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Abstract
The need to effectively remove toxic organic dyes from aquatic systems has become an increasingly critical issue in the recent 
years. In pursuit of this objective, polydopamine (PDA)-binary ZIF-8/UiO-66 (MOFs) was synthesized and incorporated 
into cellulose acetate (CA), producing ZIF-8/UiO-66/PDA@CA composite nanofibers under meticulously optimized condi-
tions. The potential of fabricated nanofibers to remove cationic methylene blue (MB) dye was investigated. Various analysis 
tools including FTIR, XRD, SEM, zeta potential, BET, tensile strength testing, and XPS were employed. Results revealed a 
substantial leap in tensile strength, with ZIF-8/UiO-66/PDA@CA registering an impressive 2.8 MPa, as a marked improve-
ment over the neat CA nanofibers (1.1 MPa). ZIF-8/UiO-66/PDA@CA nanofibers exhibit an outstanding adsorption capacity 
of 82 mg/g, notably outperforming the 22.4 mg/g capacity of neat CA nanofibers. In binary dye systems, these nanofibers 
exhibit a striking maximum adsorption capacity of 108 mg/g, establishing their eminence in addressing the complexities 
of wastewater treatment. Furthermore, the adsorption data fitted to the Langmuir isotherm, and the pseudo-second-order 
kinetic model. The fabricated nanofiber demonstrates good reproducibility and durability, consistently upholding its per-
formance over five cycles. This suite of remarkable attributes collectively underscores its potential as a robust, durable, and 
highly promising solution for the effective and efficient removal of pernicious MB dye, in the context of both water quality 
improvement and environmental preservation.
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Introduction

In recent years, the amount of dyes released into the water-
ways has increased worldwide as a result of increased use 
in the plastic, textile, pharmaceuticals, etc. (Sağlam et al. 
2023; Modi et al. 2022). Among the noxious organic dyes, 
methylene blue (MB) stands out as one of the most utilized, 
especially in the textile sector, accounting for 80% of indus-
trial waste (Sağlam et al. 2023; Modi et al. 2022; Fendi and 
Naser 2018). As known, MB is a soluble organic dye that 
features a benzene ring with a positive charge and a lone 
pair electron. This property can lead to adverse reactions 
in the human body, rendering it susceptible to conditions 
such as cancer and methemoglobinemia. Moreover, the pres-
ence of MB in soil affects plant nutrient absorption, leading 
to reduced plant productivity (Modi et al. 2022; Fendi and 
Naser 2018; Eze et al. 2023; Mondal et al. 2016).

In the recent years, various methods such as photocataly-
sis, membrane filtration, and adsorption have been employed 
efficiently for wastewater treatment (Abdelfatah et al. 2021; 
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Tag El-Din et al. 2018; Pi et al. 2018). Given its potential for 
efficacy, selectivity, and reusability, the adsorption technique 
represents one of the most promising approaches for waste-
water treatment (Abdelfatah et al. 2021; Morcos et al. 2021). 
Among the utilized adsorbents, metal–organic frameworks 
(MOFs) have attracted much attention in the wastewater 
treatment field because of their superior porosity, stability, 
and surface area, which have garnered significant attention 
(Katz et al. 2013). Notably, various MOFs, including zirco-
nium, chromium, and zinc-based ones, exhibit high water 
stability (Katz et al. 2013).

Despite having an impressive surface area and high ther-
mal stability, UiO-66, a zirconium-based MOF with organic 
linkers and zirconium as a metal ion, showed poor cationic 
dye removal efficiency (Morcos et al. 2021; Mohammadi 
et al. 2017; Ruan et al. 2021; Chen et al. 2015). In con-
trast, ZIF-8 is distinguished by its exceptional chemical 
and thermal stability, porous structure, substantial surface 
area, and an abundance of acid–base groups that facilitate 
ionic interactions (Feng et al. 2016; Zhang et al. 2020; Zhou 
et al. 2012). However, ZIF-8’s hydrophobic nature poses 
challenges, as it is not readily dispersible in water, affecting 
adsorption capacity and duration (Zhou et al. 2012; Li et al. 
2016; Ding et al. 2019; Luan Tran et al. 2019).

To overcome the limitations of ZIF-8 and UiO-66 in 
adsorption performance, the fabrication of binary MOFs, 
with their unique properties and various functional groups 
on the surface, presents promising materials for the removal 
of organic pollutants (Zha et al. 2019). Multiple methods, 
including the addition of hydrophilic molecular linkers and 
post-modification techniques, have been devised to enhance 
MOFs’ hydrophilicity and functionality (Zha et al. 2019; 
Eltaweil et al. 2020a; El-Monaem et al. 2022). Altering 
ligands in MOFs while preserving the overall structure can 
increase the number of adsorption sites for various target 
molecules (Mandal et al. 2021; Bespalov et al. 2015). Dopa-
mine (DA) has been widely employed to modify MOFs and 
other nanomaterials, offering an effective route to enhance 
their functionality and performance. Dopamine’s catechol 
and amine groups facilitate strong interfacial bonds between 
dopamine and nanomaterials (El-Monaem et al. 2022; Yang 
et al. 2021; Chen et al. 2022). Furthermore, dopamine can 
readily polymerize in an alkaline medium, forming polydo-
pamine (PDA), which enhances material functionality and 
hydrophilicity (Chen et al. 2022; Liebscher 2019).

However, MOFs in powder form present challenges 
in terms of regeneration. To address this, the creation of 
membrane materials with fiber strands through electrospin-
ning offers an effective solution. Electrospinning is a facile 
method for producing fibrous nanofibers with high poros-
ity and a high surface area-to-volume ratio (Koriem et al. 
2022; Paclijan et al. 2021). Nevertheless, nanofibers can 
suffer from reduced active sites due to pore blockage within 

the MOF matrix in the composite. Therefore, the inclu-
sion of polymer additives like polyethylene glycol, which 
can be easily removed after synthesis to increase pore vol-
ume, accelerates adsorption within the nanofiber strands 
(Chen et al. 2010; Tang et al. 2005). Cellulose acetate, as 
a naturally occurring polysaccharide, is highly hydrophilic 
and biodegradable making it suitable for dye adsorption 
(Elmaghraby et al. 2022; Gopi et al. 2019; Asif and Rafique 
2021).

Herein, the polymerization of dopamine in the presence 
of UiO-66 and ZIF-8 was performed, leading to the syn-
thesis of ZIF-8/UiO-66/PDA composites. Subsequently, we 
evaluated their efficacy in the removal of MB. Utilizing opti-
mized conditions, we integrated ZIF-8/UiO-66/PDA com-
posites into cellulose acetate (CA) nanofibers to augment 
the overall performance of CA nanofibers in wastewater 
treatment. These innovative adsorbents were meticulously 
engineered to demonstrate exceptional selectivity for the 
adsorption of cationic (MB). To comprehensively assess 
their performance, these adsorbents underwent rigorous 
testing within a complex wastewater matrix.

Materials and methods

Materials

2-methylimidazole (MeIm; assay 99%), zirconium chloride 
 (ZrCl4; assay ≥ 99.5%), zinc nitrate (Zn(NO3)26H2O; assay 
98%), and 1,4-benzenedicarboxylic acid (BDC; assay 97%) 
were purchased from ALPHA Chemie (India). Polyethyl-
ene glycol (PEG; Mwt = 200) was purchased from ACROS 
Organic. Dopamine and acetone (HPLC grade; assay 99.8%) 
were obtained from Central Drug House (India). N,N-
Dimethylformamide (DMF; assay 99.8%) was acquired 
from Merck (Germany). Methanol (MeOH; assay 99%), 
Ethanol (assay 98%), and ammonium hydroxide  (NH4OH) 
were delivered from Sigma Aldrich (Germany). Methylene 
blue trihydrate (MB), crystal violet (CV), and Congo red 
(CR) dyes were supplied from Nice Chemicals Pvt. Ltd., 
(India), and cellulose acetate (Mw = 90,000, DS = 0.7) was 
purchased from Industrial Corporation (Shanghai, China). 
All chemicals and solvents were used as received without 
further purifications.

Synthesis of ZIF‑8 and UiO‑66 (MOFs)

ZIF-8 (MOF) was prepared according to the reported 
method (Lee et al. 2015). In the solvothermal method 
using DMF, 0.67 g (2 mmol) of zinc nitrate hexahydrate 
(Zn(NO3)2.6H2O) and 0.167 g (2 mmol) of 2-methylimi-
dazole were dissolved in 50 mL of DMF and stirred vig-
orously until a clear solution was obtained. The mixture 
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was introduced into a 150 mL autoclave with Teflon taped 
screw cap, and the solution was heated at 140 °C for 24 h 
in an oven. The product was filtered and washed with 
DMF and MeOH, then dried at 60 °C overnight. UiO-
66 (MOF) was synthesized according to the reported 
method (Katz et al. 2013). In brief, 0.5825 g of  ZrCl4 and 
0.4153 g of BDC were dissolved into 50 mL DMF. The 
mixture was introduced into a 150 mL autoclave with Tef-
lon taped screw cap, followed by the addition of 0.8 mL 
of HCl, and sonicated for 20 min. The mixture was trans-
ferred into a 150 mL autoclave and heated at 120 °C for 
24 h. The resultant powder was collected by centrifuga-
tion, washed, and dried at 80 °C for 10 h.

Synthesis of ZIF‑8/UiO‑66/PDA

To synthesize ZIF-8/UiO-66/PDA, a modified method of 
Eman et al. was used (El-Monaem et al. 2022). In detail, 
2.5 mL dopamine hydrochloride was added to 50 mL of 
distilled water. ZIF-8 was added into the dopamine solution 
under mechanical stirring followed by the addition of UiO-
66. Next,  NH4OH was added to adjust the pH to 8.5. The 
solution was further stirred for 24 h at 50 °C. Finally, the 
resultant product was collected by centrifuge after washing 
severally with distilled water and dried at 70 °C overnight. 
ZIF-8/UiO-66/PDA composite was synthesized at different 
ZIF-8: UiO-66 mass ratios of 1:2, 1.5:1.5, and 2:1, which 
labelled as ZIF-8/UiO-66/PDA-1, ZIF-8/UiO-66/PDA-2, 
and ZIF-8/UiO-66/PDA-3, respectively.

Fabrication of the electrospun ZIF‑8 /UiO‑66/PDA @
CA composite nanofiber membrane

Following the preparation methods by Koriem et al. (2022) 
and Elmaghraby et al. (2022), two solvent DMF/acetone 
binary solvent mixture (3:1 v/v) was used to produce homo-
geneous solutions. PEG as an additive was added to the CA 
solution used to reduce viscosity and to enable the forma-
tion of smaller nanofibers (the ratio of CA /PEG was 3:1 
w/w). Next, 5 and 10.0 wt% of ZIF-8/ UiO-66/PDA were 
added to the CA solution to obtain ZIF-8/UiO-66/PDA@
CA1 and ZIF-8/UiO-66/PDA@CA2 composite nanofibers. 
The polymer composite solutions were stirred at room tem-
perature for 24 h. The resultant composites were subjected 
to electrospinning using a 20 mL syringe pump operating 
at a flow rate of 1.5 mL/h at 10 cm far from the collector 
with an applied voltage of 22 kV (Fig. 1). The produced 
composite nanofiber membranes were collected on a rotat-
ing cylinder aluminum collector with a fixed rotation speed 
of 400 rpm.Scheme 1 Systematic diagram for fabrication 
ZIF-8/ UiO-66/PDA@CA nanofiberScheme 1Systematic 
diagram for fabrication ZIF-8/ UiO-66/PDA@CA nanofib-
erScheme 1Systematic diagram for fabrication ZIF-8/ UiO-
66/PDA@CA nanofiber

Characterization

The surface area and pores diameter of the nanofiber were 
obtained from nitrogen adsorption measurements made 
at liquid nitrogen temperature, 77 K, and by using the 

Scheme 1  Systematic diagram 
for fabrication ZIF-8/ UiO-66/
PDA@CA nanofiber
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Brunauer, Emmett, and Teller (BET) equation. The chemi-
cal structures of the developed nanofibers were investi-
gated by Fourier transform infrared (FTIR–PerkinElmer 
Spectrophotometer RXI). To scrutinize the mechanical 
properties, a universal testing machine (AG-1S, Shimadzu) 
was employed. Also, the morphological changes were 
investigated by a scanning electron microscope (SEM, 
Model JSM-760F) and a transmission electron microscope 
(TEM, Joel JEM-100CX). Besides, the elemental compo-
sition of the nanofibers was verified using X-ray photo-
electron spectroscopy (XPS, Thermo Scientific ESCALAB 
250Xi VG). Zeta potential (Malvern Zetasizer) was uti-
lized to detect the surface charges.

Batch adsorption studies

Performance of the polymerized MOF composites 
and nanofibers

To ascertain the best MOF composite, different adsorbents 
of UiO-66, ZIF-8, ZIF-8/UiO-66/PDA-1, ZIF-8/UiO-66/
PDA-2, ZIF-8/UiO-66/PDA-3 were compared by adding 
0.02 g of the each in 50 mL MB (25 mg/L) solution for 
1 h. The removal of MB dye by CA, ZIF-8/UiO-66/PDA@
CA1, and ZIF-8/UiO-66/PDA@CA2 nanofibers compos-
ites was carried out using a series of batch adsorption 
experiments. Known amounts of nanofiber (0.025–0.2 g) 
were soaked in MB dye (25–200 mg/L). The medium pH 
was adjusted over the range of 3–10 by HCl (0.1 M) and 
NaOH (0.1 M) solutions. For each adsorption experiment, 
samples were collected after time intervals (5–300 min) 
and filtered regularly, while the remaining MB concentra-
tion was assessed using a UV–Vis-NIR spectrophotometer 
at a wavelength of 664 nm. The adsorption capacity (q) 

and the removal (R%) were calculated according to Eqs. 1 
and 2 (Elmaghraby et al. 2023):

where, C0 and  Ct symbolized initial concentration and con-
centration at time (t) of MB dye, respectively. V(L) is the 
volume of MB and m(g) is the composite mass.

Performance of the nanofiber composite for complex 
wastewater treatment

A variety of tests were conducted to evaluate the membrane’s 
capacity to purify complicated wastewater in binary dye sys-
tems. To create simulated complex wastewater, anionic dye 
(Congo red) and cationic dye (MB) were typically combined. 
To create the second complex wastewater, two different cati-
onic dyes (MB, CV) were typically combined. The concurrent 
separation capabilities of the MB, CR, and CV by ZIF-8/UiO-
66/PDA@CA nanofiber were tested.

Reusability test

The reusability of a membrane is a criterion to determine 
the economic benefits of a membrane. Nanofiber membrane 
regeneration is challenged with getting a suitable solvent to 
wash out the adsorbate without destroying the structure of the 
nanofiber. After several tests for regeneration solvent, a mix-
ture of 70% water, 20% 0.1 M HCl, and 10% ethanol was used 
as a co-solvent at the shortest time of 5 min to regenerate the 
nanofiber membrane.

(1)q =
(Co − Ct) × V

m

(2)R% =
(Co − Ct)

Co
× 100

Fig. 1  a CA nanofiber, b ZIF-8/UiO-66/PDA@CA1 nanofiber, and c ZIF-8/UiO-66/PDA@CA2 nanofiber
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Results and discussion

Morphological and physical characterization

TEM

Transmitted electron microscopy imaging of UiO-66 and 
ZIF-8 produced the following images: UiO-66 exhibits a 
spherical morphology with an octahedron structure (Fig. 2a), 
whereas ZIF-8 exhibits a rhombic dodecahedron structure 
(Fig. 2b). More lumpy particles may be seen in the ZIF-8/
UiO-66/PDA polymerized binary MOF (Fig. 2c).

SEM

The microscopic image of the polymerized composite MOF 
and the surface morphology of each nanofiber spun with 
various weight percentages of ZIF-8/UiO-66/PDA were both 
described in Fig. 2. Except for a few aggregates of ZIF-8/
UiO-66/PDA in Figs. 2f and g, the image demonstrates 

that a free-bead fiber was effectively formed. The average 
mean diameter increases with increasing the mass of ZIF-8/
UiO-66/PDA in the composite, which corresponds to the 
estimated average diameter (Fig. S1). The rising diameter 
of the fiber dispersion in Fig. S1 indicates that the MOF 
composite was successfully impregnated in the CA matrix 
at various ratios.

XRD

Figure 4a displays the XRD patterns of different CA, UiO-
66, ZIF-8, ZIF-8/UiO-66/PDA, and ZIF-8/UiO-66/PDA@
CA nanofibers. UiO-66’s maxima were seen at 7.35, 8.58, 
and 25.71°. The ZIF-8 pattern was consistent with the pre-
dicted characteristic peaks of ZIF-8 at 7.21, 10.22, 12.63, 
14.63, 16.38, and 19.98° (Katz et al. 2013; Wee et al. 2014). 
The extra peaks with very low intensities may indicate the 
presence of traces of an additional and unknown phase (Wee 
et al. 2014). Broad peaks at 20 and 10° are revealed by CA 
(Koriem et al. 2022). The XRD of ZIF-8/UiO-66/PDA@
CA1 nanofibers shows no crystalline peaks of MOFs which 

Fig. 2  TEM images of a UiO-66, b ZIF-8, and c ZIF-8/UiO-66/PDA and SEM images of d ZIF-8/UiO-66/PDA, e, h CA nanofiber at 20 µm and 
5 µm, f, i ZIF-8/UiO-66/PDA@CA1 at 20 µm and 5 µm, g, j ZIF-8/UiO-66/PDA@CA2 nanofibers at 20 µm and 4 µm
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might be due to the high dominance of the CA structure; 
however, an amorphous hump was triggered at 23°. As illus-
trated in Fig. 3a, the obtained ZIF-8/ UiO66/PDA@CA2 
nanofibers have a semi-crystalline structure of the MOF 
composite with some crystalline peaks of UiO-66 and ZIF-8 
located at 8, 10, and 15° and disappearance of some their 
crystalline peaks in the CA nanofiber matrix (El-Monaem 
et al. 2022).

FTIR

The FTIR spectra of all composites before adsorption are 
displayed in Fig. 3b in the region of 4000 to 500  cm−1. The 
broad absorption band of each composite in the region of 
3500 to 2950  cm−1 corresponds to the stretching vibration of 
OH from the carboxylate groups. UiO-66 peaks of 1690 and 
1395  cm−1 correspond to the symmetrical and asymmetric 
stretching vibrations of the O-C-O group in the framework. 
The bands at 737 and 648  cm−1 are ascribed to the C-H 
stretching vibration of the phenyl ring, which are part of 
the functional groups in the BDC organic linker (Ruan et al. 
2021; Zha et al. 2019). The peak at 664 and 455  cm−1 is 
consistent with the symmetric vibration peak of O-Zr-O and 
Zr(OC) proving the ligands to zirconium metal nodes bond 
(Katz et al. 2013; Mandal et al. 2021). FTIR spectra of syn-
thesized ZIF-8 have an absorption peak at 2962, 1600, 1176, 
992, and 508  cm−1 which correspond to C = N of aromatic 
imidazole ring;  CH3 of the aliphatic ring of Melm; C = C of 
the phenyl ring; and N–H and Zn-H which are character-
istic absorption peaks of ZIF-8 solids (Chang et al. 2020; 
Kim et al. 2019). Most of the characteristic peaks of UiO-66 
and ZiF-8 reappear on the polymerized MOF composites 
ZIF-8/UiO-66/PDA showing strong broad peaks of OH and 
NH (catechol and amine groups of dopamine) stretching at 
3500–3300  cm−1. FTIR spectrum of ZIF-8/UiO-66/PDA@

CA1 nanofibers shows the same characteristic peaks of CA 
and ZIF-8/UiO-66/PDA composite with intense OH peaks 
at 295  cm−1 resulting from the added carboxylic group of 
CA (El-Monaen et al. 2022). ZIF-8/UiO-66/PDA@CA2 
nanofibers show no obvious new peaks since the elemental 
composition remains the same with ZIF-8/UiO-66/PDA@
CA1 nanofibers.

BET

The Brunauer–Emmett–Teller (BET) method was used at 
77 K to examine the  N2 adsorption characteristics of ZIF-8/
UiO-66/PDA, CA, and ZIF-8/UiO-66/PDA@CA2 nanofib-
ers. The  N2 isotherm is shown in Fig. 4a and may be catego-
rized as a type I isotherm indicating a microporous property. 
The BET surface areas were 341  m2/g, 5.4  m2/g, and 14.1 
 m2/g for ZIF-8/UiO-66/PDA, CA, and ZIF-8/UiO-66/PDA@
CA2 nanofiber, respectively. From the premises of the 
obtained value, there was an increase in the surface area of 
CA nanofiber from 5.4 to 14.2  m2/g because of the incorpo-
rated ZIF-8/UiO-66/PDA. The total pore volume for ZIF-8/
UiO-66/PDA, CA, and ZIF-8/UiO-66/PDA@CA nanofibers 
were found to be 0.2025, 0.0349, and 0.00236  cm3/g, respec-
tively. The mean pore diameters (Mp) of 24.872, 10.763, and 
19.7 nm were determined for ZIF-8/UiO-66/PDA@, CA, 
and ZIF-8/UiO-66/PDA@CA2 composites nanofiber mats, 
respectively (Fig. S2).

Zeta potential

Zeta potential was employed to identify the charges on the 
surface of nanofibers. The pH of a solution has a direct effect 
on the charge of a material in an aqueous solution (Večeř and 
Pospíšil 2012). At a high pH above 6, it tends to be anionic; 
below pH 6, the material tends to be more cationic. Figure 4b 

Fig. 3  a XRD and b FTIR spectra of UiO-66, ZIF-8, ZIF-8/UiO-66/PDA, and ZIF-8/UiO-66/PDA@CA nanofibers
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shows the synthesized materials and their zeta potential. 
The zeta potential values of ZIF-8 and UiO-66 were − 4.9 
and − 17.2 mV. From the obtained results, it is interesting to 
note that the hydrothermally synthesized ZIF-8 MOF was 
hydrophobic, and so had limited dispersion in the aqueous 
medium. Therefore, the potential value for ZIF-8 may not 
truly define the net potential in a dispersed medium. As 
anticipated, the polymerization of polydopamine on binary 
MOF causes a rise in surface charge to − 23.1 mV. The 
potential of the CA electrospun nanofiber was − 29.5 mV, 
which is in line with previously published results (Muqeet 

et al. 2018; Pottathara et al. 2020). ZIF-8/UiO-66/PDA@
CA1 composite MOF reduces the potential of the spun CA 
fiber to − 28.3 mV while ZIF-8/UiO-66/PDA@CA2 nanofib-
ers further reduces the potential to − 26 mV.

XPS

The XPS survey scan and spectra of ZIF-8/UiO-66/PDA@
CA2 nanofiber are shown in Fig. 5. C1s spectrum (Fig. 5a) 
points out peaks at 284.06, 285.81, and 289.09 eV which 
belong to C–C/C-H, C-NH2, and O-C = O, respectively. In 

Fig. 4  a BET isotherm and b Zeta potential for the examined materials

Fig. 5  XPS of ZIF-8/UiO-66/PDA@CA2 nanofibers before adsorption. a C1s, b N1s, c O1s, d survey, e Zn2p, and f Zr3d



29999Environmental Science and Pollution Research (2024) 31:29992–30008 

the N1s spectrum (Fig. 5), two spectra were observed at 401 
and 399 eV which are allocated to NH and N-Zn which are 
characteristic peaks of dopamine of ZIF-8. The O1s spec-
trum (Fig. 6c) further reveals oxygen-containing groups such 
as OH, COO, and C = O at 532.01, 532.76, and 534.54 eV, 
respectively. Besides, the O1s spectrum further attests to 
the formation of UiO-66 since the distinguishing peak to 
Zr-O appeared at 532.14 eV where the formation of ZIF-8 
is asserted via N1s spectrum that emerged the discriminative 
peak to N-Zn at 399.88 eV (El-Monaem et al. 2022; Ayiania 
et al. 2020). The elements present in each sample are identi-
fied as C1s, N1s, O1s, Zr3d, and Zn2p3, with correspond-
ing peaks at 184, 288.74, 399.44, 534.21, and 1021.85 eV, 
respectively, in the survey diagram (Fig. 5d). The  Zn2p3/2 
and  Zn2p1/2 spectrum (Fig. 5e) were observed at 1022.09 
and 1045.23 eV, which also confirms the presence of ZIF-8 
MOF. Furthermore, Zr3d spectrum (Fig. 5f) reveals the sig-
nals at 182.48, 184.24, and 188.38 eV which are assigned to 
 Zr3d5/2(ZrOx),  Zr3d3/2(ZrOx), and  Zr3d3/2(ZrOH), respec-
tively (El-Monaem et al. 2022; Ayiania et al. 2020; Gondal 
et al. 2017).

Mechanical properties

The mechanical properties of CA, ZIF-8/UiO-66/PDA@
CA1, and ZIF-8/UiO-66/PDA@CA2 nanofibers were exam-
ined by observing the tensile strength, Young modulus, and 
elongation as shown in Fig. 6, while the results are sum-
marized in Table 1. It can be observed that values of the 
Young modulus (131 MPa) and tensile strength (2.8 MPa) of 
ZIF-8/UiO-66/PDA@CA1 nanofiber are found to be much 
higher than that of pure CA nanofibers (45 MPa, 1.0 MPa). 

This proves that the composite has a positive effect on the 
mechanical properties of the nanofiber. However, when the 
ZIF-8/UiO-66/PDA composite increases in ZIF-8/UiO-66/
PDA@CA2 nanofiber, it shows a lower Young modulus of 
122 MPa and tensile strength of 2.2 MPa compared to ZIF-8/
UiO-66/PDA@CA1. On the other hand, the addition of 
MOF had a negative effect on the membrane elongation. So 
overall, it can be noticed that by adding MOF, the stiffness of 
the composite membranes has been significantly increased 
due to increasing maximum stress and reduction in strain or 
maximum elongation.

Performance in MB dye removal

Performance of the pristine MOFs and MOFs composite

The adsorptive performance of synthesized MOFs and their 
composites UiO-66, ZIF-8, ZIF-8/UiO-66/PDA were exam-
ined towards the adsorption of MB from an aqueous solution 
(Fig. 7a) at a shorter time. Their removal (%) results were as 
follows: ZIF-8 has 21% removal with an adsorption capacity 
of 12.2 mg/g and UiO-66 has 60% removal with 37 mg/g 
adsorption capacity. For the polymerized MOFs, among 
the three different prepared adsorbent representing different 
ratio of ZIF-8 and UiO-66: ZIF-8/UiO-66/PDA1 compos-
ite has 52% removal with adsorption capacity of 32 mg/g, 
ZIF-8/UiO-66/PDA-2 has 80% removal with adsorption 
capacity of 49 mg/g, and ZIF-8/UiO-66/PDA-3 with 96% 
removal and 59 mg/g adsorption capacity. From the obtained 
data, one can see that ZIF-8/UiO-66/PDA-3 shows superior 
dye removal. The superior dye adsorption was observed for 
the MOF composite with a higher amount of ZIF-8. This 

Fig. 6  Stress–strain plot of each type of nanofiber
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outstanding performance might be due to the anionic surface 
of ZIF-8 as proposed by the zeta potential, and the success-
ful transformation of the hydrophobic nature of ZIF-8 to 
hydrophilic enabling more dispersion of the MOF material 
in dye solution. It is interesting to note that the maximum 
adsorption capacity of ZIF-8/UiO-66/PDA was found to be 
254 mg/g; the increase in performance over the single parent 
MOFs might be projected by the many catechol groups of 
PDA, which formed an ionic bond with MB.

Performance of the nanofibers toward MB dye removal

To reach the best material for MB removal, CA nanofiber, 
ZIF-8/UiO-66/PDA@CA1, and ZIF-8/UiO-66/PDA@CA2 
nanofibers (Fig. 7b) were compared under optimum condi-
tions (at constant pH 9, Temp. 25 °C, 0.05 g, and Conc. 
25 ppm). The results suggested that ZIF-8/UiO-66/PDA@

CA1 nanofibers were comparatively better for the removal of 
MB over CA nanofiber (41%) due to the presence of MOFs 
in the matrix. It was also observed that removal increases 
(70–85%) with increasing the amount of MOF composite 
in the nanofiber (ZIF-8/UiO-66/PDA2). The corresponding 
adsorption capacity for CA, ZIF-8/UiO-66/PDA@CA1, and 
ZIF-8/UiO-66/PDA@CA2 were found to be 9.25, 15.4, and 
21 mg/g, respectively.

Factor affecting the adsorption processes

Effect of contact time Decolorization of ZIF-8/UiO-66/
PDA@CA2 nanofiber from an aqueous solution was inves-
tigated at different time intervals to attain the maximum 
adsorption by the ZIF-8/UiO-66/PDA@CA2 nanofiber 
(Fig. 7c) at a given time. Adsorption was monitored for 
300 min (at constant pH 9, Temp. 25 °C, adsorbent dose 

Fig. 7  a MOFs composites comparison. b Adsorption capacity of the 
fabricated ZIF-8/UiO-66/PDA@CA1, and ZIF-8/UiO-66/PDA@CA2 
nanofibers c Effect of initial concentrations of MB on ZIF-8/UiO-66/

PDA@CA2 (pH 9, Temp. 25 °C, 0.05 g, Conc. 25 ppm). d Overall 
performance of CA, ZIF-8/UiO-66/PDA, and ZIF-8/UiO-66/PDA@
CA2 nanofiber

Table 1  The mechanical 
properties of the fabricated 
ZIF-8/UiO-66/PDA@CA 
nanofiber

Samples ZIF-8/UiO-66/PDA 
loading efficiency

Young modu-
lus (MPa)

Tensile 
strength (MPa)

Elongation (%)

CA 0 45 1.0 4.0
ZIF-8/UiO-66/PDA@CA1 5% 131 2.8 2.0
ZIF-8/UiO-66/PDA@CA2 10% 122 2.2 1.0
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0.05 g, and Conc. 25–200 ppm), and it clearly showed the 
significant removal of MB by ZIF-8/UiO-66/PDA@CA2 
nanofiber with time and was found to attend equilibrium at 
180 min with an adsorption capacity of 76.1 mg/g. The dif-
fusion of dye was made easy due to the smaller diameter of 
the porous spun fibers and the availability of the abundant 
vacant sites of the adsorbent at the initial time of adsorption.

The effect of initial dye concentration  The adsorption 
is greatly influenced by the concentration of the analyte 
(Fig. 7d). The adsorption of MB onto ZIF-8/UiO-66/PDA@
CA2 nanofiber surface was studied at a different initial 
concentration ranging from 25 to 200 mg  L−1 (at constant 
contact time 180 min, pH 9, Temp. 25 °C, and adsorbent 
dose 0.05 g). The dye adsorption capacities onto adsorbent 
increased with the increase in the concentration of dye solu-
tions, and the maximum adsorption capacities for ZIF-8/
UiO-66/PDA@CA2 nanofiber reached 82 mg  g−1, which is 
higher than the pristine CA with 22.4 mg/g (Fig. 7d). It was 
observed that the overall removal efficiency of dyes declined 
slightly with a rise in initial dye concentration; this may 
be due to insufficient vacant active sites to occupy the dye 
molecules at the saturation stage and so shows decrease 
in further removal of MB onto ZIF-8/UiO-66/PDA@CA2 
nanofiber from aqueous phase (Li et al. 2020).

Complex purification performance Other typical contami-
nants (such as dyes) frequently coexist in complicated waste-
water. In such a complicated system, most separating mem-
branes were inefficient at eliminating concurrent pollutants 
and quickly fouled. Therefore, it was necessary to evaluate 
the ZIF-8/UiO-66/PDA@CA nanofiber’s adsorption ability 
towards MB in the presence of interfering anionic dye (CR) 
and cationic dye (CV). In the single system, about 83 and 
58% of MB and CR dye were removed, respectively (Fig. 8). 

While in the binary system, about 72 and 90% of MB/CV 
and MB/CR were removed, respectively. The elimination 
(%) of CR over MB dyes has significantly decreased, which 
reflects the selectivity of ZIF-8/UiO-66/PDA@CA nanofib-
ers towards MB. The removal (%) does, however, increase to 
90% in the binary system of MB/CR compared to a binary 
system of CV/MB dye with 73%, which is most likely 
because the few positive charges present in the composite 
fully participated through their interaction with anionic CR 
dye. The decrease in the removal value in the binary system 
of MB/CV could be due to dyes competing fiercely for the 
adsorbent’s active sites and might also have interacted with 
one another. The overall adsorption capacity is 82, 43, 70, 
and 108 mg/g for MB, CR, binary MB/CV, and binary MB/
CR, respectively.

The effect of pH on adsorption  The pH of the solution is 
a necessary parameter to consider during the adsorption 
process, as it influences the degree of ionization of the dye 
(Li et al. 2020). The adsorption of dye onto ZIF-8/UiO-66/
PDA@CA2 nanofiber was studied at different pHs to ascer-
tain the optimum pH for maximum adsorption (at constant 
contact time 180 min, vol. 50 mL, Temp. 25 °C, adsorbent 
dose 0.05 g, and Conc. 50 ppm). It was found that adsorption 
increases from 37 to 83% as the pH moves from pH = 3 to 
pH = 10, showing maximum adsorption capacity (20.4 mg/g) 
at alkaline medium) as shown in Fig. 9a. The performance 
of ZIF-8/UiO-66/PDA@CA2 nanofiber composite was 
greater in alkaline medium, because in alkaline medium, 
the adsorbent surface becomes deprotonated creating more 
negative charges and increasing the available site for inter-
action between the cationic dye and ZIF-8/UiO-66/PDA@
CA nanofiber (Hakro et al. 2021). However, decreasing the 
pH causes a decrease in removal efficiency; this is due to 
the positively charged ions formed during protonation of 

Fig. 8  Performance of ZIF-8/UiO-66/PDA@CA nanofibers in complex wastewater
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the carboxylic and amino group in ZIF-8/UiO-66/PDA 
nanofiber which causes electrostatic repulsion between 
adsorbent surface and dye solution, and increases competes 
between proton and MB for the available site (Li et al. 2020). 
CR shows maximum adsorption in the acidic medium due 
to protonation which causes more positive charge needed to 
interact with the anionic CR dye, and a reduction in the num-
ber of anions competing for adsorbent site. MB/CV shows 
the same trend as MB while the MB/CR gives maximum 
adsorption at pH 9 beyond this point a sharp decrease was 
observed which is due to numerous anions competing with 
CR for the adsorption site.

Effect of adsorbent dose  The effect of ZIF-8/UiO-66/PDA@
CA nanofiber dosage on MB removal (%) was demonstrated 
in Fig. 9b. It is evident from the curve that the MB removal 
performance increases with adsorbent dosage (at constant 
contact time 180 min, vol. 50 mL, Temp. 25 °C, and Conc. 
50 ppm). The percentage uptake increases (59–100%) with an 
increase in the adsorbent dose of (0.025–0.15 g) on the con-
trary the adsorption capacity decreases from 29 to 7.5 mg/g 
due to an increase in unoccupied vacant sites and surface area 

of the examined ZIF-8/UiO-66/PDA@CA2 nanofiber adsor-
bent as the dosage increases (Hakro et al. 2021).

Kinetics study

Pseudo-first order and -second order were applied to study 
the kinetics and expressed adsorption rate and mechanisms 
of MB onto ZIF-8/UiO-66/PDA@CA nanofiber (Fig. S3). 
The pseudo-first order is chemically inclined and is repre-
sented by Eq. 3 (Omer et al. 2020):

where qt represents the adsorption capacity (mg/g) at 
time = t, while K1 ( min−1 ) is the equilibrium rate constant. 
Pseudo-second order is physically inclined and is repre-
sented in Eq. 4:

From the obtained values (Table 2), both pseudo-first 
and -second models were suitable for the reaction with the 
R2 value close to 1. However, PSO best fits the adsorption 

(3)ln
(

qe − qt
)

= lnqe − K1t

(4)
t

qe
=

1

K2qe
2
+

1

qe

Fig. 9  Effect of pH (a) and adsorbent dosage (b) on the removal of MB by ZIF-8/UiO-66/PDA@CA2 nanofiber [V = 50  mL, T = 25  °C, 
m = 0.05 g,  [C]o = 50 ppm)
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process, and therefore, the rate-determining step is chemi-
cal sorption (Omer et al. 2019; Liang et al. 2019).

Adsorption isotherms

To study the form of interaction between MB and the syn-
thesized ZIF-8/UiO-66/PDA@CA nanofiber, Langmuir, and 
Freundlich isotherm (Fig. S4) were adopted to explain the 
equilibrium adsorption characteristics, and the value of R is 
used to predict the most fitted model. Equation 5 represents 
Langmuir’s isotherm (Morcos et al. 2021).

where qmax represents the maximum adsorption capac-
ity (mg/g) and KL(L/mg) is Langmuir’s isotherm constant 
which shows the binding affinity between MB and the ZIF-8/
UiO-66/PDA@CA nanofiber. The separation factor ( Rl ) was 
calculated using Eq. 6 (Omer et al. 2019; Liang et al. 2019; 
Eltaweil et al. 2020a, b).

Freundlich’s model is represented by Eqs. 7 and 8. The 
constant “k” measures the adsorption capacity, while the 
intensity of adsorption is represented by 1/n. The value 
of 1/n is used to demonstrate if the adsorption process is 
favorable (0.1 < 1∕n < 0.5) or unfavorable (1∕n > 2) (Asif 
and Rafique 2021; Lee et al. 2015). From the isotherm 
plot and their derived parameter demonstrated in Table 3, 
both Langmuir and Freundlich’s isotherm fitted well for 

(5)
Ce

qe
=

1

qmKL

+
Ce

qm

(6)RL =
1

1 + Ci × KL

(7)qe = KfCe

1

n

(8)logqe = logKf +
1

n
logCe

the reaction process. However, RL (0.9991) of Langmuir is 
higher than that of Freundlich linear regression isotherm 
( RL = 0.9703); therefore, Langmuir best describes the pro-
cess of reaction. The derived n value from the Langmuir 
model (0.999) also suggests monolayer adsorption. The 
R-value was less than unity which indicates that this model 
is suitable for this process.

Furthermore, Temkin’s isotherm expressed the relation-
ship between the adsorbed MB per gram of ZIF-8/UiO-66/
PDA@CA2 nanofiber. The Temkin model states that the 
adsorption heat of all molecules decreases as the coverage 
of the adsorbent surface increases. The model is expressed 
in Eq. 9 and linearized in Eq. 10 (Vadi et al. 2013 and 
Khan et al. 2022):

where B is the Temkin’s constant, KT is the binding 
energy, and by plotting qe against lnCe, the constant 
and other parameters listed in Table 3 can be calcu-
lated. From the calculated data displayed in Table 3, 
the R2 value of Temkin shows the model is suitable for 

(9)Qe =
RT

b
LN(KTCe)

(10)qe = BlnKT + BlnCe

Table 2  The obtained 
parameters from PFO and 
PSO kinetic models for the 
adsorption MB by ZIF-8/UiO-
66/PDA@CA2 nanofiber

Kinetic models and parameter Initial Concentration

25 50 100 200
qe (mg/g) 20.4 33.7 51.3 81.9
Pseudo-first order
qe (mg/g) 23.1 29.0 48.2 96.5
K1 0.00019 0.00012 0.00011 0.00014
R2 0.953 0.986 0.978 0.888
Pseudo-second order
qe (mg/g) 25 40 66.66 90.9
K1 0.00473 0.00088 0.000471 0.000341
R2 0.994 0.993 0.994 0.976

Table 3  Parameters of isotherm models for the adsorption MB by 
ZIF-8/UiO-66/PDA@CA2 nanofiber

Isotherm Parameter Value

Langmuir qm (mg/g)
KL
R2

76.90
0.0132
0.999

Freundlich KF (L/mg)
1/n
R2

9.44
2.46
0.9703

Temkin B  (Jmol−1)
R2

KT (L  mg−1)

19.90
0.964
4.10
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explaining the adsorption process. Temkin constant 
(0.311 kJmol) is less than unity which shows that physi-
cal adsorption might have occurred (Vadi et al. 2013 
and Khan et al. 2022). However, the heat of adsorption 
proves that the form of interaction is through physical 
and chemical forces.

Adsorption mechanism

The ZiF-8/UiO-66/PDA@CA nanofiber interaction and 
adsorption mechanisms were analyzed by XPS before 
(Fig. 4) and after (Fig. 10) adsorption to identify the type 
of interaction that occurs between ZiF-8/UiO-66/PDA@
CA2 nanofiber and MB. The XPS C1s spectrum peaks 
at 290 eV which is ascribed to C = O–O peaks shows an 
increase in intensity after adsorption with a shift to higher 
energy which might have resulted from the interaction of 
the  (COO−) and positively charged  (CH3)2NH2

+ of MB 
through electrostatic interaction. Hydrogen bonding is 
also suspected to have occured. The peaks at 284.9 eV 
allocated to C–C intensified which may be resulting from 
the added atoms of C–C and C-H of MB. A provoked 
projection was observed for N1s at 401 and 399 eV which 
depicts NH and  NH2. The projection of this peak is sus-
pected to have resulted from added  NH2

+ of MB and 
maybe electrostatic attraction between the  (CH3)2NH2

+ 

of MB and the  NH− of the adsorbent (Fig. 11). The O1s 
spectrum showed new peaks at 536 eV which represent 
chemically adsorbed water molecule from the dye solution 
(Ganguly et al. 2011; Franciski et al. 2018). The OH peaks 
of O1s were also intensified because of hydrogen bond-
ing between the oxygen groups of ZIF-8/UiO-66/PDA@
CA2 nanofiber and the  (CH3)2NH2

+ group of MB (Figs. 10 
and 11). The survey further shows all characteristic peaks 
of both adsorbate and adsorbent. No obvious changes in 
the peak’s positions were observed at Zn2p spectra but 
the intensity increases almost 1/3 of the original peaks 
before adsorption which may be due to the interaction of 
the MB(-S(CH2)3) and positively charge center of ZnO 
 (ZnOH+) (Feng et al. 2016). The Zr3d shows an intense 
peak at 181.5 eV and a shift in binding energy from the 
previous 188 eV belonging to (ZrO) to a lower binding 
energy of 186 eV. A change to the lower binding energy 
is believed to have resulted from a change in the oxidation 
state of zirconium from + 4 to a lower oxidation state (+ 3) 
(Muneshwar and Cadien 2018; Bespalov et al. 2015).

Regeneration test

The reusability of the adsorbent ZIF-8/UiO-66/PDA@
CA2 nanofiber was investigated for economical gain 

Fig. 10  XPS of ZIF-8/UiO-66/PDA@CA2 nanofiber after adsorption. a C1s, b N1s, c O1s, d survey, e Zn2p, and f Zr3
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(Fig. 12c). Water, diluted ethanol, and HCL were used 
as co-solvents to successfully regenerate the adsorbent 
ZIF-8/UiO-66/PDA@CA2 nanofiber. The performance is 
astounding from the first to the fifth cycle. The elimina-
tion percentage falls from 78 to 45%, while the adsorption 
capacity falls from 19.5 to 11.7 mg/g at the same time.

Comparison test

The fabricated ZIF-8/UiO-66/PDA@CA2 composite nanofiber 
was compared with other nanocomposites for MB adsorp-
tion performance (Table 4). The ZIF-8/UiO-66/PDA@CA2 
nanofiber showed a more favorable capacity for MB adsorption.

Fig. 11  Proposed adsorption 
mechanisms of MB onto ZIF-8/
UiO-66/PDA@CA2 nanofiber

Fig. 12  ZiF-8/UiO-66/PDA@CA nanofiber a before adsorption and b after adsorption, and c number of recycle
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Conclusion

In summary, polydopamine polymerized binary MOFs 
were successfully used to fabricate ZIF-8/UiO-66/PDA 
composite. The fabricated ZIF-8/UiO-66/PDA compos-
ite was fully characterized and when examined for MB 
dye removal, a high efficiency towards removal of MB 
dye from an aqueous solution was achieved at a shorter 
time. Under optimum ZIF-8/UiO-66/PDA@CA nanofiber 
was successfully fabricated through electrospinning with 
different loading of ZIF-8/UiO-66/PDA. The fabricated 
ZIF-8/UiO-66/PDA@CA1 exhibited the highest stabil-
ity after the mechanical test over ZIF-8/UiO-66/PDA@
CA2 and CA nanofiber. After the performance test for 
dye removal. ZIF-8/UiO-66/PDA expressed an adsorp-
tion capacity of 254 mg/g higher than the parent MOFs. 
ZIF-8/UiO-66/PDA@CA2 nanofiber expressed maximum 
adsorption of 82 mg/g higher than the pristine CA with 
22.4 mg/g. For the binary system, a maximum adsorp-
tion capacity of 70 and 108 mg/g was recorded for MB/
CV and MB/CR. The adsorption studies favor Langmuir 
and pseudo-second order. The reproducibility/durability 
of the fabricated nanofiber over five consecutive times 
was achieved. These unique properties render it a promis-
ing durable adsorbent for the efficient removal of noxious 
methylene dye. These developed membranes can be an 
excellent solution for the textile industry, as one of most 
world’s polluting industries.
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