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Abstract: Microalgae-based materials have gained significant attention considering their rich re-
sources, cost-effectiveness, and environmental friendliness. Herein, iron-rich microalgae (Chlorella
pyrenoidosa, CP) were treated by hydrothermal reaction under alkaline conditions to remove the
protoplast and obtain a hollow shell with an FexOy core inside. Then, the iron-rich microalgae-based
aerogel (Fe-CP aerogel) was fabricated through a freeze-drying process. The as-prepared Fe-CP
aerogel exhibited superior adsorption performance, and the maximum adsorption quantity for Cu®*
could reach 208.3 mg/g due to the synergistic adsorption of the hollow shell of CP cells and FexOy
core. The Fe-CP aerogel also possessed super-hydrophilicity and displayed high separation efficiency
(over 99%) when used for separating different oil/water emulsions. Moreover, the existence of FexOy
endowed the Fe-CP aerogel with photo-Fenton activity, thus exhibiting excellent antifouling perfor-
mance. The prepared Fe-CP aerogel could be considered an ideal adsorbent, with green, efficient,
low-cost, and regenerative properties, and has the potential for the practical treatment of wastewater.
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1. Introduction

Water pollution including heavy metal ions, organic dyes, and oily wastewater pos-
sessing negative impacts on living organisms has been one of the major concerns and
challenges to the environment and economy [1,2]. The accumulation of these complex
contaminants in the natural environment will be mutagenic, teratogenic, and carcinogenic
to humans; however, eliminating these microcontaminants is difficult [3-5]. Hence, the
development of efficient and green approaches to remove the contaminants in water is
urgent and significant.

Several methods, such as catalytic degradation, adsorption, chemical precipitation,
bio-degradation, and membrane separation, have been proposed [6-8]. Adsorption is
considered as a promising method to remove metal ions, organic dyes, and oily wastewater
considering its simple operation, high efficiency, and sustainable properties [9]. Until now,
many porous materials (e.g., activated carbons, carbon nanotubes, metal oxide, graphene,
and metalorganic frameworks) have been extensively explored [10]. Although many of
them possessed excellent adsorption capability, most of them exhibited the ubiquitous
shortcomings of high cost, non-degradability, complex preparation, and possible secondary
pollution [11]. Hence, it is essential to develop adsorbents that possess large adsorption
capacity and overcome these drawbacks simultaneously. Moreover, the selectivity against
other ions, long-term stability, cyclic regeneration, and antifouling properties of the adsor-
bent are also very important [12]. Hence, it is essential to develop novel adsorbents that
can meet these requirements.
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Natural biological adsorbent materials with several merits, such as low cost, abundant
resources, degradability, and green qualities, have been regarded as ideal candidates for
contaminant removal [12,13]. He et al. reported a carboxylated wood aerogel prepared by
delignification and the in situ oxidation treatment of natural balsa wood that exhibited an
adsorption quantity of 115 mg/g for Cu?* [14]. Cellulose nanofiber (CNF)/gelatin aerogel
was prepared to remove dyes by adsorption, and the maximum adsorption quantities for
Congo red and methylene blue were 590.6 and 182.6 mg/g, respectively [15].

Recently, microalgae have notably received considerable attention [16,17]. The abun-
dant microalgae resources provide a large amount of raw materials for the large-scale
preparation of microalgae-based adsorbents [18-20]. In particular, harmful microalgae can
grow very fast, forming a large amount of phytoplankton and water blooms and leading to
the eutrophication of water quality [21]. Therefore, the utilization of microalgae to prepare
biological adsorbents that change waste into valuables is of great significance. Microalgae-
based materials possess numerous active groups, such as amino, hydroxyl, and carboxyl,
which can advance the efficiency of adsorption [22,23]. However, on the one hand, a critical
issue of using microalgae is that they are difficult to collect after the adsorption process in
solutions [24]. On the other hand, adsorbents are commonly limited by their low regenera-
tion efficiency and thus hard to recycle, especially for organic pollutants [25]. To address
these issues, microalgae were prepared in bulk materials or loaded on porous material. For
example, Singhal et al. [26] prepared an aerogel constructed by microalgae and chitosan,
which exhibited an adsorption quantity of 300 mg/g and 250 mg/g in freshwater and sea-
water. However, these aerogel adsorbents will be seriously affected by the fouling caused
by organic pollutants and microorganisms [27]. Consequently, the development of novel
microalgae-based adsorbents combined with high adsorption capacity and antifouling
ability is crucial to realizing practical applications.

Aerogels have attracted extensive attention and are explored as novel adsorbent ma-
terials due to the unique advantages of high porosity, ultra-low density, and excellent
adsorption ability [28]. Herein, an all-natural microalgae-based aerogel was developed as
an adsorbent and used for the removal of contaminants from water. The morphology, com-
position, and structure of the aerogel were characterized. The adsorption and separation
performances of the aerogel for different pollutants were evaluated. The designed aerogel
is purely based on algae with excellent adsorption ability and antifouling performance and
showed great potential application in wastewater treatment.

2. Experimental Section
2.1. Materials

The Chlorella pyrenoidosa (CP) was supplied by the Wuhan Hydrobiology Institute
of the Chinese Academy of Sciences. BG-11 culture medium was obtained from Shang-
hai Guangyu Biotechnology Co., Ltd. (Shanghai, China) Ligroin, n-hexane, kerosene,
hydrochloric acid (HCI), rhodamine b (RB), and methylene blue (MB) were supplied by
Xilong Chemical Reagent Co., Ltd. (Guangzhou, China) Copper sulfate (CuSO4) and
sodium dodecyl sulfate (SDS) were provided by Tianjin Zhiyuan Chemical Reagent Co.,
Ltd. (Tianjin, China).

2.2. Preparation of the Fe-CP Aerogels

CP was cultured in BG-11 medium under illumination in an incubator with a tem-
perature of 25 °C. After a period of cultivation, CP was collected using the coagulation
method, and the FeCl3 (100 mg/L) was added and kept for 15 min. Then, the iron-rich
CP (Fe-CP) biomass was harvested with centrifugation and dried in an oven at 65 °C. The
obtained biomass (10 g) was mixed with alkaline solution (80 mL, pH = 12), and then the
SDS solution (2% w/v, 80 mL) was added. The mixture was kept in an oven at 90 °C for
3 h. The treated Fe-CP biomass was recovered and washed with DI water three times.
Subsequently, 0.5 g of the obtained biomass was added to the deionized water (50 mL) and
heated and kept at 160 °C for 2 h. The obtained biomass was recovered by centrifugation
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and washed three times, and then added into a customized mold and freeze-dried by
freeze-dryer for 12 h, as illustrated in Figure 1.
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(;lOH solution

treatment
~ Microalgae /Fe O, Hydrogel microalgae -based aerogel
——
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Figure 1. Schematic diagram of the preparation process of the Fe-CP aerogel.

2.3. Characterization

The morphology and composition of the aerogels were analyzed by scanning electron
microscopy (SEM, S-3400 N, Tokyo, Japan) and energy dispersive X-ray spectroscopic
(EDS, Oxford IE 250, London, UK) mappings, respectively. The chemical structure of
the aerogel was characterized by Fourier transform infrared spectroscopy (FT-IR, Nicolet
iS50, Waltham, MA, USA). The concentration of dyes was measured using a UV-vis
spectrophotometer (UV-2600, Kyoto, Japan) at room temperature. The hydrophilicity
of aerogel was determined by a contact angle measuring instrument (DSA25, KRUSS,
Hamburg, Germany). The concentrations of Cu?>* were determined by ICP-OES (Optima
8300, PerkinElmer, Waltham, MA, USA).

2.4. Adsorption Experiments

Cu?* was selected as a representative ion for investigating the adsorption performance
of Fe-CP aerogel. In detail, the Fe-CP aerogel (50 mg) was added to Cu?* solutions (50 mL,
pH = 6) with different concentrations of 20, 40, 60, 100, 150, and 200 mg/L to analyze the
adsorption isotherm. After shaking for 24 h at 25 °C, the concentration of Cu?* in the
solution was measured when it reached the adsorption equilibrium. The isotherm model
and maximum adsorption quantity of Cu?* adsorbed into Fe-CP aerogel were studied.
Langmuir (Equation (1)) and Freundlich (Equation (2)) models were used to fit the data
and further the adsorption processes.

Ce/‘]e = 1/KL"]max + Ce/ﬂmax (1)

qe = kpce!/" )

where C, (mg/L) and q. (mg/g) are the concentration and adsorption capacity at equilib-
rium. k; (L-mg~") is the Langmuir constant, and 7 and kr (mg!~1/".L1/".g=1) are constants
related to the intensity and capacity of the absorption process.

To investigate the adsorption kinetics, the Fe-CP aerogel (50 mg) was immersed
into Cu?* solution (50 mL, 100 mg/L) under stirring conditions. A certain amount of
solution was taken out at different time intervals to measure the concentration of Cu®*.
The adsorption kinetics of Cu?* onto Fe-CP aerogel were simulated with pseudo-first-
order (Equation (3)), pseudo-second-order (Equation (4)), and intra-particle diffusion
(Equation (5)) kinetics models, respectively.

9 = ge(1—e7M) ®
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where g, (mg/g) represents the adsorption quantity in equilibrium, k; (min~!) and k
(g/(mg/min)) are the related rate constants. g; (mg/g) is the adsorption quantity at time
t. k3 (mg/G-h'/2) is the rate constant, and C is the intercept that is calculated from the
plotting g, vs. t1/2.

2.5. Separation Performance of Fe-CP Aerogel for Oil/Water and Dye Solution

The oil/water and dye wastewater separation performance of the obtained Fe-CP
aerogel was investigated by using a filtering apparatus. The Fe-CP aerogel was horizontally
fixed in a glass funnel, and then simulated oily and dye wastewaters were poured into
the glass funnel and separated by gravitational force. Ligroin, n-hexane, and kerosene
(1 mL) were added into the water (99 mL) containing 10 mg Tween80 and stirred for 12 h
to obtain stable oil/water emulsion. MB and RB solution with a concentration of 10 mg/L
was prepared as the dye wastewater. The Fe-CP aerogel was horizontally fixed in a glass
funnel, and then simulated oily and dye wastewaters were poured into the glass funnel
and separated by gravitational force. During the gravity filtration test, the feed solution
was added repeatedly to maintain a constant quantity and thus kept a constant flow rate.
After filtration for 30 min, the flow rate was calculated. The flux (J, L/(m?-h) was obtained
using Equation (6).

Flux=V/SxT (6)

where S represents the actual area during separation, V is the volume of the permeate
solution, and T is the time of separation process.

2.6. Photo-Fenton Catalytic Performance of the Fe-CP Aerogel

MB was selected as a model organic pollutant to assess the photo-Fenton catalytic
capability of the Fe-CP aerogel. Specifically, the as-fabricated Fe-CP aerogel (50 mg) was
added to the MB solution (50 mL, 20 mg/L) and placed in the dark condition for 90 min
to achieve the adsorption equilibrium. Subsequently, after the addition of HyO; (50 uL),
the photo-Fenton reaction was carried out under simulated sunlight irradiation. In this
process, every 10 min, the MB solution (2 mL) was collected and then the concentration
measured using a UV-vis spectrophotometer.

Microorganisms widely exist in natural water bodies. Thus, the anti-biofouling prop-
erty of the Fe-CP aerogel was further investigated by choosing E. coli as target microorgan-
isms. E. coli was incubated at 37 °C in Luria-Bertani medium overnight and then diluted by
fresh medium. The Fe-CP aerogel samples (2 x 2 cm?) were immersed in the biological
solution for 24 h. Then, the Fe-CP aerogel was taken out and treated with photo-Fenton,
and the E. coli on the Fe-CP aerogel were observed by SEM.

3. Results and Discussion
3.1. Characterization of the Microalgae Aerogel

Figure 2a shows the morphology of CP cells after a hydrothermal treatment in an
alkaline condition at a high temperature, which exhibit a shrink morphology with an
average size of 3 pm. During this process, the protoplast inside the CP cells was removed,
and hollow cell walls whose main component was cellulose were obtained. The amorphous
regions of cellulose will undergo alkaline degradation through a peeling-off reaction
under high pH conditions [29,30]. As shown in Figure 2b,c, many particles could be
observed, which was due to the formation of FexOy inside the hollow shell. Hence, the
porous shell mainly consisting of cellulose and nano-cores consisting of FexOy were formed
simultaneously during the hydrothermal treatment. Then, the Fe-CP aerogel was obtained
by freeze-drying. Figure 2d—f exhibit the structure of the Fe-CP aerogel as observed by SEM
at different magnifications. The Fe-CP aerogel showed a porous structure with a pore size
ranging from about 40 to 60 um (Figure 2d). Moreover, the prepared Fe-CP aerogel can be
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easily placed on top of the flower without destroying it, suggesting the ultra-light mass of
the Fe-CP aerogel (photograph, inset of Figure 2d).

Figure 2. SEM images of the (a—c) CP cells after hydrothermal treatment under an alkaline medium
and (d-f) the prepared Fe-CP aerogel.

The wettability of the Fe-CP aerogel was illustrated in Figure 3a. The water droplet was
rapidly and completely adsorbed by the Fe-CP aerogel, which only took 20 microseconds,
and the final water contact angle was 0°, implying that the Fe-CP aerogel possessed
excellent hydrophilic properties. Figure 3b exhibits the XRD patterns of the Fe-CP aerogel.
The peaks at 34.3°, 37.9°, and 40.3° corresponded to the Fe,Os crystals (PDF# 76-1821), and
the two peaks at 31.9° and 32.9° were due to the existence of Fe304 (PDF# 76-0958) [31].
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Figure 3. Characterization of the Fe-CP aerogel. (a) Wettability, (b) XRD, and (c) FTIR spectra of
the Fe-CP aerogel. XPS patterns of (d) Fe 2p and (e) O 1s of the Fe-CP aerogel, and (f) O 1s of
untreated CP.
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The FTIR spectra of untreated CP, treated CP, and Fe-CP aerogel are exhibited in
Figure 3c. The absorption peak at 3410 cm~! was ascribed to the -OH groups, which
became broad for the treated CP and Fe-CP aerogel. The peaks at 2924 cm ! and 1384 cm ™!
were related to the symmetric bending of the -CH or -CH,; groups [32]. Compared with
untreated CP, the peak at 1643 cm ™! became stronger, indicating the increased carboxylic
acids after NaOH treatment. Correspondingly, the antisymmetric stretching vibration of the
-CH, groups at 2924 cm~! was weakened. Moreover, the peak at 620 cm~! was attributed
to the Fe-O stretching vibrations, which confirm the form of the FexOy in the treated CP
and Fe-CP aerogel [33].

The chemical environment of the Fe-CP aerogel was further investigated by XPS.
Figure 3d exhibits the high-resolution XPS spectra of the Fe element. The fitting charac-
teristic peaks at 710.56 eV and 724.12 eV corresponded to the Fe?t: meanwhile, the peaks
at 713.45 eV and 726.25 eV were attributed to the Fe3* [34,35]. In the O 1s spectrum
(Figure 3e,f), the peaks at 531.9 eV and 532.8 eV were attributed to the O=C and O-C bonds,
respectively. The new peak at 531.52 eV for the O-Fe bond confirmed the formation of
FexOy in the Fe-CP aerogel [36].

3.2. Adsorption Performance of Microalgae Aerogel for Heavy Metal Ion

As exhibited in Figure 4a, the adsorption capacity of the Fe-CP aerogel for Cu?*
increased with the increased concentrations and then reached a plateau. The Freundlich and
Langmuir models were used to fit the adsorption isotherm data (Figure 4c), with the higher
fitting constant of the Langmuir model (0.975) than the Freundlich model (0.897) suggesting
that the adsorption process belonged to monolayer adsorption (Table 1) [37]. Accordingly,
the maximum adsorption capacity was calculated to be 208.3 mg/g. The adsorption kinetics
were investigated through the time-dependent adsorption experiments. Figure 4b shows
that the adsorption process presented a fast rate for the Fe-CP aerogel, particularly in the
first 60 min, and then achieved adsorption equilibrium within 240 min. Moreover, the
adsorption kinetics of Cu?* on the Fe-CP aerogel could fit the pseudo-second-order model
better, with an adsorption rate constant (kp) of 0.47 x 1073 g mg~'min~! (Figure 4d),
suggesting that the Cu?* adsorption into the Fe-CP aerogel was a chemisorption process.

(a) 200 (b) (©
100} =~ 2.0 ° Pseudo-first-order
& 1507 % 807 2 1.6]
o ?.0 psd °
g g 60f = °
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0Fr 041
0 50 100 150 200 250 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Concentration (mg/L) Time (mins) T (mins)
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Figure 4. The influence of (a) concentration and (b) contact time on the absorption capacity of Fe-CP
aerogel for Cu?*. (c) The pseudo-first-order kinetics model, (d) the pseudo-second-order kinetics
model, and (e) intra-particle diffusion plots for Cu?* adsorption onto Fe-CP aerogel.
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Table 1. Isotherm model parameters for adsorption of Cu?* by Fe-CP aerogels.

Kinetics Models Parameters
Qm (mg/g) 208.3
Langmuir Kp (L/mg) 0.015
R? 0.975
1/n 0.554
Freundlich K¢ (L/mg) 9.124
R? 0.897

The diffusion mechanisms of the Cu®* adsorption process were further studied
through the Weber—Morris intraparticle diffusion kinetics model (Figure 4e). Three parts
were observed during the adsorption process; thus, the adsorption behavior of Cu?* onto
the Fe-CP aerogel was affected by more than one step. The relative association constants
and criterion values (R?) of the intraparticle diffusion kinetics model were summarized in
Table 2. The first part exhibited a higher slope, indicating that the Cu?* diffusion to the
surface of the Fe-CP aerogel was governed by the film diffusion under the driving force
of the concentration difference. Moreover, the first part line avoided the origin (c # 0),
implying that this process was affected by the resistance of the boundary layer [38]. The
second part could be associated with the transportation of Cu?* from the external surface
into the inner mesopores of the Fe-CP aerogel, which was mainly controlled by the chemi-
cal reactions between Cu?* and the adsorption site. In the third part, the line exhibited a
small slope, which indicated that the intra-particle diffusion slowed down and reached the
equilibrium stage because of the reduced Cu?* concentration in the solution. In summary,
the adsorption rate of Cu?* onto the Fe-CP aerogel was mainly controlled by film diffusion
and intra-particle diffusion.

Table 2. Parameters of kinetics models for adsorption of Cu®* by Fe-CP aerogels.

Kinetics Models Parameters
Q. (mg/g) 105.55
Pseudo-first-order K; (min—1) 0.011
R? 0.948
Qe (mg/g) 105.26
Pseudo-second-order K; (gmg~L.min~1) 0.00047
R? 0.987
K3 9.799
Stage 1 C —0.949
R? 0.989
K3 2.486
Intra-particle diffusion Stage 2 C 58.902
R? 0.899
K3 2.951
Stage 3 C 52.657
R? 0.999

The adsorption capacity of the Fe-CP aerogel for Cu** was compared with the aerogel-
based adsorbents reported by the other literature, as summarized in Table 3. The Fe-CP
aerogel exhibited superior adsorption capacity for Cu?>* compared to the other aerogel-
based adsorbents apart from Alg-PEL In this study, the oxygen-containing groups in the
CP and Fe Oy can act as electron donors and transfer electrons to heavy metal ions, thus
forming ionic and covalent bonds. Although some aerogel-based adsorbents exhibit higher
adsorption quantity than that of the microalgae-based aerogel in our study, many of them
were prepared through complex preparation processes and expensive raw materials.
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Table 3. Comparison of the maximum adsorption capacity of aerogels for copper ions in
related studies.

Initial Adsorbent Qmax

Aerogel Samples Concentration pH Dose (mg.g~1) Ref.
PEI@wood aerogel 150 mg/L 5 1000 mg/L 59.80 [39]
ZIF-67/BC/CH N/A 6 1000 mg/L 200.06 [40]
CS-MMT2 10 mg/L 6 1000 mg/L 86.95 [41]
Alg-PEI 0.1 mM 1-7 5000 mg/L 214.40 [42]
CGP3 100 mg/L 3-6.2 2000 mg/L 163.40 [43]
Chitosan aerogels 100 mg/L N/A 1500 mg/L 116.70 [44]
Pfé_é,“;‘;ff;? 50 mg/L 6 400 mg/L 175.56 [45]
NFC/PEI 20 mg/L 5 300 mg/L 175.44 [46]
Fe-CP aerogel 50mg/L 6 1000 mg/L 208.30 This work

3.3. Oil/Water Emulsion and Dye Wastewater Separation Capacity of Fe-CP Aerogel

The oil /water emulsion separation ability of the Fe-CP aerogel was investigated by
separating different oil (ligroin, n-hexane, and kerosene)/water mixtures. As exhibited
in Figure 5b, the Fe-CP aerogel displayed a separation efficiency higher than 99.9% for
three different oil/water mixtures. Once the emulsion is in contact with the Fe-CP aerogel,
water droplets can be quickly absorbed by the Fe-CP aerogel due to the preferential affinity.
Thus, the water droplets are captured by the Fe-CP aerogel from the emulsions and then
permeate through the Fe-CP aerogel. In this process, a stable thin water film layer that
can reject oil droplets will be formed on the surface of the Fe-CP aerogel [47]. Hence, the
capillary forces and gravity resulted in the water in the oil/water emulsion continuously
passing through the Fe-CP aerogel. As the oil content gradually increases, oil droplets will
aggregate with increased size on the surface of the Fe-CP aerogel.

2
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Figure 5. (a) The optical microscope images and the digital images of the emulsions before and
after separation. (b) Separation efficiency and (c) flux of the Fe-CP aerogel for three types of
oil-in-water emulsions.

There were no oil droplets observed in the transparent filtrate under the optical
microscopy (Figure 5a). Moreover, the Fe-CP aerogel also possessed a high flux with a
permeation flux of 1661 L/ (m?-h), 1745 L/(m?-h), and 1794 L/(m?-h) for water-in-ligroin,
water-in-n-hexane, and water-in-kerosene. Therefore, the excellent separation efficiency



Processes 2024, 12, 1313

90f 13

as well as the flux of the Fe-CP aerogel for oil/water emulsion demonstrated the great
potential for oil-water separation application.

Cationic dye (MB) and anionic dye (RB) solutions were prepared and used to study
the removal capacity of the Fe-CP aerogel towards dyes. As shown in Figure 6a, the
two different dye solutions can be almost completely decolored, with removal efficiency
values of 99.1% and 95.9% for MB and RB. This result also accorded with the results of
the UV-vis spectra (Figure 6c,d), which revealed remarkable selective adsorption towards
the dyes. Therefore, the Fe-CP aerogel has the potential to be used for the adsorption or
separation removal of dyes. The Fe-CP aerogel can adsorb dyes through hydrogen bonds
and electrostatic interaction. The abundance of amino groups, carboxylate groups, and
hydroxyl groups in the Fe-CP aerogel could interact with the N, O, and S atoms of the dyes,
thus forming hydrogen bonding and the electrostatic interaction. The oxygen and nitrogen
affinity on the Fe-CP aerogel could attract dyes through electrostatic forces. Moreover, the
7t system of the cellulose chain binds with the 7t electrons in the aromatic ring of the dye,
resulting in 7—7 stacking interactions and electrostatic attractions.
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Figure 6. (a) The digital images of the dye waste before and after separation by Fe-CP aerogel.
(b) Separation efficiency and flux of the Fe-CP aerogel for different dye solutions. The change in
characteristic absorption peaks of (¢) MB and (d) RB solutions.

3.4. Photocatalytic Capacity of Fe-CP Aerogel

The photo-Fenton catalytic ability of the Fe-CP aerogel was studied through the degra-
dation experiment of MB. Before light irradiation, the mixture of the Fe-CP aerogel and MB
solution was placed in a dark environment for 90 min with stirring to achieve the adsorption
equilibrium. Figure 7a shows that the MB was degraded quickly under light irradiation.
The characteristic absorption peak intensity of MB (664.8 nm) gradually decreased, and
the MB almost completely degraded after irradiation for 140 min, indicating a complete
MB degradation. These results indicate that the Fe-CP aerogel possessed excellent photo-
Fenton degradation ability for organic dyes. Thus, the Fe-CP aerogel could be recycled by
photocatalytic regeneration with high efficiency under photo-Fenton treatment.

Moreover, the antifouling ability of the Fe-CP aerogel was further evaluated by study-
ing its antimicrobial performance. Figure 7c,d shows the microstructure of the microorgan-
isms before and after photo-Fenton self-cleaning. Before treatment, the E. coli showed a



Processes 2024, 12, 1313

10 of 13

rod-shaped structure. In contrast, after the photo-Fenton treatment, most of the E. coli cells
became flattened and decomposed/distorted, indicating the antimicrobial effects of the
Fe-CP aerogel through photo-Fenton catalysis. These results indicate that the Fe-CP aerogel
can effectively kill microorganisms through photo-Fenton self-cleaning. Thus, the Fe-CP
aerogel possessed excellent antifouling properties and would contribute to maintaining the
adsorption ability in the complex water environment.
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Figure 7. The photo-Fenton performance of the Fe-CP aerogel. (a) The changes in UV-vis spectra
of MB with time during the photo-Fenton process. (b) The concentration changes in MB in the
photo-Fenton process. The morphological changes in E. coli on the Fe-CP aerogel (c) before and
(d) after photo-Fenton treatment.

The possible mechanisms of the photo-Fenton self-cleaning of the Fe-CP aerogel are
exhibited in Figure 8. Under the visible light irradiation, the FexOy in the Fe-CP aerogel
can produce electrons (~e) and holes (h*) [48,49]. Subsequently, the photogenerated h*
could react with H,O and form hydroxyl radicals (-OH). The electrons (~e) will also
react with oxygen (O,) and produce superoxide ions (O?~). The newly formed radicals
with strong oxidation can degrade the contaminant and kill microorganisms and thus
achieve self-cleaning.

Photo-Fenton

Dye
*OH %

By-products

@ -

Microbe

H,0,

Figure 8. The mechanisms of photo-Fenton antifouling for the Fe-CP aerogel.
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4. Conclusions

In summary, we prepared a novel Fe-CP aerogel as an adsorbent for the removal of
pollutants from wastewater. Microspheres prepared from the iron-rich microalgae were
used to prepare the Fe-CP aerogel. The Fe-CP aerogel possessed a maximum adsorption
capacity of 208.3 mg/g for copper ions, and the adsorption process followed the Langmuir
model. The Fe-CP aerogel also exhibited a removal efficiency of 99.1% and 95.9% for MB
and RB, respectively, indicating excellent adsorption ability for dye. Due to the super-
hydrophilicity, the Fe-CP aerogel can also be used for oil/water emulsions and possessed
excellent separation performance. Thus, the prepared Fe-CP aerogel with rich resources,
excellent adsorption capacity, and photo-Fenton self-cleaning properties demonstrated
overall that it may have great potential for the practical treatment of heavy metal ions and
dye wastewater.
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