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ABSTRACT

In the past few decades, dye-based contamination has been considered as a severe environmental prob-
lem faced by many developing countries due to increasingly growth of textile industry. Carbon-based
materials have found as an excellent adsorbent for organic species because of its porous structure.
Conversely, the cost-inefficiency and the difficulty to collect them after use, is the mainly negative mark
when applying them in the large-scale. Thus, the development of low-cost, facile processing and eco-
friendly membranes with high performance and high adsorption capacity for dye-based pollutants
should be considered as a very important and urgent task. Herein, we wish to report the application of
poly (vinyl alcohol)-based blend membranes combined with agar and maltodextrin for the elimination
of crystal violet (CV) in water media. These blend membranes were fabricated via the simple solvent cast-
ing process. Effect of different factors, e.g., contact time between adsorbents and adsorbates, solution pH,
and initial crystal violet concentration on the uptake capacity of blend membrane was studied in batch
model. The obtained results revealed that adsorption kinetic was well obeyed with Pseudo-second order
model, which was mainly controlled by chemisorption process. Langmuir model still well-described for
adsorption isotherm for crystal violet dye of poly (vinyl alcohol) membrane combined with agar and mal-
todextrin. The maximum amount of CV uptake by blend membrane was found to be 84.618 mg-g~'. These
outcomes indicate a potential use of poly (vinyl alcohol)-based blend membranes combined with agar
and maltodextrin for the elimination of CV in water media.

© 2020 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-
nc-nd/4.0) Selection and Peer-review under responsibility of the scientific committee of the International
Conference & Exposition on Mechanical, Material and Manufacturing Technology.

1. Introduction

ing things and their environment [1]. The presence of organic dyes
in water may pose potential harm to human health because they

Textile industry has made a great contribution to economic
development in developing countries. However, a large amount
of wastewater containing toxic organic residues resulting from dif-
ferent steps in the dyeing and finishing process was discharged
without through treatment, which exerted negative effects on liv-
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are composed of complex aromatic structure resulting in difficulty
to biodegrade. For instance, Crystal violet (CV) was warned as a
cationic dye and a synthetic triphenylmethane dye, which is a
proved carcinogenic agent, causing adverse eye irritation, toxic
by inhalation and exposure [2]. Many physicochemical methods
were documented to eliminate CV from water environment, i.e.,
chemical oxidation [3], adsorption [4-9], photo-catalysis [10,11],
and membrane filtration [12]. Among aforementioned methods,
the adsorption was more in favor of the elimination of CV due to
its simple handle and cost-efficacy. Activated carbon and clays
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provided were preferred for CV removal on account of its high
adsorption capacity [4,13-16]. However, the utilization of such
adsorbents was difficult to recovery and produced a large amount
of sludge after decolonizing organic species [17,18]. The develop-
ment of environment-friendly adsorbent with high effectiveness
as well as easy to recovery after decoloring process was viable
approach for CV removal.

Polyvinyl alcohol (PVA) is a product derived from partially
hydrolysis of polyvinyl acetate. Although it was known as a syn-
thetic polymer, it was used for textile, paper and food packaging
industries thanks to its biocompatibility and biodegradability
[19]. Nevertheless, the water-soluble character of PVA because of
the high density of hydroxyl groups in matrix is a major drawback
limiting its application in water purification. For the purpose of
decreasing of hydrophilicity of PVA, many studies reported on
crosslinking of hydroxyl groups via physical routine [20,21] and
chemical routine [22-26]. In recent years, PVA-based hydrogel
membrane were widely applied for removing textile dyes such as
crystal violet [9,27-29]. For instance, the CV could be removed
up to 98.6% by PVA/alginate/kaolin gel at initial concentration of
30mg-L~!, pH 5, and 30 °C for 30 h [27]. The adsorption process
of PVA/alginate/kaolin gel well obeyed to second-order kinetic.
Papancea et al. [28] reported on the addition of natural polymers
such as scleroglucan (SI), microfibers of cellulose (Cl), and natural
polysaccharide (Zein. Sl) into PVA and the adsorption capacity of
so prepared cryogel membrane for CV was found in the following
order as follows: PVA/Cl (13.13 mg-g~!)>PVA/SI (1.93 mg-g~!)
> PVA/Zein SI (1.203 mg-g~!). However, such bio-insertion did not
bring effectiveness because the adsorption capacity of so prepared
cryogel membrane was lower compared to pure PVA membrane. A
study on PVA/kappa-carrageenan nanocomposite hydrogels
showed the maximum amount of CV uptake at 55 mg-g~' [29].
The combination of magnetic FesO, nanoparticles into PVA/
kappa-carrageenan effectively contribute to recovery of adsorbents
after use but it induced a reduction in the CV uptake (52 mg-g~').
Furthermore, Mansor et al. [9] showed that the combination of cel-
lulose acetate revitalized the hydrophobicity of PVA membrane
and provided selective adsorption for CV dye. The removal of crys-
tal violet using PVA-based hydrogel membrane was widely inves-
tigated but not adequately.

In the present work, continuing our previous report on the
preparation of composite membrane and their utilization for selec-
tive adsorption of Methylene Blue (MB) from water environment
[30], we focused on the elimination of crystal violet (CV) by using
high water-resistance PVA/agar/maltodextrin (20/40/40) mem-
brane with higher CV adsorption capacity compared to MB
removal. Furthermore, we also evaluated the effect of adsorption
conditions (e.g., solution pH, contact time between adsorbates
and adsorbents, and initial CV concentration) along with the kinet-
ics and isotherms of adsorption process. The addition of agar and
maltodextrin containing many hydroxyl groups was expected to
form the crosslinking with hydroxyl groups of PVA to revitalize
the hydrophobic property of the hydrogel membrane.

2. Experimental
2.1. Materials

Agar power was provided by BDH Prolabo (VWR Singapore,
Ltd). Poly (vinyl alcohol) in cold water soluble (PVA, (CoH40),, My -
~ 160,000 g.mol~', 85% hydrolyzed), crystal violet (CV; Co5sN3H30Cl,
99.9%)), and maltodextrin (CgnH(10n+2)0(5n+1), average DE of 20)
were supplied by Himedia. The experiments carried out in the sim-
ulated wastewater by adding organic dyes to distillation water.

Materials Today: Proceedings xxx (XXxx) XXX
2.2. Preparation of the PAM membranes

The blend films were prepared through simple solution casting
as described previously [30]. Firstly, the aqueous solutions of PVA
2% (w/v), agar 4% (w/v), and maltodextrin 4% (w/v) were mixed in
equal volume. The glycerol (30% wt/wt respect to total weight of
PVA, agar, and maltodextrin) as a plasticizer was added into the
film-forming solution under magnetic stirring at 70 °C for 1 h.
Then, the film-forming solution was centrifuged to remove insol-
uble solids and impurities before casting on a polypropylene mold
and drying at 45 °C for 48 h. The PVA film combined simultane-
ously with agar and maltodextrin was referred as PAM. The single
addition of agar and maltodextrin into PVA was performed in the
same way and marked as PA and PM, respectively.

2.3. Characterization

The structure and possibly chemical interaction between
blended compositions in blend membranes were determined using
ATR/ FTIR analysis on JASCO FT/IR-6000 equipment combined with
ATR PRO ONE equipment in the wavelength ranged from
4000 cm~! to 500 cm~'. The surface morphology at micro-level
and cross section images of membranes were measured on JSM-
IT200 Scanning Electron Microscope equipment. The thermal prop-
erty of membranes was determined using thermogravimetric anal-
ysis (TGA) on the Q500 analyser with a heating speed of 10 °C/min
in N, environment.

2.4. Swelling degree

The swelling degree experiments were carried out following to
the report of Jipa et al. [31] with a some changes. The 2 cm x 2 cm
size membranes were dried at 75 °C for 24 h. The dried membrane
was weighted to obtain first weight (m;). The dried membranes
were further immersed in distillation water at 27 °C for 6 days.
The immersed membranes were taken off after each day and
removed residue water on the surface before weighting to obtain
the swollen weight of the specimen (my). The swelling degree
was calculated by applying the following formula:
sp="""T 5 100 (1)

i
2.5. Adsorption experiments

Firstly, 0.1 g of PAM membrane was added in 100 mL of the CV
aqueous solution at known solution pH and initial weight under
shaking at 180 rpm. After certain time, the CV-loaded membranes
were taken off and residual adsorbates was determined on the evo-
lution 60s UV — Vis spectrophotometer in the wavelength of
577 nm. Adsorption capacity (q.) of membrane for CV was calcu-
lated based on the equation:

(Co—Ce).v
G =0~ @)
where C, and C. are the initial CV concentration and equilibrium
concentration expressed in mg.L~! and mg.L™!, respectively; v (L)
is the volume of dye and m (g) is the dosage of adsorbent.

2.6. Point of zero charge (pH.) determination

The pH, was measured due to the method well-described in the
previous report [32] with small change. Firstly, 0.1 g of PAM mem-
brane was added into Erlenmeyer flask containing 50 mL of KCI
0.1 M at the initial pH series (pH;) in the range of 2-10 adjusted
by using NaOH and HCI. The mixture solution involved PAM mem-
brane in Erlenmeyer flask was magnetically stirred for 10 min at
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temperature (27 °C) before stabilizing for 24 h. The PAM mem-
brane was then separated from mixture solution. The final solution
pH values of mixture solution were further recorded and noticed as
pHt. The pH, value was determined from the curve of pH¢ vs pH; at
the point of pH; = pHy.

2.7. Adsorption kinetics and isotherms

The adsorption kinetic was studied in the non-linear models
such as Pseudo-first order [33], Pseudo-second order [34], Elovich
[35] and Bangham [36]. These models were respectively described
in following formula:

G =qe(1—e™") 3)
o qgkzt
4 =7 + kytq, )
1
q. = ﬁl”(l + aBt) (3)
q; = kpt™ (6)

where q; and q. are the adsorption capacity of adsorbent at time t
and the adsorption capacity at the equilibrium expressed in unit
of mg-g~!, ky and k; are the rate constant of the Pseudo-first order
and the Pseudo-second order respectively expressed in unit of
min~! and g.(mg-min)~', B is the desorption rate (g-mg~!), o is
the rate of chemical absorption (mg.(g-min)~?), ks and o are Bang-
ham constants.

The adsorption isotherms were closely related to possibly
consider the interaction between adsorbates and adsorbents in
gas/liquid/solid interfaces. This may indicate that important
parameters related to the adsorption mechanisms. Herein non-
linear isotherm models such as Langmuir [37], Freundlich [38],
Temkin [39], and Dubinin-Radushkevich (D-R) [39] were utilized
to consider adsorption process. These models were described in
the following formula:

G — quLCe R — 1
T 11KC \'* 1+K.C,

(7)

15kV WD12mm

WD1Zmm
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q. = KeC;" (8)

4. = Brln(krCe) (BT = %T) 9)

q, = qDReiKDRSZ (E = \/%; ¢=RT.In (] + C%)) (10)

where (,, is the maximum amount of adsorbed CV and q. is the
amount of adsorbed CV at equilibrium expressed in mg-g~', K is
Langmuir constant expressed in L.mg~!, R, is dissociation coeffi-
cient with R > 1 (unfavorable), R, = 1 (linear), 0 < R, < 1 (favorable)
and Ry =0 (not reversed). In the Freundlich equation, K is Fre-
undlich constant expressed in (mg-g~').(Lmg ')" and 1/n is the
uptake intensity with n<1 (single-layer adsorption) and n>1
(multi-layer adsorption). In the Temkin equation, kr is correlated
to the isotherm Temkin constant expressed in L.g~! and b is Temkin
constant expressed in L.mol~'. In DR equation, E is the adsorption
energy expressed in k].mol~!, € is the Polanyi potential, and Ky is

the D-R constant expressed in(Mol%).(Ki?) .

3. Result
3.1. The characterization of the membranes

The surface image at micro-level and cross-section morphology
of neat PVA, PA, PM and PAM membrane were determined via SEM
analysis as shown in Fig. 1. In general, the smooth, compact, and
uniform surface with no cracks were observed for all membranes.
However, there are some differences when looking the cross-
section images of membranes. The results showed that the amor-
phous regions intercalated with flat plane in the cross-sectional
image at micro level as an illustration for the semi-crystalline
structure of PVA [40]. For PM membrane, ordered regions were
clearly viewed with ordered chains (Fig. 1d & f). While the predom-
inance of amorphous regions was observed in PA membrane. The
co-addition of agar and maltodextrin showed compact structure
with no amorphous phase observed in Fig. 1h.

WDI12mm WD12mm

WD12mm WD12mm

Fig. 1. The surface image at micro-level and cross-section morphology of (a, b) PVA; (c, d) PM; (e, f) PA and (g, h) PAM membrane.

3
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The ATR/FTIR spectra of membranes were shown in Fig. 2. In
control PVA spectrum, the characteristic peaks of PVA structure
were at 3289 cm~! and 1427 cm~! which were thought to O—H
stretching and bending vibrations. The C—H vibration of alkane
group was recorded at 2919 cm~' . The peak at 1724 cm~! was
signed to C=0 stretching vibration of remaining acetate group of
PVA after partial hydrolysis process. The C—H group vibration
and C—O group stretching vibration were respectively recorded
at1245cm-! and 1083 cm™! [41,42]. The incorporation of only
maltodextrin induced a decrease in intensity of peaks at 3289
cm~', 1724 cm™!, and 1245 cm~! which are closely related to
O—H, (=0 and C—O0 vibration. Furthermore, there is a peak shift
from 1083 cm~! (C—O group stretching vibration) to 1015 cm~1.
These changes were evidence for the presence of hydrogen interac-
tion between —OH groups of PVA and maltodextrin. The similar
observations were found in the PA spectrum, indicating inter-
molecular hydrogen-bonding interactions between hydroxyl of
PVA and ether linkages in agar backbone alternated intra-
molecular hydrogen bonding between hydroxyl groups in PVA
[43,44]. Interestingly, the co-incorporation of agar and maltodex-

3289 2919 1724 1427 124?033
1015
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Fig. 2. The ATR/FTIR of (a) PVA, (b) PM, (c) PA and (d) PAM membranes.
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trin induced to pronounced peak shift. For instance, it can be seen
the shift of peaks from 1724 cm™', 1427 cm™!, 1245 cm™', and
1083 cm™! to new positions at 1609 cm~!, 1350 cm™!, 1148 cm™!
and 1015 cm~! which are signed to C=0, O—H, C—H, and C—0
group vibration. Moreover, the peak intensity of O—H group con-
siderably decreased and became flatter compared to other sam-
ples. These changes confirmed that the synergistic effect of agar
and maltodextrin in the crosslinking process hydrophilic hydroxyl
groups in PVA chains.

The thermal property of blend membranes was assessed by TGA
and DTG analysis as seen in Fig. 3. As observed, the mass loss of
control PVA membrane occurs in separate stages including 70-
170 °C, 270-380 °C, and 405-500 °C. The initial mass loss of the
membrane was likely due to the vaporization of water on the
PAM membrane surface. The mass reduction at the second stage
is ascribed to the main decomposition of PVA [11,18,22,23]. The
mass reduction in the final stage resulted from the decomposition
of carbon-carbon chains [39]. Remarkably, by adding maltodextrin
and agar to PVA membranes, a new mass loss appeared at 243-
264 °C which is thought to the degradation of maltodextrin
[24,25]. In addition, in the DTG profiles of PAM membrane, the
mass loss of main chain was found to be 328 °C which was slight
lower compared to those in control PVA membrane (331 °C).
Hence, indicating that the thermal degradation of the PAM mem-
brane did not change significantly with the co-combination of agar
and maltodextrin.

The angle contact was used to well-describe the surface
hydrophilicity/hydrophobicity. It is worth noting that the smaller
contact angles provide higher hydrophilicity, while the wider con-
tact angles represent lower hydrophilicity [11,20,21]. The contact
angle values were recorded below 45° for PVA and PM membranes,
indirectly indicating their hydrophilic property. The contact angle
value increased to 50° on the addition of only agar, illustrating
the more hydrophobic property of PA membrane compared to con-
trol PVA. Interestingly, PAM membrane exhibited the great water
resistance compared to others, corroborated by contact angle val-
ues >90°. Therefore, a decrease in the affinity toward water of
PAM membrane can be expected that they provide selective
adsorption for dye molecules higher than water molecules.

The degree of swelling of the membranes was linked to cross-
linking density occurring in polymeric network, which significant
effects on dye removal performance. Visually, it was observed that

b

I I I I
200 300 400 500 600

Temperature (°C)

T
100

Fig. 3. The (a) TGA and (b) DTG profiles of PVA, PM, PA and PAM membranes.
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control PVA and PM were completely dissolved while PA and PAM
membranes became rubbery when they were soaked in water. For

a

*/*"*“*—*‘-*

1 i 1 " 1 i 1 2 1 i 1

0 50 100 150 200 250 300
Time (min)
c
30 |
% 25} \
(=) ®
|
E 20}
o I e
15
’ <
10 N o L 4 - . i 1 A - .
2 4 8 10

6
pH

Materials Today: Proceedings xxx (Xxxx) Xxx

PA membrane, the swelling degree rapidly increased in first 24 h
(Fig. 4) because water molecules easily released into hydrophilic
channels resulting in the relax of hydrated polymeric chains and
the volume in polymeric network was then expanded in water
[44]. Subsequently the diffusion of water in such channels reached
the equilibrium because the space in polymeric was fully occupied.
Compared to PA, the degree of swelling of PAM membrane showed
a much higher increase and hit the peak after 4 days and kept
stable for further increasing time. This outcome indicated that
the co-addition of agar and maltodextrin prevents complete solu-
bility of PVA due to hydrogen-bonding interaction between —OH
groups of PVA, agar and maltodextrin chains and much free volume
in polymeric network was found in PAM membrane in comparison
with PA.

3.2. The adsorption capacity of membrane

Effect of factors including exposure time between adsorbates
and adsorbents, solution pH and initial CV concentration was
depicted in Fig. 5. As seen in Fig. 5a, the adsorption capacity of
PAM membrane for CV uptake rapidly increased within first
50 mins and then steadily increased before reaching the equilib-
rium after 210 mins exposure. The high initial adsorption rate
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Fig. 5. The effect of (a) contact time, (b) pHp,, (c) solution pH and (d) CV concentration to the CV adsorption of PAM membrane.
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Fig. 6. (a) The Adsorption Kinetics and (b) The Adsorption Isotherms.

was likely based on the large number of active sites available on
the PAM membrane surface which likely interacted with CV mole-
cules. After 50 mins, the fully occupied sites by CV molecules on
the surface exerted an obstruction in the interaction between the
active sites and CV molecules and resulting in a slow adsorption
rate. Based on the results, the equilibrium time was 210 mins used
for further experiments.

The solution pH is the key to the CV adsorption process because
it is closely associated with the charge on the PAM surface and the
ionization level of CV molecules. As early reported, the pH, was
closely related to electrostatic repulsion [42]. The pH, value which
usually indicated as solution condition at net surface charge equal
to zero, was determined and recorded at 5.87 (Fig. 5b). It means
that if the pH value is below 5.87, the membrane surface with neg-
ative charge is found and conversely, if the pH value is over 5.87,
the membrane surface is positively charged. The influence of the
pH media on the CV uptake was performed at the pH range of 2
- 10 (Fig. 5c¢). The maximum amount of CV adsorption on the
PAM membrane attained 28.87 mg-g~! at pH=6. This can be
explained that in the acidic media, the adsorption capacity of
PAM membrane for CV molecules decreased on the ground of the
excessive presence of H* ions leading to the competition between
the positively charged CV molecules and H* ions, resulted in the
reduction of the CV adsorption capacity on PAM membrane. The
optimum uptake capacity was obtained at pH = 6 because at this
pH media, negatively charged PAM membrane surface probably
may attract CV dye ions leading to the rise in the adsorption effi-
ciency. The further increase in solution pH resulted in more alka-
line medium and high viscosity likely hindering the CV uptake of
PAM membrane. Briefly, the highest adsorption capacity was found
at pH =5 which was used for the next experiments.

Evaluating the effect of initial CV concentration on the uptake
capacity of PAM membrane was assessed from 10 mgL~! to
400 mg-L~! as seen in Fig. 5d. The amount of adsorbed CV dyes
increases from 2.74 mg-g~! to 71.17 mg-g~! with increasing the
initial CV concentration from 10 mg-L~! to 300 mg-L . This behav-
ior can be explained that at higher dye concentration, the neces-
sary driving force resulted in the decrease in mass transfer
resistances of dye molecules in aqueous solution containing PAM
membrane and thus allows to considerably increase the amount
of adsorbed dye [6]. However, the uptake capacity decreased on
the ground of the saturation of adsorption points at continuously
increasing concentration.

3.3. Adsorption kinetics and isotherms

The kinetic curves of PAM membrane for CV adsorption process
are illustrated in Fig. 6a and calculated kinetic parameters are pre-
sented in Table 1. The R? correlation coefficients were documented
in following order as follows: Pseudo-second order (0.997)

Table 1
The adsorption kinetic parameters of PAM membrane for CV.

Adsorption kinetics Kinetic parameters

Pseudo-First-Order k; (min~") 0.0261
q; (mg-g™) 19.856
R? 0.994
Pseudo-Second-Order k; (g.(mg.min)~") 0.002
qz (mg-g™') 22.335
R? 0.997
Elovich B (g.mg!) 0.273
o (mg.(g.min)~!) 3.829
R? 0.984
Bangham ks(mL.(g.L)™") 6.645
o 0.203
R? 0976
Table 2
The adsorption isotherm parameters of PAM membrane for CV.
Adsorption Isotherms Isotherm parameters
Langmuir ky(L.mg™!) 0.015
am (mg-g ") 84.618
R? 0.990
RL 0.182
Freundlich ke(mg.(g.(mg.L - ")/")1) 5.649
1/n 0.462
R? 0.924
Temkin kr (Lg™ ") 0.212
BT(MOIZ).(KjZ)A 16.607
R? 0.969
b (L.mol™") 151.692
D-R kog (Mol2). () 143.057
dpr(mg-g™') 60.364
R? 0.950
E 0.059
€ 41.391
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> Pseudo-first order (0.994) > Elovich (0.984) > Bangham (0.976).
This outcome indicated that the Pseudo-second order model is
good correlation with adsorption process of PAM membrane for
CV dye, as evidenced by the highest correlation coefficient. This
may be suggested that the CV adsorption on the PAM membrane
is controlled initially by the chemical process [39]. However, the
Pseudo-first order also provided high correlation coefficient sug-
gesting that diffusion mechanism likely contribute to the overall
mechanism of CV adsorption process by PAM membrane.

The non-linear curves of the isotherm models were observed in
Fig. 6b and isotherm parameters were calculated as seen in Table 2.
After calculating and fitting, it can be pronouncedly viewed that
the Langmuir model was well-fitted with the CV adsorption on
PAM membrane with highest R? correlation coefficient
(R?=0.990) meanwhile the R?came from Freundlich, Temkin and
DR models were found in 0.924, 0.969 and 0.950, respectively.
These results suggested that CV adsorption process on PAM mem-
brane due to homogeneous monolayer coverage. The maximum
amount of CV adsorption was calculated at 84.618 mg-g~'. The R,
value is 0,182 between 0 and 1 likely suggesting the favorable
adsorption.

4. Conclusion

The obtained results showed the successful removal of crystal
violet using PVA/agar/maltodextrin membrane. The contact time
between adsorbates and adsorbents, solution pH, and intimal CV
concentration significantly affected on the adsorption capacity of
PAM membrane for CV removal. The maximum amount of CV
uptake was found in 84.618 mg-g~!. The adsorption process was
well-obeyed with pseudo-second order kinetic and Langmuir iso-
therm model. These outcomes provided promising potential for
the elimination of organic dyes using PVA-based environment-
friendly membrane.
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