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Although climate change poses a threat to the future of the world, we still have time to adapt and lessen its
effects. However, the incineration of polymeric waste materials has increased the release of carbon-
containing gases called greenhouse gases (GHGs) and tiny particles called ‘black carbon’, leading to
global warming, which is the cause of the worst environmental crisis in history. Flexography is an
advanced printing technique and is widely used in the packaging industry as well as in the printing of
various functional films and coatings. In general, the polymeric waste produced from this industry poses
a grave environmentally sustainable problem; thus, due to the fact that this waste's primary component
is carbon, it has attracted our attention towards converting it into carbon-based value-added products
such as graphene, which can be used in water treatment processes. The prepared material was tested as
a potential coated film in a batch adsorption system for the removal of lead (Pb) and methylene blue

(MB) after being supported on poly(vinyl alcohol) (PVA) film. Furthermore, contact time, solution pH, and
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Accepted 22nd July 2024 starting pollutant concentrations were studied and used in the response surface methodology (RSM)

model for optimization. The adsorption kinetics were more clearly depicted by the pseudo-second-

DOI: 10.1039/d4ra02111h order kinetic model. To meet the objectives of waste management and water treatment, waste-derived
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1. Introduction

In the world of packaging, flexographic printing is a popular
printing technique due to its high-speed printing capabilities
dealing with large active areas and volumes that need to be
printed. The market capacity for flexographic printing plates is
growing rapidly and a massive amount of flexographic printing
waste plates are produced annually, causing a serious environ-
mental problem as the flexographic printing plate wastes have
low bio- and photo-degradability, indicating very low degrad-
ability, taking at least thousands of years to degrade, releasing
toxins into soil and water along the way. On the other hand,
incineration of this waste will increase global warming. In line
with global requirements to mitigate climate change, which is
a threat to our planet's future, the use of flexographic printing
waste plates wherein carbon is the major constituent of the
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materials can be used in wastewater treatment, based on the "wastes-treat-wastes” approach.

waste that produces high-value-added products instead of
incinerating the waste is a critical demand. Consequently, it will
prevent the release of toxins into air, soil and water along the
way, in addition to inhibiting the release of powerful green-
house gases, such as CO, and methane, and other gases. This
would thus slow down the rate of climate change and prevent
the Earth from getting hotter. From this point of view, upcycling
flexographic printing waste plates produced from the flexo-
graphic printing activity can be performed using catalytic
pyrolysis to produce carbon-based materials," which can be
used in wastewater treatment.>*

Chemical technology has advanced, enabling the synthesis
and processing of organic compounds, which are the most
harmful type of water contaminants that can cause harm to
both human health and marine organisms. Cationic methylene
blue dye (MB) is particularly notable among these toxins
because it is very soluble in water and blocks sunlight, which is
harmful to marine life. Additionally, it may have detrimental
consequences on human health, including cyanosis, methe-
moglobinemia, seizures and tachycardia.* Despite the risks, MB
is widely used in many industries, including food, printing,
medicines, cotton, and wood. As such, it is imperative to cleanse
the effluent from these companies before discharging it into the
water system. Furthermore, other dangerous pollutants are
heavy metals; nonetheless, Pb(u) ions are frequently detected in
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soil, water, and air.>®* The maximum permissible limit of lead
had been set for drinking water by the World Health Organi-
zation at 0.01 mg L™" due to the metal's propensity to accu-
mulate within living things, hence posing a risk to public
health.

Different methods, including coagulation and floccula-
tion,”® biological,* chemical oxidation," photocatalytic,"
filtration techniques,* and adsorption procedures using either
natural or synthetic materials," which are used to extract many
kinds of contaminants from polluted waters. On the other
hand, the adsorption technique's low cost, straightforward
design, and great efficiency make it a potential approach.
Nevertheless, because cost is a crucial factor in comparing
adsorbent materials, researchers have focused increasingly on
low-cost adsorbents made from polymeric waste in the past ten
years. But if the adsorbent has a plentiful supply and minimal
processing needs, it might be referred to as “a low-cost adsor-
bent.” Adsorbents at minimal cost have been successfully
employed to remove heavy metals, dyes, and other emerging
contaminants.”*™® The proposed process to obtain carbon-
based materials from flexographics printing waste plates has
a number of advantages over conventional methods. This
method is a simple method with easy operational procedure,
reproducible, affordable process, environmentally friendly and
offering great potential for industrial production.

Graphene and its derivatives or composites can effectively be
used as adsorbents,>® however, many studies have shown
a correlation between the amount of oxidation on graphene and
its adsorption capabilities” whereas graphene with a high
degree of oxidation or having many active sites, has high
hydrophilicity and that enhances its interaction with
contaminants.*

A significant obstacle in the wastewater treatment process is
the widespread separation and recycling of nanomaterials. A
possible solution is the support of graphene on a polymeric
matrix, such as polyvinyl alcohol (PVA). Polyvinyl alcohol (PVA)
is a synthetic polymer that is water soluble, non-toxic, and has
the ability to create films;**> hence, the creation of adsorbent
coated is gaining interest.

Accordingly, the present study aims to upcycle flexographics
printing waste plates and produce value-added materials such
as graphene oxide (GO), which is a demanding area as it has
several benefits, including environmental sustainability, waste
management and produce adsorbent materials with low cost
that can be used in wastewater treatment. Additionally, research
was conducted to create a brand-new, extremely efficient coated
adsorbent and assess how effectively it removed lead (Pb) and
methylene blue (MB) dye. Response surface methodology (RSM)
is a statistical design that was used to minimise the number of
tests, investigate the correlations between the response as
a dependent variable and the effective elements as independent
variables, and identify the ideal process's operating parameters.
The safe disposal of hazardous environmental contaminants is
the primary industrial application which is anticipated to result
in the coated adsorbent as a viable option.
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2. Materials and methods

2.1. Materials

PVA +99% was purchased from Sigma-Aldrich (St. Louis, MI,
USA), glutaraldehyde (GA) (50 wt% in H,O, Alfa Aesar, USA), the
flexographic printing waste plates were provided by Inciflex
Egypt for industry and trade Co.

2.2. Composite film synthesis

2.2.1. Preparation of graphene oxide (GO). GO was
prepared by catalytically pyrolyzing waste from shredded
flexographic printing plates in a closed stainless steel autoclave
jar. The jar was then placed into an electric furnace and heated
to 800 °C for 30 minutes. The final product was ground into
a fine powder.

2.2.2. Preparation of GO@PVA coated film. After dissolving
10 g of PVA in deionized water at 90 °C for two hours until
a clear solution was achieved, 1 mL of GA was added and the
mixture was stirred for 2 h after which the solution was cast in
a 15 cm Petri dish. Subsequently, the precise quantity of GO was
combined with 5 mL of acetone and 2 mL of GA and sonicated
for 30 minutes to ensure dispersion. For GO, three weight ratios
1, 2, and 3 wt% were employed. On the PVA semi-dry film, the
GO solution was applied in a specific amount and allowed to dry
fully over an interval of 24 hours. Fig. S1 in the ESI{ film
provides a schematic description of the entire process. The
GO@PVA coated films were designated as GO_1@PVA,
GO_2@PVA, and GO_3@PVA, depending on the GO ratio.

2.3. Characterization

The functional groups of PVA, GO, and GO@PVA coated films
were characterized using Fourier transform infrared spectros-
copy (FTIR) on a Bruker ALFA spectrometer, Germany. Raman
study on GO was performed using a SENTERRA Raman spec-
trometer, Bruker, Germany with a laser beam of 514.5 nm.
Scanning electron microscopy (SEM) was performed on a JSM-
IT200-JEOL instrument, Japan, and transmission electron
microscopy (TEM) was performed on a JEOL, JEM 1230 instru-
ment, Japan to analyze the surface morphology. The hydrophi-
licity of the coated films was confirmed using a contact-angle
analyzer, Rame-Hart Instrument Co. model 500-FI.

2.4. Adsorption tests

A batch equilibration method was used to conduct the
adsorption experiments. Diluted standard solutions containing
1 gL~ " of MB or Pb were employed to provide a variety of MB dye
and Pb concentrations (50, 100, 150, and 200 mg L™"). The
concentration of MB in the solution was measured using UV-
visible spectroscopy at wavelengths of 650 nm, and the Induc-
tive Coupled Plasma Mass Spectrometer (ICP-MS, Agilent 7700,
USA) was used to measure the concentration of Pb residual in
the solution. The formulas (1) and (2) were used to determine
the adsorbed quantities.

:ﬂ[/
m

q: (1)
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Co— Ce

go= oy )
where Cy, C,, and C. (mg L") are the MB or Pb concentrations at
the beginning time, time ¢, and the equilibrium time, respec-
tively; g, and g. (mg g~ ') are the quantities of the MB or Pb
adsorbed per unit weight of the coated film at time ¢ and
equilibrium time, respectively. The mass of the coated film is m
(2); the volume of the MB or Pb solution is V (L). The removal
efficiency (R%) was determined using the following formula:

G -G

RV =
h=—c

x 100 3)

The pH was set to 6 and the adsorption period was varied
within a range of 5 to 120 minutes for kinetics research. The
adsorption kinetics were carried out using the pseudo-first and
second-order models.

2.5. Optimization of the adsorption process

Using the response surface methodology (RSM) model (STAT-
EASE, INC.'s Design-Expert 13.0.9.0 software) a link between
variables and responses was developed in order to optimize the
conditions for the adsorption processes of the MB dye and Pb
ions. With 17 trials, the chosen matrix for the RSM model
adhered to the Box-Behnken design.*® As shown in Table 1 for
MB and Pb pollutants, three parameters were utilized to eval-
uate the efficacy of the adsorption process: A (duration time,
min); B (initial concentration of MB or Pb, mg L™ "); and C
(solution pH), at three levels of —1, 0, and 1. Analysis of variance
(ANOVA) was utilized to statistically validate the created poly-
nomial models, and the F-test was employed to assess their
statistical significance and the coefficient of determination (R?)
was employed to assess the quality of the fit.>*

2.6. Regeneration and recycling

50 mg of the GO@PVA coated film was placed into two conical
flasks, one holding 25 mL of 50 mg L' MB solution and the
other holding 25 mL of 50 mg L™ " Pb solution, in order to test
the coated film's regeneration potential. The mixture was
shaken for the optimum time at 150 rpm. Following the
adsorption procedure, the coated film was separated via
filtering. It was then sonicated for 30 minutes with a solution of
100 mL ethanol and 10 mL 0.1 M NaOH. Finally, it was filtered,
cleaned, and dried at 40 °C for six hours before being reused.

Table 1 Levels of several independent variables at RSM experimental
design coded values

Coded levels

Symbol Independent variables -1 0 1

A Time/min 60 120 180
B Initial concentration/mg L™ 100 150 200
c Solution pH 2 7 12

© 2024 The Author(s). Published by the Royal Society of Chemistry
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After that, the filter fluid's concentration was measured. The
preceding steps were repeated five times.

3. Results and discussion

3.1. Characterization of GO and nanocomposite films

For the prepared GO from the flexographic printing plates
waste, the survey XPS spectrum shown in Fig. 1a, demonstrates
two main peaks at the binding energy of 533.2 eV and 286.5 eV
corresponding to the O 1s and C 1s peaks respectively. By curve-
fitting analysis as shown in Fig. S2a in the ESI file,{ the C 1s
spectrum of GO was deconvoluted into five peaks at 283.9,
284.5, 285, 287 and 290 eV, corresponding to the sp® and sp>
carbon in aromatic rings, C-O bond, the epoxide C=0 and the
carboxyl functional groups, respectively, which are the principal
bonding types existing in GO and these align with earlier
research.>®?¢ Furthermore, as illustrated in Table 2 and
Fig. S2bt the oxygenated functions can be identified from O-H,
C=0, C-0, and C-O-C groups.

The FT-IR spectrum analysis was employed to examine
differences in the adsorbent's functional groups. FT-IR spec-
trum for the GO is presented in Fig. 1b. The adsorption peaks
around 3000-3700 cm ™" and 1043.97 cm ™" are indicative of the
existence of the bonded hydroxyl groups from carboxylic
groups, alcohol/phenol O-H stretch and H,O. The peak around
1122 em™" corresponds to C-O stretching in ethers groups,
however, the peak around 1623 cm ™' is due to the C=C in-
plane vibrations or C=0 in the carbonyl and carboxyl groups
which accorded well with the previous works.””** These find-
ings demonstrate the presence of a variety of surface functional
groups on GO, such as aromatic C-C stretching, quinine,
phenolic, carboxylic, ethers and hydroxyl groups. These surface
functional groups are essential to the surface chemistry of
graphene oxide (GO), particularly when it comes to pollutant
adsorption.

As shown in Fig. 1c, the XRD pattern identifies the phase
formed in the obtained GO. The predominant wide diffraction
observed at around 24° confirms the reflection in the (002)
plane of aromatic layers. Furthermore, two peaks were observed
ataround 26 equal to 43.3° and 44.6° corresponding to the (100)
and (101) planes, respectively, indicating poly-crystalline char-
acteristics of graphitic carbon.*®

However, the Raman spectrum (Fig. 1d) shows the two
distinctive peaks of graphitic carbon materials, G-band located
at 1598 cm ™! which is attributed to the sp® hybridised carbon
system and the D-band located at 1339 cm™ " is attributed to
defects in the graphene layer.>*?%**3* Furthermore, the intensity
ratio of the D and G bands (Ip/Ig), which quantify the relative
levels of the disorder is 1.08, which confirmed that the obtained
GO nanosheets have some sp® amorphous graphitic structure,
which was confirmed from XPS analysis and TEM imaging
(Fig. 1e), which shows GO as irregular transparent sheets above
one another with some amorphous agglomeration as dark
areas.

Fig. 1f displays the surface area of GO and the N, sorption
isotherms for GO showed characteristic [IUPAC-type III nature,
exhibiting a narrow hysteresis loop and the amount of the N,
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Fig. 1 (a) XPS survey spectrum, (b) FTIR spectrum, (c) XRD pattern (d) Raman spectrum, (e) TEM image and (f) N, adsorption—desorption

isotherms for the prepared GO nanoparticles.

Table 2 Binding energy and assignment groups from C 1s and O 1s
XPS spectra for GO

Assignment groups Binding energy

C1s c=C 283.9
c-C 284.5
C-OH 285.3
Cc=0 287.1
0-C=0 290.2
0 1s Cc=0 530.5
0-H, C-0-C 532.4
c-0 533.5

adsorbed remains finite at the saturation pressure p/p, = 1,
indicating the presence of meso- and macropores,** which has
a positive effect on the adsorption process, in addition, the
obtained GO has surface area of 20 m*> g~ which can provide
numerous active sites for the adsorption process.

The characteristic properties of the GO@PVA coated films
coated with different weight ratios of GO were investigated
using different characteristic tools such as FTIR as shown in
Fig. 2a. The stretching ~OH groups of PVA, which constitute the
primary constituent of the coated film, are characterised by
board bands between 3078 and 3470 cm ™" in the FTIR spectra of

24376 | RSC Adv, 2024, 14, 24373-24383

GO@PVA coated films and crosslinked PVA films,** however the
broad band around 2300 cm ™ is attributed to the C-H bonds in
the PVA chain.*® Every significant signal associated with the
hydroxyl and acetate groups was detected as illustrated in the
previous literature.** The effect of GO coating on the PVA
spectra was noticed as a decrease in the peak intensity due to
the hindring effect of GO coating and that confirmed the GO top
layers on the PVA film.*

As shown in Fig. 2b, zeta potential values of GO, uncoated
and coated films were found to decrease as pH increased from 3
to 12 because of their highly oxidised surfaces, which have
many oxygen functionalities such as carboxylic and hydroxyl
groups. These surfaces also make them more suitable for the
adsorption process of cations in all environmental pH condi-
tions.*® The zeta potential of the GO_3@PVA coated film over
the whole tested pH range (2-12) is lower than that for the other
low GO concentration coated films and blank crosslinked PVA
film, and that may be return to the GO_3@PVA coated film has
the larger content of oxygenated groups.

Table S1 in the ESIT presents the findings of the investiga-
tion into the measurement of the contact angle. It was observed
that all of the prepared films have contact angles less than 90°
which means they have hydrophilic properties because GO has
a large number of oxygenated functional groups. Additionally, it
was observed that as GO content increased the coated films'

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) FTIR spectra, (b) zeta potentials based on different pH values.

contact angles decreased, and sequently, GO@PVA coated films'
hydrophilicity increased. In the meantime, it is anticipated that
GO_3@PVA coated films will display the lowest contact angle
(Fig. 3a) and the highest activity during the adsorption process.

The SEM image for high GO concentration (3% wt) coated
film shown in Fig. 3b demonstrates that the surface of the
coated film shows nanoscale particles with low concentrations
of aggregation.

3.2. Adsorption process evaluation

A batch adsorption process at solution pH of 7 and operating
time of 180 min was conducted to examine the impact of
varying the concentration of GO added to the PVA film on the
MB and Pb®>" adsorption process. As shown in Fig. 4a the
removal % of MB and Pb** by the prepared films increased as
the GO content increased. This phenomenon can be explained
by the formation of hydrogen bonds and a force of electrostatic
attraction between the groups with positive charges in MB and
Pb** ions and the oxygenated groups in the composite film.

Furthermore, the adsorption capacity increased dramatically
over time at first as shown in Fig. 4b, then steadily increased,
after that period the adsorption process achieved equilibrium
after about 150 minutes. This might be attributed to the equi-
librium between the adsorption and desorption of MB cations
and Pb** ions that occurs after this period, leading to the
establishment of a steady-state condition.

This leads to 91.5 removal % and complete removal for MB
and Pb, which is significantly higher compared to that by other
PVA-based adsorbents reported in the literature (Table 3).

3.3. The impact of solution pH and adsorbent surface
chemistry on the adsorption process

The GO_3@PVA coated film showed the highest hydrophilicity
characterization and lowest zeta potential therefore it was used
to investigate the effect of the solution pH on the adsorbent
surface chemistry and the adsorption process. As mentioned
above, the GO_3@PVA coated film contains many negatively
charged groups, which makes them suitable for the adsorption

Fig. 3

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) Contact angle measurement (b) SEM image of the top surfaces of GO_3@PVA coated films.
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Fig. 4 (a) Effect of GO concentration and (b) effect of duration time on MB and Pb?* adsorption process onto the GO_3@PVA coated film (at Cq
100 mg L% film surface area 25 cm?, temperature 25 °C, time (0—180) min, and volume 50 mL).

Table 3 A comparison between the performances of the proposed adsorbent with other commonly used adsorbents reported in the literature

Adsorbate initial Adsorption

Adsorbent Adsorbate concentration (mg L™7) time (min) Efficiency (%) Reference
PVA MB 10 10 61.23 37
PVA/Cyot MB 30 40 97 38
PVA/IC/PVP-3% SGO MB 100 160 90.8 39

GMS 100 94.7
ZnO-PVA-coated membrane acidic Pb** 200 180 95 40
environment (pH = 4)
PVA/NH,@TAtZnO composites pb*>* 400 92.8 41
GO_3@PVA MB 100 180 91.5 This work

Pb** 100 150 100 This work

of cations. Consequently, the impact of the solution pH on the
adsorption of MB and Pb>" onto the developed GO_3@PVA
coated film was assessed within the range of 3 to 12. The
elimination efficiency increased when the pH increased from 3
to 7, as shown in Fig. 5a. This phenomenon might be explained
by the fact that several hydronium ions surround the
GO_3@PVA film surface at low pH levels, competing with the
cations of MB and Pb*". The hydroxyl and carboxylic groups in
the coated film are fully ionised as a result of increase in the pH,
and this also increases the electrostatic attraction between the
film surface and the Pb** and MB cations, which gradually
increases the effectiveness of the removal process. However, for
Pb”", the adsorption process almost plateaus once pH increased
to above 8 as at pH greater than 7, electrostatic repulsion makes
it harder for lead hydroxides such as Pb(OH), and Pb(OH);™ to
be adsorbed onto the negatively charged film surface, where it
may readily form and precipitate.® Conversely, for MB cations,
as the pH of the solution increases, the adsorption process
increases because of the increase in the electrostatic attraction
between the MB cations and the negatively charged GO_3@PVA
film surface as shown in Fig. 5b. Therefore, a solution pH of 7
was selected as the optimum pH for removing Pb*>* in the other

24378 | RSC Adv, 2024, 14, 24373-24383

experiments while for MB the selected solution pH was 12.
However, the adsorption mechanism of MB may be controlled
by the adsorption sites and interactions such as hydrogen
bonding of hydrophilic functional groups on the surface of the
coated film, van der Waals forces, m-m conjugate and pore
filling by filling the mesopores of the GO layer on the PVA film.
While electrostatic interaction is the most probable mechanism
affecting the adsorption of Pb>*.*?

3.4. Adsorption process optimization using the Box-
Behnken design analysis

The process of adsorption was optimized through the applica-
tion of a Box-Behnken design analysis. The temperature was
kept at 25 °C. Quadratic dependency was assumed in order to
represent the statistical link between variables and responses,
namely the elimination % (Y), using the following equations:

Ymp = 68.7 + 12.674 — 0.5625B + 33.71C — 5.74AB —

+6.154C3 + 0.125BC — 2.694° + 4.64B*> — 15.01C*  (4)
Ypo'm =953 +4.614 + 1.04B — 19.05C — 1.24B
—2474C — 1.57BC + 3.74% — 4.55B* — 66.78C* (5)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Solution pH effect on MB and Pb?* adsorption onto the GO_3@PVA coated film, (b) different types of interactions involved in the

adsorption of MB and Pb?* onto the GO_3@PVA coated film.

where A, B, and C are the duration time, initial concentration of
MB or Pb*", and the solution pH respectively (Table S27).

For assessing the statistical significance of the quadratic
response surface model, ANOVA analysis of variance is widely
used. The quadratic model is a good fit for the high coefficient
of determination R* (0.9807) for MB and (0.9911) for Pb*", as
demonstrated in Tables S3 and S5.1 It was determined that the
quadratic model was significant because the p-value for MB and
Pb>" was less than 0.0001. It appeared that the following
conditions would yield the best results: 180 min. of contact
time, 113 mg L~ " of initial concentration, and a solution pH of 9
for MB to achieve 98% removal, and 150 min. of contact time,
155 mg L~ of the initial concentration, and a solution pH of 6.5

© 2024 The Author(s). Published by the Royal Society of Chemistry

for Pb**, in which case, complete removal was accomplished.
The outcomes of the Box-Behnken design study are presented
in the 3D surface plots shown in Fig. 6, which also illustrate the
nature of the interactions between the variables that were
investigated. The removal efficiency of MB seems to have
decreased as initial concentrations increased from 100 to
150 mg L', then increased again when MB concentration
increased. This observation indicated that MB cations were
initially adsorbed externally and that the adsorption rate
increased again when MB cations competed to fill all active
sides into GO_3@PVA. However, by increasing the contact time
and solution pH the MB removal efficiency increased. In
contrast, the removal efficiency of Pb** increases upon
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Fig. 6 3D surface (a)—(f) and perturbation plots (g and h) of MB and Pb?* removal (%) on the prepared GO_3@PVA coated film.

increasing the contact time and decreases with an increase in  solution pH whereas, the change in pH factor deviates more
the initial concentration. Meanwhile, as Fig. 6h demonstrates, from the reference point than the other two components.
the Pb** removal effectiveness is susceptible to variations in the ~Moreover, it was observed that the solution pH factor is the
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most important factor that has a significant effect on the
removal efficiency of MB dye and Pb>" cations followed by the
effect of time and the initial pollutant concentration.

3.5. Adsorption static kinetics

The kinetics investigation was significant since it clarified the
adsorbate's uptake rate. Kinetic studies could provide light on
the rate and mechanism of the MB and Pb** adsorption process
onto the GO_3@PVA coated film. The pseudo-first-order and
pseudo-second-order models were used to clarify the adsorption
mechanism for different initial concentrations of 50, 100, and
150 mg L~ " for MB and Pb*" at the solution pH of 9 for MB and
solution pH of 6.5 for Pb*" at 0.01 g weight of film and
temperature of 25 °C, and solution volume of 50 mL. After
180 min and 150 min, the adsorption of MB and Pb”*, respec-
tively, on the prepared GO_3@PVA coated film reached equi-
librium. Table 4 and Fig. S31 exhibit the relevant parameters
and respective plots of the pseudo-first-order and pseudo-
second-order models, respectively. When the adsorption
capacities calculated using various models were compared to
the experimental values, it was found that the pseudo-first-order
model produced values that differed significantly from the
experimental values, while the pseudo-second-order model
produced values that agreed well with the experimental values,
with a consistent higher correlation coefficient (R*) than that for
the pseudo-first-order model. The rate of adsorption for both
MB and Pb*" was dictated by the accessibility of the adsorption
sites on the adsorbent surface, and chemisorption was the rate-
limiting phase since the adsorption closely matched the
pseudo-second-order model.

3.6. Adsorption-desorption tests

The structural stability and reusability of the GO_3@PVA coated
film were evaluated during five adsorption-desorption cycles. It
turned out that even with this continued use, the removal effi-
cacy remained strong, as shown in Fig. 7, with each desorption

Table 4 Kinetic models’ parameters and determination coefficients
for MB and Pb2* adsorption onto the GO_3@PVA film at a solution pH
of 9 for MB and solution pH of 6.5 for Pb?* removal

Initial concentrations (mg L") adsorbed onto the GO_3@PVA
nanocomposite film

50 100 150
MB Pb** MB Pb** MB Pb**
Geexp (Mg g™") 178 368 386 447 456 508
Pseudo-1st-order
Gecal (Mg g™ ") 12.1 10.38  16.43  16.5 21.18  21.2
k; (min ™) 0.03 0.08 0.007  0.11 0.11 0.11
R? 0.79 0.67 0.62 0.91 0.75 0.77
Pseudo-2nd-order
Gecat (Mg g™ ") 247 258 536 489 448 646
k (min™) 0.004  0.004  0.002  0.002  0.002  0.001
R* 0.995  0.97 0.993  0.998  0.951  0.998

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Reusability cycles of MB and Pb2* into the GO_3@PVA coated
film with a film area of 25 cm?, an initial concentration of 20 mg L' at
pH 9 for MB and pH 6.5 for Pb*, and a temperature of 25 °C.

stage, the removal efficiency was slightly reduced. This bodes
well for the possible implementation of the coated film's large-
scale industrial manufacturing in real water filtration systems.

4. Conclusions

Novel coated films for wastewater treatment were fabricated
using crosslinked PVA films coated with different ratios of GO
which were obtained through the catalytic pyrolysis of flexo-
graphic printing plates wastes. The coated films were examined
for the removal of MB and Pb>" cations after being characterised
in terms of their morphology and content. It was determined
that the interactions between the different functional groups of
PVA and GO inside the composite film and the functional
groups of MB and Pb®" ions controlled the chemistry of the
adsorption process. The RSM design was used to optimize the
MB and Pb®>" removal efficiency using the GO_3@PVA film,
which exhibits the highest hydrophilicity property and lowest
zeta potential values. The GO_3@PVA coated film absorbance
was analyzed using various kinetic models to shed light on the
removal mechanism. It was discovered that the functional
groups in the film and the pollutants’ molecules combined to
chemisorb and adsorb electrostatically. Five consecutive cycles
of excellent coated film absorption and desorption were
observed as an additional means of demonstrating strong
reusability.
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