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Abstract Membrane technology for wastewater reme-
diation has aroused wide interest owing to its unique
properties and potential applications. However, it remains
challenging to explore green, efficient and robust mem-
brane material and technique for complex wastewater
treatment. Herein, we proposed using a simple electros-
pinning and in situ seeding method to fabricate a lignin-
based electrospun nanofiber membrane (LENM) decorated
with photo-Fenton Ag@MIL-100(Fe) heterojunctions for
efficient separation of oil/water emulsions and degradation
of organic dye. Thanks to the embedded lignin in LENM,
an ultrahigh MIL-100(Fe) loading (53 wt %) with good
wettability and high porosity was obtained. As a result, the
hybrid Ag@MIL-100(Fe)/LENM exhibited excellent
oil/water emulsions separation efficiency (more than 97%)
without a compromise of water flux. Moreover, the hybrid
membrane showed an excellent dye removal with degra-
dation of 99% methylene blue within 30 min under
illumination, which is attributed to a synergy of dye
adsorption/enrichment and photo-Fenton catalytic degra-
dation from Ag@MIL-100(Fe). Therefore, the lignin-based
photo-Fenton hybrid membrane can lay the foundation for
the preparation and application of green, sustainable and
versatile membrane materials and technologies for efficient
complex wastewater remediation.
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1 Introduction

In light of the rapid industrialization and urbanization in
recent decades, tens of thousands of hazardous conta-
minants, including organic dyes, oily wastewater, pesti-
cide residues and so on, have been discharged into the
surface water system without complete treatments,
leading to a series of concerns on water pollution [1,2].
Normally, effluents from different industries, such as
printing, textile, food, dyeing and finishing, consists of
plenty of complex and toxic organic ingredients, which
are hard to biodegrade and even harmful to human health
[3]. Typically, organic dye has become one of the
dominated pollutants due to its wide variety, large
discharge and great harm, which has serious threats on
the balance of ecological environment and even the safety
of human beings [2,4]. To this end, many approaches
have been adopted in an attempt to remediate the complex
wastewater, such as adsorption [5], flocculation, electro-
catalysis [6], chemical oxidation [7], membrane separa-
tion [8]. Among, membrane separation technology has
energized tremendous research enthusiasm owing to its
easy handling, small space occupancy, high efficiency
and large-scale implementation [9,10]. However, conven-
tional monofunctional and fossil-based membranes are
prone to suffer membrane fouling, poor adaptability and
performance deterioration, resulting in a reduced per-
meability and separation efficiency during the long-term
run. Hence, it is extremely urgent to exploit a green,
efficient and multifunctional membrane for the remedia-
tion of complex wastewater.

Electrospinning has been regarded as a versatile
technique for preparation of multifunctional nanofiber
composites [11]. In particular, electrospun nanofiber
membrane (ENM) is favored because of its porous
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structure, high specific surface area, and ease of modi-
fication [12]. To date, many petroleum-based polymers,
such as polyacrylonitrile (PAN) [13], polyvinyl alcohol
[14] and polyvinylidene fluoride [15], are the most
common yet relatively high-cost and non-degradable pre-
cursors for electrospinning. In contrast, biomass materials
such as lignin and cellulose, are of inherent nature, low
cost, renewability and eco-friendliness, so they can be
applied as excellent supplements or substitutes for
conventional fossil-based precursors [16—18]. Lignin is a
by-product from lignocellulose fractionation or pulp and
paper industry. It is usually under a direct combustion for
energy recovery rather than conversion into various
value-added products, leading to an insufficient utiliza-
tion of resource [19,20]. Therefore, lignin valorization is
of great importance and under extensive research. For
example, Yu et al. [21] had successfully fabricated lignin-
based electrospun nanofibers (LENFs) using alkali lignin
and PAN for reversible radioiodine capture and found
that the adsorption capacity toward radioiodine raised
with the increase of lignin content in LENFs. However,
although the lignin embedding in ENMs can improve the
performances of adsorption capacity, permeability and
hydrophobicity, the non-degradation of contaminants and
membrane fouling are still inevitable.

Inspiringly, it is an effective strategy to integrate some
special catalysts into the LENMs so that some advanced
oxidation processes like Fenton, photocatalytic degra-
dation can be endowed [22]. On the other hand, the ENFs
can enable the deposition and recovery of nano- or micro-
catalysts, thus promoting their catalytic performance [23].
For the catalysts, metal-organic frameworks (MOFs)
have emerged due to their high porosity, significant spe-
cific surface area, adaptable structure, and huge size, and
easy chemical modification, which are beneficial to their
catalytic activity [24-26]. Moreover, some MOFs, inclu-
ding Ti-, Zn-, Fe-, Co- and Zr-based MOF, demonstrate
great advantage in photocatalysis because of their
semiconductor-like features, e.g., broadened absorption of
visible light, enhanced separation and transmission of
photo-generated electron [24-26]. In addition, it is
acknowledged that a variety of nanoparticles can be
anchored to the surfaces of MOFs to create heterostru-
ctures, thus improving their photocatalytic efficiency
[27-29]. For example, Xiao et al. [28] in situ synthesized
the Pt NPs@ UiO-66-NH, photocatalytic heterojunctions
to accelerate electron conduction and to prevent the
recombination of photo-generated carriers, thus obtaining
an enhanced photocatalytic activity. Liu et al. [29]
deposited 2D TiO, nanosheets onto porous MIL-100(Fe)
to prepare the sandwich-like TiO, NS@MIL-100(Fe)
heterostructures. As a consequence, the adsorption capa-
city and photocatalytic degradation activity for methylene
blue (MB) under visible light were significantly enhan-
ced. In particular, apart from economic benefit, catalysts
derived from Fe-based MOFs, like MIL-100 and MIL-53,
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have an excellent adsorption capacity and deliver a photo-
Fenton synergy, thus boosting the catalytic degradation of
organic pollutants [30].

Herein, we propose using a lignin-based hybrid mem-
brane, namely Ag@MIL-100(Fe)/LENM with a structure
of core—sheath and photo-Fenton catalysis, for productive
separation of emulsions and degradation of organic dyes
in a complex wastewater. The lignin-based ENFs are
served as core, while the well-deposited Ag nanoparticles
on the surfaces of MIL-100(Fe) crystals, defined as
Ag@MIL-100(Fe) heterojunctions, are functioned as
photocatalytic sheath. It is hypothesized that (1) the
introduction of lignin cannot only partially replace the
PAN, but also provide more sites (function groups and
rough surface) for the ultrahigh MIL-100 (Fe) loading;
(2) the in situ immobilized Ag@MIL-100(Fe) with high
porosity, hydrophilicity and photo-Fenton behaviors can
endow the hybrid membrane with excellent membrane
separation and adsorption-catalysis capacity. Both of
them are responsible for the robust separation efficiency,
membrane flux and photo-Fenton catalysis of the hybrid
LENM toward a complex wastewater system.

2 Experimental

2.1 Materials

Lignin was extracted from a black liquor of bamboo kraft
pulp. NaOH, N,N-dimethylformamide, ferrous chloride
tetrahydrate (FeCl,-4H,0), H,0, (30 wt %), methylene
blue (MB), AgNO,, cyclohexane, petroleum ether and
rapeseed oil, were purchased from China Aladdin Rea-
gent Co., Ltd. 1,3,5-Benzenetricarboxylic acid (H;BTC)
and polyacrylonitrile (PAN, M, of 80000), ethylene
diamine tetraacetic acid disodium salt (EDTA-2Na),
benzoquinone (BQ) and fert-butyl alcohol (TBA) were
purchased from Shanghai McLean Biochemical Co., Ltd.
Deionized water was utilized throughout the experiment,
and all the reagents were not subjected to further
purification prior to use.

2.2 Preparation of LENM loaded with MIL-100(Fe)
crystals

The preparation of different ratios of lignin/PAN ENM
can refer to Electronic Supplementary Material (ESM), in
which we selected the optimized electrospinning dope
with lignin:PAN of 5:5 for follow-up experiments.
According to the previous work of our research group
[31], MIL-100(Fe)/LENM with core—sheath structure was
fabricated by a simple in situ seeding synthesis.
Specifically, 1.751 g of H;BTC was added to a beaker
containing 1 mol-L~! NaOH solution, stirred to comp-
letely dissolve H,BTC, and it was used as solution A.
Then, 2.26 g of FeCl,. 4H,0 were completely dissolved
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in 100 mL of water to produce Solution B. Next, LENM
pre-doped with a small amount of H;BTC was immersed
in solution A for a period of time, and then solution B
was dropwise added to solution A at room temperature,
and stirred continuously for 24 h. To obtain MIL-
100(Fe)/LENM, the lignin-based membrane loaded with
MIL-100(Fe) was rinsed with deionized water prior to
vacuum drying for at 50 °C for 5 h.

The loading amounts of MIL-100(Fe) or Ag nanopar-
ticles on LENM can be calculated by the weight change
of nanofiber membrane before and after loading, as
demonstrated by the formula below:

W, -W,

1
where W, and W, (g) refer to the mass of the electrospun
membrane without and with the MIL-100(Fe) or Ag
nanoparticles loading, respectively. ¢ is the loading rate
of MIL-100(Fe) or Ag nanoparticles on electrospun
membrane.

¢= x 100%, (1)

2.3 Preparation of Ag@MIL-100(Fe)/LENM

The immobilization of Ag nanoparticles onto the surfaces
of MIL-100(Fe)/LENM was achieved using a method
described in the literature [32,33]. In short, MIL-100(Fe)/
LENM was submerged in 30 mL AgNO; solution with
1 g'mL™! concentration and then transferred it to a
photocatalytic reactor. The aforementioned solution was
exposed to ultraviolet light under magnetic stirring for
60 min. By virtue of the photo-reduction and some
reducing groups in lignin, a great number of Ag nano-
particles were successfully anchored on the surface of
MIL-100(Fe)/LENM.

2.4  Oil/water emulsions preparation and separation

According to previously reported literature [34], the
surfactant-stabilized emulsions (SSEs) and surfactant-free
emulsions (SFEs) were prepared by using cyclohexane,
petroleum ether and rapeseed oil. Specifically, SFEs were
obtained by mixing 2 mL of oil and 98 mL of water and
by ultrasonic mixing at room temperature for 30 min. For
SSEs, a set of stable oil/water emulsions were obtained
by adding 15 mg Tween 80 in advance as emulsifier into
the same oil-water mixture and then mixing for 30 min.
The membrane flux (J) of the composite membrane at
0.01 MPa (L-m2>h™') can be calculated as per the
formula:
1%
- Sxt @
In the formula, ¥ (L), ¢ (h) and S (m?) correspond to the
permeable water volume, filtration time and area,
respectively. A ultraviolet—visible (UV—vis) spectrophoto-
meter was used to determine the oil contents before and
after separation. The separation efficiency (R, %) can be
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obtained using the formula as follows:

C
R= (1 - —f) x 100%, 3)
G
where C, and C; refer to the oil content in the oil/water
emulsions before and after separation, respectively.

2.5 Evaluation of adsorption-photo-Fenton catalytic
performance of the hybrid membrane

Organic dye MB was chosen as the model pollutant to
examine the adsorption capacity and photo-Fenton
catalysis of the membrane. Typically, 15 mg sample and
60 mL solution of MB at an starting concentration of
50 mg-L~! were placed in a 250 mL glass bottle, initial
pH 7 was adjusted and stirred in a 25 °C water bath at
150 rrmin~!. To measure the MB concentration in the
aqueous solution, 2 mL of the reacted solution were piped
out periodically for UV-vis detection during the
adsorption process. The sample’s adsorption capacity is
determined as per the formula:

(Co-C)xV

P =

“)
m

where ¢, (mg-g ') is the mass of dye adsorbed by LENM
at random time, m is the mass of dried LENM (g), V' is the
volume of the MB solution. C, and C, refer to dye
concentrations prior to and following membrane adsorp-
tion, respectively.

The adsorption process was analyzed by quasi-first-
order kinetic model, and the linear equation was
represented as:

log(g. —q0) = logg. —kit, )
where ¢, and g, (mg-g!) present the equilibrium adsorp-
tion and regular adsorption capacity at random time (¢,
min), respectively. k, (min™") refers to adsorption rate
constant in quasi-first-order model.

The adsorption-photo-Fenton performance of the hyb-
rid membrane was under comprehensive assessment
through catalytic degradation experiment of MB. It was
conducted in a photo-catalytic reactor equipped with
multi tubes. To simulate sunshine, a 500 W xenon lamp
with a 420 nm filter was used. In brief, to achieve
equilibrium adsorption, 10 mg of the sample was placed
into a glass bottle containing 30 mL of MB solution with
a pristine concentration of 20 mg-L™'. The original pH
value was then adjusted to 7 and agitated in the dark at
150 r-min~! for 1 h. Then the xenon lamp was turned on
and 50 pL H,O, solution was immediately added to
initiate the catalysis. The concentration of remaining MB
in the solution was measured using the UV-vis
absorbance at 664 nm of 2 mL solution that was collected
from the bulk solution at regular intervals during the
catalytic degradation process. A quantity of quenching
agents (EDTA-2Na, BQ and TBA) were respectively
added into the reaction solution prior to the addition of
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H,0, to study the role of holes (h™), superoxide radicals
(*O;") and hydroxyl radicals (-OH) on the degradation of
MB.

3 Results and discussion

3.1 Synthesis and morphology of lignin-based photo-
Fenton catalytic membrane

Figure 1 illustrates the synthesis and morphologic
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characterization of the hybrid LENM decorated with
photo-Fenton Ag@MIL-100(Fe) catalyst via electrospin-
ning and in situ seeding strategy. As shown in Fig. 1(a),
three key steps are involved in the preparation of the
hybrid membrane. Initially, different proportions of PAN
and lignin, including 10:0, 8:2, 5:5, 4:6 (on weight basis)
and a few of pre-doped ligand H;BTC (seeding method)
were selected as spinning dope to obtain various lignin-
based nanofiber membranes. Then, the lignin and HyBTC
with abundant of phenolic hydroxyl and carboxylic acid
groups serve as reaction sites to coordinate the Fe’".

-
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Fig. 1 (a) Schematic diagram of the synthesis of photo-Fenton lignin-based Ag@MIL-100(Fe)/LENM; (b—d) SEM images of
LENM, MIL-100(Fe)/LENM and Ag@MIL100(Fe)/LENM at the optimized 50 wt % of lignin content; (¢) EDS mapping images of
Ag@MIL100(Fe)/LENM with C, Fe, O, Ag element.
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Therefore, vast majority of MIL-100(Fe) crystals are
firmly and uniformly wrapped around the nanofibers.
Finally, a mass of photo-reduced Ag nanoparticles are
uniformly deposited and dispersed on the surfaces of
MOFs to form the heterojunctions, further enhancing the
hybrid membrane’s photo-Fenton catalytic performance
[35]. Table S1 (cf. ESM) shows the weight and weight
fraction of LENM, MIL-100(Fe) and Ag nanoparticles in
final hybrid membrane.

The effects of different lignin contents on the morp-
hology of LENMs were investigated (Fig. S1, cf. ESM).
Evidently, as the lignin content increases (0, 20, 50 and
60 wt %), the color of membrane gradually deepens from
light white to brown black. Besides, the ENFs with
increased diameter and roughened surface, such as some
grooves and pores, can be observed (Figs. Sl(a—d)).
Nevertheless, once the lignin content raises to 60 wt %,
some aggregations and tumefactions of nanofibers occur
(Figs. S1(d-1, d-2)), impairing the properties and
performance of LENMs. Therefore, 50 wt % of lignin
content (lignin:PAN = 5:5) in the mixture dope was
chosen as the optimum one for the next experiment and
analyses. The lignin embedding would facilitate the next
MOFs immobilization and dye adsorption [21]. For
instance, the variation of MOFs loading was shown in
Fig. S2 (cf. ESM). The MOFs loading increases from 20
(lignin free) to 53 wt % (Fig. S2(a)), and the equilibrium
adsorption of organic dye raises from 7.5 to 28.5 mg-g”!
(Fig. S2(b)) when the lignin content is up to 53 wt %.

Figures 1(b—d) show the changes of morphology of the
hybrid LENMs in each stage. For the pristine nanofibers
(Figs. 1(b), 1(b-1)), the average diameter is about 450 nm
and rough surfaces can be observed due to the addition of
lignin, which is consistent with literature that reported by
Ahmad et al. [36]. Upon the in sifu synthesis via seeding
method, plenty of octahedral MIL-100(Fe) crystals are
uniformly immobilized and wrapped around the LNEFs,
forming a unique “core—sheath” structure (Figs. 1(c),
I(c-1)). As a result of photo-reduction of silver nitrate
precursor, a quantity of Ag nanoparticles was well
anchored and dispersed on the surfaces of MOFs (Figs.
1(d), 1(d-1)), which are responsible for the enhanced
photo-Fenton catalytic performance of the hybrid
membrane. Moreover, the element mapping images of
Ag@MIL-100(Fe)/LENM clearly show the existence of
C, O, Ag and Fe elements (Fig. I(e)), which further
proves the successful preparation of the lignin-based
hybrid membrane.

3.2 Structural features of lignin-based photo-Fenton
catalytic LENM

The pore structures of LENM, MIL-100(Fe)/LENM,
Ag@MIL-100(Fe)/LENM and pure MIL-100(Fe) with
respect to specific surface area (SSA), mean pore
diameter (MPD) and pore size distribution were
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investigated (Fig. 2). As shown in Fig. 2(a), MIL-100(Fe)
shows a typical isotherm between type I and IV, and
MIL-100(Fe)/LENM shows typical type I isotherms based
on the N, adsorption and desorption isotherms, revealing
the presence of micropores and mesopores. These results
are in agreement with the pore size distribution that
was illustrated in Fig. 2(b). Moreover, the SSA of LENM
is only 5.8 m?-g!, and it significantly increases to
793.6 m*>-g! (MIL-100(Fe)/LENM) when immobilizes
the porous MIL-100(Fe) crystals with ultrahigh SSA of
1214.4 m?>-g~! (Fig. 2(c)). Based on the results of pore
size distribution, vast majority of pores in the MIL-
100(Fe) and MIL-100(Fe)/LENM samples belong to
micropores, ranging from 1.2-3.0 nm, and their MPD are
2.6 and 2.2 nm, respectively (Fig.2(d)). Additionally,
compared with MIL-100(Fe)/LENM, the SSA, and MPD
of Ag@MIL-100(Fe)/LENM had negligible changes,
only slight decreases to 772.8 m?-g~! and 2.5 nm, indica-
ting that the deposition of Ag nanoparticles onto the sur-
faces of MOFs had negligible effect on the pore structure
and pore size distribution of the photo-Fenton catalyst.
These results indicate that the MOFs immobilization can
indeed improve the SSA and porosity of hybrid mem-
branes, which would be beneficial to the adsorption of
organic pollutants.

Some other structural properties, including crystal
structure, chemical structure and composition are illu-
strated in Fig. 3. For the crystal structure in XRD spectra
(Fig. 3(a)), two peaks at 9.2° and 16.8° in the LENM
sample are attributed to lignin and PAN, respectively
[37,38]. Besides, some peaks at 10.3°, 11.0°, 12.5° and
20.2° assigned to MIL-100(Fe) [39], are also presented in
those samples of MIL-100(Fe)/LENM and Ag@MIL-
100(Fe)/LENM, confirming the successful synthesis of
MIL-100(Fe) on nanofibers. Similarly, the characteristic
peak at 38.1° and the weak diffraction peak at 42.0° are
attributed to Ag nanoparticles [40], which indicates that
the successful deposition of Ag nanoparticles on MIL-
100(Fe) surface. For the chemical structure in Fig. 3(b),
the LENM displays the combination of characteristic
peaks of lignin and PAN. More precisely, peak at
3510 cm™! is assigned to —OH; peaks at 1600, 1510 and
1425 cm™! are caused by aromatic ring of lignin; the other
peaks at 1263, 1128 and 1022 cm L, attributed to C-O,
C—C and aromatic C-H vibrations of guaiacyl ring of
lignin, respectively [41]. Besides, the peak at 2240 cm™!
is caused by C—N stretching from PAN [42]. For MIL-
100(Fe)/LENM and Ag@MIL-100(Fe)/LENM, the chara-
cteristic peaks at 710 and 760 cm™' belongs to Fe-O
vibration, while the peaks at 1378 and 1448 cm™' can be
assigned to C=C vibration from benzene ring [43]. The
MIL-100(Fe) sample’s spectrum shows the peaks
mentioned above, proving the MIL-100(Fe) particles
were effectively deposited on LENFs.

XPS patterns of Ag@MIL-100(Fe)/LENM are shown
in Figs. 3(c—f). The C, O, Fe and Ag element is presented



Guodong Tian et al. A lignin-based photocatalytic membrane

935

(a) (b) 25
600 b —e—MIL-100(Fe) MIL-100(Fe)
—eo— MIL-100(Fe)/LENM = MIL-100(Fe)/LENM
= —eo— Ag@MIL-100(Fe)/LENM 250 Ag@MIL-100(Fe)/LENM
50 500 F _e—1.ENM g LENM
4 g
< 400 o-s-s-a0e? E s
E ) %
= ° B4
2 300f o° >
E e e ccrcecciecd g
£ 200 848" =
= RO =)
8 > 5 05
< 100 _E
0 Bhoeoosornonononznonznznzozn e-—ee s | 0.0 a.0.0.0 S0 @en e s
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 ‘ 6 8 10
Relative pressure (P/P,) Pore width/nm
(¢) 1400 () 10
1200 | 1214.4
St
1000
o 800 b 793.6 772.8 £0r
) a
< 600} g,
%5
400 F 29 2.6 25
2k
’ 6.31\ ) M M 0 ) M
LEN 00Fe [EN [EN 00(Fe BN [UEN
\\¥ ¥e) ¥e) ¥e) ¥e)
M A0 0 Wit mA% A

Fig.2 BET results based on the (a) N, adsorption/desorption isotherms, (b) pore size distribution (PSD), (c) specific surface area
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in each spectrum. In Fig. 3(c), the signals of C 1s at 284.8
and 288.9 eV derived from the H;BTC of MIL-100(Fe),
while the signals at 284.8 and 287.1 eV are assigned to
C—O-C and C-OH in lignin, respectively [43,44]. In the
O 1s spectra (Fig. 3(d)), three peaks at 530.8, 532.1 and
534.1 eV respectively attributed to C=0, C-O—C and
C—OH in lignin and MOFs [43,44], indicating that there
is a mass of oxygen-containing functional groups in the
hybrid membrane. In Fig. 3(e), two peaks at 724.3 and
709.8 eV caused by 2p,, and 2p,, of Fe, respectively,
while the satellite peak at 718 eV is attributed to Fe (III)
in MIL-100(Fe) [43]. As shown in Fig. 3(f), the signal of
Ag 3d displays two main peaks at 374.2 and 368.2 eV,
corresponding to 3d;, and 3ds, of Ag, respectively
[45,46]. The two peaks were spaced 6.0 eV, both of
which were characteristic peaks of zero-valent Ag, imp-
lied a fact that Ag species were elemental Ag. Similar
results were also reported in the literature. For examples,
Zhang et al. [35] synthesized Ag/MXene photocatalysts
and confirmed that the Ag species were elemental silver
using XPS method. Therefore, the XPS results above
further confirm that the synthesis and immobilization of
Ag@MIL-100(Fe) on LENM has completed.

3.3  Wettability and separation ability of oil/water
emulsions from Ag@MIL-100(Fe)/LENM

Figure 4 shows the wettability and oil-water separation
ability of the membrane. As shown in Fig. 4(a), the water
contact angle (WCA), indicator of wettability of the
membrane, was investigated. Since the inherent hydro-
phobicity of kraft lignin, the initial LENM had a high
WCA (123.7° at 1 s), which means a relative low wetta-
bility. In contrast, after the MOF loading, both the MIL-
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100(Fe)/LENM and Ag@MIL-100(Fe)/LENM mem-
branes show a significant increase of wettability, almost
0° of WCA at 0.1 s. The enhanced wettability is mainly
due to the rougher surface and more hydrophilic groups
(-COOH) in MIL-100(Fe) [47]. Thanks to the high
hydrophilicity, rough surface and interfacial capillary
effect, a large amount of water can be absorbed and
reserved in the nanofiber network. As a result, a unique
hydration layer can be developed on the surface of the
modified membrane to effectively resist the permeability
of oil droplets (Fig. S3, cf. ESM) [48]. As shown in
Fig. 4(b), the pristine oily emulsions are of high turbidity
with evident oil droplets based on the microscope image.
On the contrary, an oil-free filtrate with high transparence
can be obtained as a result of the membrane filtration.

The separation capacities toward different oil-based
emulsions (cyclohexane, petroleum ether, rapeseed oil)
were investigated in terms of permeation flux and
separation efficiency. As shown in Fig. 4(c), the permea-
tion fluxes toward cyclohexane-, petroleum ether- and
rapeseed oil-based SFEs are of 6990.5, 6866.3 and
7809.9 L-m*h!, respectively. Although the membrane
fluxes for SSEs are not as good as the formers, they
remain at a high level, showing 2537.6, 2366.0 and
3216.8 L-m?*-h™! for each emulsion, respectively. Corres-
pondingly, the separation efficiency of the hybrid mem-
brane in all cases is higher than 97% (Fig. 4(d)) and only
decreases slightly (about 2%) after five filtration cycles
(Fig. S4, cf. ESM). In addition, no trace of oil can be
found in the filtrates based on the UV—vis spectra result
(Fig. S5, cf. ESM). These results above justify that the
Ag@MIL-100(Fe)/LENM has remarkable oil/water emul-
sions separation performance and demonstrates excellent
promise for a sophisticated oily wastewater cleanup.
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separation; (c) permeation fluxes and (d) separation efficiency of SFEs and SSEs filtrated by the Ag@MIL-100(Fe)/LENM.
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3.4 Dye adsorption and photo-Fenton catalysis of
Ag@MIL-100(Fe)/LENM

Figure 5 shows the adsorption and photo-Fenton catalytic
degradation performance of the membrane for dyes. The
synergy of adsorption and catalysis of Ag@MIL-100(Fe)/
LENM under light were evaluated using MB as simulated
organic dye wastewater. As shown in Fig. 5(a), there is a
relatively low absorption band for LENM because of the
presence of lignin. Instead, benefiting from a good light
absorption ability of Fe-based MOF, the absorption band
of MIL-100(Fe)/LENM at the visible light (420-600 nm),
obviously increases and further promotes in the case of
Ag@MIL-100(Fe). This is attributed to the plasma effect
on the Ag nanoparticles surface, which significantly
enhances its light absorption capacity [35]. These results
indicate that Ag@MIL-100(Fe)/LENM is capable to
absorb more visible light/energy, thus promoting more
generation of photo-induced electron and radical groups
(‘OH or -O,") to degrade the organic pollutants. Simi-
larly, the results of photoluminescence (PL) spectra in
Fig. 5(b) are in agreement with their light adsorption
(Fig. 5(a)). Admittedly, the lower PL intensity at 565 nm,
the higher separation efficiency of photo-generated
carrier. This is due to the strong conductivity of Ag
nanoparticles further facilitated the efficient separation of
photo-generated charges [35,46]. Based on that, the
Ag@MIL-100(Fe)/LENM possesses the most robust
photocatalytic ability due to its enhanced photo-induced
electron—hole separation efficiency and light absorption

937

ability. In addition, as shown in Fig. 5(c), the results of
adsorption kinetics reveal that the LENM has a certain yet
relatively low equilibrium adsorption (about 27.5 mg-g™!)
toward MB dye due to the presence of lignin in the
nanofiber network (Fig. S2). In contrast, thanks to the
immobilization of porous MIL-100(Fe), the adsorption
capacity of Ag@MIL-100(Fe)/LENM is significantly
improved, showing the highest adsorption capacity
(~140 mg-g ') and rate. Figure 5(d) illustrates the chan-
ges of MB absorbance as function of the hybrid mem-
brane treatment for different treatment time. Evidently,
MB solution initially shows a notable absorbance at
664 nm and finally vanished as a result of photo-Fenton
treatment for 30 min (also supported by the color changes
in inserts). As shown in Fig. 5(e), under the dark condi-
tion, the LENM, MIL-100(Fe)/LENM and Ag@MIL-
100(Fe)/LENM adsorbed approximately 30%, 50% and
58% of MB dye, respectively. Upon the visible light
irradiation, the concentration of MB slightly decreases in
the case of LENM, while under the action of photoca-
talysts of MIL-100(Fe) and Ag@MIL-100(Fe), the
concentration of MB decreased significantly. Inspiringly,
due to the photo-Fenton synergy from the Ag@MIL-
100(Fe) heterojunction, the hybrid membrane achieved a
complete degradation of MB dye with 30 min of illumi-
nation. Moreover, the corresponding kinetic constant (k)
of photocatalytic degradation of MB was fitted (Fig. 5(f))
and the k values of LENM (0.0034), MIL-100(Fe)/LENM
(0.0786) and Ag@MIL-100(Fe)/LENM (0.1415) are in
an ascending order, which indicates that the resultant
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Fig.5 (a) UV-vis DRS and (b) PL spectrum of LENM, MIL-100(Fe), MIL-100(Fe)/LENM and Ag@MIL-100(Fe)/LENM;
(c) comparison of adsorption capacity of three different lignin-based membranes; (d) UV—vis adsorption spectra of MB during the
treatment of Ag@MIL-100(Fe)/LENM; (e) adsorption capacity and photo-Fenton catalytic activity of the three different membranes
under dark and visible light conditions; (f) kinetic curves for the three membrane samples.
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hybrid membrane has the strongest catalytic activity.
Furthermore, to investigate the specific active substance
in this catalytic system, some free radical scavengers,
such as EDTA-2Na, BQ and TBA are used for selectively
trapping h*, -0, and -OH, respectively [49]. As shown in
Fig. S6 (cf. ESM), the catalytic degradation efficiency
Ag@MIL-100(Fe)/LENM was 99.7% and it gradually
decreased upon the addition of different free radical
scavengers. Evidently, the addition of TBA exerted the
most remarkable impact on the degradation efficiency
(27.4%), followed by BQ (68.1%) and EDTA-2Na
(80.7%), confirming that ‘OH and -O,” were dominate
active species that contributed to the photocatalytic
degradation of organic pollutant. The above results fur-
ther confirm that the high conductivity of Ag nanopar-
ticles and plasma effect significantly enhance the effec-
tive separation of photoinduced electron/hole from
MOFs, thus facilitating the photocatalytic activity of the
hybrid membrane to obtain a higher catalytic degradation
efficiency [46]. Furthermore, we compared the degrada-
tion performance of Ag@MIL-100(Fe)/LENM with some
other photocatalysts reported in the literature (Table S2,
cf. ESM). Owing to the adsorption-photo-Fenton synergy,
the Ag@MIL-100(Fe)/LENM in our work demonstrates
an excellent performance and efficiency of dye removal
among those photocatalytic materials.

3.5 Possible mechanism of adsorption-photo-Fenton
synergy

The mechanism of adsorption-photo-Fenton synergy of
Ag@MIL-100(Fe)/LENM for catalytic degradation dye
was demonstrated in Fig. 6. As for the adsorption
mechanism, the interactions between the hybrid mem-
brane and MB dye may consist of pore capture, hydrogen
bonding and n—m stacking [13,50]. Initially, Ag@MIL-
100(Fe)/LENM can adsorb and enrich MB dye because of

Front. Chem. Sci. Eng. 2023, 17(7): 930-941

its abundant porous structure and large specific surface
area (supporting data in Fig.2). Specifically, MIL-
100(Fe) on the fiber membranes possesses excellent
porosity and high binding ability. Additionally, m—mn
stacking between the benzene rings of dyes and the
benzene rings in MIL-100(Fe) also contributes to the
adsorption of dyes [51]. Due to their good adsorption
capacity toward organic pollutants, MB can be captured
by MIL-100(Fe) during the filtration process. Upon being
exposed to visible light, the reserved MB underwent
photo-Fenton degradation. In fact, during the photoca-
talytic process, the valence band electrons (¢7) on the
surface of Ag@MIL-100(Fe) are excited to the conduc-
tion band when the irradiated visible light exceeds its
band gap energy, left the h* in the valence band. The Ag
nanoparticles deposited on MIL-100(Fe) surfaces further
promote the effective separation of photoinduced electron/
hole due to their high conductivity. Consequently, the
separated € and h* are capable of reacting with O, and
H,O to generate a set of strong oxidative radicals, such as
-0% and -OH, both of which are responsible for the fast
oxidative degradation of organic pollutants. In addition, a
synergy of photo-Fenton catalysis derived from the
integration of iron ions (Fe*"), H,0, and visible light can
further boost the degradation process above [52].

4 Conclusions

In conclusion, the photo-Fenton catalyst of Ag@MIL-
100(Fe) heterojunctions were successfully in situ immo-
bilized on the LENM. Thanks to the introduction of
lignin, the nanofiber in LENM matrix exhibits rough
surfaces and high porosity, which are responsible for the
relative high immobilization of MIL-100(Fe) crystals
(53%). Owing to the inherent porosity and hydrophilicity

Fig. 6 The possible adsorption-photo-Fenton mechanism of Ag@MIL-100(Fe)/LENM for catalytic degradation of MB dyes.
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of MOF, the hybrid membrane shows a good wettability
with 0° of WCA, thus endowing an efficient separation
(>97%) and permeation flux (>2500 L-m*h7') for
oil/water emulsions. Moreover, the well-deposited Ag
nanoparticles on surfaces of MOFs gave rise to an
enhanced photo-Fenton effect. Therefore, the photo-
Fenton catalysis, together with the dye adsorption/enri-
chment, tremendously endowed the Ag@MIL-100(Fe)/
LENM excellent catalytic degradation toward MB dye.
For examples, with 30 min of illumination, the hybrid
membrane achieved a removal rate of more than 99% for
MB. Based on the results above, the photo-Fenton hybrid
LENM has a good prospect for the remediation of
complex wastewater treatment, and this work may
provide reference for fabricating green, sustainable and
versatile membrane materials and technologies for
wastewater treatment.
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