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Abstract

Recently, metal-organic frameworks (MOFs) have received considerable attention as highly efficient adsorbents for
dye wastewater remediation. However, the immobilization of MOFs on the substrate surfaces to fabricate easy recy-
clable adsorbents via a facile route is still a challenge. In this work, ZIF-67/cotton fibers as adsorbents for dye removal
were prepared in a large-scale using a simple coordination replication method. The successful fabrication of the ZIF-
67/cotton fibers was confirmed by FTIR, XRD, XPS, SEM and BET analysis, respectively. As expected, the as-prepared
ZIF-67/cotton fibers exhibited high adsorption capacity of 3787 mg/g towards malachite green (MG). Meanwhile,

the adsorption kinetics and isotherm obeyed the pseudo-second-order kinetics and Langmuir model, respectively.
Moreover, its removal efficiency towards MG was not significantly influenced by the pH and ionic strength of aque-
ous solution. Most importantly, the ZIF-67/cotton fibers can remove MG from synthetic effluents, and it can be easily
regenerated without filtration or centrifugation processes, with the regeneration efficiency remaining over 90% even
after 10 cycles. Additionally, the ZIF-67/cotton fibers presented excellent antimicrobial performance against £. coli and
S. aureus. Hence, the distinctive features of the as-prepared ZIF-67/cotton fibers make it promisingly applicable for the

colored wastewater treatment.
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1 Introduction

Nowadays, leather industry plays an important role in the
world’s economy. However, the leather industry wastewa-
ter is one of the main pollution factors of the ecological
environment [1]. These industrial wastes contain many
toxic substances that are harmful to human health and
the environment, such as dyes, transition metal ions etc.
[2, 3]. Malachite green (MQG) is a typical cationic dye that
is widely utilized in the leather-making industry [4]. It
is a carcinogenic substance and has been classified as a
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recalcitrant dye molecule because of its resistance to deg-
radation caused by light, heat and natural oxidants [5, 6].
Therefore, it is crucially important to remove the MG
pollutant in the aspect of environmental protection and
human health. So far, many methods have been proposed
for removal of MG from wastewater, such as membrane
techniques [7], chemical oxidation [8, 9], photocatalytic
degradation [10, 11], intensified biological methods [12],
Fenton process [13], ion exchange [14] as well as adsorp-
tion methods [15, 16]. Among those methods, adsorption
technology is regarded as an economical and efficient
method for the removal of dyes from wastewater due to
its simple equipment requirements, high efficiency, low
energy consumption and easy operation [17, 18]. Until
now, various absorbents, such as graphene [19], activated

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42825-021-00069-w&domain=pdf

Li et al. J Leather Sci Eng (2021) 3:28

carbon [20] and activated diatomite [21], have been
employed to remove MG from wastewater. Neverthe-
less, such adsorbents were limited by their high cost and
unsatisfactory adsorption performances in the practical
application [22]. Hence, development of a low cost and
effective adsorbent by a simple method is highly desired.
Recently, metal-organic frameworks (MOFs) belong-
ing to a new family of porous crystalline frameworks,
derived from metal ions and organic ligands linker, have
been viewed as promising adsorbents for dye removal.
The reason can be attributed to their prominent advan-
tages such as high surface areas, adjustable compositions,
regular porous structures and easy functionalization
[23-25]. In recent years, utilization of MOFs as highly
efficient adsorbents for removal of MG has been reported
by a large number of literatures. For instance, two kinds
of metal-organic frameworks (MOFs), MIL-53(Al) and
MIL-53(Al)-NH,, were prepared for removal of MG dyes
from wastewater [5]. Besides, many zeolitic imidazolate
frameworks (ZIFs) or their composites were also used to
remove MG, such as ZIF-8 [26], ZIF-8@Fe/Ni [27] and
ZIF-67 [28] etc. Noteworthily, among various MOFs,
ZIF-67 exhibits significantly high adsorption capacity for
MG, the adsorption capacity of ZIF-67 towards MG can
above 2000 mg/g [28]. Moreover, ZIFs shown excellent
moisture, chemical and thermal stability compared with
other carboxylate linker-based MOFs [29]. Therefore,
ZIF-67 seems to be a promising adsorbent to remove
MG. However, current ZIF-67 is mostly utilized in pow-
der form. As a result, it is difficult to be separated and
recycled in practical applications, potentially resulting
in the secondary pollution by such nano-scale materials.
Hence, how to fabricate ZIF-67 materials with outstand-
ing recyclability is still a tremendous challenge.
Nowadays, immobilization of the ZIF-67 on a substrate
surface is an efficient strategy to endow it with facile recy-
clable feature. Among various substrates, the cotton fiber
has attracted much attention as a promising substrate
owing to features of natural abundance, biodegradability
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and environmental friendliness. Moreover, cotton fiber
as bio-polymer, is obtained directly from nature without
extra processing. Therefore, a number of the ZIF-67/cot-
ton fiber composites as adsorbents have been success-
fully developed in different routes. For example, Emam
et al. reported that ZIF-67 nanocrystals were formed on
the silicate modified cotton fibers [30]. Another exam-
ple, Jassal’s group prepared a ZIF-67/cotton fiber on the
carboxymethylated cotton fiber, then resultant composite
as an efficient adsorbent was used to adsorb various high
concentrations of organic pollutants [31]. However, the
above-mentioned methods for fabrication of the ZIF-67/
cotton fiber composites have several limitations, includ-
ing cumbersome procedure, use of organic solvents and
harsh reaction conditions, which ultimately restrict their
practical applications. Therefore, it is desire to develop a
facile route to prepare the ZIF-67/cotton fiber compos-
ites in a large scale for MG removal. Fortunately, Xin's
group reported a coordination replication method to fac-
ile and eco-friendly anchoring of MOFs on fibrous sub-
strates at room temperature [32], making it possible to
prepare MOF-coated composites in a large scale. Based
on the above-mentioned results, a coordination replica-
tion method could possibly realize preparation of the
ZIF-67/cotton fiber composites in a facile procedure.
Moreover, to the best of our knowledge, fabrication of
MOF composites as adsorbents for removal of dyes via
a coordination replication method has not been reported
yet. Hence, facile and scalable fabrication of the ZIF-67/
cotton fibers as efficient adsorbents for removal of MG is
expected.

Herein, the facile and scalable in-situ growth of ZIF-
67 nanocrystals on the cotton fibers as adsorbents for
removal of MG were developed using an easy coordi-
nation replication strategy (Scheme 1). First of all, the
successful preparation of the ZIF-67/cotton fibers are
characterized by the scanning electron microscope
(SEM), X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), Fourier-transform infrared (FTIR)
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and Brunauer—-Emmett-Teller (BET) analysis, respec-
tively. Then, the adsorption capacities of the as-prepared
ZIF-67/cotton fibers towards MG are investigated in the
both static and dynamic states. Moreover, the adsorption
kinetics, adsorption isotherms and adsorption mecha-
nism of the as-synthesized ZIF-67/cotton fibers towards
MG are discussed. Additionally, the effects of dye concen-
tration, pH value and ionic strength on the MG removal
of the ZIF-67/cotton fibers are studied in detail. Mean-
while, the adsorption performance of the as-prepared
ZIF-67/cotton fibers towards MG in the synthetic efflu-
ent is evaluated. Finally, the reusability and antibacterial
activity of the ZIF-67/cotton fiber are also investigated.

2 Experimental section

2.1 Materials

The cotton fibers were provided by Suining Kangda
Sanitary Materials Co. Ltd. Cotton fibers were treated
with boiling water for 8 h and ethanol for 30 min for
purification. Potassium carbonate (K,COj, 99%), cobalt
chloride (Co(Cl),-6H,0, AR, 99%), cobalt nitratehexa-
hydrate (Co(NOs3),-6H,0, AR, 99%), 2-methylimidazole
(2-MIM, 98%), ethanol (CH;CH,OH, 99.7%), methanol
(CH,OH, 99%) malachite green (MG, 99%) and sodium
chloride(NaCl, 99%) were all purchased from Chengdu
Chron Chemicals Co. Ltd. All chemicals were used as
received without additional purification.

2.2 Preparation of ZIF-67/cotton fibers

Firstly, a cotton fibrous membrane (10 cm x 10 cm)
was immersed into 200 mL of 20 wt% K,CO; aqueous
solution for 1 h. Then, the treated cotton fibers were
dried at 60 °C for 6 h to remove excess water. Next, the
K,CO4-coated cotton fibers were immersed in 100 mL of
a 0.3 M Co(Cl),-6H,0 ethanol solution for 24 h to form
an insoluble cobalt hydroxy carbonate (CHC) precur-
sor layer, followed by washing with deionized water and
dried at room temperature. For the in-situ growth of ZIF-
67 nanocrystals on the cotton fibers, the CHC/cotton
fibers were immersed in 100 mL of 0.3 M 2-MIM etha-
nol solution for 12 h, then washed with ethanol for three
times and dried in the vacuum oven at 100 °C for 12 h.
Finally, the ZIF-67/cotton fibers were also synthesized for
comparison in the subsequent experiments.

2.3 Characterization

The morphologies of the samples were observed using
a JSM-7500F field emission scanning electron micro-
scope (SEM) with energy-dispersive X-ray spectroscopy
(EDS) analysis, operating at an acceleration voltage of
15.0 kV after gold spraying process. Fourier transform
infrared (FTIR) spectroscope was used to investigate
the chemical structure of the samples in an attenuated
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total reflection (ATR) mode, measured by a Bruker Ver-
tex 70 spectrometer at the wavenumber range of 500—
4000 cm™!, The X-ray diffraction (XRD) spectroscopies
of the samples were measured at room temperature
using Cu-Ka radiation on Philips X'Pert diffractometer.
The diffraction angle (20) was recorded in the range of
5°-50°. X-ray photoelectron spectroscopy (XPS) was
used to test the elemental composition and chemical
state of the samples. The specific surface area and the
pore size distribution of the samples were determined
by the Brunauer—Emmett—Teller (BET) analysis, while
the N, adsorption/desorption isotherms of the cot-
ton fibers and ZIF-67/cotton fibers were measured by
the Micromeritics Surface Area and Porosity Analyzer
(Gemini VII 2390).

2.4 MG adsorption experiments

All adsorption experiments of the ZIF-67/cotton fib-
ers toward MG were performed by batch methods. The
adsorption kinetics experiments were carried out by
adding 100 mg of ZIF-67/cotton fibers into 200 mL of
MG solution with an initial concentration of 300 mg/L
at room temperature. At predetermined time intervals,
the remaining concentration of MG was measured by
spectrophotometry at A, =618 nm. For adsorption
isotherms experiments, 10 mg of the ZIF-67/cotton fib-
ers was added into 20 mL of MG solutions with different
initial concentrations ranging from 100 to 2100 mg/L.
The adsorption experiments were performed for 12 h
to ensure that adsorption equilibrium was achieved.
The effect of pH for removal of MG was investigated by
adding 10 mg of the ZIF-67/cotton fibers into 20 mL of
MG solution (100 mg/L) with different pH values. The
pH of the MG solution was controlled by adding HCI or
NaOH aqueous solutions. The effect of ionic strength
for removal of MG was evaluated under different con-
centrations of NaCl aqueous solution ranging from 1
to 6 mol/L. To evaluate the recyclability of the ZIF-67/
cotton fibers, 100 mg of the ZIF-67/cotton fibers were
added into 50 mL of MG solution with concentration
of 20 mg/L. The MG-loaded adsorbent was regener-
ated by immersing it into ethanol to desorb MG. Then,
the regenerated adsorbent was reused to adsorb MG.
Herein, the adsorption capacity (Q,) of the ZIF-67/cot-
ton fibers toward MG was calculated through equation
below (1):

Q= V(C—C)/m (1)

where C, (mg/L) and C, (mg/L) are the initial concentra-
tion and concentration at a certain time (t) of the MG
solution, V (L) is the volume of the MG solution, and m
(g) is the mass of absorbent.
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2.5 Adsorption of synthetic effluents

Due to the actual industrial wastewater contains various
ions, it is necessary to explore the adsorption capacity of
the ZIF-67/cotton fibers in the synthetic effluents. The
components present in the synthetic dye effluents was
listed in Table 1.

2.6 Evaluation of antibacterial activity

For investigating the antibacterial activities of the ZIF-
67/cotton fibers, E. coli (gram-negative bacteria) and S.
aureus (gram-positive bacteria) were selected as mod-
els in the inhibition zone test. Firstly, 100 mL of E. coli
(ATCC8739) and S. aureus (ATCC6538) (102 CFU/mL)
mother liquor were added to 900 mL of liquid medium,
followed by activating for 12 h. Subsequently, the acti-
vated mother liquor was diluted 10% times to obtain the
bacterial liquor with concentration of 10° CFU/mL. Next,
100 pL of cultured bacterial solution was spread on an

Table 1 Chemical composition of the synthetic effluent
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agar plate. Finally, the ZIF-67/cotton fibers were tiled on
a circular mold as solid culture plate for 12 h after ultra-
violet sterilization for 15 min. After that, the inhibition
zone was measured. The inhibition zone tests were per-
formed in triplicate.

3 Results and discussion

3.1 Chemical composition of ZIF-67/cotton fibers

Inspired from reported literature [32, 33], in this work,
the facile and scalable in-situ growth of ZIF-67 on the
cotton fibrous surfaces was developed via coordination
replication strategy. The preparation route was illustrated
in Scheme 1. First of all, a pre-deposited insoluble cobalt
hydroxy carbonate (CHC) as precursor layer was pre-
pared via a mild solid/liquid interfacial reaction between
K,CO;-impregnated cotton fibers and cobalt ion solution
in ethanol. Then, it was employed as both the cobalt ion
precursor and a template for the ZIF-67 growth. After
treating with 2-methylimidazole (2-MIM) solution, the
precursor layer morphology was reproduced to grow
and anchor the ZIF-67 nanocrystals, resulting in for-
mation of the targeted ZIF-67/cotton fiber composite.
After preparation of the ZIF-67/cotton fibers, its chemi-
cal composition was confirmed by FTIR, XRD and XPS,
respectively. Firstly, FTIR was employed to character-
ize the chemical structure of the ZIF-67/cotton fibers.
As can be seen in Fig. 1a, for pristine cotton fibers, the
characteristic band at 3303 cm ™! belonged to the hydroxy
group (O-H) stretching vibration. For the K,CO,/cotton
fibers and CHC/cotton fibers, the characteristic bands
at 1387-1363 cm™! and 3514 cm™! were attributed to
the carbonate (CO;2") stretching vibration and hydroxy
group (O-H) stretching vibration, respectively. These
results suggested that an insoluble cobalt hydroxy car-
bonate (CHC) precursor layer was successfully deposited
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Fig. 1 FTIR spectra (a) and XRD patterns (b) of the samples
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on the cotton fibrous surfaces. After the in-situ growth of
ZIF-67 nanocrystals on the cotton fibrous surfaces, new
bands at 1575 cm™! and 425 cm ™! appeared, which could
be attributed to C=N and Co-N stretching vibration of
the ZIF-67, respectively, indicating the successful growth
of ZIF-67 nanocrystals on the cotton fibrous surfaces.
Furthermore, XRD measurement was employed to ana-
lyze the crystalline structure of the as-synthesized ZIF-
67/cotton fibers. As shown in Fig. 1b, the cotton fibers
had three obvious diffraction peaks at 20 values of 14.7°,
16.4° and 22.5°, ascribed to the (101), (101) and (002)
planes of cellulose, respectively. After the in-situ growth
of ZIF-67 nanocrystals, the representative crystalline dif-
fraction peaks at 26=7.4°, 10.4°, 12.8°, 14.8°, 18.0°, 22.1°
attributing to the (011), (002), (112), (022), (222), (114)
planes could be observed, matching well with those of the
pure ZIF-67 nanocrystals. These results further indicated
that the ZIF-67 nanocrystals were successfully deposited
on the surface of the cotton fiber, and the nanocrystal
structure of ZIF-67 had no significant influence in the
hybridization process.

Next, the chemical composition of the as-prepared
ZIF-67/cotton fibers was further confirmed by XPS
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test (Fig. 2). As shown in Fig. 2a, besides the existence
of C and O element belonging to the pristine cotton
fibers [34], appearance of new peaks of the Co and N
elements could be observed, indicating the growth of
ZIF-67 nanocrystals on the cotton fibrous surfaces. The
high-resolution spectra of Co 2p, C 1s and N 1s were
presented in Fig. 2b—d. In Fig. 2b, two major peaks at
779.3 and 794.8 eV represented Co 2p;,, and Co 2p,,,
respectively. The Co2p;, peak was derived from Co*"
species, a characteristic peak of the ZIF-67. The typi-
cal shake-up satellite peaks (denoted as “Sat”) of Co*"
could be observed at 785.0 and 801.8 eV. In Fig. 2c, the
peaks at 285.2, 284.5 and 283.9 eV of C 1s were attrib-
uted to C-C, C-0O, and sp3 C, respectively. Moreo-
ver, the N 1s peak at 398.7 and 399.3 eV (Fig. 2d) was
assigned to the pyridinic and pyrolinic nitrogen from
the ZIF-67/cotton fibers [35], respectively. These results
were in excellent agreement with those from FTIR and
XRD measurements, implying the successful fabrica-
tion of the targeted ZIF-67/cotton fibers.
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Fig. 2 XPS spectrum of the as-prepared ZIF-67/cotton fibers (a) and corresponding high-resolution spectra: Co 2p (b), C 1 s (c) and N 1 s (d)
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3.2 Surface morphology of ZIF-67/cotton fibers

After confirming the chemical composition of the as-
prepared ZIF-67/cotton fibers, its micro-structure was
visualized by SEM measurement. Meanwhile, the SEM
images of the pristine cotton fibers and CHC/cotton fib-
ers were also presented for comparison. The correspond-
ing SEM images were illustrated in Fig. 3. It could be
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clearly seen that the initial cotton fibers exhibited smooth
surface (Fig. 3a—c). Then, the formation of a dense rod-
like coating on the cotton fibrous surfaces could be
observed in the CHC/cotton fibers (Fig. 3d—f), indicat-
ing existence of the precursor layer on the cotton fibrous
surfaces. This result was also verified by XRD and FTIR
tests. As expected, numerous the ZIF-67 nanocrystals

Fig. 3 SEM images of the pristine cotton fibers (a—c), CHC-deposited cotton fibers (d-f) and ZIF-67/cotton fibers (g—i); EDS spectrum of the ZIF-67/
cotton fibers (j) and corresponding mapping images: C (k), O (I), Co (m), N (n)
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were successfully grown onto the cotton fibrous sur-
faces (Fig. 3g—i). It is worth pointing out that the rhom-
bic dodecahedron ZIF-67 nanocrystals could be found
on the surfaces of the ZIF-67/cotton fiber (Fig. 3i), which
were densely immobilized on the cotton fiber surfaces.
Figure 3j presented the EDS spectrum of the ZIF-67/cot-
ton fibers, and the corresponding EDS mapping images
were displayed in Fig. 3k—-n. It could be observed that
Co element was uniformly distributed on the entire cot-
ton fibrous surfaces (Fig. 3m). This result confirmed the
ZIF-67 nanocrystals covered the cotton fibrous surfaces.
The mapping of N element was attributed to the organic
linker 2-methylimidazole, also implying the success-
ful deposition of the ZIF-67 nanocrystals on the cotton
fibrous surfaces. Until now, it could be concluded from
above mentioned results that the ZIF-67/cotton fibers
were successfully prepared. Noteworthily, in this work,
the ZIF-67/cotton fibers can be facilely and inexpensively
fabricated in a large scale (Additional file 1: Fig. S1), due
to the adoption of such a simple coordination replication
method.

3.3 Surface area of ZIF-67/cotton fibers

After successful preparation of the ZIF-67/cotton fib-
ers, its surface area was investigated. It is well known
that the specific surface area of material significantly
influences its adsorption performance. Herein, nitrogen
adsorption—desorption was employed to measure the
Brunauer—Emmett-Teller (BET) surface area, and the
result was shown in Fig. 4. It suggested that the micropo-
res of ZIF-67 nanocrystals grown on the cotton fibers
were accessible for the adsorption of N, (Fig. 4a). Then,
the BET surface areas of the pristine cotton fibers and
ZIF-67/cotton fibers were calculated to be 1.32 m?/g and
237.29 m?/g, respectively (Fig. 4b). The very high surface
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area value of the ZIF-67/cotton fibers compared to that
of the pristine cotton fibers suggested that the ZIF-67/
cotton fibers contained micro and mesopores, providing
more active sites and thereby enhanced the adsorption
ability of the adsorbent.

3.4 Adsorption kinetics

Further, the adsorption behavior and adsorption capac-
ity of the as-prepared ZIF-67/cotton fibers were investi-
gated in detail. The contact time significantly affects the
adsorption equilibrium and adsorption capacity. There-
fore, the effect of adsorption time on the adsorption
capacity of the ZIF-67/cotton fibers was investigated. As
shown in Fig. 5a, the fast adsorption in the initial stage
of the ZIF-67/cotton fibers towards MG was ascribed
to the sufficient free active sites and large surface area
of the adsorbent at that time. Then, the remaining MG
molecules were not easy to be adsorbed by the ZIF-67/
cotton fibers due to the insufficient active sites and the
repulsive interaction between the adsorbed and free MG
molecules, leading to a relatively long time to reach the
adsorption equilibrium. The equilibrium adsorption
capacity of the ZIF-67/cotton fibers was approximately
597 mg/g, whereas, the pristine cotton fibers exhibited
poor adsorption capacity for MG (99 mg/g), indicat-
ing the ZIF-67 nanocrystals played an essential role in
removal of MG.

Based on the results from the effect of contact time on
the adsorption of MG onto the ZIF-67/cotton fibers, its
adsorption mechanism was further investigated by kinet-
ics studies. Herein, the pseudo-first-order model and
pseudo-second-order model are employed:

The pseudo-first-order model:
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The pseudo-second-order model:

t/qe = 1/kaqe” + t/qe 3)

where q, and q, are the adsorption capacities (mg/g) at
equilibrium state and at time t (min), respectively. k;
(min~!) and k, (g mg~! min~") are the pseudo-first-order

and pseudo-second-order rate constants, respectively.
Figure 5b and c showed that the plots of In(q, — q,) versus
t and t/q, versus t, respectively. The kinetic parameters
and the correlation coefficients (R?) were summarized
in Additional file 1: Table S1. It could be seen that the
pseudo-second-order model fitted the experimental
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data of the ZIF-67/cotton fibers better than that of the
pseudo-first-order model, due to the higher R? value
(0.99932). Morever, the theoretical adsorption capacity
of the ZIF-67/cotton fibers based on the pseudo-second-
order model (606.1 mg/g), was closer to the practical
experimental value (597 mg/g) compared to that of the
pseudo-first-order model (178.7 mg/g). These results
indicated that the adsorption of the ZIF-67/cotton fibers
towards MG followed the pseudo-second-order model.

3.5 Adsorption isotherm
The effect of initial concentration of MG on the adsopr-
tion capacity of the ZIF-67/cotton fibers was shown in
Fig. 5d. The adsorption capacity of the ZIF-67/cotton fib-
ers towards MG gradually increased with the increment
of MG concentration, then reached to a plateau. Based
on this result, Langmuir and Freundlich models were
employed and simulated with the experimental data to
analyze the adsorption isotherm.

The Langmuir model:

Ce/qe = 1/qmKL + Ce/qm (4)
The Freundlich model:
Inqe = InKf + 1/n % InC, (5)

where C, (mg/L) is the concentration of MG at equi-
librium state, q, (mg/g) and q,, (mg/g) are the amount
adsorbed of the ZIF-67/cotton fibers at equilibrium and
the maximum adsorption amount, respectively. K;(L/
mg) is the Langmuir isotherm constant related to the
free energy of adsorption. Kp(mg/g) is the Freundlich
isotherm constant related to the adsorption capacity,
and n is the Freundlich constant of the adsorption model
related to the adsorption strength.

Figure 5e and f showed the linear plots of C,/q, versus
C, and In q, versus In C,. The correlation coefficients (R%)
of the Langmuir and Freundlich isotherm models were
listed in Additional file 1: Table S2. It can be seen that
the Langmuir model exhibited better R? (0.99998) than
that of the Freundlich model, which demonstrated that
the Langmuir model was more suitable than Freundlich
model to describe the adsorption behavior of organic
dyes by the ZIF-67/cotton fibers, suggesting a mono-
layer adsorption of MG onto the ZIF-67/cotton fibers.

One can also see that the saturated adsorption capacity
of MG calculated by the Langmuir adsorption isotherm
model was 3795 mg/g, which was consistent with that
obtained from the experimental result (3787 mg/g). This
good agreement further verified that the Langmuir iso-
therm model is more suitable to describe the adsorption
of the ZIF-67/cotton fibers towards MG. Furthermore,
to examine the competitiveness of the ZIF-67/cotton fib-
ers with other adsorbents for the MG adsorption, Table 2
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Table 2 Comparison of the adsorption capacity of the ZIF-67/
cotton fibers towards MG with other adsorbents

Adsorbent Omax (MQ/g) References
ZIF-67/cotton 3787 In this work
ZIF-67/PAN fibers 1305 (36]
ZIF-67 nanoparticles 2545 [36]
ZIF-67 2500 (28]
MIL-100(Fe) 485 (37]
Tb-MOF 480 (38]
ZIF-8/PAN nanofiber 1666.67 [39]
ZIF-8@chitosan/PVA nanofiber 1000 [40]
Fe-BTC MOF 177 [41]
Magnetic NH2-MIL-101(Al) 274 [42]
MIL-100(Fe) 2090 [43]
polyoxometalate@UiO-66 191 [44]

Omax 1 the maximum adsorption capacity of MG on adsorbent based onto the
Langmuir model

listed the maximum adsorption capacity of MG with
other adsorbents. It was obvious that the ZIF-67/cotton
fibers exhibited excellent adsorption capacity towards
MG.

3.6 Effect of ionic strength on the adsorption capacity
Herein, the effect of ionic strength on MG adsorption
onto the ZIF-67/cotton fibers was investigated under
various NaCl concentrations, as the existence of salts in
industrial effluents possibly affects the adsorption pro-
cess. Figure 6a presented that the removal efficiency of
the ZIF-67/cotton fibers towards MG changed little in
the presence of NaCl in the MG solution. Even though
the concentration of NaCl was increased to 6 mol/L, the
removal efficiency remained stable. It suggested that the
effect of ionic strength was insignificant to the adsorp-
tion of the ZIF-67/cotton fibers towards MG. Thus, MG
adsorption might not be ascribed to the electrostatic
interaction.

3.7 Effect of pH on the adsorption capacity

Undeniably, the pH value of the wastewater has a notice-
able role in the removal of dyes. Under different pH
values, not only the ijonic or neutral state of the target
compound is changed, but also the surface charge of the
adsorbent may be changed as well. And it will promote
or inhibit the interaction between the adsorbate and the
adsorbent, resulting in the difference of the adsorption
capacity and performance. In a previous report, ZIF-67
nanocrystals exhibited structural instability under the
strong acidic environment (i.e., soaked in a solution at
pH =2 for 30 s) [45]. Moreover, the original color of MG
changes from aquamarine blue to transparency at a pH
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Fig. 6 Effects of ionic strength (a) and pH (b) on the removal efficiency of the ZIF-67/cotton fibers towards MG (adsorption conditions: mass of
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value above 10 [28], which was aligned with the result
in Additional file 1: Fig. S2. Additionally, a common pH
range of wastewater is from 4 to 9 [28]. Therefore, the
adsorption experiments with different pH values were
performed at pH=3-9 in this study. Figure 6b displayed
that the removal efficiency of the ZIF-67/cotton fibers
towards MG changed little under different pH values.
Noteworthily, the removal efficiency of the ZIF-67/cot-
ton fibers showed no significant decrement in acid and
alkaline environments, also proving that MG adsorption
might not be ascribed to the electrostatic interaction
between the ZIF-67/cotton fibers and MG molecules.

3.8 Adsorption mechanism

According to the analyses of the adsorption kinetics and
adsorption isotherm, the adsorption process of the ZIF-
67/cotton fibers was mainly controlled by the chemical
adsorption mechanism. However, the ionic strength and
pH value showed no significant influence on the adsorp-
tion performance of the ZIF-67/cotton fibers towards
MG, suggesting that the electrostatic interaction was not
the main mechanism for removal of MG. Therefore, there
might be some other interaction forces that caused MG
to be adsorbed onto the ZIF-67/cotton fibers. Lin et al.
showed that ZIF-67 was chamfered cubic and these cubes
consisted of 2-MIM, which was connected to cobalt
ions [28]. The imidazole ring of the 2-MIM involves two
double bonds and a pair of electrons from the pronated
nitrogen, while all interactions are on the plane of the
imidazole ring. Therefore, the high adsorptive removal
of MG by the ZIF-67/cotton fibers might be attributed
to the imidazole ring as an aromatic compound, which
could interact with other aromatic compounds via the
1i-1t stacking interaction. To conclude, m—m stacking inter-
action might be the main factor causing MG adsorption

onto the ZIF-67/cotton fibers. Actually, the n-m stacking
interaction is used to explain the high adsorption capac-
ity of adsorbents which contain the sp® hybridization of
carbon with adsorbates containing aromatic rings in their
molecular structure [46]. Moreover, ZIF-67 nanocrystals
grow evenly on the surface of the cotton fibers using an
easy coordination replication strategy to better contact
with the dye molecules in water, leading the fast and
highly efficient adsorption.

3.9 Recyclability

Recyclability of absorbent is also a critical property in
the practical applications, especially in terms of cost. For
this purpose, the reusability of the ZIF-67/cotton fibers
towards MG was investigated in detail. To regenerate the
MG adsorbed ZIF-67/cotton fibers, simple ethanol wash-
ing method was employed to desorption. The evaluation
of adsorption capacity with increasing cycle times was
presented in Fig. 7a. The ZIF-67/cotton fibers exhibited
a preeminent recyclable performance without apparent
decrease in the adsorption capacity. After ten regenera-
tion cycles, the removal efficiency of the ZIF-67/cotton
fibers towards MG could still remain over 90% and the
color of the ZIF-67/cotton fibers barely changed (Fig. 7b)
that indicated it has great durability in the water solu-
tion. Moreover, as illustrated in Additional file 1: Fig.
S3, after 10 successive cycles adsorption—desorption,
the XRD pattern of the regenerated ZIF-67/cotton fiber
was in agreement with the diffraction curve of the initial
ZIF-67/cotton fiber. In addition, Additional file 1: Fig. S3
showed that many ZIF-67 nanocrystals were still immo-
bilized on the surface of the cotton fiber even after cyclic
adsorption. The morphology of the ZIF-67 nanocrystal
almost remained unchanged compared with that of the
pristine state. These results signified the outstanding
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recyclability of the ZIF-67/cotton fibers for MG adsorp-
tion applications.

3.10 Dynamic adsorption

In order to further investigate the removal capacity of
the ZIF-67/cotton towards MG, the dynamic adsorp-
tion performance of the ZIF-67/cotton fibers was

investigated. Typically, the ZIF-67/cotton fibers were
filled into a syringe as a filter, and then 10 mL of MG
solution (100 mg/L) was passed through the ZIF-67/
cotton fibers packed filter. In this work, due to relatively
slow the adsorption rate, so the dynamic adsorption
repeated three times. As we could see in Fig. 8a—d, the
color of MG solution changed from aquamarine blue to
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transparent after three cycles, with the MG removal effi-
ciency reaching 100%. Meanwhile, as shown in Fig. 8e,
the characteristic adsorption peak at 618 nm assigned to
MG completely disappeared after three filtering cycles,
further indicating the ZIF-67/cotton fibers had excellent
adsorption capacity towards MG.

3.11 Adsorption of synthetic dye effluent

To check the usefulness of adsorbent in real applications,
the adsorption performance of the ZIF-67/cotton fibers
towards MG was conducted in the simulated dye efflu-
ent. The synthetic effluent was composed of MG, various
salts and surfactants defined in Table 1. The results were
illustrated in Fig. 9. The color of MG solution changed
from aquamarine blue to transparent after adsorbed by
the ZIF-67/cotton fibers in Fig. 9a and b. The ZIF-67/cot-
ton fibers were able to remove over 90% of MG from the

Page 12 of 15

simulated dye effluent even after 10 successive adsorp-
tion—desorption cycles (Fig. 9c). Therefore, the ZIF-67/
cotton fiber as an adsorbent possesses promising pros-
pect in the colored wastewater treatment.

3.12 Antibacterial activity

After bacterial contamination, a solid biofilm layer can
be formed on the surface of the material, resulting in its
weak performance and short service life. Hence, adsor-
bents with excellent antibacterial activity can efficiently
prolong its life time. Herein, the antibacterial activity of
the ZIF-67/cotton fibers was determined using a disc dif-
fusion method on a Mueller Hinton Agar (MHA) plate.
The antibacterial activity of the materials was assessed by
the diameter of the inhibition zone. Figure 10 presented
that the transparent and uniform bacteriostatic circles
were formed around the ZIF-67/cotton fibers against
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Fig. 9 Optical images of synthetic dye effluents adsorption (a) and removal efficiency of the regenerated ZIF-67/cotton fibers toward MG after
10 successive adsorption—desorption cycles in the simulated dye effluent (b) (adsorption conditions: mass of adsorbent, 100 mg; initial dye
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Fig. 10 Antibacterial activity of the ZIF-67/cotton fibers against E. coli (a) and S. aureus (b)
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both E. coli (Fig. 10a) and S. aureus (Fig. 10b). The tran-
sition metal-based ZIF-67 released the transition metal
ion Co*", which could kill the bacteria by destroying the
liquid membrane of bacteria, endowing the antibacte-
rial activity of the ZIF-67/cotton fibers. Additional file 1:
Table S3 concluded the inhibition-zone ranges for the
ZIF-67/cotton fibers against both bacteria. These results
indicated that the ZIF-67/cotton fibers possessed out-
standing antibacterial performances against E. coli and S.
aureus.

4 Conclusions

In this work, the ZIF-67/cotton fibers were successfully
prepared in a large scale by a simple coordination replica-
tion method at room temperature. Then, it was employed
as an efficient adsorbent for removal of MG. The maxi-
mum adsorption capacity of the as-prepared ZIF-67/
cotton fibers towards MG was approximately 3787 mg/g,
superior to numerous adsorbents reported in previous
literatures. The adsorption mechanism was mainly attrib-
uted to the m-m stacking interactions between ZIF-67
and the aromatic framework of MG molecules. Moreo-
ver, the results showed that the adsorption capacity of
the ZIF-67/cotton fibers towards MG was insignificantly
influenced by ionic strength and pH. Notably, the ZIF-
67/cotton fibers displayed the ability for highly efficient
removal of MG from the synthetic effluents, indicating
the potential possibility to be applied in the practical
industrial wastewater treatment. In addition, the ZIF-67/
cotton fibers exhibited outstanding reusability and excel-
lent antimicrobial performance. The ZIF-67/cotton fibers
still maintained approximately 90% adsorption efficiency
even after 10 cycles. Therefore, it can be concluded that
the ZIF-67/cotton fibers with outstanding comprehen-
sive performances may be a promising candidate to sepa-
rate MG dye from contaminated wastewater.
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