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Nickel (IT) Based Metal-Organic Framework Consolidated on Nanofibers
Modified Track-Etched Membrane for Dye Removal

Metal-organic frameworks (MOFs) are promising adsorption agents with many potential applications. How-
ever, most experiments exploring the potential applications of MOFs have used powders, which limits the range
of possible applications. To solve this problem, an approach to design hybrid membrane (HM) based on track-
etched membrane, electrospun nanofibers and MOF based on L-tryptophan, 1,2-bis(4-pyridyl)ethylene and Ni
(I) (Ni-MOF) was proposed in the current paper. An investigation of Ni-MOF morphology on hydrophilic
chitosan and hydrophobic polyvinylidene fluoride nanofibers showed that the Ni-MOF tends to form super-
structures — spherical conglomerates consisting of flaky crystallites on both types of nanofibers. The HMs and
Ni-MOF powder were characterized by SEM and PXRD. The adsorption properties of the Ni-MOF powder
towards model anionic methyl orange (MO) and cationic thodamine B (Rh B) including kinetics and isotherm
were studied. An investigation of dyes removal by HMs in dead-end filtration mode indicates the effectiveness
of MO and Rh B adsorption as high as ~97 % (~380 ug/cm?) and ~9 % (~37 pg/cm?), respectively. The possi-
bility of regeneration was also investigated. Thus, the HMs may find a potential application for advanced
wastewater treatment processes to provide removal of MO in microfiltration mode.

Keywords: track-etched membranes, metal-organic frameworks, hybrid membranes, nanofibers, electrospin-
ning, dye removal, adsorption, water treatment

Introduction

Water pollution caused by industries is one of the most significant global problems. Water may contain
numerous hazardous compounds such as dyes, heavy metal ions, or drugs, which pose severe risks to the
environment and human health. Methyl Orange (MO), an anionic dye is commonly used in textile, printing
industries and in laboratory practice. Despite this, MO is recognized as low biodegradable, toxic, carcinogenic
and mutagenic compound. It is reduced into aromatic amines by intestinal microorganisms which can lead to
intestinal cancer [1-3]. Rhodamine B (Rh B) is a cationic dye employed in textile, paper, paint industry. It is
toxic, carcinogenic and non-biodegradable. The presence of MO or Rh B in water can negatively affect aquatic
organisms due to toxicity and ability to inhibit photosynthesis by reducing light penetration [4—7]. Various
techniques have been used for removal of dyes from water media: membrane filtration, adsorption, photoca-
talysis, sedimentation, electrochemical methods and so on. Among them, adsorption is one of the most simple
and effective methods for wastewater treatment [8, 9]. Nevertheless, disadvantages of numerous traditional
adsorbents are still poor selectivity, retrievability or stability and slow removal rate [10]. Thus, design of novel
systems for dye removal is highly demanded.
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Nickel (Il) Based Metal-Organic Framework ...

Metal-organic frameworks (MOFs) are crystalline compounds consisting of metal ions or clusters that
are held together by organic ligands. These compounds can form one-, two- or three-dimensional frameworks
that may be porous. Since the 1990s and to the present day, they have been attracting great research interest
due to the unique properties such as high surface area and tunability of structure [11]. There are a variety of
papers studied MOFs as dyes adsorbent. Most experiments of MOFs application in this field were carried out
using MOFs powders [12, 13]. However, for improving processability and realization of MOFs practical ap-
plication in wastewater treatment, depositing MOFs on porous supports to form hybrid membranes (HMs)
could be a promising solution [14]. Recent studies have proposed a novel approach to creating functional HMs
based on track-etched membranes (TMs) modified by electrospun nanofibers (NFs) layer. This approach has
proven suitable for designing materials for removal of harmful ions and dyes from wastewater, seawater de-
salination processes and wound dressings [9, 15—19].

Herein we present an approach to design novel hybrid membrane based on nanofiber-modified track-
etched membrane and MOF synthesized via a low temperature solvothermal method. The MOF based on
L-tryptophan, 1,2-bis(4-pyridyl)ethylene and Ni (II) (Ni-MOF) as it can be synthesized under mild conditions
that exclude membrane damage. TMs modified with chitosan (Ch) and polyvinylidene fluoride (PVDF) NFs
were used as models of hydrophilic and hydrophobic substrates, respectively. The well-defined pore architec-
ture and thoroughly studied physicochemical properties make it possible to use TMs as a convenient model
for investigating the processes of designing HMs. To study the adsorption performance two dyes, anionic
methyl orange and cationic rhodamine B, were selected as model compounds. The adsorption characteristics
such as kinetics and isotherms of adsorption by the Ni-MOF powder were investigated. Dye removal by HMs
in filtration mode and regeneration potential were evaluated. Schematically the synthesis process and applica-
tion in dye adsorption of HMs is illustrated in Figure 1.
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Figure 1. Schematic illustration of HMs preparation and application process

Experimental

Materials

Polyethylene terephthalate (PET) TM with a thickness of 23 pm, pores diameter of 0.3 um and pores
density of (2.7+0.3)x10® cm 2 was made from Hostaphan RNK film in Flerov Laboratory of Nuclear reactions
of Joint Institute for Nuclear Research. This membrane was covered by 40+4 nm thick Ti layer in Ivtekhno-
mash, LLC and used as a support for future studies [20]. The titanium layer is used as collecting electrode
during the electrospinning process to improve uniformity and adhesion of NFs to the TM surface [16, 17].

The following reagents were wused: chitosan (M, =200000 g/mol), polyethylene oxide
(M, = 300000 g/mol), 99.8% acetic acid, 25%  glutaraldehyde, polyvinylidene fluoride
(My = 600000 g/mol), 99.8 % dimethylformamide, 99.8 % acetone were used for electrospinning of NFs;
L-tryptophan (98 %), 1,2-bis(4-pyridyl)ethylene (97 %), nickel nitrate (Ni(NO3),:6H,O, chemically pure),
methanol (analytical grade) were used for Ni-MOF synthesis; methyl orange (97 %), rhodamine B (95 %),
deionized Milli-Q water, acetate buffer were used for adsorption investigations.
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Nanofibers Electrospinning

Ch and PVDF NFs were electrospun on the TM surface according to the methods reported previously [16,
19]. Membranes with Ch or PVDF NF layers were designated as TM+Ch and TM+PVDF, respectively. Den-
sity of NFs layer was found to be 0.37+0.03 mg/cm? for TM+Ch and 0.55+0.05 mg/cm? for TM+PVDF.

Ni-MOF Synthesis

The method described previously was used for synthesis Ni-MOF as a powder and on the membrane
surface [21, 22]. Membranes modified by Ni-MOF were marked as TM+Ch+Ni-MOF or TM+PVDF+Ni-
MOF. The density of Ni-MOF on the membrane surface was amounted to be 3.4+0.6 mg/cm? for TM+Ch+Ni-
MOF and 3.8+0.5 mg/cm? for TM+PVDF+Ni-MOF.

Characterization Techniques

The morphology of the membranes was studied by scanning electron microscopy (SEM, Hitachi
S-3400N). The crystal structure was analyzed by powder X-ray diffraction (PXRD) using PANalytical Empy-
rean powder diffractometer (CoKa radiation) with a high-efficiency Pixel3D position-sensitive detector at a
tube voltage of 40 kV and a current of 40 mA. The 20 angle range was from 8° to 50° with steps A8 = 0.026°.
Hydrophobic-hydrophilic properties of membranes were estimated by water contact angle measurements using
DSA-100. The Brunauer—-Emmett—Teller specific surface area of the Ni-MOF powder was measured as 4.5
m?/g (N2, ASAP 2020).

Adsorption Experiments

Two dyes were selected for adsorption experiments: anionic methyl orange and cationic rhodamine B.
For batch adsorption experiments the Ni-MOF powder was used. Adsorption kinetics was studied in duplicate
by 15 mg of Ni-MOF in 10 ml of dye aqueous solution with initial concentration 50 mg/L for MO and 10 mg/L
for Rh B at 23 °C. Dyes solutions were analyzed by UV-Vis spectrophotometer (Evolution 600) and the ad-
sorption capacity at certain time (g;, mg/g) was calculated using Eq (1):
(C,-C )V

g, =———, (1)
m

where Cp is the initial concentration (mg/L), C; is the concentration after adsorption for a certain time (mg/L),
V is a solution volume (L), m is an adsorbent mass (g). To quantify the adsorption kinetics pseudo-first-order
(PFO) model (Eq 2) and pseudo-second-order (PSO) model (Eq 3) were used to fit the experimental data:

g=q.(1-¢*); )
kot

=l 3)
1+ q,k,t

where ¢. is the adsorption capacity at equilibrium (mg/g), &; is the rate constant of the PFO model (1/min), &
is the rate constant of the PSO model (g/mg-min), ¢ is the time (min).

The adsorption isotherm measurements were performed in duplicate by varying the initial dye concentra-
tion from 10 to 300 mg/L for MO and from 1 to 30 mg/L for Rh B. Three the most widely applied isotherm
models, Langmuir (Eq 4), Freundlich (Eq 5) and Temkin (Eq 6) were employed to fit the experimental data:

qmw(KLCe
R 4
e 1+K,C, @
q,=K.C."; (5)
RT
qe = Qmax7ln (Kr Ce), (6)

where ¢uq is @ monolayer capacity of Ni-MOF (mg/g), K; is the Langmuir adsorption constant (L/mg), C. is
the concentration at equilibrium (mg/L), Kr is the Freundlich adsorption constant ((mg/g)-(L/ mg)'™), n is an
exponent of the Freundlich model, b is the Temkin isotherm constant (J/mol), Kr is the Temkin adsorption
constant (L/mg).

The fitting quality and error analysis of the models were carried out by calculating chi-squared parameter
(Eq 7) and hybrid fractional error function (Eq 8):
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where g.q is the calculated adsorption capacity (mg/g), ge., is the experimental adsorption capacity (mg/g), n
is a number of measured experimental points, p is a number of variable parameters in the equation.

For adsorption investigations in dead-end filtration mode the 25 mm membrane (working diameter
22 mm) was installed in a polycarbonate filter holder. Using tubes, the holder was connected to the syringe
containing 30 ml of selected dye with initial concentration 50 mg/L. The syringe was placed into a syringe
pump and flow rate was set as 2 ml/min. The solution passed through the membrane was collected in a beaker
and placed back into the syringe. The described procedure was repeated throughout 2, 4; 8 and 12 cycles. The
adsorption losses as a, % and 4, ug/cm? was calculated using Eq (9, 10):

; ®)

a:¥xloo; )
0
A:(CFTQ)V, (10)

where C, is the concentration after a certain cycle (mg/L), S is a membrane working area (cm?).

For regeneration studies, the membrane was kept in the 10 ml MO solution with concentration of 50 mg/L
for 24 hours. After that the membrane was immersed in acetate buffer solution with pH = 4 for 3 hours. Ad-
sorption (E4, %) and desorption efficiencies (Ep, %) were calculated throughout 3 adsorption-desorption cycles
using Eq (11, 12):

E =" 100, (11)
mO

E, =24 5100, (12)
m

where mqgs is the mass of adsorbed MO (ug), my is the initial mass of MO (ug), maes is the mass of desorbed
MO (ug).

Results and Discussion

Characterization

The surface morphology of TMs modified by Ch and PVDF was described in detail previously [16, 17,
19]. Both Ch and PVDF NFs on the TM surface possess a smooth and uniform morphology. The average
diameters of the NFs calculated by the Gaussian approximation were 16444 nm for Ch NFs and 216+18 nm
for PVDF NFs (Fig. 2 a, b). After Ni-MOF synthesis on the membranes, superstructures — spherical conglom-
erates consisting of flaky crystallites, were formed (Fig. 2 ¢, d). Average diameter of Ni-MOF superstructures
was measured as 19+£2 um for the TM+Ch+Ni-MOF and 22+2 um for the TM+PVDF+Ni-MOF samples. The
results suggest that the morphology of superstructures is independent of the hydrophobic-hydrophilic proper-
ties of the substrate.

To confirm that the crystal structure of Ni-MOF is identical in powder form and on the membrane surface,
PXRD analysis was performed. As shown in Figure 3, the patterns of the TM+Ch, TM+PVDF, TM+Ch+Ni-
MOF and TM+PVDF+Ni-MOF samples contain an amorphous halo in the region up to 20° and the twin peak
around 27° and 30° was interpreted as PET [18]. The remaining peaks for the TM+Ch+Ni-MOF and
TM-+PVDF+Ni-MOF membranes correspond to Ni-MOF [21, 22]. No significant differences were observed
between patterns of the Ni-MOF powder and the HMs. Thus, successful deposition of Ni-MOF on the TMs
modified by Ch and PVDF NFs was achieved.
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Figure 2. SEM images: (a) TM+Ch membrane, (b)) TM+PVDF membrane,
(c¢) hybrid TM+Ch+Ni-MOF membrane, (d) hybrid TM+PVDF+Ni-MOF membrane

TM+PVDF+Ni-MOF
TM+Ch+Ni-MOF

TM+PVDF

Intensity, a.u.

10 20 30 40 50
20, °

Figure 3. PXRD patterns of Ni-MOF powder, TM+Ch and TM+PVDF membranes,
hybrid TM+Ch+Ni-MOF and TM+PVDF+Ni-MOF membranes

To determine hydrophobic-hydrophilic properties of the HMs and substrates, the water contact angle
(CA) measurements were performed (Fig. 4). It was found that the synthesizing Ni-MOF on the membrane’s
surface increases its hydrophilic properties. The CA of TM+Ch was difficult to measure due to the rapid ad-
sorption of water droplets caused by the NFs. However, this value was estimated as ~15° (Fig. 4, a). The
synthesis of Ni-MOF on the surface leads to complete wettability of the HM surface (Fig. 4, b). The CA of
TM+PVDF was measured as 140+1° that determines the membrane surface as hydrophobic (Fig. 4, ¢). The
modified sample TM+PVDF+Ni-MOF showed the CA value of 123+9° (Fig. 4, d). The relatively large devi-
ation suggests non-uniform coverage of Ni-MOF on the TM+PVDF surface. However, the CA of
TM+PVDF+Ni-MOF was decreased up to 20 % in comparison with the pristine one.
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Figure 4. Photos of a water droplet on membranes: (a) TM+Ch membrane, (b) hybrid TM+Ch+Ni-MOF membrane,
(¢) TM+PVDF membrane, (d) hybrid TM+PVDF+Ni-MOF membrane

Dye Adsorption

To explore the adsorption characteristics of the Ni-MOF powder and hybrid membranes HMs, two model
contaminants were selected: anionic MO and cationic Rh B. Firstly, adsorption kinetics of the Ni-MOF powder
was studied. As shown in Figure 5 the curve reaches a plateau through 120 minutes, corresponding to
95.1+0.1 % MO removal. The time taken for Rh B to reach equilibrium was also estimated as 120 minutes,
corresponding to 8.4+1.2 % Rh B removal. The adsorption kinetics was evaluated using the PFO and PSO
models. For both MO and Rh B, the adsorption process kinetics were well fitted by the PSO model character-
ized by the lowest ¢ values and relatively small deviations between the experimental and calculated adsorption
capacities (Table 1). Therefore, the adsorption of MO and Rh.B was proportional to the square of the dye
concentration and probably based on chemical interactions [23, 24].
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Figure 5. Adsorption kinetics curves of MO and Rh B by Ni-MOF powder

Table 1
Adsorption kinetics model parameters of Ni-MOF powder
Dve Pseudo-first-order model Pseudo-second-order model
Y e, exp de, cal ki X2 HYBRID e, exp de, cal k> Xz HYBRID
MO 32.1 31.3 0.16 0.6896 | 9.8514 32.1 32.6 0.0085 | 0.0188 | 0.2685
Rh B 0.6 0.58 0.063 0.0092 | 0.2296 0.6 0.62 0.16 0.0018 | 0.0453

Adsorption isotherms were evaluated for future investigations. As shown in Figure 6, the adsorption ca-
pacity increases with the dye concentration increasing that typical property of many adsorbents. The maximum
experimental adsorption capacity toward MO was amounted to be 120.2+1.5 mg/g at initial MO concentration
of 300 mg/L. However, the adsorption capacity did not reach its plateau within the studied concentration range.
Thus, there are still adsorption sites which can be occupied by MO. The maximum experimental adsorption
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capacity of Rh B removal was significantly lower and amounted to be 0.67+0.11 mg/g. The adsorption curve
reached saturation at dye concentration of 10 mg/L.

For better understanding of the adsorption process, isotherms were fitted by Freundlich, Langmuir and
Temkin models. It should be noted that employment of Temkin isotherm requires the gm. value. Herein guqx
value was derived from the Langmuir model [27]. The order of the ¥*> and HYBRID values of the models
corresponded to the following trend: Freundlich > Langmuir > Temkin for MO and Freundlich > Temkin >
Langmuir for Rh B contaminant (Table 2). Freundlich isotherm suggests heterogeneity of adsorbent surface
and exponential distribution of binding sites energies [25]. Seen in Table 2, the Freundlich model exhibited
the highest y?> and HYBRID values for both contaminants which indicates that the model is not capable of
adequately describing the experimental data. The values of x> and HYBRID calculated for the Langmuir model
are lower in the comparison with the Freundlich model. Therefore, the assumption of uniformly distributed
binding energies and constant adsorption heat is more favorable for the experimental data [26]. The calculated
Langmuir maximum adsorption capacity for MO was 115.9 mg/g that is less than the experimental value by
~4 %. This may be caused by an implicit plateau. The best fit of the MO adsorption experimental data was
obtained for the Temkin model. The Temkin isotherm assumes uniform distribution of binding energies and
linearly decreasing of the adsorption heat along with surface coverage. A value of 5> 0 constant associated
with the heat of adsorption indicates that the process is exothermic [27]. The best fit of the Rh B adsorption
experimental data was obtained for the Langmuir model. The calculated Langmuir maximum adsorption ca-
pacity for Rh B was 0.74 mg/g that is higher than the experimental value by ~10 %.
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Figure 6. Adsorption isotherms of MO and Rh B by Ni-MOF powder
Table 2
Adsorption isotherm model parameters of Ni-MOF powder
Dve Freundlich model Langmuir model
Y Kr n Xz HYBRID qm, exp qm, cal K; Xz HYBRID
MO 30.7 34 51.4495 1028.9902 120.2 115.9 0.19 3.6965 73.9302
Rh B 0.28 3.5 0.1112 3.7056 0.67 0.74 0.42 0.0106 0.3521
Dve Temkin model
4 b Kr 7 HYBRID
MO 14560 3.5 0.6533 13.0669
Rh B 11865 3.9 0.0246 0.8190

In summary, the Ni-MOF powder is characterized by relatively slow kinetics of dye adsorption
(~2 hours). The PSO model was found to be able to adequately describe the experimental data. This may
suggest that the adsorption process is chemical in nature. The Temkin model could adequately describe the Ni-
MOF dye adsorption isotherms. Thus, the adsorption occurs on uniformly distributed binding sites. At an initial
dye concentration of 10 mg/L, the experimental adsorption capacities were approximately ~6 mg/g for anionic
MO and ~0.6 mg/g for cationic Rh B. These results suggest that Ni-MOF might exhibits selectivity towards
MO.
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Figure 7. Adsorption loses of MO and Rh B at passing through membranes

The efficiency of dye removal by HMs was studied in dead-end filtration mode. The results are shown in
Figure 7. The highest values of adsorption losses were observed for the TM+Ch+Ni-MOF and TM+PVDF+Ni-
MOF samples. After 12 cycles, the adsorption losses of MO were 95.7 % for TM+Ch+Ni-MOF and 96.8 %
for TM+PVDF+Ni-MOF which corresponds to the specific adsorption losses value of 380.3 pg/cm? and 382.2
ug/cm?, respectively. The differences in the adsorption kinetics of TM+Ch+Ni-MOF and TM+PVDF+Ni-
MOF may be caused by the higher density of the Ni-MOF layer on the TM+PVDF+Ni-MOF surface. The
adsorption losses of Rh B were significantly less: 9.3 % (36.7 pg/cm?) for TM+Ch+Ni-MOF and 9.4 % (37.1
ug/cm?) for TM+PVDF+Ni-MOF. Thus, the adsorption follows the above-mentioned trend: the adsorption of
MO is more active than that of Rh B. To estimate the influence of the porous support on the adsorption, the
dye removal by TM+Ch and TM+PVDF was studied. The adsorption losses of MO and Rh B on TM+Ch were
12.1 % (47.6 ng/cm?) and 11.4 % (45.1 pg/cm?), respectively. The TM+PVDF membrane showed lower max-
imum adsorption losses values of 0.9 % (3 pg/cm?) and 6.1 % (24.2 pg/cm?) for MO and Rh B. Therefore, the
Ni-MOF layer mainly contributes to the adsorption of MO by the HMs.
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Figure 8. The efficiency of adsorption and desorption of MO by membranes

Batch adsorption-desorption experiments were used to investigate the possibility of regeneration for MO
only. The results are shown in Figure 8. The adsorption efficiency of HMs was consistently high during the
experiments and amounted to an average of 98.840.9 % (127.1+2.2 pg/cm?) for TM+Ch+Ni-MOF and
97.940.5 % (125.9£1 pg/cm?) for TM+PVDF+Ni-MOF. The desorption efficiency of HMs was ~10 % during
2 cycles and doubled by the 3rd cycle. The desorption efficiency increase may mean degradation of the Ni-
MOF crystal structure during adsorption-desorption cycles. The adsorption efficiency of the TM+Ch mem-
brane was 49.3£2.5 % (63.3£3.8 pg/cm?) during 2 cycles and reached 98.5 % (125.7 pg/cm?) by the 3rd cycle.
This result may indicate the process of chitosan swelling which leads to the reduction in the degree of cross-
linking and increasing in the number of binding sites. The average desorption efficiency of the TM+Ch
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membrane was 77.9 £ 7 % during the experiments. No adsorption and desorption activity of the TM+PVDF
membrane was observed. Summing up, the highest values of adsorption efficiency were measured for HMs
while the desorption efficiency was relatively low. Nevertheless, the HMs are able to provide effective dye
removal within 3 cycles.

Conclusions

In summary, the design of HMs based on Ch and PVDF NFs modified TMs and Ni-MOF was successfully
implemented. Morphology, structure and performance parameters of HMs were investigated. It was found that
Ni-MOF has an ability to form uniform superstructures with average diameter ~20 um on the surface of hy-
drophilic Ch and hydrophobic PVDF NFs. The adsorption characteristics were studied both for the Ni-MOF
powder and for HMs. The adsorption process was best described by the PSO kinetic model for both contami-
nants, while the Temkin isotherm fitted well for MO, and the Langmuir isotherm was more suitable for Rh B.
The Ni-MOF powder exhibited maximum experimentally found adsorption capacity towards MO and Rh B as
high as 120.2+1.5 mg/g (at 300 mg/L of initial concentration) and 0.67+0.11 mg/g (at 30 mg/L of initial con-
centration), respectively. The adsorption measurements in dead-end filtration mode showed maximum values
of dye adsorption by HMs as high as ~97 % (~380 ug/cm?) for MO and ~9 % (~37 pg/cm?) for Rh B. Investi-
gations of regeneration possibilities have shown that the HMs are able to provide effective dye removal within
3 cycles. This study demonstrates an approach to design practical HMs for the application in wastewater treat-
ment. It can be noted that the described approach might be used in the future to design innovative and pro-
cessable materials for wound healing, racemic mixtures separation and sensing applications.
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