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Abstract

Ribonucleic acid (RNA) plays a critically important role in cellular defense,
deoxyribonucleic acid (DNA) replication, transcription, and gene expression for living organisms
as well as, a lot of diseases such as cancer, immunodeficiency, tumors has been associated with
RNA'’s disruption. For this purpose, supermacropores membranes were designed to purify RNA
using nucleotide-based ligand. In this study, polymerizable uracil monomer as uracil methacrylate
(UraM) was synthesized, and 2-hydroxyethyl methacrylate (HEMA)-based membranes
[poly(HEMA-UraM)] were prepared by bulk polymerization under partially frozen conditions by
copolymerization of monomers, UraM, and HEMA. These membranes were characterized via
swelling studies, Fourier transform infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM). To optimize separation conditions, effects of pH, initial RNA concentration,
time, and temperature on RNA adsorption capacity were examined. Maximum adsorption of RNA
on poly(HEMA-UraM) membrane was found to be 15.52 mg/g for 0.5 mg/mL RNA initial
concentration at 25.0°C with an optimum pH of 7.0. After ten repetitive adsorption-desorption

cycles, the RNA adsorption capacity decreased only 3.68%.
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PoliUrasil Membranlar ile Hizhi ve Spesifik RNA Saflastiriimasi

Oz

Riboniikleik asit (RNA), hiicresel savunma, deoksiriboniikleik asit (DNA) replikasyonu,
transkripsiyon, canli organizmalar ig¢in gen ekspresyonununda 6nemli bir rol oynar, bunun yani
sira  kanser, immiin yetmezlik, timoér gibi bircok hastalik RNA'nin bozulmasiyla
iligkililendirilmistir. Bu amagla, RNA saflastirmak i¢in niikleotid bazli ligand kullanilarak
gbzenekli membranlar tasarlanmistir. Bu ¢alismada, polimerize edilebilir urasil monomeri urasil
metakrilat (UraM) olarak sentezlenmis, 2-hidroksietil metakrilat (HEMA) bazli membranlar
[poliHEMA-UraM)] UraM ve HEMA monomerlerinin kopolimerizasyonu ile kismen
dondurulmus kosullar altinda yi1gin polimerizasyonu ile hazirlanmigtir. Bu membranlar sisme
calismasi, Fourier doniisiimlii kiz1l6tesi spektroskopisi (FTIR) ve taramali elektron mikroskobu
(SEM) ile karakterize edilmistir. Ayirma kosullarini optimize etmek i¢in, pH, baslangic RNA
konsantrasyonu, siire ve sicakligin RNA adsorpsiyon kapasitesi lizerindeki etkileri incelenmistir.
Poli(HEMA-UraM) membranin maksimum RNA adsorpsiyonu 25.0 °C, pH 7.0, 0.5 mg/mL RNA
baslangi¢c derisiminde 15.52 mg/g oldugu bulunmustur. On tekrarli adsorpsiyon-desorpsiyon

dongiisiinden sonra, RNA adsorpsiyon kapasitesi yalnizca %3.68 oraninda azaldig1 gozlenmistir.
Anahtar Kelimeler: Membran; Urasil metakrilat; Niikleotid; Riboniikleik asit; Saflagtirma.
1. Introduction

Ribonucleic acid (RNA) plays important roles in heredity and essentially biological
processes [1, 2]. There are also some remarkable roles for RNA in biology according to the report
from the studies in the last 20 years [3]. The discovery of the RNA features, therapeutic strategy,
and the importance of diagnosis lead to purification of RNA with different methods [4-6]. To
provide reliable results, RNA purification methods should be highly pure, durable, and provide
the production of stable RNA chains.

Many chromatographic techniques have recently been reported for the separation and
purifications of biomolecules [7-13]. The traditional techniques still show several disadvantages
including the requirement of organic solvents, difficult to scale up, time-consuming, and
expensive material [14, 15]. Affinity chromatographic techniques based on the recognition of
target molecules using affinity ligand have been developed to overcome these challenges,
especially for protein and nucleic acid separation and purification [16, 17]. Affinity

chromatography provides using various affinity matrices as solid support can be used to isolate
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many kinds of molecules with high selectivity and stability [18, 19]. Thus, this technique

eliminates sequential separation steps from a crude medium in one step.

Membranes are three-dimensional polymeric system of interconnected networks of
macropores with a size of 10-100 [20, 21]. The large pores and superior flow properties of
membranes have allowed these materials to be used in different applications [22]. Membranes
also provide easy, fast, and effective elution through their porous structure [23]. Affinity ligands
derived from amino acids for using as a functional monomer is an intelligent bio-inspired
approach to create a direct biofunctional polymeric network [24]. Herein, nucleotide-based
affinity ligands incorporated membrane column was successfully synthesized for the
bioseparation of RNA. The presence of membranes composed of nucleotide derivative affinity
ligand provides enough specific binding sites and reversible interactions between membranes and

RNA.

In the present study, a new approach was developed to investigate rapid and efficient RNA
separation in a single step. Firstly, a nucleotide-based functional monomer, the uracil
methacrylate (UraM) was synthesized in the presence of methacryloyl chloride and uracil.
Secondly, the poly(HEMA-UraM) membranes containing different UraM amounts were obtained
by bulk polymerization under partially frozen conditions. Then, Fourier transform infrared (FTIR)
spectroscopy, scanning electron microscopy (SEM), and swelling studies were carried out for the
characterization of membranes. As finally, the effects of various factors including pH, ligand
density, RNA concentration, temperature, and time were investigated to identify the adsorption

performance of the adsorbent.
2. Experimental
2.1. Materials

RNA (R6625-25G, Type VI, Torula Yeast), 2-Hydroxyethyl methacrylate (HEMA),
ethylene glycol dimethacrylate (EDMA), and sodium dodecyl sulfate (SDS) were obtained from
Sigma (St. Louis, MO, USA). Ammonium persulfate (APS), and N,N,N’,N’-tetramethylene
diamine (TEMED) were obtained from Merck AG (Darmstadt, Germany). All other chemicals of

reagent grade were purchased from Merck AG (Darmstadt, Germany).
2.2. Methods

2.2.1. Synthesis of UraM
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The UraM monomer was synthesized according to the literature [24]. Briefly, the uracil
(0.01 mol) was dissolved in sodium hydroxide (NaOH) solution (1.0 M). Benzotriazole
methacrylate (0.01 mol) and triethylamine (TEA) (0.011 mol) were dissolved in toluene and then
this solution was cooled to 0-5°C. The uracil solution was slowly poured into this solution. This
mixture was incubated at room temperature and terminated after Sh. After that, the remaining
unreacted TEA and H-benzotriazole were removed out with a vacuum evaporator and functional

monomer (uracil methacrylate, UraM) was acquired as an oil-like yellowish solid.

2.2.2. The Synthesis of membranes

Membranes were prepared by bulk polymerization of UraM and 2-hydroxyethyl
methacrylate (HEMA) under partially frozen-conditions. Phase I solution contained of HEMA
(2.45 mL) and UraM with different amounts (50, 75, or 100 mg UraM) were dissolved in
deionized water (2.55 mL). Phase II solution consisted of SDS (0.50 g), and EGDMA (0.6 mL)
was dissolved in deionized water (9.40 mL) as an organic phase. Then, both liquid phases were
mixed in a magnetic stirrer and then cooled for 20 min. APS (10 mg) and TEMED (50 pL) were
mixed into this solution to initiate polymerization. The polymerization was carried out between
two glass plates at —12.0°C for 24 h. After the polymerization was terminated, the poly(HEMA-
UraM) membranes thawed at room temperature and were cut with a perforator (6.0 mm in
diameter). Afterward, the obtained membranes were washed with deionized water and ethanol
until no remaining monomers. Then, membranes were stored in a buffer containing sodium azide
(0.1% by weight) to prevent bacterial growth until use. The plain membrane was synthesized via

the same polymerization process in the absence UraM monomer as a control.

2.2.3. Characterization of membranes

The water uptake ratios of the membranes were determined by using deionized water [21].
The membranes were lyophilized at -60.0°C using Christ Alpha, 1-2 LD Plus; M Christ GmbH,
Germany to get dry weight (wWary). Then, the membranes put into deionized water at ambient
temperature for 2 h until they reached a stable wet weight. The membranes were removed from
the water, wiped out with filter paper, and reweighed (Wswolien). The sample weight (dried and wet)

were recorded to calculate the membranes water content by means of the below equation:

Water uptake ratio % = [(Wswollen - Wdry)/Wdry])dOO )

Wary and Wy, o11en are the respective sample weights (g) of membrane before and after

water uptake.

The macropores of the membranes was calculated by below equation:
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MaCTOPOFOSitY Yo = [(mswollen Mgqueezed )/ mswollen] x 100 (2)

Wherein mswoien and mgqueezed are the weights (g) of squeezed (after removing free water

within macropores) and swollen (after reaching complete swollen state) membranes, respectively.

The poly(HEMA-UraM) membranes were analyzed by FTIR spectrophotometer (Perkin
Elmer, Spectrum One, USA) to characterize the functional group. The finely ground membrane
samples (2 mg) were dispersed in KBr (98 mg), and turned into a disc form. The FTIR spectrum

was recorded over the range of 900- 4000 cm ™' wavelengths.

In order to assess the morphology of the membranes, SEM instrument (Tescan, GAIA3,
Czech Republic) was utilized from Hacettepe University, Advanced Technologies Application
and Research Center (HUNITEK, Ankara, Turkey). The dried membranes were coated with gold

and scanned by SEM equipment with different magnifications at high vacuum.

2.2.4. Adsorption/Desorption studies

RNA adsorption experiments were carried out using a batch system in aqueous solution
whereas poly(HEMA-UraM) membrane and poly(HEMA) membranes were incubated with
appropriate buffer solutions containing RNA solution (1.5 mL) and then incubated for 2 h on a
rotator at 100 rpm. The adsorbed RNA amount onto membrane was determined by the measuring
UV absorbance of initial and final RNA concentration at 260 nm that was given in the following

equation:

Q=[(G-Cpx V]/m 3)

where Q, C; and C are adsorbed amount of RNA (mg/g), the initial and final concentrations
(mg/mL) of RNA, respectively; V and m are the volume of the aqueous phase (mL), and the mass
of the membrane used (g), respectively. The effect of initial RNA concentration (0.025-2.0
mg/mL), pH (4.0-10.0), ligand density (50, 75 and, 100 mg), temperature (4-45 °C), and time (5-
120 min) on the binding capacity of the membranes was investigated to determine the optimum
RNA adsorption conditions. All experiments were carried out in triplicate within 95% confidence

level for all data.

RNA desorption was performed in a batch adsorption process for all membranes. After
each adsorption step, adsorbed RNA was eluted using HCI acid solution (0.1 M, 5 mL) at 25°C
for 1 h. The successive adsorption-desorption cycle carried out ten times. Finally, the membranes
were washed with NaOH solution (50 mM, 5 mL) and deionized water (5 mL) to ready for the

next adsorption cycle.
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3. Results and Discussion
3.1. Characterization studies

The water uptake capability and mechanical properties of membranes are affiliated to the
swelling behavior in an aqueous solution of membrane. Equilibrium swelling degree of
poly(HEMA-UraM)-100 membrane was observed to be 5.08 g water/g membrane. Moreover, the
equilibrium swelling ratios and macroporosity of membrane was 408% and 77%, respectively. It
is demonstrated that the addition of UraM into the polymer structure probably increased the water

uptake in aqueous solutions.

FTIR analyses were applied to observe the chemical properties of poly(HEMA-UraM)-100
and poly(HEMA) membranes for evaluating the functional groups (Fig. 1). As seen in FTIR
spectra, characteristic bands at 3444 cm ™', and 1716 cm ' were assigned for -OH and -CO
stretching, respectively. Additionally, amide I-II bands observed at 1541 cm™' and 1650 cm™
were characteristic bands for UraM which was demonstrated to participate functional monomer

successfully in the membrane structure [25].
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Figure 1: FTIR spectrum of poly(HEMA) and poly(HEMA-UraM)-100 membranes

The SEM images for all membranes were given in Fig. 2. The interconnected macropores,
rough surface of the membranes, and also small bead formations are clearly seen in Fig. 2. The
different morphological structure of these membranes from the traditional membrane was further

verified by SEM images due to the presence of sodium dodecyl sulfate as a surfactant [26]. As

471



Armutcu (2020) ADYU J SCI, 10(2), 466-482

seen in Fig. 2., the synthesized membranes have a unique combination of properties such as

interconnected pores of 2— 5 pm size.

"5 A i g P e N S )

SM: ANALYSIS supervisor GAIA3 TESCAN  SM: ANALYSIS supervisor

View field: 41.5 ym [ 10 pm View field: 41.5 ym Det: SE @
SEM MAG: 5.00 kx  Date(m/dly): 01/09/20 HUNITEK|\{]} SEM MAG: 5.00 kx Date(m/dly): 01/09/20 HUNITEK (]

Figure 2: The SEM image of (A) poly(HEMA) and (B) poly(HEMA-UraM)-100 membranes

3.2. RNA Adsorption from aqueous solutions
3.2.1. Effect of pH

The pH effects on RNA adsorption capacity were examined at room temperature for 120
min. RNA adsorption studies were performed at different buffer solutions using acetate (4-5),
phosphate (6-8), and carbonate (9-10) buffer systems (Fig. 3). As illustrated in Fig. 3, the
maximum RNA binding capacity on poly(HEMA-UraM)-100 membrane was found as 1.91 mg/g
at the 0.10 mg/mL initial concentration of RNA in PBS at pH 7.0. At this pH, there are strong
hydrogen bonds between the uracil on the polymeric backbone and the adenine in the RNA chain.
This effective binding can be explained by the pKal (10.01) value of the N3 atom in the uracil
and the pkal (3.88) value of the N1 atom in adenine. At the average of these values (pH: 7.0),
they have an optimal charge for H-bonding [26]. Adsorption capacities were reduced at higher
and lower this pH value because of the broken of hydrogen bonds between the affinity ligand and
RNA chains [27].
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Figure 3: The effect of pH. Crna: 0.1 mg/mL; time: 120 min; temperature: 25°C

3.2.2. Effect of initial RNA concentration and ligand density

The initial RNA concentration on the adsorption of RNA was investigated at pH 7.0 for
120 min at room temperature. As illustrated in Fig. 4A, the adsorbed RNA amount was increased
with an increasing RNA concentration up to 0.75 mg/mL, then remained almost constant. At
higher initial concentrations effective active binding sites of membranes were surrounded by

RNA and thus, RNA adsorption was reached an equilibrium state.

473



Armutcu (2020) ADYU J SCI, 10(2), 466-482

>

18 -+ —#—poly(HEMA-UraM)-100
16 4 —*—poly(HEMA) i
o0 .
= 14
g 12 -
= 10
~ .
- 8
-
z 47 — o
< 2
0 : : 1 L] 1
0 0,5 1 1,5 2 2,5
RNA Concentration, mg/mL
B
12 1 UraM-100: poly(HEMA-UraM)-100

UraM-75: poly(HEMA-UraM)-75
i UraM-50: poly(HEMA-UraM)-50

2-- I .
0 u

UraM-100 UraM-75 UraM-50 poly(HEMA)

—
o] =]
1 1
T

Adsorbed RNA, mg/g

Polymer Type

Figure 4: The effect of (A) initial RNA concentration; (B) comparison of RNA adsorption capacities in
respect to the amount of functional ligand. pH: 7.0; time: 120 min; temperature: 25°C

The effect of UraM amount was also investigated on the membranes on RNA adsorption.
The different UraM amount (50/75/100 mg) in the membranes was analyzed to choose optimal
monomer ratio (Fig. 4B). The maximum binding capacities for poly(HEMA-UraM)-50/75/100
membranes were found as 3.66, 4.79, and 9.49 mg/g membrane, respectively. Sufficient number
of functional groups play a fundamental role in the recognition of the target molecule and its high
adsorption capacity. The results showed that the increasing monomer ratio provided an increase
in the adsorption capacity. A negligible amount of RNA adsorption onto the plain poly(HEMA)
cryogel was determined. The reason for this negligible binding is that the diffusion of the target

molecules into the pores and non-specific interaction [26, 28].
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3.2.3. Effect of time

The interaction time on RNA adsorption was investigated by the poly(HEMA) and
poly(HEMA-UraM)-100 membranes in the interval of 5-120 min (Fig. 5). The RNA solution can
rapidly enter into the large and interconnected porous structures of the membranes. Thus, the
adsorption of RNA occurred quite quickly in the first 30 minutes, and then adsorption equilibrium
(i.e. plateaus values) were reached within 60 min; that is, the effective binding sites on the
membranes were fully occupied and data indicating no significant increase of RNA adsorption.
These results confirmed that the poly(HEMA-UraM) membrane showed higher binding capacity
for RNA than poly(HEMA) membrane because of the high affinity between ligand and target
molecules. These results also supported by occurring of hydrogen bonds between affinity ligand

and the target molecule.
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Figure 5: The effect of time. pH: 7.0; Crna: 0.5 mg/mL; temperature: 25 °C

3.2.4. Effect of temperature

The temperature behavior on the adsorption capacity was performed at different
temperatures (4-45°C). As illustrated in Fig. 6, the adsorbed RNA amount was decreased with
increasing temperature from 4°C to 45°C. Adsorbed RNA amount reduced from 9.59 mg/g to
8.74 mg/g for poly(HEMA-UraM)-100 membrane by the increasing temperature. The relationship
between temperature and RNA adsorption provides important data to determine the basic
interactions in the adsorption process. The amount of hydrogen bonds between RNA molecule

and UraM monomer may weaken by the increasing temperature. The results also showed that this
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strong binding between RNA and poly(HEMA-UraM)-100 membranes mainly rely on hydrogen
bonding.
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Figure 6: The effect of temperature. pH: 7.0; Crna: 0.5 mg/mL; time: 120 min

3.3. Adsorption isotherms and kinetic models

Several mathematical isotherm and kinetic models were calculated on the adsorption
equilibrium data to describe the RNA adsorption process and surface coverage of adsorbent.
Langmuir and Freundlich are frequently investigated methods to define equilibrium adsorption.
Flory—Huggins model was also used for the thermodynamic behavior of polymers. The pseudo-
first-order, pseudo-second-order, Weber—Morris, and film diffusion models also were examined
to kinetic interpretations. In addition, the initial adsorption rate and half adsorption time were

calculated. Linearized forms of the equations were given as follows [29-33]:

Adsorption Isotherms at Equilibrium State:

. 11 1 1
— =+ [ — —
Langmuir % o (b.Qm> . (ch> 4
Freundlich InQ, =InK+ imceq 5)
. 0
Flory-Huggins log (C—) =logK g+ ngglog[1-6] 6)

Where, C,, Ce, Qeq and Qm are the concentration of RNA at initial and equilibrium

(mg/mL), the amount of RNA adsorbed at equilibrium, and theoretical (mg/g), respectively; 0 is
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the degree of surface coverage; b, 1/n, Kr, Kru, and nry are constants of adsorption isotherms,

respectively. 1/n shows surface heterogeneity whereas Kry is used to determine Gibbs free energy.

Adsorption Kinetic Modelling:

First order

Second order

K
log (Qeq—Qt) =logQ,,- m t

t 1 t
—= —+ —
Q  kQf Qq

Weber-Morris (intra-particle diffusion) Q,=kqt’ >+ Cyyy

Initial adsorption rate

Half adsorption time

Film diffusion

h=1,Q7,

1
ti =
12 kQ

eq

Q
In(1-F)= kgt (wh F="t
n(1-F)= -kgq.t (whereas /Qeq)

(7

®)

)

(10)

(11

(12)

Here, k; is first order kinetic constant (1/min); k, is second order kinetic constant

[g/(mg.min)]; kq is intraparticle diffusion rate constant [g/(mg.min®)]; Qeq and Qi are the adsorbed

amounts (mg/g) of RNA at t=0 and t=t, respectively [29]. Cwwm is Weber-Morris constant (mg/g);

K is the film diffusion constant (1/min).

Table 1: The parameters calculated from adsorption isotherm and kinetic models

Isotherms Kinetics
Langmuir First order Initial adsorption rate
Qmax b R2 Qeq ki R2 h
(mg/g) (mL/mg) (mg/g) (1/min) (mg/g.min)
29.76 1.307 0.9953 | 6.57 0.023 0.8023 | 0.550
Equation: y = 0.0257x + 0.0336 Equation: y =-0.01x + 0.8176
Freundlich Second order Half adsorption rate
Kr 1/n R? Qeq k2 R? tie
(mg/g) (g/mg.min) (min)
17.47 0.8024 0.9339 | 11.123 4.49x107® 0.9994 | 20.21
Equation: y = 0.8024x + 2.8603 Equation: y = 0.0899x + 1.8167
Flory-Huggins Weber-Morris Fim diffusion coefficient
Krn nFH R?2 kia Cwm R2 ksd
(g/mg.min®3) (1/min)
158.82 -0,5605 0.7668 | 0.8396 1.2807 0.8823 | 0.0343

Equation: y = -0.5605x + 2.2009

Equation: y = 0.8396x + 1.2807
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RNA adsorption isotherms and kinetic data for poly(HEMA-UraM)-100 membrane were
given in Table 1. As summarized in Table 1, R? value for Langmuir (0.9953) was much higher
than Freundlich isotherm (0.9339), and also 1/n value of Freundlich isotherm was calculated as
0.8024 which was also confirming the monolayer adsorption process. According to values of 1/n
and R?, Langmuir isotherm was well-fitted to the adsorption system, as well as, the functional
groups (UraM) distribution of the adsorbent surface was energetically homogenous and the
adsorption was realized without any diffusion problem and lateral interaction. In addition, Flory—
Huggins model was used again to describe the spontaneous nature of adsorption procedure. Gibbs
free energy was found as -7.087 kJ/mol using Flory—Huggins equilibrium constant Ky and Gibbs
free energy equation (AG=-RTInKrn). As a result, the RNA adsorption was occurred

spontaneously due to the required lower energy for the adsorption process [34].

Table 1 displays that calculated R? for second-order (0.9994) is higher than first-order
kinetic model (0.8023). When the linear correlation coefficients of these models were compared,
data was fixed with second-order kinetic model indicating chemical interactions between specific
sites of membranes and RNA molecules without any diffusional problems. Furthermore, initial
adsorption rate (h), half adsorption rate (ti2),and film diffusion coefficient (ks) were calculated
as 0.550 mg/(g min), 20.21 min, and 0.0343 1/min, respectively. Weber-Morris model is
frequently treated as a check whether the intraparticle diffusion and film diffusion are the rate-
limiting steps. As illustrated in Table 1, the linear correlation coefficients of Weber-Morris model
are lower than the other models. The results show that adsorption process occurred without any
diffusion restrictions. This result demonstrated the interconnected macropores structure of

membranes having superior flow properties during the adsorption process.
3.4. Desorption and reusability

The development of reusable adsorbent materials is very important in terms of cost-friendly
and high stability. For this purpose, the reusability and retained adsorption capacity were
investigated using the same membranes. Poly(HEMA-UraM) membrane was used ten times in
consequent adsorption-desorption cycles in a batch system using optimal condition, desorbing
agent (0.1 M HCl), alkaline solution (5 mM NaOH), and PBS pH 7.0. After the tenth cycle, the
adsorbed amount of RNA was found as 9.14 mg/g and maintains 96.32 % of its RNA adsorption
capacity (Fig. 7). According to these results, 0.1 M HCI was proved as an appropriate desorption
agent. It was demonstrated that RNA could be used many times without no significant decrease

for RNA adsorption capacity of the membrane.
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Figure 7: The reusability and retained adsorption capacity. pH: 7.0; Crna: 0.5 mg/mL; time: 120 min;
temperature: 25°C; desorbing agent: 0.1 M HCI

4. Conclusion

The desired feature in affinity chromatography studies is to provide high efficiency RNA
adsorption in a short time. Since RNA molecules are hydrolyzed in a short time and also extremely
sensitive, there is a growing demand for specific, fast, and efficient RNA separation system. In
this context, developed poly(HEMA-UraM) membranes can be classified as a suitable adsorbent
due to incorporating a nucleotide into the membrane structure. Herein, polymerizable uracil
nucleotide in the polymeric structure ensured to mimic natural Uracil-Adenine interactions which
provided high affinity between ligand and target molecules. Moreover, advantages of the
bioinspired functional nucleotide with membrane were combined to develop an alternative
adsorbent from the structural stability, flow dynamics, and osmotic features of membranes. It was
demonstrated that these membranes showed a high reusability performance without significant
loss in RNA adsorption capacity. The equilibrium adsorption isotherms fitted well to Langmuir
isotherms (R* = 0.9953) and the value of adsorption capability (Qmax) and equilibrium constant
(b) were estimated to be 29.76 mg/g and 1.307 mg/mL for the poly(HEMA-UraM) membrane,
respectively. The kinetics of adsorption fitted best to pseudo-second order (R* = 0.8023). Finally,
the developed membranes promising as a good alternative as supports having high affinity,

reusability, and cost-friendly adsorbent.
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