and S=O vibrations are sharper with an increase in the amount of
the S doped. It is assigned that with the small sulfuric acid concentration, the S doping
is undetectable, and by introducing higher concentration doping N and S have been
successfully proceeded [9, 10, 15].

Photocatalytic activity of the co-doped TiO, in the temoval of Pb(ll) under visible light
Influence of co-doping

It is observable in Fig. 4 that co-doping promotes higher removal of Pb(II) under
visible light compared to the undoped. Moreover, increasing the amount of S
doped in co-doped TiO, has improved the removal, but the opposite effect is
seen when the amount of S dopant is further enlarged. The improvement of the
photo-oxidation in the presence of the co-doped under visible light illumination
is promoted by narrowing the gap or reducing the Eg, allowing TiO, to be re-
sponsive by visible light. In addition, the dopant atoms can also service
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Fig. 4 The results of Pb(ll) photo-oxidation under visible exposure over: (1) TiO,, (2) TiO»-N,5(1:1:0.5), (3)
TiO5-N,5(1:1:1), and (4) TiO>-N,S(1:1:1.5)
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separation of the photogenerated electrons and hole by capturing the electrons
[5, 11, 12, 14], which detains the recombination. In contrast, when the S dopant
is in excessive amount, the role of the dopant switches into the recombination
center [5, 6, 11, 15], which accelerates the recombination, and thus diminishes
the Pb(II) removal.

The Pb(II) ion removal from the aqueous media under visible light and in the pres-
ence of TiO,-N.S can be stimulated by 3 possible reactions. The first reaction is pre-
cipitation of Pb** with "“OH anionic into Pb(OH),, written as reaction (4), that can only
occur at pH higher than 7. The photocatalytic reaction was conducted at pH 5, suggest-
ing that no precipitation of Pb(OH), occurs.

Pb>" + 20H —Pb(OH), (4)

The second possibility is the reduction of Pb** induced by electrons released by TiO,
during light irradiation into Ph° following reaction (5) [22]. Since the standard reduc-
tion potential is a negative value suggesting that the reduction is impossible thermo-
dynamically [20, 21].

Pb*" 4 2e —Pb°  E°=-0.13V (5)

The last possible reaction is oxidation by hole (4") with oxidation potential as much
as 3.5 V, exhibiting a strong oxidizing agent. In addition to the hole, OH radical also
acts as a strong oxidizing agent with 2.8 V of the oxidation potential. The oxidation of
Pb** with OH radicals to be Pb(IV)O, is represented by reactions (6) and (7).

h"+*OH—OH (6)
Pb*" + 2 OH—PbO, + 2H* (7)

It is known that the standard reduction potential of Pb(IV)/Pb(Il) is —0.67 V [21], im-
plying that the reduction is unlikely to proceed. Hence, it is obvious that photooxida-
tion of Pb(II) is more favorable. The more possible oxidation of Pb(II) is in agreement
with the study reported [23] that Pb(II) could be oxidized by chlorine and was acceler-
ated by Mn(VII).

Influence of photocatalyst mass

The photocatalytic removal of Pb(Il) is significantly controlled by photocatalyst mass,
as displayed in Fig. 5. Notably, the effectiveness of the Pb(II) removal enhances sharply
with the enlargement of the photocatalyst mass, but the oxidation is detrimental when
the mass is in excess. With the higher photocatalyst mass, more OH radicals can be
provided. Also, enhancing the photocatalyst mass can enlarge the active surface of the
photocatalyst that improve the Pb(II) adsorption to be oxidized by OH radicals. The
more number of OH radicals and Pb(II) adsorbed is beneficial to accelerate the photo-
oxidation that reaches the maximum result.

The photocatalyst mass exceeding the optimum level (35 mg) can escalate signifi-
cantly the turbidity, which hinders the penetration of the light. Consequently, the num-
ber of OH radicals formed may be declined and thus diminish photooxidation. A study
also obtained similar results [10, 15].
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Moreover, the figure also demonstrates that co-doping results in higher oxida-
tion compared to the mono-doped. It is evidence that co-doping can noticeably
increase the visible responsive of TiO, and effectively prevent the recombination,
due to the synergic effect of the double dopants [8, 11-14]. The higher
photooxidation of Pb(II) shown by TiO,-N over that of TiO,-S implies that the
effect of doping N is more effective than S dopant. This trend was also reported

as well [6].
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Fig. 6 The influence of the irradiation time on the photo-oxidation results at a pH 3, b pH 7, and ¢ pH 11
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Influence of the irradiation time

Figure 6 demonstrates a sharp incremental of the Pb(II) photooxidation as the extend-
ing time up to 30 min, but there is a negative effect with the longer time than 30 min.
Prolonging time of the irradiation facilitates TiO, to provide more OH radicals and also
allows OH radicals to contact with Pb*" effectively. With the longer than 30 min, the
solid of PbO, resulting from the oxidation may be formed in a larger amount [9, 10,
15, 20], which can cover the surface of the photocatalyst. In accordance, the formation
of OH radicals is fewer, and thus, the photooxidation of Pb(II) declines. Some studies
have also found a similar trend [9, 10, 15, 20].

Influence of pH solution

The photooxidation effectiveness with the alteration pH can also be seen in Fig.
6. Increasing pH up to 7 exhibits an elevation of the effectiveness, but the con-
trary effect is seen at pH higher than 7. At lower pH, the surface of TiO, is pro-
tonated to be positive charge [8, 10, 11, 21], presented as reaction (7), that
prevents providing OH radicals, and Pb(II) exists prominently as Pb** [19-21].
The same charges of the photocatalyst surface and Pb(II) ions restrict the adsorp-
tion of Pb** on the surface of TiO,. The fewer OH radicals and low Pb** adsorp-
tion explain the low photooxidation of Pb** by OH radicals on the surface of the
photocatalyst. At higher pH, the protonation should decrease or quiet, allowing
TiO, to form OH radicals maximally and to adsorb Pb**effectively, which is
beneficial in the high photooxidation. When the pH is climbed up to basic condi-
tion (pH 9), the most surface of TiO, is in the negative forms, as seen in reac-
tion 6 [11, 21], that is to form OH radicals. In such pH Pb(II) precipitates as
Pb(OH), [19, 21]. These conditions are certainly adverse for Pb** photooxidation
by OH radicals.

Conclusions

It is evidence that N and S atoms from HNOj; and H,SO,, respectively, have been
successfully co-doped into TiO,. The co-doping N,S into TiO, has significantly de-
creased the Eg from 3.2 eV into 2.53-2.95 eV depending on the dopant loaded
and thereby noticeably improves the photocatalytic removal of Pb(II) under visible
light. Furthermore, the effectiveness of Pb(II) photooxidation is found to be consid-
erably directed by the fraction of dopants, and the optimum mole fraction of the
dopants are Ti:N:S = 1:1:1. Additionally, by applying 0.5 g/L of the TiO,-N,S (1:1:
1) photocatalyst dose in 45 min of time and pH 7, the highest removal of 10 mg/L
Pb(II) could be achieved that is approximately 98%. The removal of Pb(II) from
the aqueous is due to the photocatalytic oxidation induced by OH radicals to form
handleable PbO,.

Abbreviations
SRUV: Specular reflectance UV/Vis; XRD: X-ray diffraction; FTIR: Fourier transform infrared; AAS: Atomic absorption
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Acknowledgements
A great appreciation for Director of Research and Community Service Gadjah Mada University for the financial support
through a Research Grant of Final Project Recognition (RTA) 2020.



Wahyuni et al. Journal of Engineering and Applied Science (2022) 69:11 Page 11 of 12

Authors’ contributions

All the authors have read and approved the manuscript. ETW and SS supervised the laboratory work, checked the
manuscript, and examined the characterization results. NAP conducted the co-doping TiO, by N,S, the photooxidation
process, and wrote the manuscript. NDL assisted in the characterization data and edited the manuscript.

Funding
This study is supported by the Director of Research and Community Service Gadjah Mada University through a
Research Grant of Final Project Recognition (RTA) 2020.

Availability of data and materials
The data used and/or analyzed during the conduct of this study are available from the corresponding author on
reasonable request.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 9 November 2021 Accepted: 4 January 2022
Published online: 24 January 2022

References

1. Humayun M, Qu Y, Raziq F, Yan R, Li Z, Zhang X, Jing L (2016) Exceptional visible-light activities of TiO,-coupled N-
doped porous perovskite LaFeOs for 2,4-dichlorophenol decomposition and CO, conversion. Environ Sci Technol 50(24):
13600-13610. https.//doi.org/10.1021/acs.est.6b04958

2. Mahy JG, Cerfontaine V, Poelman D, Devred F, Gaigneaux EM, Heinrichs B, Lambert SD (2018) Highly efficient low-
temperature N-doped TiO, catalysts for visible light photocatalytic applications. Materials (Basel) 11(4):1-20. https://doi.
0rg/10.3390/ma11040584

3. Ansari SA, Khan MM, Ansari MO, Cho MH (2016) Nitrogen-doped titanium dioxide (N-doped TiO,) for visible light
photocatalysis. New J Chem 40(4):3000-3009. https://doi.org/10.1039/c5nj03478g

4. Kim TH, Go GM, Cho HB, Song Y, Lee CG, Choa YH (2018) A novel synthetic method for N Doped TiO, nanoparticles
through plasma-assisted electrolysis and photocatalytic activity in the visible region. Front Chem 6:1-10. https://doi.
0rg/10.3389/fchem.2018.00458

5. Bakar SA, Ribeiro C (2016) A comparative run for visible-light-driven photocatalytic activity of anionic and cationic S-
doped TiO, photocatalysts: a case study of possible sulfur doping through chemical protocol. J Mol Catal A Chem 421:
1-15. https://doi.org/10.1016/jmolcata.2016.05.003

6. Lin YC, Chien TE, Lai PC et al (2015) TiS 2 transformation into S-doped and N-doped TiO, with visible-light catalytic
activity. Appl Surf Sci 359:1-6. https://doi.org/10.1016/j.apsusc.2015.10.004

7. Xu X Lai L, Jiang J, et al (2019) C : Energy conversion and storage ; energy and charge transport C, N-codoped
TiO, with a nitrogen-doped carbon coating derived from 2, 6-diaminopyridine for visible light-induced
photocatalytic hydrogen evolution innovation center of Yangtze River Delta

8. Jaiswal R, Bharambe J, Patel N, Dashora A, Kothari DC, Miotello A (2015) Copper and nitrogen co-doped TiO,
photocatalyst with enhanced optical absorption and catalytic activity. Appl Catal B Environ 168-169:333-341. https.//
doi.org/10.1016/j.apcatb.2014.12.053

9. Lin YH, Hsueh HT, Chang CW, Chu H (2016) The visible light-driven photodegradation of dimethyl sulfide on S-doped
TiO,: characterization, kinetics, and reaction pathways. Appl Catal B Environ 199:1-10. https://doi.org/10.1016/j.apcatb.2
016.06.024

10.  McManamon C, O'Connell J, Delaney P et al (2015) A facile route to synthesis of S-doped TiO, nanoparticles for
photocatalytic activity. J Mol Catal A Chem 406:51-57. https://doi.org/10.1016/j.molcata.2015.05.002

11. Wang F, Ban PP, Parry JP, Xu XH, Zeng H (2016) Enhanced photocatalytic properties of N-P co-doped TiO, nanosheets
with {001} facets. Rare Met 35(12):940-947. https://doi.org/10.1007/512598-016-0807-3

12. Abdullah AM, Al-Thani NJ, Tawbi K; Al-Kandari H (2016) Carbon/nitrogen-doped TiO,: new synthesis route,
characterization and application for phenol degradation. Arab J Chem 9(2):229-237. https.//doi.org/10.1016/j.arabjc.2015.
04.027

13. Eslami A, Amini MM, Yazdanbakhsh AR et al (2016) N,S co-doped TiO2 nanoparticles and nanosheets in simulated solar
light for photocatalytic degradation of non-steroidal anti-inflammatory drugs in water: a comparative study. J Chem
Technol Biotechnol 91:2693-2704. https://doi.org/10.1002/jctb.4877

14.  Asadi A, Akbarzadeh R, Eslami A, Jen TC, Ozaveshe Oviroh P (2019) Effect of synthesis method on NS-TiO, photocatalytic
performance. Energy Procedia 158:4542-4547. https://doi.org/10.1016/j.egypro.2019.01.756

15. Khan H, Swati K, Younas M, Ullah A (2017) Chelated Nitrogen-Sulphur-Codoped TiO,: Synthesis, Characterization,
Mechanistic, and UV / Visible Photocatalytic Studies, Int. J. Photoenergy, 2017, Article ID 7268641, 17 pages. https;//doi.
org/10.1155/2017/7268641

16. Yunus NN, Hamzah F, So'Aib MS (1901) Krishnan J (2017) Effect of N, S Co-doped TiO, concentration on
photocatalytic degradation of phenol. AIP Conf Proc. https://doi.org/10.1063/1.5010526

17. Asuquo E, Martin A, Nzerem P, Siperstein F, Fan X (2017) Adsorption of Cd(l) and Pb(ll) ions from aqueous solutions
using mesoporous activated carbon adsorbent: equilibrium, kinetics and characterisation studies. J Environ Chem Eng
5(1):679-698. https://doi.org/10.1016/jjece.2016.12.043

18.  Yousefi T, Abas Mohsen M, Mahmudian HR et al (2018) Removal of Pb(ll) by modified natural adsorbent;
thermodynamics and kinetics studies. J Water Environ Nanotechnol 3:265-272. https://doi.org/10.22090/jwent.2018.03.
007


https://doi.org/10.1021/acs.est.6b04958
https://doi.org/10.3390/ma11040584
https://doi.org/10.3390/ma11040584
https://doi.org/10.1039/c5nj03478g
https://doi.org/10.3389/fchem.2018.00458
https://doi.org/10.3389/fchem.2018.00458
https://doi.org/10.1016/j.molcata.2016.05.003
https://doi.org/10.1016/j.apsusc.2015.10.004
https://doi.org/10.1016/j.apcatb.2014.12.053
https://doi.org/10.1016/j.apcatb.2014.12.053
https://doi.org/10.1016/j.apcatb.2016.06.024
https://doi.org/10.1016/j.apcatb.2016.06.024
https://doi.org/10.1016/j.molcata.2015.05.002
https://doi.org/10.1007/s12598-016-0807-3
https://doi.org/10.1016/j.arabjc.2015.04.027
https://doi.org/10.1016/j.arabjc.2015.04.027
https://doi.org/10.1002/jctb.4877
https://doi.org/10.1016/j.egypro.2019.01.756
https://doi.org/10.1155/2017/7268641
https://doi.org/10.1155/2017/7268641
https://doi.org/10.1063/1.5010526
https://doi.org/10.1016/j.jece.2016.12.043
https://doi.org/10.22090/jwent.2018.03.007
https://doi.org/10.22090/jwent.2018.03.007

Wahyuni et al. Journal of Engineering and Applied Science (2022) 69:11

20.

21.

22.

23.

24.

Pambudi T, Wahyuni ET, Mudasir M (2020) Recoverable adsorbent of natural zeolite/Fe;0, for removal of Pb (Il) in water.

J Mater Environ Sci 11:69-78

Wahyuni ET, Siswanta D, Kunarti ES et al (2019) Removal of Pb(ll) ions in the aqueous solution by photo-Fenton
method. Glob Nest J 21(2):180-186. https://doi.org/10.30955/gnj.002936

Ebraheim G, Karbassi AR, Mehrdadi N (2021) Employing speciation of metals to assess photo-assisted electrochemical
efficiency for improving rainwater quality in Tehran. Iran. Int J Environ Sci Technol. 19(1):261-280. https://doi.org/10.1
007/513762-021-03127-2

Diao ZH, Dong FX, Yan L, Chen ZL, Guo PR, Xia XJ, Chu W (2021) A new insight on enhanced Pb(ll) removal by sludge
biochar catalyst coupling with ultrasound irradiation and its synergism with phenol removal. Chemosphere 263:128287.
https://doi.org/10.1016/j.chemosphere.2020.128287

Pan W, Pan C, Bae Y, Giammar D (2019) Role of manganese in accelerating the oxidation of Pb(ll) carbonate solids to
Pb(IV) oxide at drinking water conditions. Environ Sci Technol 53(12):6699-6707. https://doi.org/10.1021/acs.est.8b07356
Ma X, Wu Y, Lu Y, et al (2011) Effect of compensated codoping on the photoelectrochemical properties of anatase TiO,
photocatalyst. 16963-16969

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com

Page 12 of 12


https://doi.org/10.30955/gnj.002936
https://doi.org/10.1007/s13762-021-03127-2
https://doi.org/10.1007/s13762-021-03127-2
https://doi.org/10.1016/j.chemosphere.2020.128287
https://doi.org/10.1021/acs.est.8b07356

	Abstract
	Introduction
	Methods
	Materials
	Co-doping of TiO2 by N and S atoms
	Characterization
	Photocatalytic removal of Pb(II) from water under visible irradiation

	Result and discussion
	Characterization of The N,S Co-doped TiO2
	SRUV spectra
	XRD data
	FTIR data

	Photocatalytic activity of the co-doped TiO2 in the temoval of Pb(II) under visible light
	Influence of co-doping
	Influence of photocatalyst mass
	Influence of the irradiation time
	Influence of pH solution


	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Competing interests
	References
	Publisher’s Note

