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Abstract

In this work, we employed the in situ synthesis method to implant Fe;O4 into activated carbon (AC), in which the synthesis of the
magnetic AC (MAC) was realized. Thence, Ni-doped anatase TiO, (NATiO,) were anchored on different addition amount of
MAC to synthesize the series of Ni-TiO,/MAC photocatalysts. The chemical compositions and physical properties of these
nanocomposites were analyzed by various characterization technologies. The photocatalytic capabilities of as-produced materials
were then investigated via adsorption and photodegradation of triphenylmethane dyes (TPMs) as crystal violet (CV), basic
fuchsine (BF), and malachite green (MG) solution. The results revealed that the removal of Ni-TiO,/AC, Ni-TiO,/2MAC, Ni-
Ti0,/4MAC, and Ni-TiO,/8MAC on TPMs is a very fast process and the removal efficiency can almost reach to about 90% in
10 min, and the catalyst has good cycle stability and is easy to be reused. This work provides a novel, low-cost, and effective way
to rationally design and synthesize TiO,-based photocatalysts for effective removal of TPMs.

Keywords Anatase TiO, - Magnetic activated carbon - Photodegradation - Triphenylmethane dyes

Introduction

Triphenylmethane dyes (TPMs), the third important dyes,
have been widely employed in various fields, such as textile,
leather, food, pharmaceutical, and cosmetic (Eich et al. 2020;
Ye et al. 2019), which greatly satisfy people’s life demands.
However, the generation and release involved TPMs unspent
during industrial production process or in the dying process,
almost 15% or 280 kt in the whole world every year (Mishra
and Maiti 2018). Since TPMs possessed complex aromatic
structures, they cannot be destroyed completely, resulting in
their gradual accumulation in the nature environment. Due to
the properties of persistence in the environment and resistance
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to degradation, their mutagenic and carcinogenic properties
are highly toxic to other living organisms and the environment
(Gao et al. 2019). The conventional approach to mitigate dye
problems are through the use of various physicochemical
techniques based on precipitation, flocculation, redox process-
es, and electrochemical treatments (Bisht and Lal 2019; Kim
et al. 2019; Saygili et al. 2019). However, these processes are
not effective and generate large amount of toxic sludge as well
as unable to degrade synthetic dyes drastically. Therefore, the
complete removal of dyes has not been achieved. Thence,
searching an efficient method to remove the dyes is urgent.
To address this challenge, many technologies towards waste-
water treatment have been developed to remove the TPMs, in-
cluding adsorption, biological progress, photocatalytic degrada-
tion, UV/H,0,, microwave-induced catalytic degradation,
Fenton or Fenton-like processes, and electrochemical processes
(Chen et al. 2019; Duman et al. 2016; Eskandarloo et al. 2016;
Pei et al. 2016; Salveson et al. 2018). Then, developing a highly
efficient method to remove the TPMs is an important research
topic. Among these technologies, adsorption is recognized as
one of the most efficient methods for its simple design and easy
operation, while the photocatalytic degradation is regarded as an
effective, feasible, and promising technology for its good stabil-
ity, high activity, and strong oxidizability (Shi et al. 2018; Wu
et al. 2020; Xue et al. 2019). However, there still existed some
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problems about the adsorption, such as difficult reclaim and the
possibility of secondary pollution, while the lower contaminant
gathered on the surface of the photocatalyst will lead to lower
photodegradation efficiency. Therefore, developing an easy op-
eration, simple reclaim, and highly efficient removal method
attracted our attention. Inspired, we would composite a
photocatalyst on activated carbon that can absorb a big amount
of TPMs and then for rapidly photodegrading under the light
irradiation, which can remove the TPMs efficiently.

Anatase TiO, (a-ATiO,), a typical n-type semiconductors,
has been widely employed in effectively removing many differ-
ent kinds of harmful organic or inorganic contaminants own to
its excellent photocatalytic activity, low cost, chemical inertness,
and environmental friendliness (Ahadi et al. 2019; Low et al.
2019; Tu et al. 2017). However, anatase phase TiO, possesses
large band gap of 3.2 eV, weak visible light response, and weak
ability for the adsorption of contaminants and the difficulty of
recycling and reusing nanometer-sized TiO, particles, limiting
the use of a-TiO, (Li et al. 2016; Zou et al. 2016). To solve the
problem, some researches have been proving that doping with
various transition metal cations can lower the conduction band
edge as well as extend the optical absorption of TiO,-based
systems to the visible light (Bramhankar et al. 2020; Liu et al.
2016). At the same time, it has been proved that TiO, with Ni
doping can effectively decrease crystallite size, increase specific
surface area, and reduce band gap of catalysts because the ionic
radius of Ni** (0.72 A) is similar to Ti** (0.68 A) (Blanco-Vega
et al. 2017; Lai et al. 2016; Robles-Aguila et al. 2014).

In addition, since the nano TiO,-based photocatalyst dis-
persed in the polluted water, the recycling and reuse of
nanocatalyst powder also retard the practical application
(Yang et al. 2018; Zhu et al. 2020). Therefore, it is significant
to find practical useful methods to overcome the obstacle of
separation and recovery of TiO, catalyst particles from water.
Generally, many researches have conducted to synthesize cat-
alyst by introducing magnetic carriers (Fenoll et al. 2017; Lee
et al. 2014; Nadimi et al. 2019). Through the introduction of
magnetic carriers, the surface area of catalysts can be im-
proved significantly because the agglomeration of
nanocatalyst powders can be thus avoided, which are favor-
able for high photocatalytic performance, further enhancing
the adsorption of toxic pollutants on catalyst composites (Zhu
et al. 2020). Therefore, inspired by this, the nanocomposites
that Ni-doped anatase TiO, loaded on magnetic activated car-
bon (MAC) were innovatively synthesized. And the compos-
ite was synthesized by Ni-doped TiO, regulated on the surface
of MAC, via a simple and fast sol-gel method in this study.
The fabricated catalysts were evaluated to various characteri-
zation techniques to acquire the information of structural and
physical properties. The photocatalytic behavior of the as-
prepared materials in the degradation of TPM contaminants
under visible light irradiation at room temperature was con-
ducted. Moreover, the effects of solution pH on the dye
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photodegradation system were also investigated. The probable
mechanism of the photodegradation of TPM contaminants
was probed. And the obtained nanocomposites can eliminate
TPM contaminants from aqueous solutions effectively.

Materials and methods
Materials

TBOT (98.5%, Chengdu Kelong Chemical Reagent Factory),
anhydrous alcohol (EtOH; Tianjin Fuyu Fine Chemical Co.,
Ltd.), and acetic acid (Tianjin Beilian Fine Chemical
Development Co., Ltd.) were used. The activated carbon
(AC) from wood was purchased from Henan Zhongbang
Environment Protection Technologies Co., Ltd. Ni(NO3),
6H,O was purchased from Shanghai Macklin Biochemical
Co., Ltd. Ferric chloride and ferrous sulfate and ammonia water
(25%) were purchased from Tianjin Yongsheng Fine Chemical
Co., Ltd. Crystal violet (CV), basic fuchsine (BF), and mala-
chite green (MG) were purchased from Xi’an Chemical
Reagent Factory. All these reagents were of analytical reagent
grade. Deionized water was used throughout the experiments.

Preparation of nanocomposites
Synthesis of MAC

In a typical synthesis, an appropriate amount of FeCl;-6H,O
and FeSO,4-7H,0 (molar ratio is 2:1) was dissolved in 40 mL
of distilled water containing AC (where in Fe;04/AC =20,
40, and 80 wt%), ultrasonically dispersed for 30 min to form
a brownish yellow solution, and then transferred to a 100 mL
of three-necked flask, magnetically stirring at 65 °C for 1 h
under N, atmosphere, and then 5 mL of ammonia water (25%)
was slowly added into the reaction solution, kept stirred for
1 h, and then cooled to room temperature. After the sample
was attracted to the bottom of flask by the magnetic attraction,
the supernatant was decanted. The precipitate was repeatedly
washed with deionized water and absolute ethanol until the
pH of the solution was 7 and then dried for 12 h in an oven at
40 °C to obtain MAC particles, which were recorded as
2MAC, 4MAC, and 8MAC, respectively.

Synthesis of Ni-doped anatase TiO, nanoparticles

Tetrabutyl orthotitanate (TBOT) was used as a titanium
source. Under stirring, 30 mL of TBOT was added to 65 mL
of absolute ethanol, and the resulting solution was designated
as solution A. Under continuous stirring, 14 mL of glacial
acetic acid was dropwise added to 7 mL of distilled water
containing 0.14 g of Ni(NOs3),-6H,O (2 wt%), and the obtain-
ed solution was designated as solution B. Solution B was
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dropwise added to solution A under constant stirring at room
temperature and further stirred for 3 h. The acquired mixture
was allowed to form a gel at room temperature, dried in an
oven at 80 °C for 24 h, and then calcined at 500 °C for 3 h. The
resulting sample was named Ni-TiO,.

Synthesis of Ni-TiO,/MAC nanocomposites

In brief, AC, 2MAC, 4MAC, and 8MAC were added to
100 mL of methanol, respectively, and then sonicated for
30 min, and an appropriate amount of Ni-TiO, was added to
the solution (the mass ratio of AC or MAC to Ni-TiO, was
1:10) and further stirred for 24 h, and the methanol was evap-
orated and dried under vacuum at 40 °C for 24 h to obtain the
nanocomposites. The obtained samples were recorded as Ni-
TiO,/AC, Ni-TiO,/2MAC, Ni-TiO,/4MAC, and Ni-TiO,/
8MAC, respectively.

Characterization of photocatalysts

X-ray diffraction (XRD) analysis was used to examine the
crystal phase composition of the photocatalyst using a
Rigaku Giegerflex D/Max B diffractometer (Rigaku
Corporation, Tokyo, Japan) with Cu-K« radiation (A=
1.5418 A) in the 26 region of 20°-80° and scanning step of
0.02°. Transmission electronic microscopy (TEM) analysis
was conducted using a microscope (Tecnai G2 F20, FEI,
Hillsboro, Oregon, USA) at 100 kV. The N, adsorption and
desorption isotherms at 77 K were acquired using a surface
area analyzer (Micromeritics, ASAP-2020, Norcross, GA,
USA). X-ray photoelectron spectroscopy (XPS) analysis of
the obtained samples was performed (250XI ESCA, Thermo
Fisher Scientific, Waltham, MA, USA) in the presence of Mg
Ko X-ray source (1253.6 ¢V) under a vacuum pressure of <
107 Pa. The vibrating sample magnetometer (VSM) was
adapted to acquire the hysteresis loop of catalysts.

Photocatalytic experiments

The photocatalytic capabilities of the synthesized catalysts
were investigated by the degradation of CV, MG, and BF
solution. A 500-W Xe lamp with a visible light filter (the
light intensity is 1000 mw) was adapted as visible light
source, and the distance between the reactor and lamp
housing was set as 8.5 cm. The temperature of reactor
was maintained at 25+ 1.0 °C by using cooling water cir-
culation throughout the entire photocatalytic system.
Typically, 20 mg of the as-prepared catalysts was added
to 50 mL of CV, BF, and MG solution (10 mg/L, pH =
7.0), respectively. Subsequently, the acquired reaction so-
lution was stirred for 30 min in the dark until reaching the
adsorption-desorption equilibrium before visible light illu-
mination. The degradation experiment of each sample at

different time intervals was examined. The samples were
acquired at definite intervals after the reaction and imme-
diately centrifuged at 8000 rpm for 10 min to remove cat-
alyst particles for the analysis of the removal of TPM con-
taminants. CV, BF, and MG concentration in the superna-
tant liquid was conducted by a UV-5100 spectrophotome-
ter at 592 nm (CV), 543 nm (BF), and 616 nm (MQG),
respectively. Removal efficiency (n) of the photocatalyst
was calculated as follows:

CO_CI
=——X

%
Co ?

The apparent rate constant (K) of the samples was calculat-
ed as follows:

ln(Ct/Co) =kt

where C, and C, are the concentrations of TPMs at the
initial irradiation time and at a specific irradiation time [¢
(min)], respectively.

Radical scavenging experiments

The radical scavenging experiments were conducted to further
elucidate the photocatalytic mechanisms of photocatalysts.
Ammonium oxalate (AO) (h* scavenger), K,S,0g (¢~ scaven-
ger), tert-butanol (+-BuOH) (OH scavenger), and p-
benzoquinone (p-BQ) (*O, scavenger) were added into the
photodegradation reaction system to trap the holes (h*), the
electrons (e ), hydroxyl radical (*OH), and superoxide radical
(O, ), respectively. In brief, 20 mg of as-produced
photocatalyst and 10 mM of radical scavengers were added
into 50 mL of 10 mg/L dye solution. And then, the suspension
was irradiated under the same conditions of photocatalytic
experiments. The removal efficiencies (1) of triphenylmeth-
ane dyes can be effectively calculated to determine the main
role of active species in the dye removal process.

Results and discussion
X-ray diffraction

The XRD pattern of Ni-TiO,/MAC, synthesized under iden-
tical conditions but with different contents of magnetic acti-
vated carbon, was presented in Fig. 1. The XRD pattern
(shown in Fig. 1 (insert)) with intense peaks at approximately
20.8°,23°, 26.6°, 29.0°, and 44.0° were ascribed to mesopo-
rous activated carbon (Li et al. 2019). The displayed spectra
match well with that of standard anatase TiO,. (JCPDS 21-
1272), and the samples all show the peaks located at 25.36°,
37.88°, 48.10°, 54.10°, 54.85°, and 62.81°, corresponding to
the reflections of the 101, 004, 200, 105, 211, and 204 planes,
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Fig. 1 XRD patterns of the Ni-TiO,/AC, Ni-Ti0O,/2MAC, Ni-TiO,/
4MAC, and Ni-TiO,/8MAC and the AC sample (insert)

respectively (Chen et al. 2018; Ma and Wei 2020).
Additionally, the XRD spectra of Fe;0, implanted in activat-
ed carbon were also detected, located at about 30.15° (220),
35.63° (311), 43.25° (400), and 57.22° (511) (Karunakaran
et al. 2014; Xi et al. 2011). Howbeit, peaks located at 53.8°
(422) and 62.82° (440) were covered with the high-intensity
peaks of anatase TiO, indicating that the Ni-TiO, is anchored
on the magnetic activated carbon.

Fig.2 TEM patterns of the (a) Ni-
TiO,/AC, (b) Ni-Ti0,/4AMAC, (c)
HRTEM image of the Ni-TiO,/
4MAC, (d) and SAED pattern of
the Ni-TiO,/4MAC
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Transmission electronic microscope

The morphology and composition of the as-synthesized both
Ni-TiO,/AC and Ni-TiO,/4AMWAC were further revealed by
TEM, HRTEM, and SAED techniques. The bright field pat-
terns in Fig. 2a and 2b presented that inside the deeper place
was the black Fe;0,4 nanoparticles with uniform distribution
and size; the edge of the shallower was the Ni-TiO,, which
indicated that Fe;O,4 has been implanted in activated carbon
and Ni-TiO, is evenly loaded on magnetic activated carbon
(Cao et al. 2020; Karunakaran et al. 2014). The HRTEM im-
age of Ni-TiO,/4AMWAC (Fig. 2c) manifested that the lattice
fringe 0of 0.35 and 0.29 nm were ascribed to the 101 of anatase
TiO, and the 220 of Fe;0,, respectively. As expected, con-
centric rings displayed in the SAED patterns support the nano-
crystalline nature of the synthesized Ni-TiO,/4AMWAC.

N, adsorption-desorption

N, adsorption-desorption isotherms were measured to gain
details about specific surface area and the pore size distribu-
tions of such structured Ni-doped anatase TiO, loaded on
MAC materials, as depicted in Fig. 3 and Table 1. Notably,
the isotherms of all products belonged to type IV isotherms
with a distinct H, hysteresis loop in accordance with the
ITUPAC classification, indicating mesoporous characteristic,
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Table 1 BET parameters of the prepared materials

Photocatalysts Specific surface area Average pore size Total pore volume
(m/g) (nm) (em’/g)

Ni-TiOy/AC 356.4 3.653 0.3254

Ni-Ti0,/2MAC 2229 5.522 0.3077

Ni-TiO,/4AMAC 286.6 4.870 0.3489

Ni-TiO,/8MAC 333.0 3.927 0.3267

which was consistent with the results of XRD characterization
(Cao et al. 2020). Specifically, the specific surface areas of Ni-
Ti0,/2MAC, Ni-TiO»/4MAC, and Ni-TiO,/8MAC were
222.9, 286.6, and 333.0 mz/g, respectively, lower than Ni-
TiO,/AC (Sger=356.4 mz/g). As shown in Fig. 3b, with an
increasing content of Fe;Oy, the content of pores distributed
was about 3.7 nm. Combining the results, when the content of
Fe;0, increased, the pore structure of AC was not blocked. In
other words, when the amount of FesO4 was high, the MAC is
themed with Fe;O4 and AC was just wrapped on the surface of
Fe;04, which could indicate the Fe;O4-encapsulated AC
structure (Karunakaran et al. 2014).

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a versatile surface
analysis method that can be utilized to investigate the chemi-
cal states of the elements in Ni-TiO,/4MAC with the results
displayed in Fig. 4. It showed the XPS survey spectrum of Ni-
TiO,/4MAC sample (Fig. 4a). It can be seen that photoelec-
tron lines at 284.8, 458.3, 530.4, and 710.9 eV corresponded
to C Is, Ti 2p, O 1s, and Fe 2p on the surface of the Ni-TiO,/
4MAC, respectively. As the Ni content was little for the sam-
ples, the Ni 2p peaks were not strong and hard to be found in
Fig. 4a. In addition, there are strong signals of C and O for Ni-
Ti0,/4MAC sample in the survey scan of XPS in Fig. 4a.
Specifically, the strong C signal was attributed to the presence
of AC. The high-resolution XPS spectrum of the Ti 2p, Fe 2p,
Ni2p, C 1s, and O 1s regions of Ni-TiO,/4MAC was present-
ed in Fig. 4b, c, d, e, and f. Specifically, in Fig. 4b, the binding
energy at approximately 459.4 and 465.1 eV may be assigned

to Ti2p3/2 and Ti 2p1/2 in TiO,, respectively, which is slight-
ly higher than the pure TiO, (Ti 2p3/2 appears at 459.1 eV and
Ti2pl/2 at 465.0 eV). This further suggested that Ni has been
successfully doped into the lattice of TiO, catalysts.
Additionally, the difference between the two peaks was
5.7 eV, confirming the presence of Ti** in TiO, (Liu et al.
2017). As can be seen from Fig. 4c, the typical peaks at 710.9
and 724.8 eV are ascribed to Fe 2p3/2 and Fe 2p1/2 in Fe30y,
respectively, further demonstrating the formation of MAC
(Yang et al. 2018). In Fig. 4d, the peak positions of Ni 2p3/
2 and Ni2p1/2 at 855.2 and 872.6 e V, respectively, with quite
low signal-to-noise ratio due to the low Ni content, conform to
the main chemical states of Ni in the samples which are Ni**
(Yu et al. 2020). The high-resolution C 1s spectra (Fig. 4¢)
were fitted to the four peaks at around 284.8, 286.2, 287 .4, and
288.8 eV and are consistent to C-C, C-O, C=0, and -COO
(COOH), respectively. The O 1s high-resolution XPS spectra
(depicted in Fig. 4f) are wide and asymmetric, suggesting
there are at least two kinds of chemical states. The banding
energies at 530.4 and 531.4 eV correspond to the crystal lat-
tice oxygen (Ti-O-Ti) and chemisorbed oxygen (C-O),
respectively.

Magnetic properties

The magnetic properties of the synthesized catalysts were
evaluated by using a vibrating sample magnetometer
(VSM), and the room temperature magnetic hysteresis loops
for the Ni-TiO,/AC, Ni-TiO,/2MAC, Ni-TiO,/4MAC, and
Ni-TiO,/8MAC were shown in Fig. 5. Additionally, the asso-
ciated magnetic parameters such as coercive field H,. and
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Fig. 3 N, adsorption-desorption
isotherms (a) and pore size distri-
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Fig. 4 The XPS survey spectrum @ ®) Tizp, Ti2p
(a) and high-resolution XPS
spectra of Ti 2p (b), Fe 2p (c), Ni
2p (d), C 1s (e), and O 1s (f) on
the surface of Ni-TiO,/4AMAC
sample
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saturation magnetization M showed that the Ni-TiO,/2MAC, similar magnetization hysteresis loops, and the M; of samples
Ni-TiO,/4MAC, and Ni-TiO,/8MAC samples possessed  with increasing Fe;0, amounts slightly decreases, verifying

154 Ms=13.8 —— Ni-TiO,/AC
~
L0 —— Ni-Ti0,/2MAC
E 101 : —Ni-TiO,/4AMAC
< 5 o ——Ni-TiO,/8MAC
= N’
< 2]
N =
s -5 2
2 ——Ni-Ti0,/8MAC =]
80-10+ ——Ni-TiO,/AMAC =
2 —Ni-TiO,/2MAC

151 .

-20000 -10000 0 10000 20000 300 400 500 600 700 800
H (Oe) Wavewlength (nm)

Fig.5 The field-dependent magnetization curves of Ni-TiO,/2MAC, Ni- Fig. 6 The ultraviolet-visible spectra images of Ni-TiO,/AC, Ni-TiO,/
Ti0,/4AMAC, and Ni-TiO,/8MAC at ambient temperature 2MAC, Ni-TiO,/4MAC, and Ni-TiO,/SMAC

@ Springer



Environ Sci Pollut Res (2021) 28:3475-3483

3481
100 et <) _100{ s—pa —b) 1004 )
P o
R X &
<90+ 901 ) X904
Q o e . —a— Blank ~ . —a— Blank
< 80- o —=— Blank = 80 ‘ —e—Ni-TiO,/AC 2 30- / AN —e—Ni-TiO,/AC
= T Y TEONRTIOJAC | = 2 ‘ ——NiTio2MAC | & 2 ‘ —+—Ni-TiO,/2MAC
< P ——Ni-TiO,2MAC| & - —e—NLTIO/AMAC | = 20- - —e— Ni-TiO4MAC
7 N *_ T T S ‘ o 2 < | 2
5% Kk —niioamac| 20 S T ——Ni-TIO/8MAC | 2 e ——Ni-TIOSMAC
E —+—Ni-TiO/8MAC g £ o
< & Elo—
0 ' T T T T T 0 T - . T 0 T T T T T T
0 10 20, 30 40 50 60 0 10 20r 60 0 10 20 30 40 50 60
Time (min) lme (mm) Time (min)
0.8 0.8
)] 08 —
—— CV solution ( ) —— MG solution (e) 0.7 —?l- §olunon (ﬁ
80.6 —S5mi J —— 5 min 0.6 min
g — I(;I:::n 8 0.6 —— 10 min 8 0.54 — 10 mfn
s =20 min = ——20 min = —20 m!n
-E 0.4 30 min _g 0.4 ——30 min _g 0.4 —30 min
E 60 min § 60 min § 03]| ——60min
< 0.2 = 0.2 1 20.24
< 0.14
0.0 0 0.0-
200 300 0 500 6?0 700 800 200 300__400 500 600 700 800 200 300__400 500 600 700 800
avelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 7 The removal rate of dyes (CV (a), MG (b), BF (c)) by different photocatalysts and the full-wavelength scan pattern of CV (d), MG (e), and BF (f)

on Ni-TiO,/4MAC under visible light irradiation

the successful coating of Fe;0,4 onto activated carbon (Fig. 5).
The superparamagnetic behavior of the MACs makes it more
easily separated by a magnet or a magnetic field. Meanwhile,
the low M, largely reduced the aggregation of MACs after it
was separated magnetically from the original solution (Yang
et al. 2018; Zhu et al. 2020).

UV-vis absorption spectra

To probe the light response property of the as-synthesized
nanocomposites, the ultraviolet-visible absorption spec-
trometer (UV-vis) was adopted to acquire diffuse reflec-
tance spectra images. It can be distinctly observed that
the Ni-TiO,/4MAC sample has the broadest absorption ar-
ea; meanwhile, the absorption area of Ni-TiO,/2MAC and
Ni-TiO,/4MAC is not markedly different from that of Ni-

1

Cyclel Cycle2 Cycle3 Cycle4 Cycle5
Fig. 8 Recycling of Ni-TiO»/4MAC for CV removal

100

S o ©
S (=] (=]
] 1 )

Removal efficiency (%)
[3*]
S

TiO,/AC (Fig. 6). However, the Ni-TiO,/8MAC has the
smallest absorption area. This phenomenon could be ex-
plained by the absorption spectrum mainly composed of
the overlapping absorption spectra of AC and Fe;04, while
the appropriate Fe;04/AC ratio could have excellent light
absorption performance (Karunakaran et al. 2014).
Specifically, the band gap energies (Eg (eV)) of the prod-
ucts were estimated by the equation Eg=1240/Ag, where
Ag (nm) is the absorption wavelength threshold, and the Eg
of Ni-TiO,/AC, Ni-TiO,/2MAC Ni-TiO,/4MAC, and Ni-
TiO,/8MAC is 2.27, 2.35, 2.18, and 2.72 eV, respectively,
indicating that a big amount of Fe;04/AC may shelter the
light adsorption, while a proper amount of AC and Fe;Oy4
may accelerate the light adsorption and the transfer of elec-
tions (Bai et al. 2017).

Photocatalytic performances and stability of
photocatalysts

The photocatalytic performance of samples was evaluated for
the photodegradation of TPMs under visible light irradiation.
As depicted in Fig. 7, CV, MG, and BF were almost complete-
ly removed after 1 h of visible light irradiation over the Ni-
doped anatase TiO, loaded on MAC photocatalysts. For com-
parison, within the first 10 min at 500-W visible light irradia-
tion, the removal ratios of Ni-TiO,/AC, Ni-TiO,/2MAC, Ni-
TiO,/4MAC, and Ni-TiO,/8MAC for CV are all as high as
98%. After the irradiation of 20 min, the removal ratio of
TPMs by the materials was little changed. It can be attributed
to the rapid consumption of active sites due to the rapid ad-
sorption of the material.
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Fig. 9 The removal rate of CV, 120
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Recycling experiment of Ni-Ti0,/4MAC for CV was con-
ducted under visible light irradiation. The used Ni-TiO,/4AMAC
was collected by centrifuge and then washed by deionized wa-
ter and ethanol alternately for three times. Then, the collected
Ni-TiO,/4MAC was dried for use. The experiment was repeat-
ed for five times. The experimental results (Fig. 8) showed the
removal efficiency of Ni-TiO,/ 4 AC after five recycles, and the
Ni-TiO,/ 4 AC catalyst still has a good adsorption and degra-
dation removal rate to CV solutions. Therefore, the Ni-TiO,/
4 AC catalyst has good cycle stability and is easy to be reused.

Photocatalytic degradation mechanism

In order to investigate the active substances in the photocatalytic
degradation process, the results of free radical captured experi-
ments are shown in Fig. 9a. The ‘OH and ‘O, values decrease
significantly in the presence of radical scavengers, indicating that
"OH and 'O, play the major roles in the photodegradation of
TPMs, especially in the degradation process of BF. The mech-
anism is shown in Fig. 9b. Since the TPMs can be adsorbed on
the surface of AC in Ni-TiO,/4MAC, a big amount of contain-
ment can be gathered on the surface of the Ni-TiO,/4AMAC.
After the light is illuminated, a big amount of electron and hole
pairs can be generated. Due to the introduction of Fe;0,, the
electron can transfer from the interface of Ni-TiO, to that of
Fe3;0,4 and then inhabit the recombination of electron and hole
pairs, so a lot of ‘'OH and ‘O, can be quickly generated, and then
TPMs is degraded and finally decomposed into small molecules.

The main cause for the difference in degradation performance
of Ni-doped anatase TiO, loaded on MAC materials is that when
the content of Fe;Oy is low, the synergistic effect of Fe;0,4 and
AC could promote electron transfer between TiO, and MAC,
which is beneficial to the photocatalytic process. In particular,
the kinetics of degradation reached its peak when the content of
Fe304 is 40% (Zhu et al. 2020). As the content of Fe;0,4 in-
creases gradually, the electron transfer pathway might transform
to another way, which is the driving force to impel the TiO, and
Fe;0, forming the traditional type-I heterojunction (Karunakaran
etal. 2014; Xi et al. 2011). Under this circumstance, it will reduce
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the redox performance of the whole catalyst, so the performance
of Ni-TiO,/8MAC is greatly cut down.

Conclusions

In summary, the activated carbon-supported Ni-doped anatase
TiO, nanocomposite photocatalyst was prepared by introduc-
ing magnetic Fe;04 nanoparticles. And the structure and phys-
ical properties of magnetic nanocomposites were analyzed by a
series of characterization techniques. The Ni-TiO,/AC catalyst
and photocatalyst have a mesoporous structure, and the crys-
tallite size of the composite materials is small, and the specific
surface area and pore volume are slightly smaller than those of
non-magnetic samples. The Ni-TiO,/AC photocatalyst has a
fast removal process and high removal rate for TPMs, and the
free radical captured experiments indicated that ‘OH and "O,~
are the main active groups. This work provides a novel, low-
cost, and effective way to rationally design and synthesize
Ti0,-based photocatalysts to effectively remove TPM.
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