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Abstract: A three-dimensional (3D) ZnO-supported carbon fiber aerogel (ZnO/CFA) was successfully
prepared by using natural cotton with hydrophilicity as the precursor. The facile synthetic strategy in-
cludes two steps: Zn2+ exchange on the surface of cotton and thermal treatment at high temperatures.
Particularly, the calcination temperature was found to greatly affect the content, dispersity, and size
of supported ZnO nanoparticles, and the product obtained at 600 ◦C (ZnO/CFA-600) exhibited both
high ZnO loading and well-dispersed ZnO nanoparticles. Therefore, ZnO/CFA-600 has superior
photocatalytic activity for tetracycline (TC) degradation under UV light irradiation compared with
others. Additionally, the unique 3D crosslinking network inside the ZnO/CFA generates an open
channel for the rapid migration and diffusion of reactants and products. In a dynamical water-treated
system, the 3D porous ZnO/CFA-600 continuously works for TC removal without any separation
operation and maintains high synergistic performance of adsorption and photocatalysis for at least 8 h.
Consequently, the 3D porous ZnO/CFA product, with its large adsorbability and high photoactivity,
shows a lot of industrial potential in wastewater treatments.

Keywords: carbon aerogel; cotton; adsorption; photocatalysis; ZnO

1. Introduction

Organic antibiotics are the main pollution sources in pharmaceutical industrial wastew-
ater, which have high toxicity and structural stability and are hardly eliminated by them-
selves under natural conditions. Although many methods have been developed to treat
antibiotic pollution, photocatalysis is believed to be a more green and sustainable technol-
ogy due to its high efficiency, cheapness, and lack of secondary pollution [1,2]. Under the
irradiation of incident light, many semiconductor materials, such as TiO2 [3,4], ZnO [5],
CeVO4 [6,7], and ZnIn2S4 [8–10], are found to be excited to catalyze the decomposition of
organic molecules. For existing photocatalysts, their handling capacity for organics is still
too low to be applied in practical wastewater treatments. On the other hand, physisorption
features a large organics treatment capacity and a high rate while having noncontinuous
operation and the possible generation of secondary pollution [11]. Therefore, it will be
exciting to integrate the good adsorbability into photocatalysts with high photoactivity,
which will be expected to be an ideal candidate for industrial wastewater purification.

After being hybridized with photocatalysts, carbon materials would transfer their
photoinduced electrons to improve the photocatalytic activity of photocatalysts; thus, they
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are regarded as good cocatalysts [12]. Meanwhile, the large surface area, porous structure,
and hydrophobicity endow carbon materials with a high adsorption capacity and rate for
organic contaminants or heavy metal ions [13–17]. Therefore, hybridizing semiconductors
with carbon materials seems to be an intelligent strategy to simultaneously enhance the
photoactivity and adsorption capacity of photocatalysts such as C/Fe2O3 microflowers [18],
Ag@Ag2S@C nanocables [19], and C/TiO2 microspheres [20]. However, owing to being
powder samples, those existing carbon-based materials generally have a complicated
regeneration process, a low recovery ratio, and high operational costs.

In the last decade, three-dimensional (3D) graphene or C3N4 aerogel materials have
been widely developed as the matrix to anchor semiconductor particles, fabricating many
3D carbon-based photocatalysts, such as TiO2/graphene [21], Ag3PO4/graphene [22],
g-C3N4/graphene hydrogel [23], and polyaniline/C3N4 [24]. Compared with powder
catalysts, these 3D monolithic carbon-based materials provide many advantages for pho-
tocatalytic applications, including the following: (a) A porous carbon matrix increases
the adsorbability of 3D photocatalysts for organic pollution to greatly enhance their or-
ganics removal efficiency; (b) As a good electron reservoir, a carbon matrix can facilitate
the separation of photogenerated carriers via rapidly trapping photoinduced electrons,
thus improving the photocatalytic activity [25–27]; (c) More importantly, the unique 3D
architecture guarantees the free flow of reaction solutions inside the materials, thus facili-
tating the rapid diffusion of reactants and products. As a result, these 3D graphene-based
and C3N4-based photocatalysts can be freely separated from the reaction solution and
exhibit good photocatalytic performance for the removal of various pollutants [28–31].
However, the preparation of graphene and C3N4 usually involves the use of a strong acid
(for graphene) or toxic organics (for C3N4) and a time-consuming and complex synthetic
route, which significantly limit their economy and large-scale production. Therefore, it is
highly desirable to explore a simple, facile, and inexpensive strategy for synthesizing 3D
porous carbon-based materials with high adsorbability and photoactivity for the removal
of organic pollutants. On the other hand, necessary efforts still need to be devoted to
exploring the relationship between the adsorbability and catalytic activity of 3D porous
carbon-based photocatalysts.

Herein, we utilize abundant oxygen-containing groups on the surface of cotton to
capture Zn2+ in solution [32–34]. Subsequently, high-temperature calcination carbonizes
the cotton into a 3D porous carbon fiber aerogel while transforming adsorbed Zn2+ into
well-dispersed and nanosized ZnO particles. The adsorption capacity of a 3D fibrous
ZnO/C aerogel for tetracycline (TC) removal and its photodegraded performance under
UV light irradiation were both investigated in detail.

2. Experimental
2.1. Preparation of Photocatalysts

All reagents used in this work were of analytical grade, while cotton fibers were
adopted from Taihang Medical Materials Co., Xingtai, China. Typically, 0.5 g of cotton
was totally impregnated in 50 mL of a Zn(Ac)2 solution (0.1 mol/L) and statically left at
room temperature for 24 h. After the Zn2+ adsorption process, the resultant Zn2+ cotton
was dried at 80 ◦C overnight and sealed in a tube furnace, which was then heated at
predetermined temperatures for 2 h with an acceleration of 5 ◦C/min. According to the
calcination temperatures of 500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C, the corresponding 3D
fibrous aerogel products were denoted as ZnO/CFA-500, ZnO/CFA-600, ZnO/CFA-700,
and ZnO/CFA-800, respectively.

For comparison, 0.5 g of cotton was soaked in 50 mL of deionized water and carbonized
at 600 ◦C using a standard thermal treatment procedure to yield the carbon fiber aerogel
denoted as CFA-600.
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2.2. Characterization

The morphology and size of various photocatalysts were observed by a scanning
electron microscope (SEM; Hitachi S4800, Tokyo, Japan) and a transmission electron micro-
scope (TEM; Hitachi S-7650, Tokyo, Japan), where 150 individual particles were measured
to obtain the size distribution of ZnO nanoparticles in the ZnO/CFA-600. The crystal
structure was analyzed by X-ray diffraction with a Cu Kα radiation source (XRD; Bruker D8
Advance A25, Billerica, MA, USA) and high-resolution transmission electron microscopy
(HRTEM; JEOL JEM-2100F, Japan). The distribution of Zn, O, and C in the ZnO/CFA-600
was observed by energy dispersive spectrometry (EDS; Hitachi S4800, Japan). Fourier
transform-infrared (FTIR) spectra were measured on a Thermo Fisher (Waltham, MA, USA)
FTIR-650 spectrometer (USA) to explore the carbon structure. Estimations of the carbon
content in ZnO/CMF-t aerogels were conducted using a thermogravimetric (TG; Shimadu,
DTG-60, Kyoto, Japan) analysis in air, where they were heated from 50 ◦C to 800 ◦C at
a heating rate of 10 ◦C/min. Specific surface areas and pore structures could be fitted
by the N2 adsorption–desorption isotherms measured at −196 ◦C using a Micromeritics
ASAP 2020 (Norcross, GA, USA). Before the analysis, various ZnO/CFA-t products were
degassed at 250 ◦C for 5 h.

To investigate the photoelectronic properties of ZnO/CFA-t products, a standard
three-electrode system was built in a 0.1 M Na2SO4 aqueous solution, which was utilized
to measure both their photocurrent response and electrochemical impedance spectroscopy
(EIS). Particularly, all photoelectrochemical experiments were performed on an electrochem-
ical workstation (CHI 760E; Chenhua Instruments Co., Shanghai, China), while a platinum
wire and a saturated calomel electrode (SCE) were used as the counter and reference elec-
trodes, respectively. To obtain working electrodes, the sample slurry was first prepared
by ultrasonically dispersing 4 mg of ZnO/CFA-t powder in 2 mL of ethanol, which was
then dipped onto an indium–tin oxide (ITO) glass with a groove (1 × 1 cm). After drying
at 80 ◦C overnight, the sample-ITO glass was heated at 200 ◦C for 8 h in N2, forming the
working electrode. Photocurrent response curves were recorded at a constant potential of
0.27 V, while the EIS was measured at 0.0 V with a 5 mV sinusoidal AC perturbation.

2.3. Adsorption and Photocatalytic Experiments
2.3.1. Static Adsorption

A static adsorption experiment for tetracycline (TC) was carried out in the dark as
follows: 15 mg of sample powder was added to 40 mL of a TC aqueous solution (20 mg/L)
and magnetically stirred at room temperature. About 3.5 mL of solution was taken out at
an interval of 10 min and centrifuged to correct the filtrate, which was tested by a UV-vis
spectrophotometer (Thermo Evolution 300). The adsorption capacities of various samples
were calculated according to Equation (1):

Qe = (C0 − Ce) × V/M (1)

where Qe (mg/g) is the equilibrium adsorption quantity for TC, C0 and Ce (mg/L) are the
initial and equilibrium TC absorbance at 375 nm, V (mL) is the volume of TC solution, and
M (mg) is the sample mass.

2.3.2. Static Photocatalysis

A total of 15 mg of sample powder was dispersed into 40 mL of a TC aqueous
solution (20 mg/L) and magnetically stirred for 30 min in the dark, establishing the adsorp-
tion/desorption equilibrium. A high-pressure Hg lamp with 500 W was then turned on to
illuminate the reaction mixture. At intervals of 15 min, 3.5 mL of mixture was taken out and
immediately centrifuged to remove the residual solid, while the filtrate was analyzed using
a UV-vis spectrometer (Thermo Evolution 300). The adsorption and photocatalysis pro-
cesses of different ZnO/CFA-t products were evaluated by C/C0, where C0 and C referred
to the initial and intermediate TC absorbance at 375 nm. The intermediate products of TC
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were analyzed by high-performance liquid chromatography–tandem mass spectrometry
(HPLCMS; Waters Xevo TQ-S, Waters, Milford, MA, USA).

After the photocatalytic reaction, the used ZnO/CFA-600 was recovered, fully washed
with water several times, and dried at 80 ◦C. To investigate the photostability, the collected
ZnO/CMF-600 sample was repeatedly applied for the photodegradation of TC under the
catalytic procedure.

2.3.3. Synergy of Adsorption and Photocatalysis in a Flow System

A total of 0.1 g of the 3D ZnO/CFA-600 photocatalyst was loaded into a quartz tube
and kept at a loading height of 5 cm. A dynamic water-treated device was set up by
vertically fixing the reactor beside the Hg lamp, and the inlet and outlet of the reactor
were connected with a peristaltic pump and effluent pool, respectively. When the reaction
was beginning, the initial TC solution (5 mg/L) was continuously pumped into the quartz
reactor from the top, while the Hg lamp was turned on to provide the UV light. During the
dynamic reaction, the treated water was analyzed via a UV-vis spectrophotometer (Thermo
Evolution 300) at an interval of 30 min.

3. Results and Discussions
3.1. Morphology and Structure of ZnO/CFA

After the high-temperature treatment, the carbonized product exhibited a monolithic
appearance with a fluffy structure and an ultralight weight. As shown in Figure 1a,
about 80 mg of this product could stabilize on a Setaria glauca but not crush its capillary
structure. For the microscopic morphology, the ZnO/CFA-600 is observed to be composed
of spiral fibers with diameters of 5–10 µm (Figure 1b). Those micro-sized spiral fibers
connect with each other to simultaneously form the three-dimensional (3D) network and
interspace. As a result, the resultant product calcined in this work displays an ultralight and
fluffy appearance, which would be defined as a 3D carbon fiber aerogel. Meanwhile, the
carbonization temperature of 500–800 ◦C is demonstrated to have an ignored effect on the
structure and morphology of corresponding products, resulting from the fact that similar
crosslinked fibers could be seen in ZnO/CFA-500, ZnO/CFA-700, and ZnO/CFA-800
(Figure 1d–f).

To figure out the effect of absorbed Zn2+ ions, a contrast sample was also prepared
by soaking cotton in deionized water and obtaining a carbon fiber aerogel denoted as
CFA-600. In comparison to ZnO/CFA-600, an identical morphology and size of the fibers
were generally found in CFA-600 (Figure 1g), suggesting that the absorbed Zn2+ ions barely
change the carbonization process of cotton fibers. Nonetheless, the magnifying SEM image
of the CFA-600 (Figure 1h) exhibits a smooth surface, which is very different from the
ZnO/CFA-600′s coarse one (Figure 1c). Obviously, the overadsorption of Zn2+ ions will
form large-sized ZnO particles in the high-temperature process to deposit onto the surface
of carbon fibers. Additionally, the EDS elemental mapping (Figure 1i) reveals the even
distributions of Zn, C, and O. It is concluded that the thermally formed ZnO particles are
uniformly supported on the carbon matrix, benefiting from the in situ synthetic method
designed in this work.

XRD is utilized to investigate the crystal compositions of various ZnO/CFA-t products,
whose corresponding XRD patterns are shown in Figure 2a. A group of diffraction peaks
can be clearly seen in the ZnO/CFA-500, ZnO/CFA-600, and ZnO/CFA-700, which are
indexed to hexagonal ZnO (JCPDS No. 89-1397) [5]. Particularly, the peak intensity of
the ZnO/CFA-600 is higher than that of the ZnO/CFA-500, resulting from the fact that
the elevating thermal temperature strengthens the crystallinity of ZnO. However, all XRD
peaks are found to be remarkably weakened when the calcination temperature exceeds
700 ◦C. This result is attributed to the continuous loss of ZnO particles on the carbon matrix
with the increasing thermal treatment temperature. As for the ZnO/CFA-800, no diffraction
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peak is found in its XRD pattern, indicating that the ZnO content almost vanishes from the
ZnO/CFA sample. Under high-temperature conditions, ZnO will react with C as follows:

ZnO + C = Zn (g) + CO (g)

where the yielded Zn gas is swept away with the carrier gas [35]. Therefore, ZnO loading
in the ZnO/CFA product is verified to continually decrease from 600 to 800 ◦C in the
atmosphere of N2.

Figure 1. (a) Photograph of ZnO/CFA-600 on a Setaria glauca; SEM images of (b,c) ZnO/CFA-
600, (d) ZnO/CFA-500, (e) ZnO/CFA-700, (f) ZnO/CFA-800, and (g,h) CFA-600; (i) EDS elemental
mapping of ZnO/CFA-600.
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Figure 2. (a) XRD patterns and (b) TG analysis in air of various ZnO/CFA-t products.

A TG analysis in air was carried out to confirm the C and ZnO contents of various
3D ZnO/CFA-t products, and the corresponding results are shown in Figure 2b. A rapid
weight loss at 400–600 ◦C could be observed in four TG curves due to the thermodynamic
combustion of carbon fibers. When the temperature exceeds 650 ◦C, the TG curve stays
constant until 800 ◦C, resulting from the fact that the residual ZnO can stably exist in the
air. It is concluded that the ZnO loading in the ZnO/CFA samples increases with the
calcination temperature below 700 ◦C and inversely decreases in the range of 700–800 ◦C.
This trend matches well with the XRD analysis above and further certifies the thermal loss
of supported ZnO. As shown in Figure 2b and Table 1, only 6.5% of ZnO is calculated to
remain in the ZnO/CFA-800, while the ZnO loading of the ZnO/CFA-600 reaches ca. 34.5%.

Table 1. ZnO contents, BET surface areas, rate constants, and adsorption capacities of various
ZnO/CFA-t products.

Sample ZnO Content
(wt %) a

BET Surface Area
(m2/g)

Rate Constant
(k, mol−1min−1) b

Saturated Adsorption
Capacity (Qe, mg/g)

ZnO/CFA-500 25.2 297.6 1.54 × 10−4 3.53
ZnO/CFA-600 34.5 259.9 2.33 × 10−4 5.87
ZnO/CFA-700 28.1 357.7 2.16 × 10−4 16.46
ZnO/CFA-800 6.5 500.4 0.62 × 10−4 20.09

a ZnO content is calculated by TG. b The reaction rate constant is obtained by photocatalytic degradation of TC
(20 mg/L) over 15 mg of photocatalyst under UV-light irradiation.

The detailed structural variation of four 3D ZnO/CFA-t products was explored by
their TEM images. In Figure 3a, many tiny particles are hazily seen on the ZnO/CFA-500,
suggesting the preliminary formation of ZnO crystals. When the calcination temperature
was increased to 600 ◦C, the initial ZnO particles grew to nanoscale and were evenly
anchored on the carbon fibers, as shown in the TEM image of the ZnO/CFA-600 (Figure 3b).
The statistical result (Figure 3c) shows that these ZnO particles have a uniform size in the
narrow range of 16–56 nm. The corresponding HRTEM image (Figure 3d) reveals a distinct
lattice fringe with a distance of 0.26 nm, attributed to ZnO (002). This result indicates the
good crystallinity of ZnO in the ZnO/CFA-600, which is consistent with the XRD analysis
above. However, the excessive temperature will destroy the high dispersity and uniformity
of supported ZnO nanoparticles, as witnessed on the TEM image of the ZnO/CFA-700
(Figure 3e). Meanwhile, some nanosized pores are also formed on the carbon matrix due
to the high-temperature etch of ZnO, as confirmed by the XRD and TG analyses above.
When the calcination temperature reaches as high as 800 ◦C, the deep etch of ZnO produces
a large number of pores on the surface of the ZnO/CFA-800 (Figure 3f), while no ZnO
particle is clearly seen.
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Figure 3. TEM images of (a) ZnO/CFA-500, (b) ZnO/CFA-600, (e) ZnO/CFA-700, and (f) ZnO/CFA-
800; (c) Size distribution of ZnO particles in ZnO/CFA-600; (d) HRTEM image of ZnO/CFA-600.

The N2 adsorption–desorption isotherms of four ZnO/CFA-t samples were also mea-
sured to investigate the effect of high-temperature calcination on their pore structures
and specific surface areas. As shown in Figure 4a, both the high N2 adsorption quan-
tity at a relative pressure of 0–0.1 and the clear hysteresis loop at a relative pressure of
0.4–0.9 are included in the four isotherms. Obviously, all ZnO/CFA products involved
in this work have abundant micropores and mesopores. This porous structure will accel-
erate substance migration during the reaction process. Compared with the other three
samples, the ZnO/CFA-800 shows both a higher N2 adsorption at a low relative pressure
and a larger loop area, indicating that the ZnO etch greatly enlarges the micropore volume
and mesopore volume of the carbon matrix. This pore structural variation of the four
ZnO/CFA-t composites could be intuitively confirmed by their pore size distributions, as
shown in Figure 4b. Moreover, the high-temperature etch of the ZnO nanoparticles also
increases the BET surface area of the 3D ZnO/CFA sample (Table 1), which is estimated to
be 297.6, 259.9, 357.7, and 500.4 m2/g for ZnO/CFA-500, ZnO/CFA-600, ZnO/CFA-700,
and ZnO/CFA-800, respectively.

Figure 4. (a) N2 adsorption–desorption isotherms and (b) pore size distributions of various
ZnO/CFA-t products.
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3.2. Adsorption and Photocatalysis of ZnO/CFA in a Static System

In the present study, tetracycline (TC) was chosen to evaluate the adsorption capacity
and photocatalytic activity of the as-obtained ZnO/CFA-t products. As shown in Figure 5a,
both the CFA-600 and four ZnO/CFA photocatalysts are found to exhibit a rapid adsorption
capacity for TC, all of which could reach saturated adsorption within 10 min. From the
adsorption isotherms (Figure 5b), it is illustrated that the adsorption capacity of CFA-
600 is improved after hybridization with ZnO nanoparticles. As for the 3D ZnO/CFA
samples, their saturated adsorption capacities (Qe) gradually increase with the calcination
temperature, resulting from the high-temperature etch of ZnO and the enlargement of
surface area. As summarized in Table 1, the Qe of the CFA-600, ZnO/CFA-500, ZnO/CFA-
600, ZnO/CFA-700, and ZnO/CFA-800 was calculated to be 1.56, 3.53, 5.87, 16.46, and
20.09 mg/g, respectively.

Figure 5. (a) Time-dependent adsorption curves of CFA-600 and ZnO/CFA-t products for TC and
(b) their corresponding adsorption isotherms.

The photocatalytic activities of various ZnO/CFA-t composites were investigated for
the degradation of TC under UV light irradiation. As shown in Figure 6a, it is clearly seen
that the intrinsic absorbance peak of TC at 357 nm red-shifts to 363 nm upon the addition of
ZnO/CFA-600 due to the coordination of TC molecules and Zn2+. When the photoreaction
begins, this feature peak of TC progressively decreases with UV-light-irradiated time,
suggesting that ZnO/CFA-600 has good photocatalytic activity. To expediently compare the
photocatalytic activity, the C/C0 variations of various ZnO/CFA-t samples are calculated
and directly represented by their photodegradation processes, as shown in Figure 6b.
A blank experiment with no catalyst proves that TC molecules cannot be degraded by
themselves, and carbon fibers barely have a photocatalytic performance owing to no
obvious declining C/C0 plot with CFA-600. After supporting ZnO nanoparticles, the 3D
ZnO/CFA-t products show dramatically improved photodecomposing activity for TC
under the illumination of UV light. Particularly, ZnO/CFA-600 and ZnO/CFA-700 possess
the highest removal efficiency for TC, both of which can remove ca. 70% of TC. According
to the following second-order reaction kinetic equation:

ν = −dC/dt = k1C2 (2)

1/C = k2t + b (3)

C0/C = C0 × k2t + C0b = kt + m (4)

The kinetic plots of four ZnO/CFA-t photocatalysts could be fitted and show a clear linear
relationship between C0/C and time (Figure 6c). It is concluded that all photocatalytic pro-
cesses are second-order reactions, and the corresponding rate constants are summarized in
Table 1. Therefore, ZnO/CFA-600 (k = 2.33 × 10−4 mol−1min−1) has higher photocatalytic
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activity than ZnO/CFA-700 (k = 2.16× 10−4 mol−1min−1), whereas the adsorption capacity
of ZnO/CFA-700 (Qe = 16.46 mg/g) is superior to ZnO/CFA-600 (Qe = 5.87 mg/g).

Figure 6. (a) Time-dependent absorbance of TC solution with ZnO/CFA-600 under UV light irra-
diation; (b) Photocatalytic degradation of TC with no catalyst, CFA-600, and various ZnO/CFA-t
products, and (c) their corresponding kinetic plots; (d) Cycling performance of ZnO/CFA-600 for
photodegradation of TC.

A normalized reaction rate (h) is defined to compare the photocatalytic activity of
the ZnO/CNF-t aerogel with other photocatalysts reported for TC degradation. In terms
of the photocatalytic data, h of the ZnO/CNF-600 is estimated to be 0.025 g·g−1·h−1 by
Equation (5) as follows:

h = morg/mcat·t (5)

where morg and mcat refer to the mass of degraded TC and reacted catalyst. As summarized
in Table 2, ZnO/CNF-600 could be determined to have superior photocatalytic performance
compared to many recently developed materials.

Table 2. Normalized reaction rates of various reported photocatalysts for TC degradation.

Photocatalyst g·g−1·h−1 Reference

ZnO/CFA-600 0.025 This work
Bi2O3/CF 0.0032 [19]

ZnO/ZnS/C microsphere 0.006 [36]
Bi2O3@CeO2 microsphere 0.006 [37]

Bi2O2CO3 microsphere 0.013 [38]
ZnO/ZnS erythrocyte 0.0032 [39]

Furthermore, possible photodegraded products are analyzed by HPLC-MS spectrom-
etry, as shown in Figure 7. Besides the TC molecule with a m/z of 445, several strong
peaks at 365, 297, and 279 come from some intermediate organics with small molecular
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weights, the possible structural formulas of which are also shown in Figure 7. Although
the TC pollution is not completely mineralized, its stable structure could be destroyed by
photocatalysis to greatly decrease its toxicity.

Figure 7. HPLC-MS spectrum of TC solutions with a reaction time of 90 min.

After the photocatalytic reaction, the ZnO/CFA-600 is recovered, washed, and used for
the next cycle to investigate its repeatability and catalytic stability. As shown in Figure 6d,
ZnO/CFA-600 generally maintains an identical removal efficiency for TC in four runs,
including adsorption capacity and photocatalytic activity. It is determined that the 3D
ZnO/CFA-600 photocatalyst has good light resistance and structural stability, which would
be expected as an ideal potential catalyst applied for industrial water treatment.

3.3. Synergy of Adsorption and Photocatalysis of ZnO/CFA in a Dynamic System

Due to its good adsorption capacity and photocatalytic activity, ZnO/CFA-600 was
chosen to measure its synergistic removal performance for organic pollutants in a flowing
system. Particularly, the 3D open-framework architecture ensures the free flow of solution
inside the ZnO/CFA-600, which could continuously decompose organic molecules under
UV light irradiation. Figure 8a shows the time-dependent C/C0 variation of a TC solution
(5 mg/L) over the 3D ZnO/CFA-600 with different flow rates. At the initial stage of
reactions, carbon fibers with good adsorbability make a fast drop in TC content in solution,
which then slowly rises to reach a stable value. It should be noted that the synergistic TC
removal ratio over the ZnO/CFA-600 photocatalyst gradually declines with the increasing
flow rate. However, its removal efficiency for TC has the opposite trend, which is reckoned
to increase from 1.25 mg/min to 4.0 mg/min, as shown in Figure 8b.

Figure 8. (a) Time-dependent removal ratio of TC over 3D ZnO/CFA-600 sample with different flow
rates in a dynamic system, and (b) corresponding TC removal efficiency.

Furthermore, a contrast experiment without UV light was also performed to analyze
the equilibrium adsorbability of the 3D ZnO/CFA-600 under a flow rate of 0.25 mL/min.
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Therefore, in Figure 8a, the C/C0 drop between the blank and red plots mainly results from
the good photocatalytic activity of ZnO/CFA-600 for TC degradation. It is indicated that
the as-obtained 3D ZnO/CFA-600 product possesses high photocatalytic activity under
flowing conditions, which plays an important role in the continuous removal of organic
pollutants. On the other hand, the synergistic TC removal curves with different flow rates
can be stably maintained for a long time, certifying the great photocatalytic stability of the
3D ZnO/CFA-600 photocatalyst.

3.4. Photocatalytic Mechanism of ZnO/CFA

To figure out the photoelectronic property of ZnO/CFA products, photocurrent mea-
surements were performed for four UV-light-on/off cycles in a 0.1 M Na2SO4 solution,
as shown in Figure 9a. ZnO/CFA-600 and ZnO/CFA-700 exhibit higher photocurrent
densities in comparison to the other two photocatalysts during UV light irradiation. In
terms of the XRD and TG results, it is certified that the ZnO/CFA-600 and ZnO/CFA-700
both have high ZnO loading and good ZnO crystallinity, thus explaining their superior
photo-to-electron transfer efficiency. However, the photocurrent density of the ZnO/CFA-
700 is slightly higher than that of the ZnO/CFA-600, resulting from the fact that highly
graphitized carbon fibers will be produced at 700 ◦C or above, which is more favorable
to the fast transfer of surface electrons. Consequently, the graphitized structure of carbon
fibers will be important to effectively separate the photogenerated electron/hole pairs,
further enhancing the photocatalytic performance of the ZnO/CFA aerogel.

Figure 9. (a) Photocurrent responses and (b) Nyquist plots of various ZnO/CFA-t electrodes in 0.1 M
Na2SO4 solution.

Similarly, Nyquist plots (Figure 9b) also revealed that ZnO/CFA-700 has a smaller
arc radius compared with others, indicating that ZnO/CFA-700 is endowed with a rapid
electron transfer rate and a high charge diffusion efficiency. Theoretically, ZnO/CFA-700
will have superior photocatalytic activity than ZnO/CFA-600 due to its better photoelec-
tronic properties. However, more active cites (i.e., ZnO) in the ZnO/CFA-600 finally
contribute the higher photoactivity for TC photodegradation, where the ZnO loadings of
the ZnO/CFA-600 and ZnO/CFA-700 are 34.5% and 28.1%, respectively (Table 1).

Based on the experimental and analyzed results, the photocatalytic mechanism of the
ZnO/CFA photocatalysts is explored in the present work. As shown in Scheme 1, under
UV light irradiation, ZnO nanoparticles could be excited to allow for the separation of
photogenerated electron/hole (e−/h+) pairs. In an aqueous solution, e− will react with
dissolved O2 to produce ·O2, while h+ combines with OH− to form ·OH radicals. As a
result, those highly active species, i.e., ·OH, ·O2, and h+, could simultaneously decompose
TC to yield small organic molecules [5]. In the ZnO/CFA photocatalyst, ZnO nanoparticles
play the role of the real reactive center, and their loading and dispersion will greatly affect
the overall photocatalytic performance.
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Scheme 1. Photocatalytic mechanism of 3D ZnO/CFA sample for TC degradation under UV
light irradiation.

Generally, the photogenerated h+ on ZnO will rapidly recombine with e− within
an extremely short time; thus, most of the h+/e− pairs fail to be utilized to degrade TC
molecules. As for the ZnO/CFA composites, the 3D crosslinked framework of the carbon
fiber aerogel guarantees the free mobility of reaction solutions as well as the fast migration
of reactants. As the electron capturer, the carbon fibers are also proven to induce surface
charge transport to prolong the lifetime of h+/e− pairs [15]. Therefore, the combined
carbon fibers not only increase the adsorption of TC but also improve the photocatalytic
performance of ZnO. The ZnO/CFA photocatalysts exhibit good synergistic effects of
adsorption and photocatalysis and successfully maintain a long-term high efficiency for TC
removal in flowing water treatment systems.

4. Conclusions

In summary, in order to in situ fabricate 3D fibrous ZnO/C aerogel materials, abundant
oxygen-based groups in cotton are utilized to adsorb Zn2+ ions, which are then thermally
treated under high-temperature conditions. A systematic study reveals that calcination
temperature plays an important role in the content, dispersity, and size of ZnO nanopar-
ticles, as well as the specific surface area of the 3D ZnO/CFA products. Compared with
others, ZnO/CFA-600 exhibits the highest removal efficiency for TC after physisorption for
30 min and photodegradation for 90 min. Benefiting from the carbon-fiber-crosslinked open
framework, the 3D ZnO/CFA materials make the inside channel for mass transmission,
which ensures that the ZnO/CFA catalyst could continuously work in the flowing water
treatment system. As a result, ZnO/CFA-600 is confirmed to stably maintain the great
synergistic performance of adsorption and photocatalysis for TC removal within at least
8h. Consequently, the cheap precursor, simple preparation route, and superior organics
removal ability jointly make the 3D ZnO/CFA product a promising industrial material to
be applied in future wastewater purification.
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