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Fabricating dye adsorbents with efficient adsorption properties is of great significance in the treatment of

printing and dyeing wastewater. Herein, composite materials of polydopamine decorated cellulose

fibrous nonwovens (PDA@CF NWs) were fabricated by constructing a PDA functional layer on the

surface of cellulose fibers via in situ polymerization. In addition, a three-dimensional adsorbent of 3D

PDA@CF NWs with good hydrophilicity, structural stability, and compression resistance could be

obtained using a facilely laminating and traditional loop bonding reinforcing technique. Attributed to the

efficient and uniform loading of an active PDA functional layer, the resulting PDA@CF NWs exhibited

a relatively large adsorption capacity of around 91 mg g−1 towards the template dye of methylene blue

within a fast equilibrium time of 2 h, which was superior to most of the fibrous adsorbents. In addition,

the treatment column of 3D PDA@CF NWs exhibited a breakthrough capacity of 40.9 mg g−1, reaching

nearly 50% of the static saturated dye-binding capacity. More importantly, the 3D PDA@CF NWs column

could effectively and continuously separate the mixture of different dyes under gravity, highlighting an

excellent practical performance. Thus, the PDA@CF NWs are expected to provide a promising candidate

for environment-friendly, large-scale and efficient treatment of industrial printing and dyeing wastewater.
Introduction

Nowadays, water pollution caused by organic dyes has become
one of the most serious water pollution problems due to the
rapid development of the textile and garment industry.1,2

Organic dye pollutants in wastewater with complex structure,
high chroma, strong toxicity, and difficult degradation not only
have a certain impact on aquatic organisms but also pose
a great threat to human health and survival.3,4 Up to now,
various treatment approaches towards organic dyeing waste-
water have been developed, mainly consisting of membrane
separation, occulation, redox, electrochemical, adsorption,
etc.5–8 Among these techniques, adsorption has been widely
applied in the removal of dyes owing to its remarkable decol-
orization effect, simple operation, low cost, and wide source of
adsorbents.9,10 Along with the rapid development of adsorption
technology, the preparation of green, efficient, and low-cost
adsorbents for dyeing wastewater treatment is highly desired.
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Compared with the traditional dye adsorbents, such as
activated carbon, bentonite, zeolite, ion exchange resin, and
chelating resin, ber-based adsorbents have been widely
studied because of their rich sources, abundant types, and easy
fabrication.11,12 Among these brous adsorbents, nanobers
have been deemed as a new type of substrate to fabricate dye
adsorbents with excellent performance benetting from their
small diameter, high porosity, and unique surface/interface
effect.13,14 Nevertheless, several problems of the nanober-
based adsorbent still exist, mainly involving relatively low
production speed, secondary environmental pollution caused
by the use of organic solvent, etc.15 Alternatively, as a type of
traditional brous product, nonwoven materials have exhibited
excellent prospects in the preparation of dyeing wastewater
treatment materials due to their advantages of high production
efficiency, large output, low cost, superior processability, and
structure controllability.16,17 Up to the present, a series of
nonwoven-based adsorbents have been developed. For instance,
Haiji et al. graed acrylic acid on the polypropylene nonwovens
activated with oxygen plasma, and the modied nonwovens
showed high adsorption properties for cationic dyes in organic
wastewater.18 Li et al. doped Al into chitosan nonwoven to
fabricated dye adsorbent, the resulting Al-doped composite
chitosan nonwovens showed improved dye adsorption proper-
ties by introducing the chelation interaction between the dye
and metal ion center of nonwovens.19 Although certain progress
© 2022 The Author(s). Published by the Royal Society of Chemistry
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has been made in the preparation of nonwovens-based waste-
water treatment materials, some bottlenecks of the complex
modication process, easy to produce secondary pollution, slow
adsorption speed, difficulty to achieve continuous treatment
still exist.20–22 Accordingly, it is highly desired to develop high-
performance nonwovens-based adsorbent and thus to realize
the continuous dyeing wastewater treatment. Cellulose brous
nonwovens (CF NWs) possessing characteristics of non-toxicity,
excellent permeability, biodegradability, and good biocompati-
bility, have been widely used in the eld of the textile
industry.23,24 Thus, it is expected to fabricate three-dimensional
adsorption columns for printing and dyeing wastewater treat-
ment by taking the CF NWs as substrate, nevertheless, no
related research has been reported.

Herein, polydopamine decorated CF NWs (PDA@CF NWs)
were fabricated via the in situ polymerization of PDA functional
layer on the surface of cellulose ber, realizing by taking CF
NWs as the substrate and dopamine (DA) as the modier.
Additionally, a three-dimensional PDA@CF NWs composite
column was designed and constructed by combining the facilely
laminating and reinforcing through the traditional nonwoven
processing technology of loop bonding, as illustrated in Fig. 1a.
Owing to the high-performance PDA coating layer and stable
brous structure, the composite nonwovens could realize the
treatment of dyeing wastewater under static adsorption (Fig. 1b)
and dynamic separation (Fig. 1c) patterns. Morphologies and
physical/chemical properties of the PDA@CF NWs were regu-
lated mainly by controlling the DA loading amount and poly-
merization time. Surface wettability, mechanical properties,
static and kinetic dye adsorption performance of the PDA@CF
NWs were studied. Besides, dynamic breakthrough adsorption
and selective separation performance of the 3D PDA@CF NWs
were systematically discussed.
Experimental section
Materials

Spunlaced CF NWs were obtained from Zhejiang Furuisen
Spunlaced Nonwovens Co., Ltd, China. DA, tris(hydroxymethyl)
Fig. 1 (a) Schematic illustration of the fabrication process of the in situ
polymerization, laminating, and loop bonding of the 3D PDA@CF NWs.
(b) Static dye adsorption and (c) dynamic dye separation application of
the PDA@CF NWs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
aminomethane, hydrochloric acid (HCl), sodium chloride
(NaCl), methylene blue (MB), and rhodamine B (RhB) were
supported by Aladdin Reagent Co., Ltd., China. Methyl orange
(MO) was provided by National Medicines Co., Ltd., China.
Safranine T (ST) was supplied via Shanghai Yien Chemical
Technology Co., Ltd, China. Anhydrous ethanol was obtained
from Shanghai Linfeng Chemical Reagent Co., Ltd. China.

Fabrication of the PDA@CF NWs

Firstly, the CF NWs were washed with ethanol for 30 minutes at
room temperature to remove impurities, and then thoroughly
dried in a vacuum oven before use. DA modication solution
was obtained by adding dopamine powder at different loading
dosages (0, 0.5, 1.0, 2.0, and 3.0 mg mL−1) into 0.05 mol L−1

Tris–HCl buffer solution and pH of the Tris–HCl buffer was
regulated to 8.5 using 0.1 mol L−1 HCl solution. Subsequently,
alcohol-washed CF NWs were immersed into DA solution. The
in situ polymerization of DA on the nonwovens was proceeded
under stirring conditions and at room temperature for a period
of time (2, 4, 8, and 12 h). Following that, the resulting
composite nonwovens were washed with ultrapure water to
remove residual chemicals and dried using a vacuum oven at
60 �C for 8 h, thus the PDA@CF NWs prepared with different DA
concentrations and modication times were obtained. For
preparing the 3D PDA@CF NWs, the resulting composite
nonwovens were laminated in multiple layers, and then the
layered stacked nonwovens were strengthened by loop bonding
technology. Finally, the 3D PDA@CF composite nonwovens
with a stable structure were obtained.

Static adsorption performance measurement

In this work, MB was taken as the model cationic dye to perform
the dye adsorption performance of the resulting PDA@CF NWs.
The initial dye loading dosage was changed from 0 to 70mg L−1.
Meanwhile, the adsorption time was changed from 0 to 12 h.
Typically, 3 mg composite nonwovens were immersed into
a 6 mL dye solution, and then the mixture was shaken at
a constant rate for a designated time. Adsorption capacities of
the nonwoven materials were calculated via detecting the
absorbance intensity changes at 664 nm of the solutions using
an ultraviolet-visible (UV-vis) spectrophotometer. The amounts
of adsorbed dyes were calculated via the following equation:

Qt ¼ ðC0 � CtÞV
m

(1)

where Qt represents the binding amount (mg g−1), m represents
the amount of PDA@CF NWs (g), C0 and Ct represent the dye
concentration at initial and aer adsorption states (mg L−1),
and V represents a volume of the dye solution (L).

Dynamic breakthrough adsorption performance
measurement

To investigate the dynamic breakthrough performance of the
resulting composite nonwovens, 3D PDA@CF NWs by 15 layers
of composite nonwovens with a total thickness of about 8 mm
were xed in a homemade plastic lter column with an inner
RSC Adv., 2022, 12, 27616–27624 | 27617
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Fig. 2 FE-SEM and the partial enlargement photograph of the
PDA@CF NWs fabricated by different DA concentrations of (a) 0, (b)
0.5, (c) 1.0, (d) 2.0, and (e) 3.0 mg mL−1. (f) Optical images of the
corresponding PDA@CF NWs.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 3
:5

3:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
diameter of 13 mm. The as-prepared dye solution (taking
50mg L−1 MB solution as an example) was then poured onto the
lter column continuously and slowly through the modied
nonwovens, following the interaction with the composite
materials. And then, the effluent solutions were immediately
collected in turn, the volume of the collected solution was
controlled at 4 mL at each time. Subsequently, the dye
concentration of the collected effluent was calculated via the
detected UV-vis spectra, and the test was terminated until the
absorbance of effluent achieved the initial value of the original
dye solution. It is worth pointing out that during the whole
process of penetration, the height of liquid level in the lter
remained basically and all of the experiments were driven solely
by a stable pressure drop of gravity (about 100 Pa).

Selectivity measurement

High selectivity to organic molecules is the key to affecting
ltration performance. Thus, it is essential to investigate the
selectivity of the as-prepared composite nonwovens by testing
the adsorption performances towards different ionic types and
molecular sizes of dyes, including cationic dyeMB, ST, RhB with
different sizes as well as MO was selected as an anionic dye.
Herein, the dye ltration experiments were carried out using the
above ltration device. As for the mixtures of organic dyes
including MB/RhB, MB/ST, and MB/MO, the initial concentra-
tion of each dye was controlled at 50 mg L−1. Furthermore, the
3D PDA@CF NWs column was placed in the ltration device,
and the dye mixture was ltered under gravity.

Apparatus and characterizations

The morphologies of the relevant composite nonwovens were
characterized by utilizing Field emission scanning electron
microscopy (FE-SEM, Gemini SEM 300, Carl Zeiss Ltd., Ger-
many). The chemical structure and textural properties of the
relevant samples were examined by employing X-ray photo-
electron spectroscopy (XPS, K-Alpha+) and Brunauer–Emmett–
Teller (BET) analyser (ASAP 2020, Micromeritics Instrument
Co., Ltd, USA). The mechanical properties of the original
samples and the modied composite nonwovens were
measured by using a tensile tester (XJ810, Shanghai XiangJie
Instrument Co., Ltd., China). The dynamic water contact angles
(WCA) of the relevant nonwovens were determined via the SDC-
350 contact angle measuring device. The absorbance curves of
the dye solutions before and aer adsorption were recorded
using an ultraviolet spectrophotometer (TU-1810, Beijing Pur-
kinje General Instrument Co., Ltd, China).

Results and discussion
Morphologies, chemical and mechanical properties of the
PDA@CF NWs

Firstly, morphology structure of the PDA@CF NWs was inves-
tigated and analyzed by FE-SEM, and the resulting representa-
tive FE-SEM images of the original substrate and the composite
nonwoven modied with various DA concentrations were
shown in Fig. 2a–e. As can be seen from Fig. 2a, the initial
27618 | RSC Adv., 2022, 12, 27616–27624
cellulose nonwoven exhibited a disordered brous accumula-
tion structure and relatively smooth ber surface. Aer poly-
merization modication by DA, a rough coating layer could be
observed on the surface of cellulose bers. Moreover, as illus-
trated in Fig. 2b–e, with the increase of DA concentration, the
roughness of the functional layer on the ber surface gradually
enhanced, which might ascribe to the increase of polymeriza-
tion amount of DA. Fig. 2f shows the optical images of raw
nonwovens material and the corresponding PDA@CF NWs. The
color of the resulting composite nonwovens gradually darkens
with the increase of DA loading concentration.25 Nevertheless,
when the DA concentration was greater than 1.0 mg mL−1, the
relevant samples keep dark black and almost had no signicant
change, indicating that the polymerization modication of DA
on nonwovens has reached saturation at the concentration of
1.0 mg mL−1.

In addition to the DA concentration, the polymerization
modication time also greatly inuences the structure of the
PDA@CF NWs. In this work, modication time was controlled
at 2, 4, 8, and 12 h under a xed DA concentration of 1.0 mg
mL−1. As showed in the FE-SEM and optical images (Fig. 3a–d),
similar to the inuences of DA concentration, the functionally
loaded substance gradually increased and the color of these
PDA@CF NWs also deepened along with the extension of
modication time. Obviously, due to the insufficient modica-
tion time of 2 h to realize fully polymerization of DA around
bers, thus non-uniform coating layers could be observed on
the ber surface. Aer modication for 8 h, the load of the PDA
functional layer on the surface of the ber almost reached
uniform, indicating that it was almost saturated. Besides, as
presented in the SEM-EDS images (Fig. 3e–i), relatively
uniformly-distributed C, N, and O elements mapping could be
observed on the surface of PDA@CF NWs.26 The corresponding
EDX pattern illustrated a strong signal of N element with
a content of 4.5 wt%.

Furthermore, XPS characterization was introduced to
conrm the chemical structure of the resultant composite
nonwovens. As shown in Fig. 3k, only peaks of C 1s (286.8 eV)
and O 1s (532.8 eV) could be detected on the initial CF NWs.27

Aer DA polymerization modication, an obvious N 1s peak
around 400.08 eV could be observed on the resulting PDA@CF
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FE-SEM and the corresponding optical images of the PDA@CF
NWs fabricated under different polymerization modification times of
(a) 2, (b) 4, (c) 8, (d) 12 h (fixed DA concentration of 1.0 mg mL−1). (e, f)
SEM-EDS image, (g–i) SEM-EDS element mapping images, and (j) EDX
pattern of the PDA@CF NWs. (k) Survey XPS of the relevant samples. (l)
XPS high-resolution N 1s spectra of PDA@CF NWs. (PDA@CF NWs
modified by 1.0 mg mL−1 DA and 8 h was taken as the representative
example to characterize the SEM-EDS and XPS).

Fig. 4 Representative images of the dynamic water permeation
process on the surface of (a) CF NWs and (b) PDA@CFNWs. (c) Pictures
displaying the compression and recovery process of the 3D PDA@CF
NWs. (d) Compression s–3 curves of the 3D PDA@CF NWs at different
compression cycles under a fixed maximum strain of 60%.
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NWs. Moreover, the N 1s spectra could be simulated into three
peaks at 398.6, 400.1, and 401.8 eV (Fig. 3l), which respectively
assigned to tertiary/aromatic amine (]N-R), secondary amine
(R-NH-R), and primary amine (R-NH2) functionalities.28 More-
over, textural properties of the relevant samples were shown in
Fig. S1 and Table S1.† Obviously, both of the initial CF NWs and
the relevant PDA@CF NWs presented type IV N2 adsorption–
desorption isotherms, and the resulting PDA@CF NWs exhibi-
ted a relatively larger BET specic surface area of 1.671 m2 g−1

as compared with the original nonwoven substrate (0.841 m2

g−1), which might ascribe to the effective accumulation of PDA
particle on the ber surface.29,30 The increased BET surface area
was benecial to the capture and adsorption of dye molecules.
Taking the above results into consideration, it could be
demonstrated that the functional layer of PDA was successfully
graed onto CF NWs thus endowing the composite PDA@CF
NWs with adsorption capability towards dye molecules in the
wastewater.

As a new type of dyeing water treatment material, good
hydrophilicity and mechanical strength were highly demanded
for the 3D PDA@CF NWs. Herein, the inuence of PDA coating
modication on the surface wettability of the CF NWs was
researched by the dynamic wettability test of water droplets. As
shown in Fig. 4a and b, aer contacting the initial CF NWs, the
test water droplet could rapidly inltrate into the material
within about 40 ms due to the excellent hydrophilicity of the
cellulose ber. Although the PDA@CF NWs showed a slightly
decreased hydrophilicity due to its relatively larger contact
angle and slightly longer inltration time of 90 ms, the test
water droplet also could completely permeate into the resultant
composites, declaring its good hydrophilicity and
permeability.31
© 2022 The Author(s). Published by the Royal Society of Chemistry
Furthermore, as shown in Fig. S2,† the PDA@CF NWs
exhibited a slightly decreased tensile strength (4.11 MPa) than
the original CF NWs (4.68 MPa), this might be attributed to the
fact that partial mechanical entanglement between cellulose
bers would be destroyed or weakened by the agitation action in
the polymerization modication process. Normally, it is worth
noting that the sewage treatment columns usually need to bear
certain compression and decompression caused by the water
pump and water owing during practical use, thus good
compressive mechanical properties are essentially required for
the composites of 3D PDA@CF NWs column fabricated by
laminating and loop bonding. As displayed in Fig. 4c, the 3D
PDA@CF NWs (0.265 g) could be generally restored to their
initial shape and size aer being pressed by one 100 g weight,
illustrating a relatively good mechanical strength. As can be
seen from the quantitative compressive stress–strain test results
(Fig. 4d), the compressive stress increased slightly when the
compressive strain was less than 30%, and then rapidly
researched to near 80 kPa as the strain increased to 60%.
Despite of the small hysteresis loops, the maximum compres-
sive stress could keep relatively stable in 10 compressive
cycles,32 indicating a good mechanical property of the 3D
PDA@CF NWs.
Adsorption performance investigation and optimization of
the PDA@CF NWs

The effective loading of PDA endows the synthesized composite
materials with effective adsorption and removal capabilities
toward organic dye contaminants, mainly rely on the hydrogen
bonding interaction, electrostatic adsorption force, together
with the p–p stacking interaction between the PDA@CF NWs
and these organic pollutants.33 Generally, the PDA contents on
nonwovens remarkably affected the dye adsorption perfor-
mance of the PDA@CF NWs, which mainly depended on the
initial DA concentration and polymerization deposition time.
Results of the effect of DA loading on adsorption capacity of the
composite nonwovens were displayed in Fig. 5a and b. With the
RSC Adv., 2022, 12, 27616–27624 | 27619
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Fig. 5 Spectrum and MB adsorption capacity of the PDA@CF NWs
fabricated by (a, b) different DA concentrations and (c, d) different
polymerization modification time. The insets show the colors of MB
solution and the corresponding effluent.

Fig. 6 (a) Adsorption capacities and (b) isothermal adsorption simu-
lation of the PDA@CF NWs at different initial concentrations. (c)
Influence of adsorption time on the adsorption capacity and the
relevant adsorption kinetics analysis of the PDA@CF NWs. (d) Perfor-
mance comparison of the PDA@CF NWs to these dye adsorption
materials. The inset in (a) exhibits the linear fitting relationship between
the adsorption capacity and initial MB concentration ranging from 0 to
50 mg L−1.

Table 1 Langmuir and Freundlich adsorption isotherms parameters
for MB adsorption by PDA@CF NWs

Langmuir adsorption model
Freundlich adsorption
model

qmax (mg g−1) Ka (L mg−1) R2 KF 1/n R2

191.341 0.015 0.942 6.011 0.664 0.907
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increase of DA loading dosage (from 0 to 1.0 mg mL−1), the MB
adsorption capability of the resulting PDA@CF NWs was
improved rapidly from 22.4 to 75.7 mg g−1. This may be
ascribed to the gradually completing of the PDA functional
layers and thus the dramatical increasing of adsorption acti-
vated sites on the surface of cellulose bers.34 Following that,
the composite nonwovens keep an almost unchanged adsorp-
tion capability with the further increasing DA concentration,
which might due to the saturation of the PDA deposition.

Moreover, as demonstrated in Fig. 5c and d, the effect of
polymerization deposition time on the performance of
PDA@CF NWs was investigated. Similarly, with the increment
of polymerization deposition time, MB adsorption capacity also
gradually increased to almost 91 mg g−1. Aer the modication
time was longer than 8 h, the resulting composite nonwovens
presented an equilibrium adsorption capacity. This is mainly
because the available adsorption sites could be gradually
occupied by the dye molecules at the initial adsorption stage,
thus leading to a continuous improvement in the adsorption
capacity. Following that, with the progress of adsorption, the
active sites on the functional PDA layer were gradually
consumed, and the adsorption amounts reached equilibrium.33

Thus PDA@CF NWs fabricated from the optimummodication
parameters including DA concentration of 1.0 mg mL−1 and
modication time of 8 h were taken as the representative
sample to conduct the following adsorption experiments.

In this work, the effects of dye concentration on the perfor-
mance of PDA@CF NWs were comprehensively evaluated via
testing the adsorption equilibrium uptakes under different
initial MB concentrations ranging from 0 to 70 mg L−1. As the
MB concentrations raised from 0 to 40 mg L−1, the adsorption
capacity of the PDA@CF NWs almost exhibited a linear positive
correlation with the MB concentration at a high linear coeffi-
cient of 0.9977 (inset of Fig. 6a). And the composite nonwovens
keep a saturated MB adsorption capability of 91.83 mg g−1 with
the further increasing of MB concentrations. Generally,
27620 | RSC Adv., 2022, 12, 27616–27624
traditional Freundlich and Langmuir isothermal adsorption
models were introduced to quantitatively investigate the
isothermal dye adsorption processes of the PDA@CF NWs, that
are respectively expressed as follows:33,34

Freundlich model : lg qe ¼ lg Ce

n
þ lg KF (2)

Langmuir model :
1

qe
¼ 1

qmax

þ 1

KaqmaxCe

(3)

where qe is the equilibrium adsorption capacity under different
initial concentrations of MB solution (mg g−1), qmax represents
the maximum adsorption capability (mg g−1), Ce represents the
MB concentration at equilibrium adsorption state (mg L−1), KF

and Ka are equilibrium constant of Freundlich and Langmuir
models, respectively, n is the adsorption strength constant. The
resultant tting curves and calculated parameters are presented
in Fig. 6b and Table 1. As can be seen from the correlation
coefficient (R2) shown in Table 1, the adsorption isothermal
process of PDA@CF NWs was more described suitably through
the Langmuir model (R2 ¼ 0.942), conrming homogeneous
monolayer adsorption occurred on the surface of composite
nonwovens.35 More interestingly, the theoretical maximum
© 2022 The Author(s). Published by the Royal Society of Chemistry
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amount calculated based on the Langmuir model was assigned
to 191.341 mg g−1, further indicating the relatively high
adsorption capacity towards MB.

Furthermore, to further quantitatively evaluate the dye
adsorption performance of the resulting composite nonwovens,
the kinetic adsorption performance of the PDA@CF NWs was
extensively investigated via detecting the binding capacity of
adsorbed dye at gradually increasing contact time (0, 0.2, 0.5, 1,
2, 4, 6, 8, and 12 h), as displayed in Fig. 6c. Signicantly, the
adsorption capacity of the PDA@CF NWs increased sharply and
then approached the equilibrium value of 91 mg g−1 within 2 h,
demonstrating the efficient and rapid capturing capability of
the composite nonwovens towards MB. Moreover, to further
evaluate the type of adsorption force between PDA@CF NWs
and MB molecules, we employed the pseudo-rst and second-
order kinetic models to analyze these resulting dynamic
adsorption results:36,37

Pseudo-first-order model : qt ¼ qe

�
1� 1

ek1t

�
(4)

Pseudo-second-order model : qt ¼ k2qe
2t

1þ k2qet
(5)

where qt is the adsorption capacity at relevant adsorption time
(mg g−1), qe is the equilibrium adsorption capacity of MB
solution (mg g−1), k1 and k2 are the rate constants of the two
models, respectively. The resultant tting curves and calculated
parameters, shown in Fig. 6c and Table 2, revealed that the
pseudo-second-order model was followed much well for
describing the adsorption results as conrmed by the higher
correlation coefficients (R2¼ 0.968) compared to another model
(R2 ¼ 0.911). Overall, it was demonstrated that the dye adsorp-
tion performance endows the as-prepared PDA@CF NWs with
a high potential to construct packing columns for the practical
separation of dyes in the future. Moreover, taking the relatively
high adsorption capability (almost 91 mg g−1) and short equi-
librium time (2 h) into consideration, the PDA@CF NWs
exhibited a relatively superior comprehensive performance over
a range of brous dye adsorbents (Fig. 6d and Table S2†),38–47

highlighting its great potential in the practical printing and
dyeing wastewater treatment.

Dynamic breakthrough and separation performance of the 3D
PDA@CF NWs

Since the aim of this work is to develop a high-efficiency dye
adsorbent to realize effective and continuous dyeing water
treatment, thus it is of great importance to evaluate the practical
performance of the resulting composite nonwovens.48 Firstly,
the dynamic breakthrough adsorption capability of PDA@CF
Table 2 Pseudo-first and second order kinetic parameters of MB by
PDA@CF NWs

Pseudo-rst-order model Pseudo-second-order model

qe (mg g−1) K1 (min−1) R2 qe (mg g−1) K2 (min−1) R2

88.709 3.384 0.911 93.142 0.059 0.968

© 2022 The Author(s). Published by the Royal Society of Chemistry
NWs that greatly inuences the dyeing water treatment rate and
ux was measured. Herein, cylindrical nonwoven columns with
a thickness of about 8 mm that laminated and loop-bonded by
3D PDA@CF NWs were lled in the plastic lter to purify MB
solution (50 mg L−1) to conduct the measurement and calcu-
lation of dynamic MB adsorption capacity. As presented in the
corresponding photographs (Fig. 7a), aer owing through the
nonwoven columns driven by its gravity, the dark blue dyeing
wastewater simulated solution transformed to relatively clean
water without obvious dye pollutant, exhibiting a fast dynamic
adsorption rate. By quantitatively analyzing the whole dynamic
adsorption process, a typical adsorption breakthrough curve
was observed. As displayed in Fig. 7b, the absorbance of the
effluent rose slowly and then reached the value of the initial MB
solution at the outlet volume of 440 mL. According to the
calculation results, 10%, 50%, and 100% dynamic break-
through binding capacity of the 3D PDA@CF NWs column was
almost 11, 28, and 40.9 mg g−1, respectively, nearly reaching
12%, 31% and 50% of the static saturated capacity (91 mg g−1).
The unsatisfactory dynamic breakthrough capacity of the
composite nonwovens might be attributable to the relatively
large and non-uniform pore size large ber diameter caused by
the relatively large diameter, as well as the small packing
thickness of the 3D PDA@CF NWs.49,50 On the one hand, the
large pore size is benecial to the rapid mass transfer and
diffusion of the dye molecules in the nonwoven materials and
the rapid ow of the dyeing water simulated water; on the other
hand, the synthetic action of rapid diffusion and solution ow
would result in the insufficient contact of dye molecules with
the adsorption ligands on the ber surface, eventually leading
to the relatively poor dynamic breakthrough capacity. However,
these shortcomings could be improved by optimizing the
Fig. 7 (a) Photographs showing the dynamic MB removal processes of
the 3D PDA@CF NWs and (b) the corresponding breakthrough curve.
(c) Photographs exhibiting the dynamic MB/RhB selective separation
processes. The UV-Vis spectra of (d) MB/RhB, (e) MB/MO, and (f) MB/
ST before and after filtration by the PDA@CF NWs packed column. (g)
The different adsorption capacities of the PDA@CF NWs towards MB,
ST, MO, and RhB.
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microstructure, laminating, and loop-bonding structure of the
3D PDA@CF NWs as well as the corresponding application
parameters, etc.51 Fortunately, the dynamic MB removal exper-
iment was conducted solely drove by the MB solution at
a constant height of 10 mm, equal to the driving pressure of 100
Pa, highlighting its great practical application potential in the
eld of high-throughput dyeing wastewater treatment.

Generally, various kinds of dyes usually are used simulta-
neously in the printing and dyeing industry production, thus
good adsorption selectivity is also highly required for the dye
adsorbents.52 As shown in Fig. 7c, the initial MB/RhB mixture
exhibits a color of purple, aer owing through and separating
by the PDA@CF NWs column under the gravity driving of the
simulated dyeing water itself (about 100 Pa), the ltrate (rst 10
mL) exhibited a signicant color of rose-red of the pure RhB
solution. By further characterizing absorbance of the feed and
permeate solution, it could be found that the characteristic
peak of MB (665 nm) was disappeared as compared with the
initial feed mixture, only a strong peak around 552 nm of RhB
was observed in the ltrate solution (Fig. 7d), indicating the
highly-efficient separation of the 3D composite nonwovens
towards MB from the mixture of MB/RhB. Similarly, as pre-
sented in Fig. 7e, aer the MB/MO mixture passed through the
composite nonwoven column, the color of the ltrate (initial 10
mL) changed suddenly from green to orange of MO, and the
absorbance spectra also almost changed from double peaks to
the single peak of MO, which is consistent with the phenom-
enon of MB/RhB. Whereas, different from the MB/RhB and MB/
MO, a weak peak around 552 nm of ST could be observed in the
rst 10 mL ltrate of the MB/ST (Fig. 7f). With the further
increase of ltrate volume, the characteristic absorption peak of
ST gradually strengthened along with a slightly increased MB
characteristic peak, demonstrating a relatively poor selective
separation property of PDA@CF NWs towards MB and ST.

To further indicate the intrinsic factor of differential sepa-
ration capability of the PDA@CF NWs column, the saturated
static adsorption capability tests towards these different dyes
were carried out. As exhibited in Fig. 7g, saturated adsorption
capacities of the PDA@CF NWs towards RhB, ST, and MO were
19.9, 14.9, and 5.4 mg g−1, respectively, which signicantly
lower than the MB (91 mg g−1). The differential adsorption
capacity could ascribe to the difference of molecular weight and
the ionic types (surface charge) of these organic dyes.40,53 On the
one hand, the MB possesses the minimal molecular weight
(319.85 g mol−1) thus a little three-dimensional volume among
these template dyes, which is in the order of MB < ST (350.84 g
mol−1) < RhB (479.01 g mol−1). On the other hand, the nega-
tively charged surface of anionic MO dye makes it difficult to be
adsorbed by the negatively charged PDA on the ber surface at
neutral pH. Accordingly, the above results demonstrate the
relatively specic selectivity of the PDA@CF NWs towards MB.

Furthermore, durability is critical for evaluating the practical
use performance of the composite nonwoven materials, which
needs to be systematically investigated. Herein, durability of the
PDA@CF NWs was evaluated by testing the cycle adsorption
performance, which was conducted by taking NaCl solution (1
M) as the eluent for MB desorption. As can been seen from
27622 | RSC Adv., 2022, 12, 27616–27624
Fig. S3a.†, the PDA@CF NWs presented a reduced regeneration
efficiency with increasing cycle numbers. This might ascribe to
the fact that a part of MB molecules might cannot be desorbed
from the membranes by NaCl solution, and a slight weight loss
of the composite still exist in the regeneration processes,
thereby resulting in the decreased regeneration efficiency.
Whereas, regeneration efficiency of the PDA@CF NWs still
could remain above 70% aer ve cycles.33 Additionally, the
PDA@CF NWs also presented dark black color aer ve
adsorption–desorption cycles, and obvious PDA coating layer
could be observed on the ber surface (Fig. S3b†), demon-
strating the relatively stable structure of the PDA@CF NWs.
Moreover, in addition to the removal of dye pollutants and the
corresponding reduction of chemical oxygen demand (COD),
the resultant synthesized materials also exhibited certain
adsorption capability towards antibiotic pollutants including
ciprooxacin and levooxacin (Fig. S4†), illustrating the great
potential of PDA@CF NWs in the treatment of other organic
pollutants in industrial wastewater.

Conclusions

In summary, a new-type, efficient, and environmental-friendly
composite nonwoven-based dye adsorbent of PDA@CF NWs
was developed by combining in situ polymerization, laminating,
and reinforcing through the traditional nonwoven processing
technology of loop bonding. The surface physical and chemical
structure of the composite nonwoven was optimized by regu-
lating the DA loading amount and modication time. The
resulting 3D PDA@CF NWs exhibited good hydrophilicity,
structural stability, and compression resistance. Due to the
effective PDA functional coating layer and good pore connec-
tivity of nonwoven, the resulting composite material showed
relatively large static saturated and dynamic breakthrough
capacities of 91 and 40.9 mg g−1 towards the template dye MB,
respectively. Moreover, the 3D PDA@CF NWs columns could
effectively and continuously separate different dye mixtures
under a small gravity driving of 100 Pa due to its unique
adsorption selectivity, highlighting an excellent practical
performance. Considering the simple fabrication process,
stable and controllable structure, good adsorption, and sepa-
ration properties, we sincerely believe that this novel PDA@CF
NWs would provide a kind of functional materials for the rapid,
environment-friendly, efficient adsorption and separation of
dyes, and can be also further applied to metal ion adsorption,
water ltration, etc.
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