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ABSTRACT

Due to the lack of feasible regeneration methods, the waste activated carbon (AC) is often incin-
erated or landfilled after its adsorption applications. In this study, a self-regenerative carbon
quantum dots (CQDs)-TiO,@AC composite was built by coating CQDs-TiO, onto the surface of AC.
Besides, the adsorption and photocatalytic regeneration performance of CQDs-TiO,@AC was eval-
uated using methylene blue (MB) as a model compound. Results show that the desorption of the
pollutant from the interior and surface of CQDs-TiO,@AC played an essential role in the regen-
eration. The addition of H,O, enhanced the generation of reactive species, such as *OH and *O,,
and shortened the regeneration time. High temperature and acidic condition pushed forward the
desorption of MB molecules from the sorption sites and hence promoted the regeneration. By opti-
mizing the applied CQDs-TiO, dose, regeneration time, regeneration temperature, H,0, dose, and
pH value, ~56.39% of the adsorption capacity of the virgin CQDs-TiO,@AC could still be retained
after three cycles of MB adsorption and the photocatalytic regeneration. This study indicates
that self-regenerative CQDs-TiO,@AC composite is a type of environmentally-friendly material,
and the technology is a sustainable way to regenerate spent AC for reuse.
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1. Introduction

Activated carbon (AC) is the most widely-used and
efficient adsorbent owing to its large surface area and high
adsorption ability. However, AC cannot degrade pollut-
ants. As a result, thrown-out saturated AC leads to severe
pollution and resource waste [1]. Hence, the regeneration
of spent AC has been increasingly investigated and suc-
cessfully handled by many techniques, such as photo-
oxidation [1], the thermal method [2], wet air oxidation [3],
ultrasound [4], electrochemical regeneration [5], microwave
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heating [6] and bio-regeneration [7]. However, these meth-
ods usually require costly equipment investment in high
pressure and temperature [8].

Photocatalytic regeneration is a promising chemical
method used to purify pollutants from spent ACs. TiO,,
as one prospective photocatalyst with low cost, non-toxic-
ity, and high chemical stability, can produce highly active
photoexcited e7/h* pairs under sunlight irradiation and
further reacts to form high reactive radical species, such
as "OH and *Oj; [9]. However, the limitation of TiO, is the
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broad bandgap (anatase: 3.2 eV; rutile: 3.0 eV) because it
solely absorbs ultraviolet (UV) light, which accounts for
only 3%-5% of the solar radiation [10]. Meanwhile, the easy
recombination of the photogenerated electron-hole pair in
TiO, could reduce its photocatalytic performance. Since the
competition among migration, capture, and recombination
of photon-generated carrier decides the quantum efficiency
and rate of photocatalytic reaction, considerable efforts have
been made to enhance the quantum efficiency and photo-
catalytic activity by coupling with other materials, such as
nonmetal elements [11], metal ions [12], and organics [13].
For example, Liu et al. [14] reported that the Ag-TiO, pos-
sessed higher photocatalytic ability than TiO,; Chen et al.
[15] prepared iodine-doped titanium dioxide and it exhib-
ited better catalytic activity than titanium dioxide; Tahir et
al. [16-18] prepared WO, composite material by compound-
ing carbon nanofiber, active graphene and nickel ferrite
and got good results. However, the additives usually are
toxic, expensive and environmentally-unfriendly. Hence,
it is necessary to develop materials with environmental
friendliness and high photocatalytic activity for the pho-
tocatalytic regeneration process.

Carbon nanomaterials (for example, graphene, car-
bon nanotubes) are efficient in enhancing photocatalytic
reactions because of the high electrical conductivity, huge
surface area, and strong adsorption ability. Among them,
carbon quantum dots (CQDs) are outstanding with chemical
stability, broad absorption spectrum, high absorption abil-
ity, and high photoelectron transfer ability [19]. CQDs com-
posited with TiO, (CQDs-TiO,) are widely used to degrade
azo dyes and methylene blue (MB) and to catalyze hydro-
gen evolution reactions [20,21]. As reported, the photocata-
lytic efficiency of CQDs/TiO, composite is higher than that
of pristine TiO, nanofibers [22]. Thus, it is anticipated that
CQDs/TiO, composite would have high regeneration effi-
ciency in photocatalysis. Besides, CQDs/TiO, composite is
more environmentally friendly because of the low toxicity of
CQDs. Based on the above assumptions, we propose a new
regenerable composite by impregnating AC with CQDs/
TiO, to achieve AC in situ regeneration by photocatalysis.

This study aims to prepare a photocatalytic self-
regenerative CQDs-TiO,@AC composite with high adsorp-
tion and regeneration performances for environmental
purification. The combination was achieved by coating the
CQDs-TiO, onto the surface of AC as a modifying agent.
MB was chosen as a target pollutant since it is the most
common water—soluble cationic dye with toxicity and high
chromaticity in industrial pollutant headstreams [23-26].
MB removal experiments evaluated the photocatalytic
adsorption and degradation performance of CQDs-TiO,@
AC. Besides, the regeneration efficiency of this composite
saturated with MB during photocatalysis was evaluated.
Furthermore, the impacts of temperature, pH, and photo-
catalysis time on photocatalytic regeneration were studied.

2. Materials and methods
2.1. Materials

A commercial coconut-shell-based AC was used in
this investigation (40 mesh; Tianjin Guang Fu Technology

Development Co., Ltd., China). Before use, AC was added
in 300 mL of a 0.1 mol L™ HNO, solution under stirring at
40°C for 2 h. The mixture was then filtered, washed with boil-
ing water until the filtrate reached pH =7, and then dried at
105°C overnight. All other chemicals were purchased from
Xilong Reagent Company (Guangdong Province, China) and
used as received. Deionized water was used throughout.

2.2. Synthesis of CQDs, CQDs-TiO, and CQDs-TiO,@AC

CQDs were synthesized in our previous work [27].
Firstly, 0.7 g of tris(hydroxymethyl)aminomethane was
added to 30 mL of H,O containing citric acid (1.0 g).
The resulting mixture was removed into a 100 mL Teflon
lined stainless steel autoclave, which was ultrasonically
treated for 30 min and then oven-heated constantly at 170°C
for 4.5 h. Finally, the solution containing CQDs was dia-
lyzed against deionized water in a dialysis bag (3,500 Da)
for 12 h and freeze-dried.

CQDs-TiO, was prepared as follows [28] with minor
modifications: 5 g of a tetra-n-butyl titanate was mixed
with 10 mL of 100 mg L CQDs solution under stirring at
room temperature to form a homogeneous mixed solu-
tion. The mixed solution was then put into a new auto-
clave, which was continuously heated at 160°C for 12 h.
The products were washed with water and ethanol several
times and vacuum-dried at 80°C. TiO, was synthesized by
the same method without the addition of CQDs.

The self-regenerative composite CQDs-TiO,@AC was
synthesized as follows: 5 g of AC and x wt.% (x =1, 3, 5, 7)
of CQDs-TiO, were dispersed into water under continuous
stirring for 1 h. Subsequently, the mixture was filtered and
dried at 85°C for 12 h.

2.3. Photocatalytic degradation experiment

The photocatalytic degradation efficiency of MB
was tested as follows: a sample (1.0 g) was added into
1,000 mL of an MB solution (20 mg L) under stirring and
UV irradiation (2 x 30 W, A = 254 nm, JT8-Y30W, Weiersi,
China). During the experiment, aliquots of the suspension
were sampled at a certain time interval and centrifuged
(3,000 rpm, 5 min) to remove the catalyst particles. Then
the supernatant liquid concentration was determined by
UV-Vis spectroscopy (A = 665 nm). The photocatalytic
degradation efficiency 1 was calculated as follows [15]:

C,-C
nzwxloo% 1
CO
where C, and C, (mg L") are the MB concentrations
initially and at time ¢, respectively.

2.4. Regeneration experiment

The exhausted CQDs-TiO,@AC (3 wt.% CQDs-TiO,) was
prepared by soaking CQDs-TiO,@AC in a 1 g L' MB solu-
tion at a CQDs-TiO,@AC to solution ratio of 1 g L™ for 24 h
in the dark. Subsequently, the suspension was filtered, and
CQDs-TiO,@AC saturated with MB was dried at 85°C for 6 h.
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The photocatalytic regeneration of exhausted CQDs-
TiO,@AC was carried out in a 1 L transparent glass
photoreactor. The MB-saturated CQDs-TiO,@AC (1.0 g) was
added into 800 mL of water, and a 30 W spiral UV lamp
(A = 365 nm, JND-1027, Donglang, China) was directly
inserted into the water to the depth of about 6 cm. At
the same time, the suspension was air-bubbled at a flow
rate of 50 mL min™. After the regeneration experiment,
CQDs-TiO,@AC was filtered and dried at 95°C for 12 h.
Furthermore, the regeneration efficiency of CQDs-TiO,@AC
was evaluated by comparing the MB adsorption capacity
between the regenerated carbon and the fresh carbon under
the same conditions. The adsorption capacity g, (mg g™')
was calculated as follows [15]:

Cc,-C, )V
quu (2)

m

where V (L) is the MB solution volume; m (g) is the mass of
CQDs-TiO,@AC.

The regeneration efficiency RE (%) of CQDs-TiO,@AC
was calculated as follows [15]:

RE = Ter «100% @)

qt’,f

where g, and g, (mg g') are the adsorption capacity of
regenerated and fresh CQDs-TiO,@AC containing 3 wt.%
CQDs-TiO,, respectively.

2.5. Characterization

Morphology of CQDs was tested by an FEI Tecnai G2
F20 transmission electron microscope (TEM). The sur-
face morphology of CQDs-TiO, and CQDs-TiO,@AC was
observed under a Hitachi 5-4800 (Japan) scanning elec-
tron microscope (SEM). Crystallography of all samples
was recorded by an X-ray diffractometer (XRD, D/MAX
2500PC, Rigaku Co., Japan) under Cu Ka radiation from
20 = 5° to 80°. X-ray photoelectron spectroscopy (XPS)
was obtained using a Kratos Axis Ultra HAS-Vision X-ray
photoelectron spectrometer with a monochromatized Al
Ka radiation (Kratos Analytical Ltd., UK). Fourier trans-
form infrared (FTIR) spectra from 4,000 to 400 cm™ were
detected on an FTIR-650 spectrometer (Tianjin Gangdong
Sci. & Tech. Development Co., Ltd., China). UV-Vis spec-
troscopy was carried out with a UV-5100B spectrometer
(Shanghai Metash Instruments Co., Ltd., China).

3. Results and discussion
3.1. Characterization

Fig. 1 shows the morphology characterized by TEM and
SEM. CQDs are nearly spherical nanoparticles in a diame-
ter of around 5~15 nm (Fig. 1a). CQDs-TiO, (Fig. 1b) shows
that the composite particles are mostly around ball shape
and agglomerated together. Additionally, different CQDs-
TiO, particles appear on the porous surface of AC (Fig. 1c). A
high-resolution transmission electron microscope (HRTEM)

was also further used to reveal the elaborate structure of
composite CQDs-TiO, (Fig. 1d). The lattice spacing of about
0.35 nm in the HRTEM image is consistent with the (101)
plane of anatase titanium dioxide. The spherical particle
with a diameter of about 10 nm marked with a white circle
corresponds to CQDs, indicating that CQDs were combined
with TiO, and formed CQDs-TiO, composite. In summary,
the conclusions show that the CQDs-TiO, was successfully
absorbed on the surface and in the micropores of AC through
the dipping process. Since the pores of AC play an essential
role in adsorption, the adsorption performance of CQDs-
TiO,@AC will differ among different loads of CQDs-TiO,
due to different extents of pore blockages. In conclusion,
loaded-CQDs-TiO, affects the adsorption property of AC,
and it was further confirmed by textural characterization.

Table 1 indicates the textural parameters. According to
Table 1, the Brunauer-Emmett-Teller (BET) surface areas
and micropore volumes are affected by CQDs-TiO, loading
on AC. The textural properties are reduced as the amount of
CQDs-TiO, increases. The nitrogen adsorption and desorp-
tion isotherms of samples as shown in Fig. S1 indicate
similar results.

Fig. 2 shows the XRD patterns of the samples. The dif-
fraction peaks at 20 = 54.38°, 62.72°, 69.04° and 70.06° in
the curves of both TiO, and CQDs-TiO, correspond to the
(211), (002), (301) and (112) planes, respectively, indicating
both TiO, and CQDs-TiO, well agree with rutile phases. The
peaks at 20 = 25.28°, 37.86°, and 47.89° represent the (101),
(004) and (105) planes, respectively and reveal the forma-
tion of anatase TiO,. In comparison, the peak at 20 = 25° on
the curve of CQDs-TiO,@AC right-shifts, and five new weak
peaks appear at 20 = 37.86°, 47.89°, 54.38°, 62.72° and 75.50°,
which suggest the presence of CQDs-TiO, on the surface
of AC. Furthermore, CQDs-TiO, was impregnated under
regeneration conditions and then tested by XRD to confirm
the stability during the operation. As shown in Fig. S2, the
XRD testing results are similar, indicating that the structure
of CQDs-TiO, has not changed. We tested 3% CQDs-TiO,@
AC in the same way and got similar results (Fig. S3).

FTIR spectra of samples are illustrated in Fig. 3. The
peaks around 3,440; 1,715; 1,630; 1,243; 1,100 and 520 cm™
are associated with the stretching vibrations of O-H, C=0O,
C=C, C-O, O-H, and Ti-O, respectively. Moreover, the peak
of CQDs-TiO, below 1,000 cm™ is broader and blue-shifts
compared with TiO,, which may be due to the combined
vibration of Ti-O-Ti and Ti-O-C and suggests the CQDs
and TiO, were coupled by the formation of Ti-O-C [29].

XPS spectra were further explored to characterize the
synthesized 5% CQDs-TiO,@AC. Fig. 4 are the XPS full
spectrum diagrams of the sample, and the peak analytical
spectrum diagrams of Cls, Ols and Ti, , respectively. Fig. 4a
shows peaks of C,, N, , O, and Tizp, indicating that the sur-
face of the sample has C (89.48%), N (1.65%), O (4.12%) and
Ti (4.75%) elements. The high-resolution Cls XPS spectrum
(Fig. 4b) exhibited three peaks at 284.4, 285.7, and 288.7 eV,
associated with C=C, C-O and C=O bonds, respectively.
As shown in Fig. 4c, the peak centered at 530.8 eV is due to
Ti-O function group in TiO,, while the peaks at 532.4 and
533.6 eV are associated with C=O and C-O bonds on the
CQDs surface, respectively. Then it can be inferred that the
sample particles contain CQDs and TiO,. Fig. 4c illustrates



274 J. Yang et al. / Desalination and Water Treatment 222 (2021) 271-281

ot | tilt |
um|ETD| -0

Ry
"

$-4800 2.0kV 10.1mm x20.0k SE(U)

Fig. 1. (a) HRTEM image of CQDs; (b) SEM image of CQDs-TiO,, (c) CQDs-TiO,@AC and (d) HRTEM of CQDs-TiO,.
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J. Yang et al. / Desalination and Water Treatment 222 (2021) 271-281 275

Table 1
Textural characterization of samples

Characterization AC 1%CQDs-TiO,@AC 3%CQDs-TiO,@AC 5%CQDs-TiO,@AC
BET surface area (m? g™') 621 551 471 388
Micropore volume (cm? g™') 0.2573 0.2209 0.2034 0.1883
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Fig. 3. FTIR spectra of samples.

the high-resolution XPS spectrum diagram of Ti, - which
exhibits peaks at around 459.7 and 465.5 eV, corresponding
to TiO, electron binding energies Ti2p,, and Ti2p, ,» Tespec-
tively [30]. The above observation is consistent with the XRD
result, showing that the TiO, in the sample particles is ana-
tase-type TiO,.

3.2. Photocatalytic degradation of MB

The results of MB degradation efficiency under UV
irradiation are shown in Fig. 5 and Table 2. The MB deg-
radation efficiency rates of TiO, and CQDs-TiO, at 120 min
are 58.9% and 78.2%, respectively (Fig. 5a), indicating that
the introduction of CQDs could considerably strengthen
the photocatalytic ability of TiO,. During the MB removal
by CQDs-TiO,@AC, MB molecules firstly immigrated from
the aqueous solution to the surface of AC, indicating that
AC played a crucial role in gathering. Then photocata-
lytic degradation occurred [31]. As for CQDs-TiO,@AC
integrating the advantages of AC and CQDs-TiO,, the MB
removal resulted from the synergy between adsorption
and photocatalytic degradation. Additionally, CQDs act-
ing as an electron acceptor could decelerate electron-hole
recombination and enhance photocatalytic efficiency.

Furthermore, the MB degradation efficiency of CQDs-
TiO,@AC was affected by the load of CQDs-TiO,. In one
respect, the amounts of reactive species such as “OH and
*O,” generated by CQDs-TiO, under UV irradiation rose
with the increasing load, which enhanced the contact prob-
ability with MB molecules and then promoted the pol-
lutant degradation [32]. However, with the higher load

of CQDs-TiO,, the micropores significantly blocked the
surface of AC and further impacted the adsorption prop-
erties of AC. The adsorption rates were decelerated with
the increasing load of CQDs-TiO, because there are fewer
active sites for the adsorption of adsorbent molecules when
the load was higher than 3 wt.%. Then the photocatalytic
activity decreased together with degradation efficiency.

The MB decay during photocatalytic degradation under
UV irradiation was fitted with a pseudo-first-order equa-
tion: —In(C/C,) = kt, where k is the photocatalytic reaction
rate constant and ¢ is irradiation time. The values of k for
TiO, and CQDs-TiO, were 0.0063, and 0.0123 min™, respec-
tively (Fig. 5b), which proved the photocatalytic activity
of CQDs-TiO, was higher than TiO,. Noticeably, k rose
with the increasing load of CQDs-TiO, when the load was
below 3 wt.%, but decreased when the load was 5-7 wt.%.
This phenomenon may be attributed to that the amount of
CQDs-TiO, occupying the specific surface area and total
pore volume of the AC increased, leading to a decrease in
the adsorption capacity of AC [33]. It corresponds to the tex-
tural characterization as shown in Table 1. Furthermore, the
blocked pores negatively influence the oxidation reaction,
so that the regeneration efficiency of CQDs-TiO,@AC com-
posite decreases [34]. Moreover, k maximized at the load of
3 wt.%, suggesting 3% CQDs-TiO,@AC was the optimum
photocatalyst and thus was used as a self-regenerative
photocatalyst in the subsequent regeneration experiments.

In summary, CQDs-TiO,@AC obtains better photocata-
lytic activity in three ways: (1) the accelerated aggregation
of pollutant molecules on the surface of the photocatalyst, (2)
the improved contact probability between reactive species
and pollutant molecules, and (3) the slower recombination of
electron-hole pair.

3.3. Regeneration experiments

MB removal by CQDs-TiO,@AC was characterized as
adsorption-photocatalytic bifunction. In contrast, the regen-
eration of spent AC consisted of two stages: the pollutant
(1) was decomposed by reactive species and migrated from
pore channels to the surface of CQDs-TiO,@AC, and (2) was
degraded by photocatalysis. Furthermore, the desorption
rate is the core influence factor on regeneration efficiency
in the first stage. Therefore, influencing factors such as
regeneration time, regeneration temperature, H,0,, and pH
were investigated.

3.3.1. Effect of regeneration time

The effect of regeneration time on the regeneration of
exhaust CQDs-TiO,@AC is depicted in Fig. 6a and Table S1.
The regeneration efficiency almost stabilizes around 45% at
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Table 2
Degradation efficiency of samples on MB
UV irradiation time/min
Sample
20 40 60 80 100 120
ac C (mgL7) 8.09 476 3.68 131 0.79 0.48
Degradation (%) 59.57 76.22 81.61 93.46 96.06 97.59
o C.(mg L) 16.47 14.60 12.42 10.99 9.55 8.22
2 Degradation (%) 17.63 27.02 37.89 45.04 52.24 58.92
C (mg L™ 14.28 11.12 9.90 7.77 5.30 436
CQDs-TiO, . (mg L)
Degradation (%) 28.62 44.40 50.51 61.14 73.52 78.20
C (mg L 8.33 5.86 3.84 2.83 147 0.67
1%CQDs-TiO,@AC . (mg L
Degradation (%) 58.33 70.70 80.81 85.85 92.63 96.65
, C (mg L") 5.66 2.38 1.50 0.74 0.42 0.26
3%CQDs-TiO,@AC ‘
#CQDsTIO, Degradation (%) 71.70 88.11 92.50 96.30 97.92 98.70
, C (mg L") 1055 8.79 7.70 5.60 3.36 1.53
5%CQDs-TiO,@AC ‘
#CQDs IO, Degradation (%) 47.26 56.06 61.51 72.03 83.21 92.33
C (mgL 12.99 10.90 9.90 8.38 8.12 6.18
7%CQDs-TiO,@AC (mg L)

Degradation (%) 35.06 45.54 50.48 58.12 59.39 69.09
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Fig. 5. (a) Degradation efficiency of samples on MB and
(b) -In(C/C,) vs. t plots for the MB photodegradation by samples.

about 20 h (Fig. 6a). The regeneration efficiency is gradually
enhanced with a prolonged regeneration time. Besides, the
curve of regeneration efficiency is steep at the regeneration
time less than 8 h and then changes gently, which may be
related to the desorption rate of MB molecules. In brief, the
MB molecules adsorbed on the surface of CQDs-TiO,@AC
can be desorbed quickly and degraded firstly. At the same
time, the intermediates deposit on the surface and pores,
resulting in the failed migration of pollutant molecules in
deep pore channels and a small change of regeneration
efficiency. Similarly, Chiu et al. [35] revealed that the pol-
lutant molecules were easily adsorbed by AC and oxidized
by hydroxyl radicals. In addition, the limited regeneration
was also attributed to the irreversible and limited pollut-
ant molecules that were desorbed in AC [36]. Therefore,
MB-saturated ACs cannot be effectively regenerated
by simple desorption-based techniques [37].

3.3.2. Effect of H,0,

H,O, can enhance photocatalysis since it acts as an
electron acceptor to preferentially react with TiO, to pro-
duce numerous reactive species, such as ‘OH [8]. Thus,

Table 3

Regeneration efficiencies and adsorption capacities obtained
during the 3 consecutive photocatalytic regeneration cycles of
MB-saturated CQDs-TiO,@AC under optimized conditions

Cycle of photocatalytic

regeneration
0 1 2 3
g, (mgg™) 599  3.99 3.75 3.38
Regeneration efficiency (%) - 66.62  62.60  56.39

the addition of H,O, favors the reaction between *OH
and adsorbed contaminants and promotes oxidation effi-
ciency [36]. The effect of H O, was also explored (Fig. 6b
and Table S2). With the addition of 1.5 mmol L™ H)0,
into the regeneration system, the regeneration efficiency
was balanced faster compared with that without H,O,,
but the final regeneration efficiency was not influenced.
The results are consistent with a report [14].

3.3.3. Effect of regeneration temperature

It is generally believed that high temperature is benefi-
cial for the mass transfer of pollutants in desorption. Fig. 6¢
and Table S3 show the effects of regeneration temperature
on regeneration efficiency. The regeneration efficiency was
improved with the temperature rise, suggesting that higher
temperatures contributed to the regeneration of CQDs-TiO,@
AC composite. The reason may be that the higher tempera-
ture was beneficial for MB molecules” desorption and could
fasten the reagent pervasion rate into the micropores [27,14].

3.3.4. Effect of pH

The pH influences not only the surface charge of car-
bon but also the ionization state of dissolved materials in
AC/solution mixture [34]. At both positive and negative
zeta potentials of the surface of the composite, the accu-
mulation of the cation MB is dominated by electrostatic
attraction. Since high pH will enhance the surface nega-
tive properties and the MB adsorption and photocatalytic
degradation, the conditions do not benefit the desorp-
tion of MB during regeneration. Along with the variation
of pH, the regeneration efficiency increases under acidic
conditions (Fig. 6d and Table S4). Under the conditions of
CQDs-TiO, loading of 3 wt.%, the regeneration time of 20 h,
H,O, addition of 1.5 mmol L, regeneration temperature at
65°C and pH 6, the regeneration efficiency is about 60.7%.

3.3.5. Effect of adsorption and regeneration cycles

To evaluate the reusability of the CQDs-TiO,@AC, 3
circles of MB adsorption and photocatalytic regeneration
were explored. Fig. 7 and Table 3 show that the regenera-
tion efficiencies decreased gradually over the 3 cycles of
adsorption and regenerations. There is ~56% of the adsorp-
tion capacity of the virgin CQDs-TiO,@AC could still be
retained after 3 cycles of the photocatalytic regeneration.
Furthermore, the textural properties of CQDs-TiO,@AC after
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Fig. 6. Effects of (a) regeneration time, (b) H,0,, (c) regeneration temperature (H,O, addition of 1.5 mmol L;

regeneration time =20 h)

and (d) pH (H,0O, addition of 1.5 mmol L; regeneration time = 20 h; regeneration temperature = 65°C).

3 cycles of the photocatalytic regeneration were character-
ized by BET analysis (Table S5). The results show that the
BET surface area and micropore volume of the sample are
reduced to 231 m? g™ and 0.1145 cm® g™, respectively. It may
be because of the accumulation of incompletely degraded
MB and degradation products on the surface of the sample
which causes pore blockage.

4. Conclusions

This work introduced the photocatalytic process as a
promising alternative for the in sifu regeneration of wasted
CQDs-TiO,@AC. By oxidizing the sorbed MB through reac-
tive species (such as *OH and *Oj;) to oxidation by-prod-
ucts, the photocatalytic regeneration could restore (>60%)
the adsorption capacity of MB-saturated CQDs-TiO,@
AC. Furthermore, the addition of H,O, helped to gener-
ate more reactive species and accelerated regeneration.
High temperature and acidic conditions were beneficial
for the desorption of MB molecules from the interior and
the surface of CQDs-TiO,@AC. During the photocatalytic

regeneration, the oxidation by-products and incompletely
degraded MB were accumulated on the surface of the com-
posite, leading to a gradual decrease in the microporosity
and thus reducing the adsorption capacity for subsequent
adsorption cycles. By optimizing the applied CQDs-TiO,
dose, regeneration time, regeneration temperature, H,O,
dose, and pH value, ~56.39% of the adsorption capacity
of the virgin CQDs-TiO,@AC could still be retained after
three cycles of MB adsorption and the photocatalytic
regeneration. This photocatalytic regeneration process has
the advantages of reduced investment in equipment and
simplified operation, making the CQDs-TiO,@AC com-
posite an environmentally-friendly material to reduce
environmental stress.
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Symbols

n — Photocatalytic degradation efficiency, %

G, — Initially concentrations of MB, mg L

C, — Concentrations of MB at time ¢, mg L™

q, —  Adsorption capacity, mg g~

RE — Regeneration efficiency, %

q,, — Adsorption capacity of regenerated CQDs-
’ TiO,@AC containing 3 wt.% CQDs-TiO,,

mg g™
Qo —  Adsorption capacity of fresh CQDs-TiO,@AC
containing 3 wt.% CQDs-TiO,, mg g™

k — Photocatalytic reaction rate constant

t — Irradiation time, min

Abbreviations

AC — Activated carbon

CQDs — Carbon quantum dots

MB — Methylene blue

uv — Ultraviolet

TEM  — Transmission electron microscope

SEM — Scanning electron microscope

XRD — X-ray diffractometer

FTIR — Fourier transform infrared
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Regeneration time (h)

Sample
0 4 8 12 16 20 24 28 32
q,, (mgg™) - 1.64 4.00 4.44 4.77 4.81 4.84 478 4.79
RE (%) 0 15.11 36.85 40.93 44.00 44.38 44.65 44.10 44.14
Table S2
Effect of H,O,
Regeneration time (h)
Sample
0 4 8 12 16 20 24 28 32
D - 1.64 4.00 4.44 4.77 4.81 4.84 4.78 4.79
Without ,0, s (88
272 RE (%) 0 15.11 36.85 40.93 44.00 44.38 44.65 44.10 44.14
Add HO q,, (mg g™ - 2.23 4.76 4.77 4.77 4.86 4.74 4.77 4.78
272 RE (%) 0 20.60 43.87 44.02 43.98 44.79 43.70 44.02 44.05
Table S3 Table S4
Effect of regeneration temperature (°C) Effect of pH
Regeneration temperature (°C) pH
Sample Sample
25 35 45 55 65 4 6 8 10 12
g, (mgg™ 4.86 491 5.31 5.57 5.64 g, (mgg" 581 6.23 6.58 5.98 5.88 5.92
RE (%) 44.80 45.28 48.99 51.41 52.00 RE (%) 5358 5746 60.72 55.17 5419 54.59
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Table S5
Textural characterization of recycled 3% CQDs-TiO,@AC

Regeneration cycle times

Characterization
1 2 3

BET surface area(m? g™) 392 279 231
Micropore volume (cm?® g) 0.1483 0.1282 0.1145
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Fig. S3 XPS spectra of 3% CQDs-TiO,@AC before and after
impregnated under regeneration conditions.
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Fig. S1. Nitrogen adsorption/desorption isotherms at 77 K on

samples.
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Fig. 52. XPS spectra of CQDs-TiO, before and after impregnated

under regeneration conditions.
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