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Abstract

Metal—-organic framework UiO-66-NH, powder used for effective removal of Cr(VI) from water is difficult to recover after
usage. In this study, UiO-66-NH, was in-situ grown on polyacrylonitrile (PAN) nanofiber membrane using water as solvent
and trifluoroacetic acid as structure regulator, via hydrothermal method for adsorption of Cr(VI) ions. The optimal proportion
of trifluoroacetic acid, hydrothermal synthesis time and pH level were 30%, 4 h and pH =2, respectively. Scanning electron
microscopy showed that UiO-66-NH, was uniformly and densely coated on the PAN nanofibers. N, adsorption—desorption
experiments and thermogravimetric analysis showed large surface area (680.99 m%g) and good thermal stability of PAN @
UiO-66-NH, compared to PAN nanofiber membrane. The adsorption capacity of PAN@UiO-66-NH, nanofiber membrane
for Cr(VI) at 298 K was 312.25 mg/g. Kinetic studies revealed that the adsorption process was consistent with Langmuir
isotherm and pseudo-second-order model. The composite showed good reusability in Cr(VI) removal in 5 cycles. Based on
Zeta potential, the influence of pH and XPS analysis, PAN @ UiO-66-NH, nanofiber membrane effectively adsorbs Cr(VI)
through electrostatic interaction. PAN @UiO-66-NH, nanofiber membrane is therefore considered as an efficient and reus-

able adsorbent with high potential for Cr(VI) removal in industrial wastewater.
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1 Introduction

With the development in mining, smelting, battery and
leather manufacturing industries, heavy metals such as
chromium, nickel, lead, cadmium, copper, etc. are seriously
polluting water, and the treatment of industrial wastewater
is also becoming more challenging [1, 2]. Among these
heavy metal pollutants, Cr(VI) is a non-degradable heavy
metal identified as the most teratogenic, carcinogenic and
highly toxic. The removal of Cr(VI) heavy metal pollutant
from wastewater is very challenging [3]. Therefore, it has
been imperative to develop efficient treatment technologies
to remove Cr(VI) from wastewater. Although many techno-
logical strategies such as electrocoagulation [4], catalytic
reduction [5], membrane systems [6] and photocatalysis
[7], adsorption technology is still more favored due to its
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flexibility, economical, effective and simplistic attributes.
This makes it necessary to design and explore a low-cost
and reusable adsorbent with efficient adsorption capacity.
In the past few decades, researchers have proposed metal
organic framework (MOFs) materials as a new type of
porous adsorbent. Comparatively, most MOFs have large
surface area and porosity, much higher than popularly used
carbon and zeolite materials [8]. MOFs such as UiO-66 is
finding wider application in environmental remediation.
The UiO-66 is composed of [Zr,O,(OH),] metal clusters
and 12 terephthalic acid (H,BDC) complexes, with the
highest organic ligand and metal cluster [9]. The UiO-66
is easy to modify since ideal physical and chemical prop-
erties can be obtained by modifying its functional groups
[10]. By coordinating other functional groups on the ligand
with Zr, functionalized Zr MOFs can be prepared, such as
Ui0-66-NH,, UiO-66-NO,, etc. [11]. Wang et al. [12] reveal
that the modification of UiO-66-NH, with phenothiazine-N-
rhodanine improves the removal of Cr(VI), with maximum
absorption capacity of 333.67 mg/g at 303 K and pH=2,
better than unmodified UiO-66-NH,. Wang et al. [13] report
maximum adsorption capacity of Cr(VI) at 243.9 mg/g on
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formic acid-modified-UiO-66, which were extremely bet-
ter than unmodified UiO-66 (36.4 mg/g). This reveals that
the modification or synthesis conditions of the MOF adsor-
bent has a significant influence on the performance of the
adsorbent. Although UiO-66-NH, particles are effective in
wastewater treatment, recycling or reusability has been time-
demanding, complex and a huge challenge. The UiO-66-NH,
particles also tend to agglomerate during application, which
affects the exposure of active sites and the performance of
the adsorbent. Therefore, keen interest has been on the engi-
neering of efficient UiO-66-NH, adsorbent that can be easily
recycled and reused. Zhang et al. [14] report efficient cata-
lyzation of 2-chloroethyl ethyl sulfide using TFA-modulated-
Ui0O-66-NH @polyacrylonitrile (PAN) nanofiber membrane.
San et al. [15] developed UiO-66-NH, and electrospun with
PAN/chitosan to obtain membrane which was effective in
removing heavy metal ions from water. However, the pres-
ence of already synthesized solid-UiO-66-NH, could easily
agglomerate and affect the dispersion of UiO-66-NH, in the
composite. Also, surface-coverage of active MOFs with the
polymer is inevitable in this strategy. At present, effective
methods for loading surface-active MOFs onto nanofibers
include spray coating method [16], blending method [17],
in-situ growth method [18], etc. In-situ growth method is a
one pot synthesis method that combines substrate materi-
als, metal salts, and organic ligands, as polymer substrates,
MOFs precursors, and metal salts can be directly added to
the solvent to develop into oxide from the atomic level to
create strong bond with the surface of the substrate. In other
words, the growth of MOFs on the surface rather than inside
the polymer during synthesis can avoid the common chal-
lenge of MOFs agglomeration.

In this study, a reusable UiO-66-NH, adsorbent was
prepared by a simple in-situ growth of UiO-66-NH, (using
water as solvent) on electrospun PAN nanofiber membrane
(PAN nanofiber membrane has uniform thickness and lay-
ered structures between fibers, which can serve as a good
substrate for the growth of UiO-66-NH,), with Trifluoro-
acetic acid (TFA) as the regulator during synthesis. Various
samples were characterized and the effect of varying TFA
concentration, hydrothermal synthesis time and pH, Cr(VI)
concentrations, interference ions in wastewater on adsorp-
tion capacity were systematically examined. Furthermore,
the adsorption mechanism was analyzed by fitting the exper-
imental data of adsorption kinetics and isotherm.

2 Experimental Section
2.1 Materials

2-Aminoterephthalic acid (NH,-H,BDC), zirconium chloride
(ZrCly), Trifluoroacetic acid (TFA), N,N-dimethylformamide
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(DMF), FeCl;-6H,0, CaCl,, ZnSO,-7H,0, anhydrous etha-
nol were purchased from Shanghai Maclean Biochemical
Technology Co., Ltd; Potassium dichromate (K,Cr,0,) was
purchased from Tianjin Chemical Reagent Research Insti-
tute; Acetone, concentrated hydrochloric acid, concentrated
sulfuric acid were purchased from Tianjin Beilian Fine
chemical Development Co., Ltd; Polyacrylonitrile (PAN
M,,=90,000), KCl, purchased from Sinopharm Reagent Net-
work. Other reagents, such as PbCl,, CuCl,, ZnCl,, CdCl,,
and NiCl,-6H,0 were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd; Zn(NO;),-6H,0 was
purchased from Xilong Chemical Co., Ltd. Electrospinning
machine (HZ-14 Electrospinning machine Qingdao Nuokang
Environmental Protection Technology Co., Ltd.) was used
to prepare nanofiber membrane. The materials and reagents
were analytical grade and used without further purification.

2.2 Characterization

Scanning electron microscope (SEM, Hitachi S-4800 Scan-
ning electron microscope) was used to observe the surface
morphology of the samples. The samples were coated with
gold before observation. X-ray diffractometer (XRD, Ger-
many Bruker D8 Advance) was used to analyze the crys-
tal structure of the samples (the scanning range was set at
5°-60°). The composition and structure of the sample were
analyzed using a Fourier transform infrared spectrometer
(FTIR, IR Prestige-21 model from Shimadzu Corporation,
Japan), with a wavelength range of 4000-500 cm~!. The
thermal stability of sample was tested with a thermogravi-
metric differential thermal analyzer (TG, American TA TGA
550). The temperature test range was from 30to 800 C, and
the heating ramp rate was 10 “C/min. The specific surface
area, pore size distribution, and pore volume of thin film
samples were tested using a fully automated surface area and
porosity analyzer (BET, Micromeritics ASAP 2460, USA).
Nitrogen gas was used and the degassing temperature was
120 °C. An X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha, USA) was used to analyze the chemical
element valence states of samples.

2.3 Preparation of PAN Nanofiber Membrane

An amount of PAN powder (3 g) was weighed and dissolve
in 27 g DMF, stir for 6 h, to obtain a uniform and bubble-
free PAN spinning solution. The solution was then poured
into the syringe attached with 20-gauge needle. The elec-
trospinning parameter used include: 18 kV, solution flow
rate of 0.8 mL/h and the rotating speed of cylindrical drum
collector was 140 r/min. The distance between the tip of
the needle and the collector was 20 cm. After spinning, the
PAN nanofiber membrane was removed and dried at 60 'C
overnight.
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2.4 Preparation of PAN@Ui0-66-NH, Nanofiber
Membranes Using Different TFA Contents

In this step, 5 bottles of solvents with different TFA con-
tents: 10, 20, 30, 40, and 50% were setup (the total volume
of deionized water and TFA was 30 mL in each bottle). An
amount of 349.56 mg of ZrCl, (1.5 mmol) and 407.57 mg
of NH,-H,BDC (2.25 mmol) were accurately weighed and
added to the five bottled dilute TFA solvent, and sonicated
for 30 min. PAN nanofiber membranes (5 cm X5 cm each)
were immersed in the above-mentioned 5 different solutions
and sonicated. The mixtures were then poured into autoclave
for hydrothermal reaction at 100 °C for 4 h. The samples
were washed with deionized water, and then dried at 60 °C
for later use. For subsequent experimental work, PAN@
Ui0O-66-NH, prepared with 30% TFA (30%-PAN@UiO-
66-NH,) since UiO-66-NH, was well-grown on its surface.

2.5 Preparation of PAN@Ui0-66-NH, Nanofiber
Membranes at Different Hydrothermal Time

Firstly, 4 bottles of solvent with a 30% TFA content (30 mL)
were setup. An amount of 349.56 mg of ZrCl, and 407.57 mg
of NH,-H,BDC were added into each solvent and sonicated
for 30 min. PAN nanofiber membranes (5 cm X5 cm each)
were placed in the precursor mixture and poured into auto-
claves for hydrothermal reaction at 100 C for 1, 2, 4, and
6 h. After the set time, the samples were washed with deion-
ized water, and then dried overnight in an oven at 60 °C. The
specific preparation method is shown in Fig. 1.

2.6 Adsorption Experiment

Using single variable method, the impact of different fac-
tors (concentration of TFA (%), pH, hydrothermal synthe-
sis time, etc.) on PAN@UiO-66-NH, nanofiber membrane

Cl

HCrO,
Cr;,0,>

Hydrothermal synthesis

| >

100°C 4h

for the adsorption of Cr(VI) was assessed. The adsorption
kinetics, isotherm and reusability of samples are also dis-
cussed. During the adsorption experiment, the PAN @UiO-
66-NH, nanofiber membrane (20 mg) was added to a certain
concentration of Cr(VI) solution (20 mL; concentration of
100 mg/L). The solution was oscillated in a constant tem-
perature (308 K) at 120 rpm for 24 h. The Cr(VI) removal
efficiency from the solution was tested with UV spectropho-
tometer (SHIMADZU UVmini 1285) at 540 nm to detect the
residual Cr(VI) concentration after equilibrium adsorption.
Equations (1) and (2) were used to calculate the adsorption
amount Q, (mg/g) and removal rate R:

Cy-C,)V
Qe=M (1)
m
CO_Ce
R= C x 100% 2)

0

In the formula, Q, is the adsorption capacity of Cr(VI) in
mg/g; R is the removal rate of Cr(VI) (%); V is the volume
of Cr(VI) solution (mL); m is the mass of the adsorbent (g);
C, and C, are the mass concentrations (g/L) of Cr(VI) at the
initial and equilibrium times.

2.7 Effect of pH on Adsorption Performance

Similar experimental conditions in Sect. 2.6. were used
in assessing the effect of pH on adsorption performance
of 30%-PAN@UiO-66-NH,. The pH of the solution was
adjusted with 0.1 mol/L NaOH and 0.1 mol/LL HCI from the
range of pH=1 to pH=12, at 308 K for 24 h. The concentra-
tion of Cr(VI) in the solution was examined with UV spec-
trophotometer and the adsorption efficiency was calculated
using Egs. (1) and (2).

3 Ebefoe} =1
400 300 200

o

e ——
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Fig. 1 Schematic representation of PAN @UiO-66-NH, preparation and the removal process
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2.8 Effect of Cr(VI) Concentration on Adsorption
Performance

Similar experimental conditions in Sect. 2.6 were used in
assessing the effect of Cr(VI) concentration on adsorp-
tion performance of 30%-PAN@UiO-66-NH,. The assess-
ment was done in initial Cr(VI) solution concentrations of
50-500 mg/L in pH 2 (best pH environment with highest
adsorption capacity) at 308 K for 24 h. Finally, the con-
centration of Cr(VI) in the solution was examined with UV
spectrophotometer and the adsorption efficiency was calcu-
lated using Eqs. (1) and (2).

2.9 Adsorption Kinetics Study

Similar experimental conditions in Sect. 2.8 were used in
assessing the effect of Cr(VI) concentration on adsorption
performance of 30%-PAN@UiO-66-NH, at 308 K and
120 rpm. The analysis with UV spectrophotometer was done
at regular interval to determine the removal efficiency of
Cr(VID) in water. The linear Egs. (3) and (4) are shown below:

Ln(Q, - Q,) =LnQ, — K1 3)
1
0 KO 0 @

In the formula, Q, is the adsorption capacity when the
adsorption reaches equilibrium (mg/g); Q, is the adsorption
capacity with respect to time ¢ (mg/g); K, is the reaction
rate constant of the pseudo first-order model (min); K, is
the reaction rate constant of the pseudo second order model
(min-g/mg).

2.9.1 Assessment of Adsorption Isotherm

PAN@UiO-66-NH, nanofiber membranes (20 mg) were
placed in solutions with an initial Cr(VI) concentration
of 50-500 mg/L at different temperatures (298, 308, and
318 K), pH=2, and constant shaking speed of 120 rpm for
24 h. The adsorption isotherms were fitted to the experimen-
tal adsorption data by Langmuir model Eq. (5) and Freun-
dlich model Eq. (6).

1 1 1

Qe m " QmKL Ce (5)

InQ, = InKp + llnCe 6)
n

In the formula, Q, is the adsorption amount at adsorp-
tion equilibrium (mg/g); Q,, is the maximum adsorption
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capacity (mg/g); C, is the concentration of the solution at
adsorption equilibrium (mg/L); K; is the Langmuir model
constant (L/g); Kp is the Freundlich adsorption constant; n
is the Freundlich constant.

2.9.2 Effect of Interference lons on Adsorption
Performance

An amount of 10 mL cationic solutions (K*, Ni**, Cd**,
Ca’*, Zn**, Fe**, Pb?*, Cu?*, all at a concentration of
100 mg/L) and 10 mL anionic solutions (C1~, NO;™, SO42_,
with a concentration range of 5-20 mmol/L) were added
to 10 mL Cr(VI) solution. PAN @UiO-66-NH, nanofiber
membrane (10 mg) was immersed in the above solutions,
controlled at pH=2 and 308 K for 24 h. Similarly, 10 mL
anionic solutions (C1~, NO;™, SO42_) with a concentration
range of 5-20 mmol/L were added to 10 mL Cr(VI) solution.
The average of the results was deduced from three repeated
experimental tests and used to calculate the removal rate and
adsorption amount of Cr(VI) ions.

2.9.3 Reusability Test

PAN@UiO-66-NH, nanofiber membrane (20 mg) was
immersed in 100 mg/L Cr(VI) solution, controlled at pH=2
and 308 K for 24 h. After the end of each adsorption cycle,
the PAN @UiO-66-NH, nanofiber membrane was immersed
in sodium hydroxide solution (pH=12), stirred gently for
1 h, washed with deionized water to neutral, and then sub-
jected to the adsorption test again after drying. This test
was repeated five times to provide solid information about
the reusability of the sample. In general, three samples were
setup for each cycle and their average values were taken.

3 Results and Discussion
3.1 XRD Analysis

Figure 2 shows the XRD patterns of PAN @UiO-66-NH,
samples synthesized with different percentage of Trifluoro-
acetic acid (TFA). The PAN @UiO-66-NH, synthesized with
10, 20, 30, 40 and 50% TFA are denoted as 10%-PAN @
UiO-66-NH,, 20%-PAN@UiO-66-NH,, 30%-PAN@
Ui0-66-NH,, 40%-PAN @UiO-66-NH,, and 50%-PAN@
Ui0O-66-NH,, respectively. Characteristic diffraction peaks
located at 7.4° and 8.5°, corresponding to the (111) and
(002) crystal planes of UiO-66-NH,, respectively, consist-
ent with literature reports [19]. The peaks around 5.3° could
be assigned to missing cluster defect which could aid in the
formation of an eight-connected reotopology [14]. A very
broad peak in a range of 10°-20° corresponds to the low
crystallinity of PAN [20]. Comparatively, the 20%-PAN@
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Fig.2 XRD patterns of PAN@UiO-66-NH, nanofibrous membrane
synthesized using different contents of TFA, PAN and UiO-66-NH,
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Fig.3 SEM images of PAN@UiO-66-NH, nanofibrous membrane
synthesized using different contents of TFA: a PAN, b UiO-66-NH,,
¢ 0%, d 10%, e 20%, f 30%, g 40% and h 50%. SEM images of 30%-

UiO-66-NH, and 30%-PAN @UiO-66-NH, show sharp dif-
fraction peaks at 7.4° and 8.5°, indicating the existence of
highly crystalline UiO-66-NH, on PAN @ UiO-66-NH, pre-
pared in the presence of 20 and 30% TFA. At a concentration
of 10 and 40% TFA, weak peaks appeared at 7.4° and 8.5°.
There was no significant peak of UiO-66-NH, identified on
PAN@UiO-66-NH, synthesized in 50% TFA, implying an
unsuccessful synthesis of UiO-66-NH, on PAN in 50% TFA
concentration.

3.2 SEM Analysis

Figure 3a—h shows the SEM images of PAN nanofiber mem-
brane, UiO-66-NH, and PAN @UiO-66-NH, prepared with
different TFA content. No obvious regular crystal shape of
UiO-66-NH, was observed on 10%-PAN @UiO-66-NH,, but
thin layers of UiO-66-NH, with~0.5 pm size were grown
on the surface of PAN nanofiber membrane in 20%-PAN @
UiO-66-NH,. On the other hand, regular crystals of UiO-
66-NH, grew on PAN nanofiber membrane in the shape
of "beads", with a size of about 2-2.5 um on 30%-PAN@

PAN@UiO-66-NH, nanofibrous membrane synthesized by different
hydrothermal growth time: i 1 h, j 2 h, k4 h and 1 6 h. m—p Physical
drawing of PAN and PAN @UiO-66-NH, nanofibrous membrane
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UiO-66-NH,. However, the increase in the concentration of
TFA to 40% negatively affected the growth of UiO-66-NH,
in 40%-PAN@UiO-66-NH,, resulting in no well-defined
UiO-66-NH, crystal formation. Furthermore, smooth sur-
face of PAN nanofibers was observed on 50%-PAN @ UiO-
66-NH,. This indicates that there is no significant and dis-
tinguishable UiO-66-NH, formed on the surface of PAN
nanofibers when the concentration of TFA was increased to
50%. It is worth noting that the difference in morphological
structure and growth of UiO-66-NH, in the various samples
can be primarily assigned to the acidity of TFA solution.
Trifluoroacetic acid, as a regulator, can adjust the acidity of
solvent prominently as the concentration of TFA increases. It
has been propounded that the higher acidity of TFA slowed
down the crystallization to yield a continuous coating, so
that zirconium ions can better combine with PAN nanofiber
membrane. This preferentially enhances the growth of UiO-
66-NH, on the nanofiber membrane, especially at 30%-
PAN@UiO-66-NH,, rather than depositing UiO-66-NH,
in the solvent [21]. However, the higher concentration of
Trifluoroacetic acid in 40%-PAN @UiO-66-NH,, and 50%-
PAN@UiO-66-NH, tends to exorbitantly slow down the
growth of UiO-66-NH, on the PAN nanofibers; hence, the
loading rate of UiO-66-NH, on the PAN nanofiber mem-
brane was significantly decreased [22]. The trend in SEM
image analysis of the samples is consistent with the XRD
results discussed previously. Given that the XRD and SEM
results reveal that 30%-PAN @UiO-66-NH, had well-grown
and developed UiO-66-NH, on the surface of PAN nanofiber
membrane, it was chosen for further experimental studies
and analysis.

3.3 Effect of Hydrothermal Reaction Time
on Ui0-66-NH, Growth

Figure 3i—j show the images of 30%-PAN@UiO-66-NH,
fabricated in different hydrothermal reaction time. As shown
in the figure, smooth surface of PAN nanofiber membrane

250 F Ui0-66-NH
(a) = 30%4h-PAN@UIO-66-NH,
» 200 } QPPN U
) ooV ad
- B
= 7220999 3R 6h-PAN@UIO-66-NH, o
ol L
= 150 >
3 " 30%2h-PAN@UIO-66-NH,
Z 100
-
=
= 50
o PAN
0
0.0 0.2 04 0.6 0.8 1.0

Relative Pressure(P/P,)

was observed when hydrothermal reaction was done in 1 h.
This implies that UiO-66-NH, cannot be formed within that
stipulated time. On the other hand, UiO-66-NH, grew on
the PAN nanofiber membrane when 2 h hydrothermal time
was employed. Regular UiO-66-NH, particles successfully
grew on PAN nanofiber membrane in the form of "beads" at
4 h reaction time. Similar to the image of sample prepared
in 2 h, a dense and undefined layer of UiO-66-NH, parti-
cles were grown on the surface of PAN nanofiber membrane
when the hydrothermal reaction time was increased to 6 h.
This implies that well-grown and good surface coverage of
regular bead-like UiO-66-NH, particles are successfully
formed in 4 h hydrothermal synthesis time.

3.4 Specific Surface Area and Pore Volume Analysis

Figure 4a, b shows the N, adsorption desorption curve and
pore size distribution of nanofiber membranes. The textural
properties of samples are tabulated in Table 1. The PAN
nanofiber membrane recorded a surface area, pore vol-
ume and average pore size of 9.94 m%*/g, 0.026 cm®/g and
15.32 nm, respectively. After growing UiO-66-NH, on PAN

Table 1 Surface area and pore size of PAN and PAN@UiO-66-NH,
nanofiber membranes

Samples Specific Pore Pore size (nm)
surface area volume
(m*/g) (cm’/g)
PAN nanofiber mem- 9.94 0.026 15.32
brane
UiO-66-NH, 847.53 0.383 4.46
30%2h- PAN@UiO- 536.72 0.256 4.62
66-NH,
30%4h-PAN@UiO- 680.99 0.333 3.99
66-NH,
30%6h-PAN @ UiO- 621.84 0.298 4.43
66-NH,
(b) 0,30 +
g 025}
.i ‘ 9— 30%4h-PAN@UIO-66-NH
E'n_:n L @— Ui0-66-NH,
:é 015 9
E 0.10 -
<
= 005 |
=
0,00 b 5 > - ®

0

L " " " L
10 20 30 40 50
Pore Diameter(nm)

Fig.4 a N, adsorption—desorption curve and b pore size distribution of PAN, UiO-66-NH, and PAN @UiO-66-NH, nanofiber membranes
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nanofiber membranes, the textural properties of nanofiber
membranes significantly improved. This is primarily related
to the impact of large surface area UiO-66-NH, particles
grown on the surface of PAN nanofiber membranes. Among
all the PAN@UiO-66-NH, samples, 30%-PAN @ UiO-
66-NH, synthesized for 4 h (30%4h-PAN@UiO-66-NH,)
displays the largest surface area and pore volume, which is
a prospect for improvement in adsorption pollutants. Com-
pared to PAN nanofiber membrane, the surface area and pore
volume of 30%4h-PAN @UiO-66-NH, increased by ~ 68.5
times and ~ 12.8 times, respectively, which is conducive to
enhance adsorption. Considering time, energy, cost, surface
area and the successful growth of UiO-66-NH, particles on
PAN nanofiber membranes observed in XRD and SEM
results, 30%4h-PAN @ UiO-66-NH, was used for subsequent
experiments.

3.5 FTIR Analysis

Figure 5a shows the FTIR spectra of PAN and 30%4h-
PAN@UiO-66-NH, nanofiber membranes. The character-
istic peak of PAN at 2235 cm™' is attributed to the vibration
of C=N in PAN nanofibers [23]. After successfully loading
of UiO-66-NH, on PAN (30%4h-PAN @UiO-66-NH,), new
absorption peaks at 1420, 1203, 765, and 661 cm™! appeared.
The new adsorption peak at 1420 cm™" is attributed to the
bending vibration of C-O [24]; the peak at 1205 cm™! cor-
responds to the characteristic peak of C,~N [25]; and the
peaks at 765 and 661 cm™! are attributed to the stretching
vibration of Zr—O [26]. Based on the above results, it could
be further confirmed that PAN @ UiO-66-NH, was success-
fully synthesized.

3.6 TGA Analysis

To explore the thermal stability of PAN@UiO-66-NH,,
thermogravimetric analysis test was carried out. As shown

30%4h-PAN@UiO-66-NH,
(a) PAN 1205
s
o
2
s
Z
g
e " 765
1420 ¢ %NS
- 4 - A . A . A -~ A - 4 -
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

in Fig. 5b, 30%4h-PAN@UiO-66-NH, recorded a weight
loss before 280 °C, relatable to the dehydration and dehy-
droxylation of MOFs structure [14]. The weight loss
between 280 and 800 °C is attributed to the decomposition
of NH,-H,BDC organic ligands, causing the crystal struc-
ture of UiO-66-NH, to be destroyed, resulting in complete
collapse of their structure. Simultaneously, PAN nanofiber
membrane undergoes pyrolysis [27]. No significant mass
loss was observed after 520 °C. The enhanced stability of
30%4h-PAN@UiO-66-NH, even after 280 °C compared
to PAN (decomposition temperature =~ 260 °C) [28] indi-
cates good thermal stability, resulting from the growth of
UiO-66-NH, particles on the surface of PAN nanofiber
membranes.

3.7 Effect of pH on Adsorption and Zero-Point
Analysis

The adsorption results of Cr(VI) on 30%4h-PAN@UiO-
66-NH, nanofiber membranes at different pH values and
the surface charge during adsorption test was obtained
and illustrated in Fig. 6. Based on the results presented in
Fig. 6a, it could be stated that pH does not only affect the
adsorption capacity of the adsorbent, but also affects the
surface charge of chromium ions. The experimental results
indicate that the adsorption capacity of 30%4h-PAN@
Ui0O-66-NH, decreases as the pH value increases above 2
(Fig. 6a). At pH=12, almost zero adsorption capacity was
recorded. This implies that under alkaline condition, the
adsorption capacity is significantly affected. At pH 2-6,
chromium ions mainly exist in the form of HCrO,- and
Cr2072_. When the pH exceeds 6, chromium ions exist in
the form of CrO,>~ [29]. The experimental results in Fig. 6a
show that when the pH increases from 1 to 13.5, the zeta
potential shows an increase in surface charge from ~25 mV
at pH=1 to ~27 mV at pH=2 and a sudden decrease in
surface charge after pH =2. Furthermore, when pH level is

(b) "
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PAN@UIO-66-NH,
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Fig.5 a FT-IR spectra of PAN and 30%4h-PAN@UiO-66-NH, nanofiber membranes. b Thermogravimetry curves of 30%4h-PAN@UiO-

66-NH, nanofiber membrane
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Fig.6 a Cr(VI) removal rates on 30%4h-PAN @UiO-66-NH, nanofiber membranes at different pH levels and Zeta potentials at different pH and
b effect of trifluoroacetic acid concentration and synthesis time on adsorption capacity

having more than zero zeta potential (lower pH level), H"
in water combines with NH>* groups on the surface of UiO-
66-NH,, deprotonates and forms NH?* groups. This implies
that the 30%4h-PAN @UiO-66-NH, carries a positive charge
on its surface, which is beneficial for electrostatic attraction
of anionic pollutants [30]. When the pH level has less than
zero zeta potential (higher pH level), 30%4h-PAN @UiO-
66-NH, exhibits high negative charges on its surface, which
generates electrostatic repulsion towards anionic pollutants
and reduce adsorption efficiency. Since pH =2 has the high-
est positive net charge and best performance under differ-
ent pH, subsequent adsorption experiments were conducted
under the condition of pH=2.

Figure 6b shows the adsorption performance of PAN@
Ui0O-66-NH, prepared with different TFA concentration and
synthesis time at pH=2. To elucidate the efficiency of the
samples, UiO-66-NH, particles and 20%4 h-PAN@UiO-
66-NH, (that is, 20%-PAN@UiO-66-NH, synthesized for
4 h) were used as reference. Pristine UiO-66-NH, (solely
particles) has the highest adsorption capacity, reaching
360.55 mg/g, while the lowest adsorption capacity was
recorded on PAN nanofiber membrane (20.9 mg/g). The
synthesis of PAN@UiO-66-NH, composites had sig-
nificant improvement in the adsorption capacity of PAN
nanofiber membrane. Among the PAN @ UiO-66-NH, sam-
ples, 30%4h-PAN @ UiO-66-NH, and 30%6h-PAN @ UiO-
66-NH, recorded the highest adsorption capacity of 312.25
and 314.47 mg/g, respectively. This implies that there is
an insignificant improvement in the adsorption capacity
of PAN@UiO-66-NH, composites after 4 h hydrothermal
synthesis time. The relatively lower capacity of reusable
30%4h-PAN @UiO-66-NH, and 30%6h-PAN @UiO-66-NH,
compared to pure UiO-66-NH, particles is due to unequal
load of UiO-66-NH, in these two samples (lower % of UiO-
66-NH, is loaded on the PAN nanofiber membrane in hydro-
thermal method; the 20 mg sample used for the test includes
the weight of PAN nanofiber membrane). Considering cost,

@ Springer

time and energy consumption, the insignificant difference in
the adsorption capacity of 30%4h-PAN@UiO-66-NH, and
30%6h-PAN @UiO-66-NH, renders the former selective
for further studies. In addition to the enhanced reusability
of UiO-66-NH, particles of 30%4h-PAN@UiO-66-NH,,
it is noteworthy that the adsorption capacity of 30%4h-
PAN@UiO-66-NH, was ~15 times better than that of PAN
nanofiber membrane.

3.8 Adsorption Kinetics

Adsorption time is a key factor in evaluating the removal
rate of adsorbents. Figure 7a shows The Cr(VI) adsorption
time on 30%4h-PAN @UiO-66-NH, at three different initial
concentrations. It is observed that adsorption increases with
the prolongation of adsorption time and reaches equilibrium
above 300 min. Among them, the adsorption capacity of
Cr(VI) on 30%4h-PAN @ UiO-66-NH, nanofiber membrane
rapidly increase within 240 min, which may be assigned to
abundant adsorption sites on the surface of 30%4h-PAN@
UiO-66-NH,. Afterward, the adsorption efficiency gradually
decreases until almost all 100 mg/g Cr(VI) in the solution
was adsorbed. Comparing the three adsorption curves of dif-
ferent Cr(VI) concentrations, it is ascertained that adsorption
capacity of 30%4h-PAN @UiO-66-NH, increases as the ini-
tial Cr(VI) concentration increases from 50 to 100 mg/L. For
further clarification, the adsorption mechanism of 30%4h-
PAN @UiO-66-NH, nanofiber membranes were described
using kinetic model, pseudo-first-order model and pseudo-
second-order model (as shown in Figs. (b), (c), (d) and (f)).
The relevant kinetic data were fitted to obtain the relevant
kinetic parameters (Tables 2, 3).

To eliminate modeling bias and identify modeling traps,
linear and nonlinear fitting were performed on the pseudo
first order dynamics model and pseudo second order dynam-
ics model, respectively, using two different fitting methods
[31] (Fig. 7b—d). Comparing the data in Table 2, it was found
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that although the R? values of the two are very close, there
is a significant difference in their Q, values. Experimental
work reveals that the nonlinear fitting of the pseudo first-
order dynamic model was closer to the actual experimental
values. Consequently, the nonlinear fitting parameters were
selected for subsequent comparison. Similarly, the linear
fitting of the pseudo second-order kinetic model is closer
to the actual experimental values (as shown in Table 3).
Critical comparison reveals that higher correlation coeffi-
cients (R?>0.99) and close-to-actual experimental values
were obtained in pseudo second-order kinetic model. This
indicates that 30%4h-PAN @UiO-66-NH, nanofiber mem-
brane was more in line with the pseudo-second-order kinetic
model. It was further confirmed that the adsorption behav-
ior of 30%4h-PAN @ UiO-66-NH, nanofiber membrane fol-
lowed the chemical adsorption mode, which was character-
ized by strong attraction and fast Cr(VI) removal rate [32].

The effect of initial concentration and temperature on
the adsorption of Cr(VI) on 30%4h-PAN@UiO-66-NH,
nanofibrous membrane is presented in Fig. 7f. The adsorp-
tion capacity of the sample increases as the temperature and
initial Cr(VI) concentration increase. This implies that there
were numerous adsorption sites on surface of 30%4h-PAN @
UiO-66-NH, which enhanced the adsorption of Cr(VI) until
equilibrium was reached. At the same time, under the same

initial concentration, with the increase in temperature, the
adsorption capacity increased.

Langmuir isotherm model and the Freundlich isotherm
model were explore to describe the interaction in the adsorp-
tion process (Fig. 7g, h), and the relevant adsorption iso-
therm data were fitted to obtain related adsorption isotherm
parameters (Table 4). It can be seen that the correlation
coefficient (R?) value of Langmuir model was greater than
that of Freundlich model. This implies that Cr(VI) is mainly
removed in the form of monolayer adsorption on the surface
of 30%4h-PAN @UiO-66-NH, nanofiber membrane [10, 14].
The maximum adsorption capacity of Cr(VI) reported by
other adsorbents in recent years is shown in Table 5. It can
be clearly seen that the maximum adsorption capacity of
30%4h-PAN @ UiO-66-NH, in this study is 312.25 mg/g,
which is higher than other adsorbents in the literature [12,
13, 33-37].

3.9 Influence of Interference lons on Adsorption

In actual wastewater treatment, there are a large number of
other ionic pollutants that actively compete with each other
for adsorption sites. Therefore, it is imperative to explore
the effect of interfering ions on the adsorption of Cr(VI).
Figure 8a shows that in a metal cation solution system,

Table 2 Relevant pseudo-

Cr(VD) Pseudo-first-order model

first-order model parameters

of 30%4h-PAN @UiO-66-NH, Nonlinear fitting model Linear fitting model

nanofiber membrane ] 5 - 5
mg/L Q, oxp (mg/L) K, (min™") Q,(mg/lg) R K, (min-g/mg) Q,(mg/g) R
50 45.51 0.01138 40.02 0.907  0.00289 27.12 0.960
75 72.70 0.01103 68.89 0.964  0.00468 45.49 0.975
100 97.21 0.01057 91.90 0.989  0.00405 57.36 0.924

Table 3 Relevant pseudo- Cr(VI) Pseudo-second-order model

second-order model parameters

of 30%4h-PAN @UiO-66-NH, Nonlinear fitting model Linear fitting model

nanofiber membrane - 5 - 5
mg/L Q, oxp (mg/g) K, (min™") 0, (mg/g) R K, (min-g/mg) Q, (mg/g) R
50 45.51 0.00032 45.14 0.982  0.00026 47.24 0.998
75 72.70 0.00019 77.41 0.995  0.00020 76.39 0.999
100 97.21 0.00013 104.1 0.993  0.00014 102.24 0.999

Table4 Adsorption isotherm Temperature Langmuir model Freundlich model

parameters of 30%4h-PAN@

UiO-66-NH, at different K O, exp (Mg/g) Q,, (mg/g) K, (mg/L) R? Un K (L/g) R?

temperature
298 300.12 312.25 0.115 0.999 0.365 56.316 0.851
308 325.98 348.43 0.102 0.999 0.408 54.192 0.872
318 342.40 367.64 0.103 0.998 0.425 55.181 0.860
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Tgble 5 Adsorption capacity of Adsorbent 0., (mg/g) pH Temperature (K) References

different adsorbents for Cr(VI)

removal 30%4h-PAN @UiO-66-NH, 312.5 2 298 This work
CP 299.89 3 318 [31]
CTS/CS-50 130.41 2 298 [32]
UiO-66 Modified Corncob 90.04 6.5 298 [33]
Ui0-66-NH,/MoS, @PUF 125 2 303 [34]
Modified UiO-66-NH, with pheno-  333.67 2 303 [12]

thiazine-N-rhodanine

Formic acid-modified-UiO-66 2439 2 298 [13]
UiO-66-NH, @silica 2774 5 Not provided [35]
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Fig.8 a Effect of coexisting cations on Cr(VI) adsorption by 30%4h-
PAN@UiO-66-NH, nanofiber membrane. b Adsorption capacity of
coexisting anions on Cr(VI) by 30%4h-PAN @UiO-66-NH, nanofiber

30%4h-PAN @UiO-66-NH, nanofiber membrane exhibits
selective adsorption of Cr(VI). Figure 8b shows an insig-
nificant decrease in selective adsorption capacity of Cr(VI)
on 30%4h-PAN@UiO-66-NH, nanofiber membrane in
anionic solution system (for monovalent anions NO*~ and
CI), regardless the increase in the concentration of coexist-
ing ions. However, when divalent anion SO4Z' was added,
the selective adsorption capacity for Cr(VI) significantly
decreases. This is due to the large radius of divalent anion
S0, which makes the electrostatic adsorption capacity
and ion energy of divalent SO,>~ exceed that of monovalent
NO?*~ and CI~ ions [38].

3.10 Reusability of Adsorbent

Figure 8c shows the reusability of 30%4h-PAN-UiO-66-NH,
in five cycles. Generally, the adsorption performance slightly
decreased in the 5th cycle compared to the 1st cycle, but still
maintained more than 90% removal rate. This indicates that
30%4h-PAN @UiO-66-NH, nanofiber membrane has good
reusability and easy recyclability. This novelty helps over-
come the challenge in recycling of UiO-66-NH, particles
and avoidance of potential secondary pollution when treat-
ing wastewater.

Number of adsorption cycles

membrane. ¢ Cyclic adsorption of Cr(VI) by 30%4h-PAN@UiO-
66-NH, nanofiber membrane

The EDS spectra of 30%4h-PAN @UiO-66-NH, before
and after adsorption of Cr(VI) is shown in Fig. 9a. At
5.4 keV, a new peak appears, which is assigned to energy
spectrum peak of Cr [39], implying adsorption of Cr(VI)
on the surface of the adsorbent. Uniformly distributed Cr
element on the surface of the 30%4h-PAN @UiO-66-NH,
nanofiber membrane further proves the successful and even
adsorption of chromium on the adsorbent (Fig. 9b).

3.11 Adsorption Mechanism

To propose the adsorption mechanism of 30%4h-PAN@
UiO-66-NH, nanofiber membrane, the effects of pre- and
post-adsorption on 30%4h-PAN@UiO-66-NH, nanofiber
membrane was examined using XPS. As shown in Fig. 9c,
the characteristic peak of Cr on 30%4h-PAN @ UiO-66-
NH,-after adsorption indicates that Cr(VI) was successfully
adsorbed on the 30%4h-PAN @UiO-66-NH,. The obvious
Cr 2p peak identified on 30%4h-PAN @ UiO-66-NH, after
adsorption was deconvoluted to clearly identify the valence
state of Cr(VI) (Fig. 9d). The binding energies at 586.18
and 576.58 eV are assignable to Cr(IIl), while 588.08 and
578.48 eV are assigned to Cr(VI) [40]. It can be observed
that more Cr (III) are present on the surface than Cr(VI).
This implies that Cr(VI) is reduced to Cr(III). The peaks
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Fig. 9 a EDS spectra of 30%4h-PAN @UiO-66-NH, nanofiber mem-
brane before and after Cr(VI) adsorption and b mapping results of
30%4h-PAN @UiO-66-NH, nanofiber membrane after Cr(VI) adsorp-
tion. ¢ Full XPS spectra of 30%4h-PAN@UiO-66-NH, nanofiber
membrane before and after Cr(VI) adsorption, d Cr2p spectrum of

centered at 399.78 and 398.68 eV appear in the XPS spec-
tra of N1s correspond to —-NH, and imine (-N=) functional
groups (Fig. 9e, d). There is a new peak at 400.08 eV in the
XPS spectrum of N1s after adsorption of Cr(VI) on sample,
which belongs to NH>*. This indicates that amine matrix is
seeded during adsorption [41].
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f Peak N1s of 30%4h-PAN@UiO-66-NH, nanofiber membrane after
Cr(VI) adsorption

Based on the XPS results, the proposed mechanism for
the adsorption of Cr(VI) on 30%4h-PAN@UiO-66-NH,
nanofiber membrane is as follows: first, under acidic condi-
tions, the amino group on the 30%4h-PAN @UiO-66-NH,
nanofiber membrane obtains hydrogen ions which protonates
into NH**, making the surface positively charged, hence
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enhancing adsorption of anion Cr(VI) through electrostatic
attraction [38]. This step is a key path for removal of Cr(VI)
on 30%4h-PAN@UiO-66-NH, nanofiber membrane. Sec-
ondly, -NH, on the 30%4h-PAN @ UiO-66-NH, nanofiber
membrane donates electrons to reduce adsorbed Cr(VI) to
Cr(IIT). The specific reactions are as follows in (8)—(12).
Finally, the reduced Cr(III) can be adsorbed on the surface
of the nanofiber membrane by forming a chelate with -NH,.

PAN@UiO-66-NH, + H" — PAN@UiO-66-NH] )

PAN@Ui0-66-NH? + HCrO] /Cr;03~ — PAN@Ui0-66-NH} — HCrO; /Cr, 02~

)
HCrO; + 7H" + 3¢” — Crj + 4H,0 (10)
Cr,0;” + 14H' + 6e™ — 2Cr’* + 7TH,0 an

Cr** + PAN@UiO-66-NH, — PAN@UiO-66-NH, — Cr
12)

4 Conclusion

In this paper, PAN @UiO-66-NH, nanofiber membrane was
developed using water as solvent and trifluoroacetic acid
as regulator and applied as adsorbent for the removal of
Cr(V]). Based on FT-IR, XRD, TG, EDS, BET results and
adsorption test, 30% trifluoroacetic acid concentration, 4 h
hydrothermal synthesis time and pH =2 were identified as
the suitable conditions for the successful synthesis of large
surface area PAN @Ui0O-66-NH, with good adsorption per-
formance. According to the analysis of adsorption kinet-
ics and adsorption isotherm, 30%4h-PAN @ UiO-66-NH,
nanofiber membrane is more in line with the pseudo-second-
order adsorption kinetic model and the Langmuir model, and
its adsorption process follows the chemical adsorption mode.
It recorded excellent adsorption performance, with maxi-
mum adsorption capacity of 312.25 mg/g. Generally, the
interference cations and anions had insignificant influence
on the selective adsorption of Cr(VI) on 30%4h-PAN@UiO-
66-NH,. Aside the good performance, the 30%4h-PAN @
Ui0-66-NH, nanofiber membrane exhibits better reusability,
recording more than 90% Cr(VI) adsorption rate after five
cycles. XPS analysis shows that the adsorption mechanism
of Cr(VI) on 30%4h-PAN @UiO-66-NH, nanofiber mem-
brane is mainly through electrostatic attraction, in which the
adsorbed Cr(VI) is reduced to Cr(Ill), and finally chelated
material form is absorbed. Conclusively, the as-prepared
30%4h-PAN@UiO-66-NH, nanofiber membrane is an

effective adsorbent for the removal of Cr(VI) in industrial
wastewater.
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