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ABSTRACT

Polyethylene terephthalate (PET) is the most commonly used thermoplastic polymer around the world. This study

aims to create a graphene-based adsorbent from PET waste bottles (PET flakes) and test its effectiveness in removing

methylene blue (MB) from aqueous solutions. To produce the adsorbent, the carbonization process of PET flakes

was carried out in a closed reaction vessel. The properties of both PET flakes and the synthesized adsorbent were
assessed using various techniques including FT-IR, TGA, SEM, EDX, and XRD. Two isotherm models (Langmuir
and Freundlich) and two kinetic models (pseudo-first-order and pseudo-second-order) were used to describe the

sorption isotherm and kinetics study. The results showed that the graphene-based adsorbent was effective in removing

MB from water. To further increase its efficiency, it would be appropriate to functionalize its surface or adjust the

preparation procedure.
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INTRODUCTION

Dyes are synthetic organic compounds that are
widely used in various industries, such as printing,
pharmaceuticals, food, cosmetics, leather, and textiles.
Each type of dye has distinct qualities, benefits, and
drawbacks of its own, and depending on those qualities,
it is employed for particular purposes [1]. The dyes can
be harmful to the aquatic flora, aquatic life and also to
human beings [2, 3] if their use and disposal are not
managed in an environmentally sustainable way [4].

Methylene Blue, also known as Methylthioninium
chloride, Swiss Blue, Urolene Blue, and other names,
is an organic chloride salt that is used both as a dye and
a medication [5]. It is one of the oldest organic dyes
and is frequently used as a cationic dye in synthetic

processes [6]. MB dye is commonly used in the apparel
and textile industries to dye materials, as well as in the
leather and paper industries. Additionally, significant
amounts of MB dye are utilized in the food, cosmetic,
and pharmaceutical industries. MB is also used in both
human and veterinary medicine for various therapeutic
and diagnostic purposes. These applications include
the use MB as a bacteriological stain, as a redox
colourimetric agent, as a melanoma targeted agent, as
an antihaemoglobinaemic, as an antidote, and as an
antiseptic. It is also used as a disinfectant, biological
stain, in pH and redox indicator reagents, and analytical
chemistry is utilized to determine anionic surfactants [7].

Even though MB is important for many different
fields, its presence can seriously endanger both human
health and the environment [4, 8].
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For example, it causes aesthetic damage to the
water bodies and the significant natural problem of it is
the absorption and reflection of sunlight into water [2].
This can influence the rate of photosynthesis and level
of dissolved oxygen which impacts the entire aquatic
biota [9].

MB is toxic above a certain concentration,
carcinogenic, and environmentally persistent [10]. At
therapeutic doses of less than 2 mg kg'!, MB is a safe
medication [11]. The combination of MB with medication
that either boosts or contains serotonin has the potential to
be fatal. At doses greater than 5 mg kg™!, the monoamine
oxidate inhibitory characteristics of MB can induce fatal
serotonin toxicity [4, 11]. Teratogenic and embryotoxic
MB were confirmed in an exposure study of MB to
angelfish and rat, respectively [4]. Because MB might
decrease renal blood flow, it is important to use caution
when administering it to individuals with renal failure
[11]. MB also causes for example breathing difficulties,
blindness, digestive and mental disorders, nausea,
diarrhoea, vomiting, cyanosis, shock, gastritis, jaundice,
methemoglobinemia, skin redness and itching, skin
necrosis, increased heart rate [4, 10].

Adsorption is a cost-effective method that can be
used to remove colours from contaminated water This
method has several advantages, including lower costs
compared to other processes (provided that the adsorbent
is cheap), the availability of natural adsorbents, ease of
operation, high efficiency, and insensitivity to harmful
elements [4]. Factors which affect adsorption includ
pH of solution, contaminants in solution, initial dye
concentration, adsorbent weight, particle size and surface
area, temperature, stirring speed, pressure, properties of
the adsorbent, contaminant properties and activation of
solid sorbent [12]. A lot of adsorbents can be used for
dyes removal from wastewater. They include uses of
activated carbon (commercial activated carbon, activated
carbon from waste materials), non-conventional (natural
and synthetic clay, bio-adsorbents, agricultural waste,
industrial waste), hybrid nanomaterial (natural and
synthetic clay-based, fly ash based, bio-adsorbents
based, carbon-based, activated carbon-based, carbon
nanotube-based, graphene and reduced graphene
oxide), metal oxide-based hybrid materials (magnetic
metal oxide, nanomagnetic metal-oxide), metal-organic
frameworks, polymers and their nanocomposites
(chitosan-based, miscellaneous polymer-based, pure
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polyaniline and polypyrrole, polyaniline and polypyrrole
nanocomposites) [13].

With its properties (e.g., high strength, high rigidity
and hardness, very low moisture absorption, good creep
resistance, good chemical resistance against acids, good
adhesion and welding ability [14]), PET has become an
essential material in many applications. The growing
use of PET and the incorrect way of its disposal have
cause significant damage to the environment and to the
human health [15]. Because of, the disposal of PET
waste represents a significant worldwide problem.
Among the most popular ways of disposing of PET waste
can include burning with recovering energy, chemical
recycling or recycling feedstock to create carbon-
enriched materials and gaseous and liquid products [16].
However, PET waste recycling brings with it various
limitations. The used materials’ structure remains mostly
unchanged, but the recycled raw materials’ quality
declines (recycled PET is often not as strong or durable
as virgin PET [17]), and, accordingly, the range of further
use is reduced [15]. The recycling process of PET is
also energy-intensive, which means that contributes to
greenhouse gas emissions [17]. The release of heat and
volatile compounds is a negative impact of the burning
process of PET [16]. Another way of processing PET
waste is to produce an eco-friendly graphene-based
adsorbent by carbonization process. This material can
be consequently used for example to remove MB from
wastewater. Due to the hazardous properties of MB and
the negative of PET recycling process is this way of
using PET waste good alternative.

The goal of this manuscript is to use waste materials,
specifically PET bottle waste, to create a graphene-based
adsorbent. The efficiency of this material in removing
cationic dye MB was tested to evaluate its sorption
properties and adsorption capacity. The preparation
process for the graphene-based adsorbent is a simple and
repeatable one. It involves the thermal decomposition of
PET waste in a closed system under autogenic pressure.

EXPERIMENTAL

Sorbate

Methylene blue (MB) was obtained from Mikrochem.
It was used as contaminant in this study. The dye solution
which simulates the contaminated water has been
prepared by dissolving MB in distilled water without
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further purification to obtain a desired concentration.
Other dye concentrations used in this study were obtained
by dilution processes. The pH of the dye solutions was not
adjusted. All used reagents were commercially available
and used without additionally purification.

Sorbent

The PET flakes used in this study were obtained
from the General Plastic Joint Stock Company in
Slovakia. These flakes are the final product of PET bottle
recycling. We used hot washed and chemically cleaned
PET flakes in various shades of blue as the raw material
for producing graphene-based adsorbent. This adsorbent
was then used to remove dyes from wastewater.

Graphene-based adsorbents were produced by
carbonizing PET flakes under predetermined thermal
conditions in a closed reaction vessel (Fig. 1). The same
process for the production of graphene-based material
were also used from El Essawy et al. [16] and Ezzat et
al. [18]. PET flakes (various blue pieces of PET flakes
labelled as A, B, C; dimension of width, height, thickness
in range 0.16 - 20 mm) were introduced into reaction
vessel, then the closed reaction vessel was inserted inside
the electric furnace. The reaction vessel was made of
stainless austenitic chrome-nickel-molybdenum steel
(1.4401). Electric furnace model Nabertherm 24/11/
P330 (maximum control temperature 1100°C) was used
for thermal preparation of graphene. The furnace was
heated to a temperature of 800°C with a heating rate of
8°C per min. The temperature of 800°C was held for 1
hour and after this time the system was allowed to cool.

800°C/1 hr

The resulting product was collected, crushed, and stored
in a closed container.

Sorption experiment

The sorption was each times realized using batch
experiments under different conditions. Prior to initiating
the sorption experiment, a calibration curve was created
with known MB concentration (1.0 - 12.5 mg L"). All
the samples including a blank were placed in Agilent
Cary 60 UV-Vis spectrophotometer. The corresponding
absorbance at 664 nanometres was recorded.

For the kinetic experiments, 5.0 mL of MB solution
with concentration of 10.0 mg L' were added to separate
glass vials containing 5.0 mg of adsorbent. The amount
of adsorbent dosage and dosage of MB solution was
determined based on preliminary experiments. The
mixture was then shaken for different time limit (0 - 6 h)
at room temperature using a rotary shaker RSLABI1 at
a constant rotation speed of 50 rpm. After the kinetic
experiments, the graphene-based adsorbent was removed
using centrifugation (1200 rpm) and the residual
concentration of MB in pure supernatant solution was
determined.

Equilibrium isotherm experiments were carried
out at room temperature for different concentrations of
MB 2.5,5.0,7.5,10.0 and 12.5 mg L' using 5.0 mg of
sorbent. The mixture was then shaken for 6 hr at room
temperature and the samples were handled as in the
previous case.

All of sorption experiment was repeated three times,
and the results obtained were averaged.

Fig. 1. Cleaned PET flakes before and after carbonization process.
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Sorption data analyses
The removal efficiency of MB on the graphene-
based adsorbent, % can be calculated [19]:

_ lep—cghxio0 )
l"_I:l

RE

where, C_is the initial concentration of dye, mg L'; C,
is the equilibrium concentration of dye after treatment,
mg L. The equilibrium adsorption capacity of MB on
the graphene-based adsorbent Q , mg g was calculating
using the mass balance equation [19]:

(Cg—Cp I ¥V
QE == mD @
where, V is the volume of MB solution, L; and m is the
weight of adsorbent, g.

Adsorption kinetics described the solute uptake rate.
This rate controls the residence time of adsorbate uptake
at the solid-solution interface. The most common models
used for adsorption kinetics are the Pseudo-first order
and Pseudo-second order kinetics model. Pseudo-first
order is mathematically expressed as follow [20]:

(&) =k, x (Q. — Q) ©)

dt

or linear form:

EGQ’(QE - Qt) = EGHQE - kl Xt (4)

where, Q, is the amount of MB sorbed at equilibrium,
mg g'; k, is the rate constant of Pseudo-first order
adsorption, min" and Q, is the quantity of MB sorbed
at time, mg g''. The pseudo-first-order model describes
the rate of adsorption which is proportional to number
ofunoccupied binding sites on adsorbents [21]. Pseudo-
second order equation is based on adsorption equilibrium
capacity can be expressed as [22]:

(5) = ko x (0. - @ )

dt

or linear form:
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where, k, is the rate constant of Pseudo-second order
adsorption, g mg' min’'. The pseudo-second-order

kinetic model describes the adsorption of adsorbates onto
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adsorbents where the chemical bonding (interaction)
between adsorbates and functional groups on the surface
of adsorbents are responsible for the adsorption capacity
of adsorbent. It is based on equilibrium adsorption,
which is dependent on the amount of adsorbate adsorbed
onto the surface of an adsorbent and the amount of
adsorbate adsorbed at equilibrium [23].

Adsorption isotherm models are mathematical
equations that describe the relationship between the
amount of sorbate adsorbed on an adsorbent and the
concentration of sorbate in solution when equilibrium
has been reached at constant temperature. Langmuir
model implies that the energies of sorption onto the
surface are homogeneous and can be expressed as
follow:

_ Omax WK %
Q. 14K %G, (7

or linear form:

Ca _ Cg 1
e Prnax Ky " @max

®)

where, K| is the constant of the free energy of sorption,
L mg', and Q__ is the maximum sorption capacity,
mg g'. Langmuir’s isotherm was used for monolayer
adsorption on a surface containing a finite number of
identified sites with negligible interaction between
adsorbed molecules and assumes uniform energies of
adsorption on the surface. In addition, the maximum
adsorption depends on the saturation level of monolayer
[24]. The Langmuir isotherm also can be articulate as
dimensionless constant separation factor R, [25]:

1
L 140 ®E, 9)

where, C is the highest dye concentration, mg L™,
the values of R, the types of isotherms whereby when
R, > 1, the adsorption is unfavourable, linear when
R, =1, favourable when 0 <R <1 or irreversible when
R, = 0. The Freundlich equation is basically empirical
but is often useful as a means for data description and
representing the equilibrium on heterogeneous surfaces
and does not assume monolayer coverage. Freundlich
model can be represented by using the following
equation:
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0,=K,x(@C)" (10)
or linear form:
logQ, = log K¢ +% XlogC, (11)

where, K_ is Freundlich sorption coefficient, mg g'; and
n, L mg' is an empirical coefficient that indicates the
sorption intensity. In general, if this empirical coefficient
is greater than 1, that means adsorbate is favourably
adsorbed on the adsorbent whereas if is lower than 1,
that illustrates the adsorption process is chemical in
nature [24].

All of calculations was realized using Microsoft
Excel 2016 software. The suitability of applying the
pseudo-first or pseudo-second order model, as well as
the suitability of the Freundlich or Langmuir isotherm
model, was determined by evaluating the calculated
correlation coefficients.

Characterization of PET flakes and produced
graphene-based adsorbent

The characteristics of PET flakes and the
produced graphene-based adsorbent were carried out
by the following methods: Fourier transform infrared
spectroscopy — attenuated total reflectance (FTIR
ATR), Thermogravimetric analysis (TGA), Scanning
electron microscopy (SEM), Energy dispersive
X-ray (EDX) analysis, and X-ray diffraction (XRD)
analysis.

FT-IR ATR

For identification and verification of functional
groups present in input material (Fig. 1, various blue
pieces of PET flakes labelled as A, B, C) used for
produce graphene-based adsorbent was used FT-IR ATR
analysis. For this analysis, Varian FT-IR Spectrometer
660 from Agilent Technologies, Inc., located in Santa
Clara, CA, USA was used. The specimens were directly
applied on a diamond crystal of the ATR accessory
known as GladiATR (PIKE Technology Inc., Madison,
WI, USA). The resulting spectra underwent correction
to account for air absorbance in the background. These
spectra were recorded using a Varian Resolutions Pro
instrument and involved measurements within the 4000 -
400 cm! range, each spectrum was measured 256 times
at resolution 4.

TGA

Thermogravimetric analysis (TGA) of graphene-based
adsorbent was performed on a Netzsch STA 449 F5 Jupiter
device. It was carried out in a stream of a mixture of nitrogen
and oxygen simulating air (80 % N, +-20 % O,) at a flow rate
of 60 mL min™!. The weight of the sample was 4.9633 mg
and the heating rate was set to 10°C min’'. The maximum
temperature during the measurement was set to 1000°C.

SEM

SEM was used to document the morphology
graphene-based adsorbent particles. A JEOL JSM 7600F
scanning electron microscope equipped with a Schottky
field emission electron source (SEM, Jeol Ltd., Tokyo,
Japan) was utilised. The imaging was done using a back
scattered electron imaging detector (detector BSE-SM-
74280RBEI in composition mode).

EDX

The local elemental composition of the graphene-
based adsorbent particles was measured with an Oxford
Instruments X-Max silicon drift detector, energy dispersive
X-ray spectrometer (EDS, Oxford Instruments plc,
Abingdon, United Kingdom) attached directly to the SEM.

XRD

The semi-crystalline nature of the sample was
shown by recording its XRD pattern via a PANalytical
Empyrean X-ray diffractometer (XRD) (Malvern
Panalytical Ltd., Malvern, United Kingdom). The
measurements were performed in Bragg-Brentano
geometry. Theta-2Theta angle range between 10° and
130° 2Theta was chosen. The Cu anode XRD source was
setto 40 kV and 40 mA. The incident beam was modified
by 0.04 rad soller slit, 1/4° divergence slit and 1/2° anti-
scatter slit. The diffracted beam path was equipped with
a 1/2° anti-scatter slit, 0.04 rad soller slit, Ni beta filter
and PIXcel3D position sensitive detector operated in 1D
scanning mode. The phase quality was analysed using
PANalytical Xpert High Score program (HighScore Plus
version 3.0.5) with the ICSD FIZ Karlsruhe database.

RESULTS AND DISCUSSION
FT-IR ATR results

The characteristic bands of the PET material appear
in all 3 types of PET flakes (various blue pieces of PET
flakes) which are contained in input material used for
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graphene-based adsorbent production. This analysis
was made for verification type of plastic of input
material. As we can see in Fig. 2, the absorption bands
of sample A were observed at 2965 and 2904 cm! (C-
H, symmetrical stretching, peak 1 and 2 respectively),
1710 em! (stretching of C=0 of carboxylic ester group,
peak 3), 1578, 1506, and 1406 cm™' (aromatic skeleton
stretching, peak 4, 5, 6 respectively ), 1453 and 870 cm'!
(CH, bending and CH, rocking, peak 7 and 8
respectively), 1237 and 1091 cm™ (C-C-O stretching
of ester group, peak 9 and 10 respectively), 1015 and
720 cm™! (in-plane C-H stretching and out-of-plane C-H
bending of aromatic ring, peak 11 and 12 respectively).
The wavenumber values for PET are consistent with
the results of other authors [26 - 28]. The specific
wavenumbers values in the previous description apply
to sample A, however, it can be seen from the figure
that the peaks for other samples (B, C) are at almost
identical wavenumbers. That means that all pieces (A,
B, C) are PET material.

Absorbance (-)

IPR—

3900 3400 2900 2400

TGA result

The thermogravimetric curve (Fig. 3) of the
graphene-based adsorbent in air indicates the stability of
the sample up to a temperature of approximately 445°C.
It is followed by decomposition in a single stage, which
is practically complete at 625°C. The maximum rate of
weight loss was recorded at 588°C. The rest at 1000°C
represents 0.5 %.

According to Farivar et al. is the maximum DTG
for graphene oxide according to its size particles in the
temperature range of 560 - 616°C, in the case of graphene
it occurs between 650 - 713°C and in the case of graphite
from 840 to 950°C [29]. Considering the measured
maximum, the produced material therefore falls into the
area of graphene oxide. The lower temperature of the
DTG maximum in the case of graphene oxide compared
to graphene is according to Farivar et al. caused by the
fact that less heat energy is required to overcome weaker
nongraphitic sp* hybridized carbon with a high density
of defects after the rigorous oxidation reaction compared

AN

\J

RS

1900 1400 900 400

Wavenumber (cm™)

Fig. 2. FT-IR ATR spectra of PET flakes.
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Fig. 3. Thermogravimetric analysis of produced graphene-based adsorbent in air.

with graphene and graphite [29].

In the case of graphene oxide, Yap et al. describe
decomposition in several stages. Up to a temperature
of 110°C, mass loss occurs due to the removal of
moisture, in the next step (with the maximum rate of
mass loss at 190°C), oxygen containing functional
groups are removed, and finally, around a temperature
of 538°C, pyrolysis of carbon skeleton occurs [30].
Thermogravimetric measurements of graphene-based
adsorbent made from recycled PET do not show the
first two stages of decomposition. While the negligible
moisture content is probably due to the prevention of
moisture access to the samples, the absence of the second
stage indicates a very low content of oxygen groups.
Such a TG and DTG curve is described for reduced
graphene oxide [31]. The measured results thus indicate
that the obtained material shows defects in the graphene
structure and should be further referred to as reduced
graphene oxide.

SEM, EDX and XRD results of the prepared
graphene-based adsorbent

To obtain the surface morphology of the prepared
graphene-based adsobent, the analysis of SEM was
used (Fig. 4). The morphology of this adsorbent, seen
in Fig. 4a, is heterogeneous, rough, and uneven, with
many tiny holes dispersed erratically throughout the
surface (Fig. 4b).

SEM/EDX chemical composition measurements
revealed that the samples are composed on average

mainly of C and O as expected [16, 18]. Nevertheless,
impurities with an increased content of Fe, Cr, Mn and
Ni can be identified via targeted point measurements
of random particles (Fig. 5, Table 1). Presence of these
impurities can be explained by the use of a stainless-
steel based crucible. The reaction vessel is unavoidably
damaged during the production process forming tiny
sub-micron metallic particles. These particles oxidised
and can be traced back sticking to the graphene particles
themselves (points 1 and 2 in Fig. 5, Table 1). Different
literature sources indicate a range of impurities like Cu,
Al and Si identified in their graphene samples. These can
be related to their respective production procedure and
quality (purity) of the starting material [16, 18].

The recorded XRD pattern has three distinct peaks as
shown in Fig. 6. All three peaks are very broad indicating
a disordered, amorphous-like atomic structure. For all
of them, one can conclude that they represent a range of
d-spacing distances instead of a single value as usual for
crystalline materials. As indicated by multiple literature
sources [16, 18,32 - 35] all three peaks can be attributed
to a selected set of crystallographic planes of graphite
(ICSD Database, PDF 00-001-0646). The first peak (C1)
at approx. 22° 2Theta can be correlated to the (002) plane
of crystalline graphite. It refers to a range of interlayer
distances (c-lattice parameter of the hexagonal lattice)
which are on average larger than those in crystalline
graphite (approx. 0.76 nm vs. 0.68 nm). The second peak
(C2) at approx. 43.5° is additionally rather asymmetric,
as it is the sum of multiple peaks, most notably from
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Fig. 5. SEM image of the prepared graphene-based adsorbent including sites of EDX point measurements.

the planes (100) and (101). These are linked mainly to
the a-lattice parameter of graphite. The third peak centred
around 80° 2Theta can be mainly attributed to the (110) and
(112) crystallographic planes. The centre positions of C2
and C3 indicate that the a-lattice parameter of our sample
is comparable to hexagonal graphite at approx. 0.243 nm.

Sorption kinetics and sorption isotherms

In Fig. 7, we can see how the removal efficiency of
MB by a graphene-based adsorbent at room temperature
is affected by the contact time. The results show that the
efficiency of dye removal increased as the contact time
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increased. The sorption rate was fast at the beginning
and gradually slowed down over time. This could be due
to the decreasing number of active sites on the graphene
surface. The polar functional groups on the surface of
the graphene help adsorb water through hydrogen bonds,
while the anionic dye molecules experience columbic
repulsion with the oxygen-containing functional groups
(such as carbonyl and carboxyl) present on the graphene
surface [36]. The experimental data shows that after 4 h
of contact time, 35.4 % of MB was removed.

The kinetics data was correlated using two models -
Pseudo-first (Fig. 8a) and Pseudo-second (Fig. 8b). The
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Table 1. Chemical composition of the prepared graphene-based adsorbent as measured by EDX on sites indicated in Fig. 5.

Site Measurement C (@) Cr Mn Fe Ni | Total Comment
type
wt.%
1 point 256 | 304 | 209 | 32 | 186 | 14 100 metallic particle
2 point 51.2 | 20.3 0.7 - 27.8 - 100 metallic particle
3 point 89.9 | 10.1 - - 0.0 - 100 -
4 point 95.0 5.0 - - 0.0 - 100 -
5 point 92.9 7.2 - - 0.0 - 100 -
6 area 869 | 124 - - 0.7 - 100 -
7 area 91.3 8.7 - - 0.0 - 100 -
8 area 884 | 11.6 - - 0.0 - 100 -
9 area 88.6 | 11.4 - - 0.0 - 100 -
10 area 91.1 8.9 - - 0.0 - 100 -
11 area 92.2 7.8 - - 0.0 - 100 -
average 90.7 9.2 - - 0.1 - 100 average - metallic
stdev 2.5 2.4 - - 0.2 - - particles excluded
experimentally obtained values were found to be better %
described by the Pseudo-second model, with constants e
k, constant 6.60x10~* g mg" min"' and Qe 4.32 mg g''. =
The accuracy is R? = 0.9887. However, the kinetic data = e
can also be well described by the Pseudo-first model with g i8]
the k, constant 7.98x10” L min™ and Qe 3.98 mg g, and E o ER)
the accuracy is R?=0.9649. The slightly better fit of the '5’ 5’
TR

Pseudo-second order model indicates a slight influence
of sorption by functional groups on the graphene-based
adsorbent surface.

The experimental data for sorption were fitted with
Langmuir (Fig. 9a) and Freundlich (Fig. 9b) models.
The Langmuir isotherm had parameters K, = 1.59
L mg' and Qmax = 4.66 mg g, while the Freundlich

isotherm had parameters K = 2.70 mg g' and

F
n=3.96 L mg'. The Freundlich model gave a higher
coefficient of determination (R* = 0.9926) compared
to the Langmuir model (R? = 0.9811), indicating that
it was a more appropriate model for representing the
sorption data. The Freundlich empirical coefficient n
was greater than 1, suggesting favourable adsorption,
meaning that as the solute concentration increased, the
amount adsorbed also increased at an increasing rate.
The Langmuir constant separation factor R, = 0.017
is favourable for adsorption (0 <R < 1) and due to its
very low value, approaches an irreversible event (when
R, =0).

10 20 30 40 50 60 70 80 90
2Theta [*]

Fig. 6. XRD pattern of the prepared graphene-based
adsorbent.
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Fig. 7. Removal efficiency of MB by graphene-based
adsorbent.
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Fig. 9. Experimental data fitted by Langmuir and Freundlich isotherms.
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CONCLUSIONS

PET is the most frequently utilised thermoplastic
polymer worldwide which is used to make single-use
beverage bottles, packaging, and clothing, and it is one
of the largest sources of plastic waste. That’s why we
use this in our study this material for prepare graphene-
based adsorbent as a potential sorbent for dye removal.

This work involved the preparation of graphene-
based adsorbent via the carbonization process of PET
flakes under predetermined thermal conditions in a
closed reaction vessel.

The graphene-based adsorbent was observed to form
randomly shaped flat particles. Its chemical composition
consisted mainly of carbon, with an average of 9 wt.%
oxygen. During the targeted point analysis of selected
particles, metal oxide impurities were identified. The
XRD pattern was similar to that of graphite; however, the
crystal lattice parameters ,,a“ and ,,c* varied significantly,
leading to broad peaks.

The results of the thermogravimetric analysis show
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that the graphene-based adsorbent obtained from PET is
thermally stable in oxygen up to 445°C and subsequently
decomposes in one step. Based on the obtained
measurements, it can be concluded that the material
produced can be classified as reduced graphene oxide.

Based on the experimental sorption data, it was
observed that 35.4 % of methylene blue was removed
in 4 h. The sorption kinetics analysis showed that
the Pseudo-second order model was more accurate
in representing the experimental data (R? = 0.9887).
Additionally, the experimental results demonstrated
that the sorption data for methylene blue dye can be
represented by the Freundlich isotherm model with an
R?value 0f 0.9926. The Freundlich empirical coefficient
indicated favourable adsorption, while the Langmuir
constant separation factor suggested irreversible
adsorption.

Our study indicates that the graphene-based
adsorbent developed by us is a viable substitute for
other sorption materials. Its primary advantage is
that it uses waste PET for its preparation, making
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it an economical adsorbent. However, to further
enhance its sorption capacity, it is recommended to
consider functionalizing its surface. This would help in
improving the effectiveness of the adsorbent in removing
contaminants from water. Additionally, it is possible to
modify the preparation procedure of the graphene-based
adsorbent.
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