
Vol.:(0123456789)

Journal of Polymers and the Environment (2024) 32:4315–4329 
https://doi.org/10.1007/s10924-024-03232-6

ORIGINAL PAPER

Efficiently Recyclable Fe‑Doped ZnO/Bacterial Cellulose‑Based 
Composite Aerogel for Photocatalytic Degradation of Methylene Blue 
Under Visible Light

Xutao Zhang1 · Weiliang Chen1 · Xiangqi Li1

Accepted: 18 February 2024 / Published online: 26 March 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
Excellent photocatalytic performance and recyclability are crucial for the long-term use of the photocatalyst. In this study, 
5 mol% Fe doped zinc oxide (ZF5), was freeze-dried with bacterial cellulose (BC)/sodium alginate (SA) solution to fab-
ricate a novel composite aerogel capable of degrading methylene blue (MB) under visible light. Ca2+ crosslinking and 
hydrophobic modifications were adopted to strengthen the aerogel skeleton and enhance the cycling photocatalytic activity, 
meanwhile, making the aerogel floatable persistently. The influences of pH, ZF5 dosage, and initial solution concentration 
on MB degradation were investigated. Benefiting from the synergy between the components and the combined modification, 
the optimum composite aerogel exhibits photocatalytic efficiency of up to 97.4% at an initial MB concentration of 20 mg/L 
within an irradiation time of 80 min. In addition, it exhibits a degradation efficiency of 79.7% even after 8 cycles, showing 
great potential in visible-light-driven degradation of MB.

Keywords  Fe-doped ZnO · Bacteria cellulose-based composite aerogel · Photocatalysis · Methylene blue · Hydrophobic 
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Introduction

Over the past few years, there has been a significant increase 
in the use of synthetic dyes in industries such as textiles, 
paints, leather, and others, resulting in the discharge of 
numerous untreated dye residues into environmental water 
bodies. These dye pollutants are typically resistant to 
decomposition and possess toxic and carcinogenic proper-
ties. Moreover, their transmission through the food chain 
significantly jeopardizes human health [1–5]. Therefore, 
developing a long-term, efficient, and sustainable approach 
for treating dye wastewater is imperative. Various meth-
ods, such as biotechnology, chemical reactions, and physi-
cal treatments, have been employed to address this issue 
[6, 7]. Notably, in recent years, there has been a growing 
focus on the photocatalytic degradation technology due to 

its exceptional efficiency, cost-effectiveness, and absence of 
pollution residues post-degradation.

ZnO, being a promising third-generation semiconductor 
material, is frequently selected as an excellent photocatalyst 
for the degradation of dye pollution due to its exceptional per-
formance resulting from its strong UV absorption from the 
solar spectrum [8]. Nevertheless, ZnO possesses certain draw-
backs, including the tendency for recombination of electron-
hole pairs, a wide band gap, and a limited ability to collect 
visible light, all of which considerably impede the overall 
photocatalytic efficiency [9]. Currently, the metal cation dop-
ing strategy has been proposed for ZnO to broaden its light 
absorption range and enhance its catalytic performance under 
sunlight [10, 11]. Fe3+ ions doped in ZnO lattice, can act as 
shallow electron traps and effectively mitigate electron-hole 
recombination, resulting in enhanced photocatalytic activity 
[12]. Furthermore, Fe3+-doped ZnO shows an improved vis-
ible light response compared to pure ZnO and is proven to be a 
promising visible-light-driven photocatalyst [13]. On the other 
hand, semiconductor nanomaterial is preferred to be consid-
ered in photocatalytic applications because of its high surface 
area. However, the nanoparticles tend to agglomerate and settle 
at the bottom, making recycling challenging and negatively 
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impacting their photocatalytic performance [14]. To address 
this issue, incorporating photocatalyst particles into a suitable 
matrix has been explored to improve the reusability, stability, 
and activity of photocatalysts [15, 16]. Using porous expanded 
perlite (EP) as a carrier, Hai et al. [17] prepared a floating 
mpg-C3N4/EP photocatalyst, and found it showed superior 
photocatalytic activity over mpg-C3N4 powder in the case of 
unstirring. However, this study did not assess the persistence 
of floatability, which is crucial to the cycling performance of 
photocatalysts.

Bacterial cellulose (BC) aerogel, usually formed by freeze-
drying BC aqueous solution, is an amphiphilic ultra-light 
material with high porosity (up to 99%). It has been exten-
sively researched as an adsorbent and carrier for water reme-
diation, owing to its high porosity, abundant surface hydroxyl 
groups, and environmental friendliness [18–22]. To improve its 
mechanical and chemical properties, BC normally needs to be 
modified and functionalized via grafting functional groups or 
integrating inorganic nanomaterial. Pereira et al. [23] developed 
functionalized BC aerogels via oxidation and silanization and 
found the functionalized aerogels had better mechanical and 
absorptive properties for water/oil separation and organic sol-
vent adsorption. Using glutaraldehyde as a cross-linking agent, 
Jiang et al. [24] prepared Ag2O-loaded BC aerogel contain-
ing zwitterionic compounds by freeze-drying and step-by-step 
immersing method. The obtained Ag2O-loaded BC aerogel 
showed high photodegradation efficiency to MB and good sta-
bility, but the preparation process involving two freeze-drying 
and two dipping steps was time-consuming. In this study, MB 
is adopted as a simulated organic pollutant due to its toxicity 
and carcinogenicity character, and a simple and time-saving 
method is proposed to prepare a novel BC-based composite 
aerogel capable of degrading MB. The mixture of Fe-doped 
ZnO nanoparticles, SA, and BC solutions was one-step freeze-
dried and subsequently modified by spraying an alcoholic 
solution of CaCl2 and chemical vapor deposition of methyltri-
methoxysilane. The BC/SA aerogel not only acts as a structural 
support for the dispersed Fe-doped ZnO photocatalyst but also 
provides a large number of active sites for the adsorption of pol-
lutants because its rich surface hydroxyl groups can facilitate 
the formation of hydrogen bonding and electrostatic interac-
tions. In addition, the combined modification can strengthen 
the aerogel skeleton and make the aerogel floatable persistently. 
The obtained composite aerogel exhibits excellent visible-light-
driven degradation performance and recyclability.

Experimental

Materials

The chemicals used in this study were sourced from reputable 
suppliers. Zinc diacetate dihydrate (Zn(CH3COO)2·2H2O), 

ferric chloride hexahydrate (FeCl3·6H2O), sodium hydrox-
ide (NaOH), hydrochloric acid (HCl, 99.8%), ammonia 
(NH4OH) and anhydrous calcium chloride (CaCl2) were 
obtained from Sinopharm Chemical Reagent (Shang-
hai, China). Sodium alginate (SA), methyltrimethoxysi-
lane (MTMS), disodium ethylenediaminetetraacetic acid 
(EDTA-2Na), p-benzoquinone (BQ) and isopropyl alcohol 
(IPA) were procured from Shanghai Aladdin Biochemical 
Technology Co., Ltd, and bacterial cellulose (BC) hydrogel 
with a concentration of 0.8 wt% was supplied by Guangxi 
Qihong Reagent. Deionized water was utilized throughout 
the experimental procedures.

Synthesis of Fe‑Doped ZnO

Fixing the total number of moles of Fe3+ and Zn2+ ions at 
0.0456 mol, FeCl3·6H2O and Zn(CH3COO)2·2H2O were 
dissolved in 85 mL of deionized water and stirred for 1 h 
to achieve a homogeneous solution. Subsequently, 15 mL 
of 4.67 M NaOH solution was slowly added to the mixed 
solution with continuous stirring for 2 h, and a yellow prod-
uct was obtained. After washing with deionized water and 
absolute ethanol three times, the obtained precipitate was 
dried at 80 °C for 24 h, followed by calcination at 500 °C for 
2 h. Finally, Fe-doped ZnO with Fe3+ content of 0, 1 mol%, 
3 mol%, 5 mol%, and 10 mol% were obtained, and labeled 
as Z, ZF1, ZF3, ZF5, and ZF10, respectively.

Preparation and Modification of ZF5‑BS Composite 
Aerogel

Figure 1 depicts the preparation and modification processes 
of ZF5/BC/SA (ZF5-BS) composite aerogel. First, 5 g of 
0.8 wt% BC hydrogel and a certain mass of ZF5 (0.1, 0.2, 
0.3, and 0.4 g) were magnetically stirred in a 25 mL beaker 
for 1 h, and then 5 g of SA aqueous solution (0.8 wt%) was 
added and continuously stirred for 3 h, followed by an ultra-
sonic vibration for 20 min. The yielded solution was pre-
frozen in a freeze dryer at − 55 °C for 12 h and vacuum 
dried for 48 h, and then ZF5-BS composite aerogel with a 
cylindrical shape was obtained. A crosslinking modification 
was performed by spraying ZF5-BS with an alcoholic solu-
tion rather than an aqueous solution of CaCl2 (1.2 wt%) to 
achieve crosslinking, meanwhile avoiding the drying shrink-
age deformation. The cross-linked aerogel was named ZF5-
BSC. A series of ZF5-BSC composite aerogels with differ-
ent mass ratios of ZF5 to BS precursor (1:100, 2:100, 3:100, 
and 4:100), were prepared and denoted as 1ZF5-BSC, 2ZF5-
BSC, 3ZF5-BSC, and 4ZF5-BSC, respectively. For compari-
son, Ca2+-crosslinked BC/SA aerogel without ZF5 was also 
prepared and denoted as BSC. A hydrophobic modification 
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of 3ZF5-BSC was performed using 2 mL ammonia and 2 
mL MTMS via chemical vapor deposition, and then 3ZF5-
BSCH composite aerogel was obtained.

Characterization

The phase identification of ZnO doped with varying Fe 
content was conducted using a Miniflex-600 X-ray diffrac-
tometer (XRD, Nihon Rikaku Co., Japan) with Cu-Kα1 
radiation (λ = 1.5406 Å) at a scanning rate of 5°/min from 
20 to 80°. The microstructure of the composite aerogel 
was examined using a Sigma-500 field emission scan-
ning electron microscope (SEM, Carl Zeiss, Germany). 
Fourier transform infrared spectrometry (FT-IR, Thermo 
Fisher Scientific Inc., USA) test was performed in the 
range of 400–4000 cm−1 using a Nicolet-5700 spectrom-
eter with a resolution of 4 cm−1 to investigate the chemi-
cal bonds and functional groups in the different samples. 
The surface element chemical states were analyzed using 
a K-Alpha + X-ray photoelectron spectroscopy (XPS, 
Thermo Fisher Scientific Inc., USA) with monochroma-
tized Al Kα1 excitation. The UV–Vis diffuse reflection 
absorption (UV–Vis, PerkinElmer Inc., USA) of Fe-doped 
ZnO was measured using a Lambda-950 spectrophotom-
eter in the wavelength range of 250–700 nm, with BaSO4 
as the reference. The UV–Vis diffuse reflection absorp-
tion of MB was measured in the wavelength range of 
500–750 nm. The compressive stress-strain curves of the 
3ZF5-BS, 3ZF5-BSC, and 3ZF5-BSCH composite aero-
gels were performed on an electronic universal testing 
machine (MTS E43.104, Meters Industrial System Co., 
USA). The photoluminescence spectra (PL, HORIBA 

Ltd., Japan) were measured on fluorescence spectrom-
etrywith an Xe laser excitation source (λ = 325 nm) by 
FluoroMax-4.

Photocatalytic Experiments

The photocatalytic degradation of MB was conducted using 
a 300 W xenon lamp (PLS-SXE300+) chemical reaction 
unit at ambient temperature, with an ultraviolet cut-off 
glass filter (λ > 420 nm) to ensure only visible light was 
used. The experimental procedure involved dispersing 
100 mg of Fe-doped ZnO in a 20 mL MB solution with 
a concentration of 20 mg/L at ambient temperature. The 
suspension was stirred in the dark for 30 min to reach an 
adsorption-desorption equilibrium before initiating the 
photocatalytic degradation process. The specimens were 
taken every 20 min during the illumination. A similar 
experiment was also performed by replacing Fe-doped ZnO 
powder with a quarter of the cylindrical ZF5-BS composite 
aerogel.

The MB concentrations were calibrated using the Beer-
Lambert law at λ max values of 664 nm. The photocatalytic 
degradation efficiency (η) of the photocatalyst to MB was 
calculated by the following equation [25]:

where C0 and C represent the initial MB concentra-
tion and the MB concentration at the sampling time t, 
respectively.

(1)�(%) =
C
0
− C

C
0

× 100%

Fig. 1   Preparation of ZF5-BSCH composite aerogel
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Results and Discussion

Characterization Results

X-ray diffraction (XRD) patterns were utilized to determine 
the crystal structure and phase composition of Fe-doped ZnO. 
As shown in Fig. 2, the XRD patterns of all samples exhibit 
consistency with JCPDS card No. 36-1451, confirming the 
presence of single-phase ZnO with a hexagonal wurtzite struc-
ture. There is no diffraction peak of Fe oxide impurity present 
for Fe-doped ZnO samples. Table 1 gives the lattice param-
eters of all the samples. All the Fe-doped ZnO samples exhibit 
lattice shrinkage compared to the pure ZnO sample, which 
may be attributed to the substitution of Fe3+ with a small ionic 
radius (0.064 nm) for Zn2+ (0.074 nm) in the ZnO lattice [26]. 
Moreover, zinc vacancies can occur along with the unequal-
valent substitution between Fe3+ and Zn2+ to balance the 
charge, as expressed in the following reaction equation [27]:

where Fe⋅
Zn

 represents the substitution of Fe3+ for Zn2+ in 
the lattice, resulting in a positive charge, and V′′

Zn
represents a 

(2)Fe
2
O

3

ZnO

→ 2Fe
⋅

Zn
+ V

��
Zn

+ 3O
O

zinc vacancy with two negative charges. The zinc vacancies 
can also contribute to the lattice shrinkage of Fe-doped ZnO.

The SEM was employed to investigate the morpholo-
gies of the particles and composite aerogels. As depicted in 
Fig. 3a, b and Z is mainly composed of spherical particles, 
while ZF5 particles exhibit spherical and rod shapes. It can 
also be observed that ZF5 shows finer and more uniform 
particle size relative to Z. These results indicate that the 
Fe3+ doping not only affects the shape of ZnO grain but also 
inhibits its growth. Figure 3c shows the 3ZF5-BSC compos-
ite aerogel has a highly porous structure with a large number 
of micrometer pores distributed between the cellulose sheets. 
From Fig. 3d–f, it can be seen that the BS aerogel exhib-
its quite different surface characteristics from 3ZF5-BSC 
and 3ZF5-BSCH aerogels. The BS aerogel has a relatively 
smooth surface of cellulose sheets with interwoven nanofib-
ers, while the 3ZF5-BSC and 3ZF5-BSCH aerogels exhibit a 
similar rough surface embedded with ZF5 spheres and rods, 
and the cellulose sheets are almost covered.

FT-IR is an important tool for group identification. Fig-
ure 4a shows the spectra of BS and 3ZF5-BS aerogels before 
and after modification. In the spectrum of BS, the absorption 
of 3360 cm−1 comes from the stretching vibration of –OH, 
the characteristic absorption around 1422 cm−1 is assigned 
to the carboxyl C=O stretching vibration, and the absorp-
tion peak at 1045 cm−1 is caused by the C–O–C group of 
the sugar structure in BS [28]. For BSC, 3ZF5-BSC, and 
3ZF5-BSCH, the stretching vibration of –OH migrates to 
around 3414 cm−1 due to the binding of Ca2+ to the hydroxyl 
and carboxyl groups in SA, proving the successful cross-
linking modification [29]. In the spectrum of the three 
aerogels containing ZF5, the absorption peak of 1045 cm−1 
broadens to a strong absorption band of 1750 − 1200 cm−1, 
attributed to the absorption superposition of bending vibra-
tion of the hydroxyl group on the ZF5 surface and carboxyl 
C=O stretching vibration [30]. The peaks at 2336, 869, and 
435 cm−1, are assigned to the fermi resonance of –OH in BS 
with Zn–OH, the Zn–OH group vibration, and Zn–O stretch-
ing vibration, respectively [31, 32]. Compared with 3ZF5-
BS and 3ZF5-BSC, the hydrophobic modified 3ZF5-BSCH 
exhibits a new peak belonging to the Si–O–Si symmetric 
stretching vibration at 781 cm−1, and a higher intensity of 
the absorption edge of 1400−1200 cm−1, causing the shape 
of the absorption band at 1750−1200 cm−1 less symmetri-
cal, meaning the presence of Si-CH3 group in 3ZF5-BSCH 
[33]. Figure 4b and c show that the water droplet on the 
surface of 3ZF5-BSCH is close to spherical with a contact 
angle of 130 ± 2.5°, indicating that 3ZF5-BSCH has good 
hydrophobicity.

The XPS measurement was conducted for the 3ZF5-
BSCH composite aerogel. As presented in Fig.  5a, the 
3ZF5-BSCH composite aerogel mainly contains C, O, Zn, 
Fe, Na, and Si elements. The standard binding energy of 

Fig. 2   XRD patterns of Fe-doped ZnO samples

Table 1   Lattice parameters (nm) and crystal cell (nm3) volume of Fe-
doped ZnO

Sample Lattice constants The volume 
of crystal cell

a c

Z 0.32464 0.52000 0.04839
ZF1 0.32443 0.51944 0.04829
ZF3 0.32451 0.51908 0.04832
ZF5 0.32442 0.51994 0.04828
ZF10 0.32464 0.51954 0.04838
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C 1s = 284.80 eV was used for the charge correction [34]. 
Figure 5b shows the C 1s spectrum can be fitted with three 
peaks, which may be assigned to C-C (284.78 eV), C-Si 
(286.34 eV), and C=O (289.71 eV), respectively [35]. In 
Fig. 5c, the strong peaks at 1021.34 eV and 1044.31 eV 
respectively correspond to the binding energies of Zn 2p3/2 
and Zn 2p1/2, indicating the presence of Zn2+ in 3ZF5-BSCH 
[36, 37]. Figure 5d shows the Fe 2p3/2 and Fe 2p1/2 signals 
at 710.08 eV and 723.84 eV, respectively, and a satellite 

signal at 717.78 eV, which are consistent with the values 
reported for γ-Fe2O3 [38]. These findings strongly indicate 
that the iron ion kept its trivalent state in 3ZF5-BSCH. In 
Fig. 5e, the O 1s spectrum is fitted with four peaks, respec-
tively, corresponding to the bonding states of oxygen in 
Zn–O (530.69 eV), C=O (531.85 eV), Si–O (532.94 eV), 
and the chemisorption of oxygen on the surface (535.74 eV) 
[39–42]. The results demonstrate the successful silanization 
of 3ZF5-BSCH aerogel.

Fig. 3   SEM images of Z nanoparticles a, ZF5 nanoparticles b, 3ZF5-BSC composite aerogel c, d, BS aerogel e, 3ZF5-BSCH composite aerogel 
f 
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All the Fe-doped ZnO samples have a yellow tint, while 
pure ZnO is light grey. Figure 6a. shows the UV–Vis diffuse 
reflectance spectra of ZnO and Fe-doped ZnO samples. It 
can be seen that pure ZnO has strong absorption in the UV 
region, but almost no absorption in the visible region. Com-
pared with ZnO, all the Fe-doped ZnO samples exhibit an 
enhanced UV-light response with the absorption edge red-
shifted to the visible region. And with the increase of Fe3+ 
content, the absorption intensity gradually increases in the 
range of 400–550 nm (violet-green region). Among the four 
Fe-doped ZnO samples, ZF10 shows the highest absorp-
tion intensity in the violet-green region, while ZF5 has the 
highest absorption intensity in the yellow-red region. The 
3ZF5-BSCH aerogel shows a higher absorption intensity in 
the yellow-red region compared to ZF5, indicating enhanced 
visible-light response via ZF5 compounded with BS aerogel.

The energy band gap value for Fe-doped ZnO nano-pow-
der was determined using the Tauc plot method, as described 
by the formula [43]:

where α is the absorption index: 2.303, h is Planck con-
stant: 6.63 × 10–34 J·S, ν is frequency, A is constant, Eg is 
the semiconductor band gap, and ZnO is a direct band gap 
semiconductor: n = 1/2.

Figure 6b depicts the relationship between (αhν)2 and pho-
ton energy (hν). The energy band gap values are as follows: Z 
(3.17 eV), ZF1 (3.12 eV), ZF3 (3.06 eV), ZF5 (3.01 eV), and 
ZF10 (2.97 eV). The Fe3+ ion forms impurity energy level 
in the band gap near the conduction band edge and narrows 
the band gap of ZnO, leading to reduced excitation energy. 
Therefore, doping Fe3+ can effectively improve the visible-
light response of ZnO.

(3)(�h�)
1∕n = A(h� − Eg)

Fig. 4   a FT-IR spectra of the prepared samples. b The shape of a water droplet and c the contact angle of water on the surface of 3ZF5-BSCH
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Fig. 5   XPS spectra of 3ZF5-BSCH aerogel: survey spectrum a, C 1s spectrum b, Zn 2p spectrum c, Fe 2p spectrum d, and O1s spectrum e 
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The Effects of Crosslinking and Hydrophobic 
Modifications

The ZF5-BS aerogel has a strong power of water absorp-
tion, but its mechanical strength is insufficient to resist the 
swelling force of water, resulting in breakage and limited 
application. Furthermore, the aerogel would sink slowly 
as incoming water gradually fills its pores, resulting in less 
light harvested. Therefore, as a photocatalyst carrier, the 
composite aerogel is required to have excellent mechani-
cal strength and floatability. Here, Ca2+ crosslinking and 

hydrophobic modifications are introduced to improve the 
strength of the aerogel skeleton, as well as make the aerogel 
floatable persistently.

Figure 7a shows the compressive stress-strain curves of 
3FZ5-BS, 3FZ5-BSC, and 3FZ5-BSCH. It can be seen that 
the Ca2+ crosslinked aerogel (3ZF5-BSC) exhibits higher 
stress than the original aerogel (3FZ5-BS) in the strain range 
of 20–80%, suggesting that crosslinking can improve the 
mechanical strength of the aerogel. Under the same strain, 
the crosslinked and hydrophobically modified aerogel 
(3FZ5-BSCH) shows the highest stress, proving that the 

Fig. 6   a UV–Vis absorption spectra; b Tauc plot diagram of Z, ZF1, ZF3, ZF5, ZF10

Fig. 7   a Compressive stress-strain curves of 3ZF5-BS, 3ZF5-BSC, and 3ZF5-BSCH; the comparison of ZF5-BS b and ZF5-BSC c after oscillat-
ing for 24 h, ZF5-BSC d and ZF5-BSCH e after 8 photocatalytic degradation cycles
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strength of the aerogel is further improved through hydro-
phobic modification. Compared with 3ZF5-BS, the stresses 
of 3FZ5-BSC and 3FZ5-BSCH are increased by 13.2% and 
44.9% at 50% strain, respectively. It can be explained as 
follows. SA contains many hydroxyl and carboxyl groups, 
which can be bonded with BC by hydrogen bonding interac-
tion. On the other hand, the Ca2+ ion can replace the Na+ ion 
and coordinate with –COO− groups and OH− in SA chains 
to form a more stable cross-linked network structure [29, 
44]. Furthermore, the hydrophobic modifier MTMS contains 
three hydrolyzable alkoxy groups and one nonhydrolyza-
ble methyl group. The silanol groups from the hydrolyzed 
MTMS could be easily polycondensed with the hydroxyl 
groups in BS aerogel, strengthening the aerogel network due 
to the insertion of the inorganic unit -Si-O-SiCH3.

The effects of Ca2+ crosslinking and hydrophobic mod-
ifications were further demonstrated by a simple test. As 
shown in Fig. 7b, c, 3ZF5-BS, and 3ZF5-BSC were oscil-
lated in deionized water at the speed of 200 r/min for 24 h, 

and the changes in the aerogel appearance were observed. It 
can be seen that the 3ZF5-BS aerogel without crosslinking 
has disintegrated into debris, while the crosslinked 3ZF5-
BSC aerogel still maintains its original block shape. As 
shown in Fig. 7d, e shows the appearance of 3ZF5-BSC and 
3ZF5-BSCH undergoing 8 cycles of photocatalytic degrada-
tion. After reaching the adsorption-desorption equilibrium, 
both the two aerogels can float in the MB solution to proceed 
with the photodegradation cycling experiment. However, 
after 8 cycles of photodegradation, the 3ZF5-BSC aerogel 
without hydrophobic modification sinks to the bottom and 
shows a partially broken shape, while the hydrophobic-mod-
ified aerogel 3ZF5-BSCH still floats in the MB solution and 
remains an intact shape. The hydrophobic modification can 
not only strengthen the aerogel but also keep its shape stable 
and floating state [45]. These results indicate that the com-
bined crosslinking and hydrophobic modification is more 
effective than the single Ca2+ crosslinking modification for 
application in cycling photodegradation.

Fig. 8   Photocatalytic degradation curves of MB by ZnO doped with different Fe content a, ZF5-BSC with different ZF5 amount b, 3ZF5-BSC 
under different pH c, 3ZF5-BSC and 3ZF5-BSCH at different MB concentrations d 
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Photocatalytic Degradation Performance Analysis

The optimum Fe content is determined according to the pho-
tocatalytic efficiencies of Fe-doped ZnO to MB. Figure 8a 
presents the photocatalytic degradation efficiency versus 
irradiation time. After being irradiated for 20 min, samples 
Z, ZF1, ZF3, ZF5, and ZF10 exhibit photocatalytic degrada-
tion efficiencies of 33.3%, 34.0%, 70.4%, 87.0%, and 45.4%, 
respectively. As the irradiation time increases to 40 min, MB 
is almost completely degraded for samples ZF3, and ZF5. 
Therefore, the optimum Fe3+ content is determined to be 
5 mol%, and ZF5 is chosen for reusable Fe-doped ZnO/BC/
SA composite aerogel.

The effect of the ZF5 dosage on the photocatalytic activi-
ties of the crosslinked ZF5-BSC composite aerogels is evalu-
ated by the photodegradation of MB under visible light. For 
comparison, the self-degradation efficiency of MB, and the 
absorbability of the crosslinked BSC aerogel without load-
ing ZF5 are also investigated under simulated visible light. 
As shown in Fig. 8b, only 4.6% of MB undergoes self-deg-
radation after 80 min of light exposure, indicating that MB 
is relatively stable. The BSC aerogel has a removal rate of 
50.5% to MB, attributing to the adsorption of aerogel, while 
all the ZF5-BSC composite aerogels exhibit a high degrada-
tion efficiency (> 95%) owing to the presence of photocata-
lyst ZF5. The 4ZF5-BSC composite aerogel with the highest 
amount of ZF5 shows the fastest MB photodegradation rate 
during the first 20 min of irradiation. However, after being 
irradiated for 20 to 60 min, the 4ZF5-BSC composite aerogel 
shows minimal MB degradation activity. It can be explained 
that the aggregation of photocatalyst particles may occur 
with increasing amounts of ZF5 in ZF5-BA aerogel, tend-
ing to increase the recombination rate of electron-hole pairs 
when the concentration of the photogenerated electrons and 
holes increase to a certain extent, and consequently degrad-
ing the photocatalytic performance. From Fig. 8b, it can also 
be observed that the 3ZF5-BSC composite aerogel exhibits 
the highest degradation efficiency of 97.2% for MB after 
being irradiated for 80 min. Therefore, the optimum mass 
ratio of ZF5 to BS precursor is determined to be 3:100, and 
the 3ZF5-BSC composite aerogel is chosen for subsequent 
crosslinked and hydrophobically modification. It seems that 
the 3ZF5-BSC composite aerogel has a slightly lower photo-
degradation activity compared to ZF5. Considering the fact 
that the mass of ZF5 in 3ZF5-BSC (75 mg) is only three-
quarters of that of ZF5 powder (100 mg) used for photocata-
lytic experiment, it can be inferred that the photocatalytic 
activity of the ZF5 catalyst is almost unchanged after com-
pounded with the BC/SA aerogel.

The pH of the solution is a crucial factor influenc-
ing the photocatalytic degradation of dyes, because the 

concentration of hydroxyl radicals on MB dye molecules, 
the adsorption-desorption of dye molecules and their inter-
mediates on the photocatalyst surface, and the photocata-
lyst’s surface charge properties are all affected by the pH 
value of the dye solution. The initial pH value of the MB 
solution (20 mg/L) was gradually adjusted from 7.8 to 
3, 6, 9, and 12 using 0.1 M HCl and 0.1 M NaOH solu-
tions, and the effect of pH on the degradation efficiency of 
3ZF5-BSC to MB is shown in Fig. 8c. It can be seen that 
the degradation efficiency increases with pH value. Due to 
the cationic dye nature of MB, alkaline conditions would 
promote more MB dye molecules on the surface of the 
photocatalyst to facilitate the photodegradation reaction 
of MB, while acidic conditions would lead to fewer MB 
molecules on the surface of the photocatalyst due to the 
presence of the competitive adsorption between H+ and 
MB molecules. After irradiated 80 min, the degradation 
efficiencies for pH = 3, 6, and 9 are 87.6%, 96.3%, and 
98.2%, respectively. In the case of pH = 12, the degrada-
tion efficiency is as high as 96.4% even after irradiation 
for 20 min.

Figure 8d shows the photocatalytic activities of 3ZF5-
BSC and 3ZF5-BSCH composite aerogels at different initial 
MB concentrations. For both aerogels, it can be observed 
that the degradation efficiency decreases gradually with 
increasing MB concentration because the ZF5 photocatalyst 
with constant mass cannot provide sufficient reactive sites 
for the additional MB molecules in the solution. On the other 
hand, the turbidity of the solution increases with initial MB 
concentration, leading to decreased visible light transmit-
tance and consequently reduced photogenerated electrons 
concentration and photocatalytic degradation efficiency. In 
the dark, benefiting from its excellent hydrophobicity, 3ZF5-
BSCH shows a much higher adsorption ability to MB than 
3ZF5-BSC. Under visible light, 3ZF5-BSCH shows a higher 
MB degradation efficiency than 3ZF5-BSC, and its supe-
riority is more obvious at high initial concentrations of 30 
and 40 mg/L. After irradiated 80 min, the degradation effi-
ciencies at initial concentrations of 10, 20, 30, and 40 mg/L 
are 97.7%, 97.2%, 86.0%, and 77.4% for 3ZF5-BSC, and 
98.5%, 97.4%, 94.7% and 81.0% for 3ZF5-BSCH, respec-
tively. The results suggest that the combined modified 3ZF5-
BSCH composite aerogel can maintain a high degradation 
efficiency at an initial concentration of 10–40 mg/L, showing 
a good application prospect in the degradation of MB.

The kinetic behaviors of 3ZF5-BSC and 3ZF5-BSCH 
during the photodegradation of MB are further studied 
according to the pseudo-first-order model: ln(C0/C) = Kt, 
where t, K, C0, C is the irradiation time (min), the rate con-
stant, the MB concentration at t = 0 and time t, respectively 
[45. Figure 9 shows the plots of − ln(C/C0) vs. time at 
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different initial MB concentrations. The graph is fitted lin-
early and the slope represents the rate constant K. Except 
for the case of 3ZF5-BSCH at 30 mg/L, the correlation 
coefficient R2 in other cases is not lower than 0.9567, sug-
gesting the validity of the pseudo-first-order model. As 
the initial MB concentration increases from 10 mg/L to 
40 mg/L, the rate constant of 3ZF5-BSC decreases from 
0.0445 min−1 to 0.0169 min−1 (Fig. 9a), and the rate con-
stants 3ZF5-BSCH decreases from 0.0465  min−1 and 
0.0183 min−1 (Fig. 9b), indicating an improved photocata-
lytic activity of 3ZF5-BSCH.

Photocatalytic Cycle Performance Analysis

The excellent stability of photocatalytic performance is cru-
cial for the long-term use of the prepared composite aerogel. 
As shown in Fig. 10a, cycling experiments were conducted 
using 3ZF5-BSC and 3ZF5-BSCH for the degradation of 
MB, and the photocatalytic degradation of MB during 8 
cycles was compared. It can be observed that the degradation 
efficiencies of MB by 3ZF5-BSC and 3ZF5-BSCH gradu-
ally decrease with increasing cycles, but the decline rate 
of degradation efficiency for 3ZF5-BSCH is significantly 

Fig. 9   The linear fitting curves of the pseudo-first-order model for 3ZF5-BSC a and 3ZF5-BSCH b 

Fig. 10   Cycle degradation efficiency of MB with 3ZF5-BSC and 3ZF5-BSCH under visible-light irradiation a and the FT-IR spectra of the aero-
gels before and after 8 cycles b 
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lower than that for 3ZF5-BSC. Thanks to its hydrophobic-
ity, 3ZF5-BSCH can keep floating throughout every cycling 
process, conversely, 3ZF5-BSC without hydrophobic modi-
fication will gradually sink to the bottom after prolonged 
immersion. Consequently, in the case of 3ZF5-BSCH, a 
higher intensity of illumination occurs, evoking an enhanced 
photocatalytic efficiency compared with 3ZF5-BSC. The 
degradation efficiencies of MB by 3ZF5-BSC and 3ZF5-
BSCH are 88.8% and 93.8% after the 4th degradation cycle, 
70.8% and 79.7% after the 8th degradation cycle, respec-
tively. Considering that in the cycling process, the recycled 
composite aerogel is wiped with paper before being used 
for the next cycle, only the solution on the surface has been 
removed and there is still some residual MB solution inside. 

Thus, the actual cycling degradation rate is inferred to be 
higher than the measured value. Figure 10b shows that the 
FT-IR spectra of 3ZF5-BSC and 3ZF5-BSCH are almost 
unchanged after 8 cycles, indicating that the structures of 
3ZF5-BSC and 3ZF5-BSCH remained stable after multi-
ple cycles. These results signify that the composite aerogel 
undergoing crosslinking and hydrophobic modifications 
exhibits excellent stability of photocatalytic performance, 
showing its practical application prospect.

Table  2 shows a comparison of the photodegrada-
tion activity and stability between 3ZF5-BSCH and some 
reported photocatalysts, including Fe-doped ZnO/cellulose 
nanocomposite [13] and some aerogel-based photocatalyst 
composites [24, 45, 46]. It can be seen that, even without 

Table 2   The photodegradation performance of 3ZF5-BSCH and some reported photocatalysts

a: high-pressure mercury lamp with a cut filter (< 400 nm)
b: Xe lamp with a cut filter (< 420 nm)
NA: non-adjusted pH

Photocatalyst dosage (mg) Light power(W)
/Time (min)

C(mg/L)/V
(mL) /pH

η(%) Cyclic η(%)
/number

Refs.

FeZnO/cellulose nanocomposite 100 visible a
250 /120

5/100/9 98.84 92.31/5 [13]

Ag2O/Zwitterionic BC aerogel 50 visible b 300 /180 5/50/NA 96.59 94.47/6 [24]
cellulose carbon aerogel@Na2Ti3O7@

Cu2O nanocomposite
200 sunny light -- /120 5/300/11 99 92.4/5 [45]

20/300/11 97.5 –
microcrystalline cellulose/Cu2O/ 

graphene oxide composite foam
200 visible b

--/60
20/40/NA 77.9 41.1/5 [46]

FeZnO/BC/SA composite aerogel 110 visible b
300 /80

20/20/NA 97.4 93.8/4
79.7/8

This work

30/20/NA 94.7 –

Fig. 11   PL spectra of Z, ZF5, and 3ZF5-BSCH a and effect of radicals on MB degradation with 3ZF5-BSCH b 
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adding a pH regulator, 3ZF5-BSCH exhibits a superior or 
competitive degradation efficiency and satisfactory degra-
dation stability. Therefore, the prepared composite aerogel 
in this work is a promising candidate for MB degradation.

Synergistic Photocatalytic Degradation Mechanism

Figure 11a shows the PL spectra of Z, ZF5, and 3ZF5-
BSCH. All the samples show a wide emission peak between 
350 and 500 nm, which is attributed to the near-band edge 
emission of ZnO resulting from the combination of electron-
hole pairs. The PL intensity of ZF5 is much lower than that 
of Z, suggesting ZF5 exhibits a lower electron-hole recom-
bination rate. In the Fe3+-doped ZnO lattice, there are a 
few zinc vacancies due to the unequal-valent substitution 
between Fe3+ and Zn2+. The vacancies and the Fe3+ ions can 
trap the photogenerated holes and electrons, respectively, 
which suppresses the electron-hole pairs recombination and 
results in enhanced photocatalytic activity of ZF5. From 
Fig. 11a, it can also be observed that the PL intensity of 
3ZF5-BSCH is higher than that of ZF5 slightly, suggesting 
the combination of ZF5 and BSCH can keep the effective 
separation of electron-hole pairs [47].

Various scavengers were introduced in the 3ZF5-BSCH 
photocatalytic system to evaluate the role of active species 
in the photocatalytic degradation reaction. EDTA-2Na (0.1 
mmol/L), BQ (0.1 mmol/L) and IPA (0.1 mmol/L) were used 
as quenching agents for photogenerated holes (h+), super-
oxide radicals (·O2−), and hydroxyl radicals (·OH), respec-
tively. As shown in Fig. 11b, the degradation efficiency of 
MB decreases from 97.17 to 91.61%, 82.74%, and 64.35% 
when EDTA-2Na, IPA, and BQ are added, respectively. 

These results reveal the primacy role of ·O2− in the photo-
catalytic degradation reaction. Furthermore, the role order 
is elucidated as follows: ·O2− > ·OH > h+.

MB can be continuously adsorbed and efficiently 
degraded throughout the photocatalytic degradation process 
in 3ZF5-BSCH system. The excellent degradation efficiency 
is ascribed to the effective separation of electron-hole pairs, 
strong visible-light response and highly porous structure of 
3ZF5-BSCH composite aerogel. As shown in Fig. 12, a pos-
sible synergistic photocatalytic mechanism is proposed here. 
For the 3ZF5-BSCH after visible light irradiation, electrons 
of ZF5 undergo transitions from the valence band (VB) to 
the conduction band (CB), generating reducing electrons 
(e−) in VB and oxidizing holes (h+) in CB. These photogen-
erated electron-hole pairs can be separated effectively due 
to the existence of Fe3+ ions and zinc vacancies. The holes 
accumulated on the surface can readily react with water to 
generate hydroxyl radicals (·OH), while the reducing elec-
trons can react with the adsorbed or dissolved oxygen to 
form superoxide radical anions (·O2−). Finally, the MB mol-
ecules react with ·OH and ·O2- to degrade into CO2 and H2O. 
The key reaction process for the degradation of MB is given 
in Eqs. (4–8):

(4)3ZF5 − BSCH + h� → e
− + h

+

(5)e
− + O

2
→ ⋅ O

−
2

(6)h
+ + H

2
O → ⋅ OH

(7)⋅OH + MB → CO
2
+ H

2
O

Fig. 12   Photocatalytic degradation mechanism of 3ZF5-BSCH
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4. Conclusions

In this work, a novel and floatable Fe-doped ZnO/BC/SA 
composite aerogel with excellent visible-light-driven degra-
dation performance and recyclability has been successfully 
synthesized via freeze-drying and combined modifications. 
The optimal mass ratio of ZF5 to BS precursor is determined 
to be 3:100. Doping Fe3+ can improve the visible-light 
response of ZnO and promote the separation of electrons and 
holes, resulting in efficient degradation of MB. The combi-
nation of crosslinking and hydrophobic modifications not 
only reinforces the BC/SA aerogel backbone significantly 
but also makes the aerogel steady floating, endowing excel-
lent cycling photocatalytic performance. The floating 3ZF5-
BSCH aerogel exhibits a degradation efficiency of 79.7% 
even after 8 cycles, showing great potential in visible-light-
driven degradation of MB. This research can provide new 
prospects for exploring aerogel-like composites with excel-
lent visible light photocatalytic performance.
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