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Abstract
The sustainable management of plastic waste is one of the challenges of our time due to the high percentage of landfilling. 
One of the strategies is its thermal treatment via pyrolysis, but it is associated with the production of a char, necessitating 
a proper valorization pathway. In this work, we investigated for the first time the use as adsorbent of a real plastic-derived 
char obtained as such from a pyrolysis pilot plant. This is a novel approach with respect to literature, where the char is 
typically obtained as desired product. The adsorbent was characterized via several techniques, and methylene blue was 
chosen as representative contaminant of wastewater. The inorganic component (80 wt.%) was mainly associated with the 
presence of rod-like structures, rich in Si, while the organic fraction showed the occurrence of aromatic components. Under 
the thermodynamic point of view, Langmuir isotherm effectively fitted the experimental data (R2 = 0.98), while the kinetic 
results were well described by a pseudo-second-order law (R2 > 0.99). The negative Gibbs free energy highlighted that the 
adsorption process was spontaneous, and the enthalpy change (∆H0 = 7.18 kJ/mol) revealed the endothermic nature of the 
process, in a range characteristic of physisorption phenomena. Overall, this study highlights that a low-value char, derived 
from a real plastic waste, can be a promising valuable alternative to expensive adsorbents thanks to its adsorption capacity 
of 5.8 mg/g without prior activation treatments, hence being a starting point for the development of a holistic approach in 
plastic waste management.
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Introduction

In the last century, the use of plastic in industry has sig-
nificantly increased, reaching more than 300 million tons 
produced every year, and becoming one of the most used 
materials in the world (Eriksen et al. 2020). Consequently, 
the sustainable management of plastic waste is a critical 
challenge, due to its typical short working period, accompa-
nied by its chemical recalcitrance to natural decomposition 
(Chen et al. 2021). The first and most valuable strategy to 
solve this issue looks at the recycling of plastic. From 2006 
to 2020, the amount of recycled plastic waste increased by 

117% (Europe 2022), but the recycling rate is still too low, 
and accompanied by challenges that must be overcome due 
to the low bulk density and economic value, as well as issues 
related to the sorting machine (e.g., presence of pigments 
that absorb light).

Other than via mechanical recycling, plastic waste can be 
managed through the so-called waste-to-energy technolo-
gies (Nanda and Berruti 2021). For example, pyrolysis and 
gasification processes allow to produce chemicals suitable to 
be used as fuels or for other industrial purposes, contribut-
ing to reduce natural resource consumption according to the 
circular economy concept (Dogu et al. 2021).

These processes still leave behind a solid residue, known 
as char, which in turn can be a waste, and risks to be land-
filled (Lopez et al. 2018; Antelava et al. 2021; Dogu et al. 
2021). The valorization of such waste represents a further 
expansion of the circular economy loop of plastic waste 
treatment. It complies with the waste hierarchy actions 
defined by the European Directive 2008/98/EC (European 
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Commission 2008), also called waste framework directive, 
of which the first hierarchy action applicable to char treat-
ment is the “re-use” action. Furthermore, char valorization 
is also conformed to the United Nations sustainable devel-
opment goals (SDG), and in particular to SDG 12, “Ensure 
sustainable consumption and production patterns,” which 
states to “substantially reduce waste generation through 
prevention, reduction, recycling and reuse” (United Nations 
2015). Biomass-derived chars have been considered sustain-
able alternatives to commercially available activated carbon 
(Dai et al. 2019); therefore, being plastic waste pyrolysis 
a sustainable treatment (Sharuddin et al. 2016), plastic-
derived char represents a material whose valorization could 
contribute to developing a more sustainable society.

In recent years, several studies have been conducted to 
evaluate suitable alternatives for its valorization. Origi-
nal works published in literature during a period ranging 
from 2010 to 2023 were investigated, focusing on papers 
regarding valorization of both biomass-derived chars and 
plastic-derived chars. The literature review (see paragraph 
1 of supplementary materials for further details) revealed 
that applications of char as a fuel, in active carbon produc-
tion, and as substitute for raw materials in road construction 
and construction industry have been investigated (Sharud-
din et al. 2016). Other options involved its use as support 
to conduct pollutant catalytic degradation (Lai et al. 2022) 
and as raw material substitute for epoxy resins production 
(Ahmetli et al. 2013).

Another particularly interesting application has been 
found in using char as adsorbent media for inorganic com-
pounds removal, thanks to char efficacy of adsorption and 
low cost (Godinho et al. 2017; Fuente-Cuesta et al. 2015). 
The application of char as adsorbent material has been 
extensively investigated with biomass-derived char, such in 
the case of heavy metals (Tan et al. 2015) and organic pol-
lutants (Chen et al. 2017; Qu et al. 2019; Dai et al. 2019; Tan 
et al. 2015), and gaseous pollutants adsorption (Chen et al. 
2017). On the other hand, chars derived from plastic wastes 
pyrolysis, particularly referring to solely plastic waste char, 
were not as widely studied, either for inorganic pollutants 
(Martín-Lara et al. 2021; Singh et al. 2020) or organic pol-
lutants removal (Li et al. 2021; Mun et al. 2022).

In most of the reviewed papers, alongside investigating 
the adsorption performance, a study of the adsorption kinet-
ics and isotherm adsorption was conducted. Moreover, some 
papers also investigated the thermodynamic aspects of the 
adsorption (Qu et al. 2019; Hoslett et al. 2019; Essawy et al. 
2017; Singh et al. 2020). Also, all the already cited papers 
displayed some characterization techniques aimed to provide 
further information on the adsorption process.

Furthermore, to determine whether the investigated 
chars could already be useful from an industrial point 
of view without further treatment, some of the reviewed 

studies compared the investigated chars with commercially 
available activated carbons, observing different outcomes. 
Regarding wastewater treatment, some chars achieved 
similar or even higher adsorption performances to those 
of commercial activated carbons, whereas others showed 
lower efficacy. In particular, Hoslett et al. observed that 
non-activated chars derived from municipal solid waste 
pyrolysis achieved an adsorption performance significantly 
lower than that of commercially available activated carbon 
(Hoslett et al. 2020; 2019); on the other hand, Li et al. 
observed that polyurethane-derived activated char pos-
sessed higher sorbent capacities than commercial acti-
vated carbons (Li et al. 2021). This observation from other 
studies seems to suggest char activation to potentially be 
a key element in emulating the efficacy of commercially 
available activated carbons. Despite activation represents 
a non-negligible cost, it could lead to a sorbent superior 
to already commercialized carbons, as showed by Li et al. 
and, at the same time, offer an alternative to the disposal 
of chars.

It is worthy to note that most of the work conducted so far 
involved char in co-pyrolysis, or co-gasification, of plastic 
waste and other materials, such as biomasses (Xu et al. 2019; 
Godinho et al. 2017), municipal solid waste (Hoslett et al. 
2019), waste paper (Fuente-Cuesta et al. 2015), or various 
blends (Ahmed and Hameed 2020), thus showing a limited 
amount of studies on sole plastic waste char. Furthermore, 
these studies involved the use of a plastic waste feedstock 
composed by just one type of plastic polymer (Li et al. 2021; 
Essawy et al. 2017; Mun et al. 2022). Finally, to the authors’ 
knowledge, char was usually the desired product of the pro-
cess conducted for the study, and it was often limited to the 
laboratory scale (Li et al. 2021; Mun et al. 2022; Martín-
Lara et al. 2021; Essawy et al. 2017; Hoslett et al. 2019). 
However, plastic waste is usually composed by several dif-
ferent types of polymers, such as the case of packaging waste 
(Dahlbo et al. 2018), resulting in a heterogeneous polymer 
mixture, especially in the case of municipal plastic waste 
(Zhang et al. 2020). Thus, the behavior of chars obtained 
from a single-polymer feedstock may not be representative 
of the real waste. In addition, the characteristics of chars 
obtained as the desired product of the laboratory-scale pro-
cess might not be similar to the ones obtained as residual 
waste of industrial processes.

In order to fill this gap, the char analyzed in this work 
was obtained as an actual by-product of a pyrolysis process 
at pilot scale, under operative conditions not optimized for 
its production: this resulted in a novel approach toward char 
studies as adsorbent media, since it provides information on 
the performance of a real waste in the very first valorization 
stage. The feed of the pyrolysis plant was mainly composed 
of plastic packaging and scrap plastic from out of use vehi-
cles dismantlement.
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The obtained char was studied for the adsorption of meth-
ylene blue (MB), an industrially used dye whose removal 
from wastewaters has been extensively investigated through 
years due to risks posed to human health (Santoso et al. 
2020). The char was extensively characterized through dif-
ferent techniques (thermal degradation, field emission scan-
ning electron microscopy, energy dispersive X-ray analysis, 
Fourier transform infrared spectroscopy, X-ray diffraction, 
Raman spectroscopy,  N2 adsorption–desorption) to get 
insights on its organic and inorganic matter content, mor-
phological, structural, textural, bulk, and superficial proper-
ties. The objective of this work was to investigate the sorbent 
properties of a char obtained as residual waste of a real pilot-
scale pyrolysis process; thus, the influence of temperature 
and MB initial concentration on the percentage removal and 
char adsorption capacity was investigated. In addition, the 
adsorption kinetics and isotherms were evaluated, alongside 
the adsorption mechanism and mass transfer phenomena 
influence on adsorption.

Overall, this work allowed to increase our understanding 
on the valorization pathways of real multi-polymer-plastic-
derived char, contributing to the development of sustainable 
waste management practices and the creation of a circular 
economy.

Materials and methods

Materials

Plastic waste char (PW-C) was obtained from Benzi and 
Partners S.r.l. pilot plant. The pyrolyzed plastic waste was 
composed by plastic packaging and plastic scrap from dis-
mantled vehicles. Similarly to what is reported in the lit-
erature, the mixed plastic waste contained, among other 
polymers, polypropylene (PP), polyethylene (PE), and acry-
lonitrile butadiene styrene (ABS) (Roosen et al. 2020; Cossu 
et al. 2014).

The mixed plastic waste was pyrolyzed at 650 °C in an 
electric-heated rotary kiln, obtaining PW-C as solid residue. 
The PW-C was then manually grinded, to obtain a more uni-
form dimension of the particles, and no other pre-treatment 
was effectuated. Methylene blue (≥ 97% mass purity) was 
purchased from Merck and used without further purifica-
tion. Distilled water was utilized for methylene blue solu-
tion preparation. It was produced in the laboratory thanks 
to a purification system consisting of a low-pressure reverse 
osmosis and ion exchange resins.

Char characterization

A series of analyses were conducted to characterize the char.

Thermal degradation tests were performed on PW-C, to 
assess its organic compounds content. PW-C was calcinated 
at a temperature of 850 °C, under air atmosphere. The cal-
cination temperature was maintained for a duration of 1 h. 
To assess the content of humidity lost during the thermal 
degradation, PW-C was also desiccated at 105 °C for 24 h.

Field emission scanning electron microscopy (FE-SEM) 
was employed to investigate PW-C morphology. FE-SEM 
was conducted with electron high tension (EHT) = 5 kV and 
magnification ranging from 100 × to  104 × . Energy disper-
sive X-ray (EDX) was also used to determine the elements 
present in PW-C (Hoslett et al. 2019).

Fourier transform infrared (FT-IR) spectroscopy analysis 
was conducted on the fresh sample (Bruker Tensor 27 FT-IR 
spectrophotometer) to investigate the presence of functional 
groups in PW-C structure. In addition, it was conducted on 
spent samples (i.e., after the adsorption test) to investigate 
the new bonds formed with the adsorbed MB and the adsorp-
tion mechanism of MB onto PW-C surface.

XRD analysis was carried out to investigate the possi-
ble crystalline nature of the sample, with a degree interval 
between 10° and 90°, 0.013° step size, and 240 s per step. 
The degree interval was chosen in accordance with other 
characterizations of plastic-derived chars (Singh et al. 2020; 
Essawy et al. 2017; Godinho et al. 2017).

Raman spectroscopy was used to determine the pres-
ence of graphitic ordered and disordered structures in the 
char (Li et al. 2021; Essawy et al. 2017). All Raman spectra 
were obtained at room temperature (298 K) using a Horiba 
LabRAM HR Evolution spectrometer. The instrument is 
equipped with a multicanal CCD UV (1024 × 256 pixels) 
detector, 1800R/mm high-resolution grating, and 532-nm 
laser was used as excitation source to deliver a laser power 
of 25 mW. The char sample was measured with a 50 × UV 
LWD confocal volume Olympus objective. Every measure-
ment was collected using 10 s of acquisition time and 60 
accumulations (Ko et al. 2021; Essawy et al. 2017). The 
presence of graphitic ordered and disordered structures was 
estimated using the ID/IG area ratio, which refers to the D 
and G bands, originated from defective graphitic structures 
and graphitic sp2 bonds, respectively (Ferrari and Robert-
son 2000). The Raman spectroscopy was performed in an 
interval extending from 120 to 2000  cm−1, focusing on the 
1250–1650  cm−1 range, to capture the region where D and 
G bands are usually observed in (1300–1610  cm−1) (Ferrari 
and Robertson 2000; Ko et al. 2021). The Raman spectra 
were then smoothened, and the baseline was subtracted to 
eliminate background signals. The spectra were then ana-
lyzed to obtain the D and G bands area ID and IG, calculating 
the integral area of the bands. To calculate the bands area, 
Origin 2018 software “integrate peaks” function was used.

Lastly, to assess the surface area, nitrogen adsorp-
tion–desorption isotherms were obtained in a Micromeritics 
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Tristar 3020 set up. Brunauer–Emmett–Teller (BET) method 
was performed on PW-C, while pore volume and pore width 
were assessed through Barrett–Joyner–Halenda (BJH) 
method. Before conducting the surface area analysis, the 
sample was pre-treated by heating and maintaining the sam-
ple at 200 °C for 2 h, to remove humidity from the char 
surface.

Adsorption tests description

Each test was prepared starting from a 200 mg/L methyl-
ene blue stock aqueous solution. The analyzed initial MB 
concentrations were 20 mg/L, 40 mg/L, 60 mg/L, 80 mg/L, 
and 100 mg/L, in accordance with similar previous works 
(Achari et al. 2021; Baloo et al. 2021).

The influence of solid adsorbent amount and initial MB 
concentration influence was analyzed varying one parameter 
at a time. Therefore, to investigate char mass influence, the 
tests were conducted using a 20 mg/L MB solution and char 
mass dosages of 0.5 g, 1 g, 1.5 g, 2 g, and 2.5 g, while to 
assess initial MB concentration influence, MB concentration 
ranged from 20 to 100 mg/L, keeping char dosage constant 
at 2 g. To ensure the same fluid dynamics regime occurred 
between experiments, every test was conducted using a vol-
ume of MB solution equal to 200 ml. Each test was con-
ducted in duplicates.

Once prepared the MB solution, PW-C was first manually 
grinded using a mortar and pestle to obtain a more uniform 
dimension of the char particles. Prior to starting the tests, a 
sample of the initial MB solution was taken to have a refer-
ence absorbance value for the initial MB concentration. To 
assess the adsorption performance, UV–visible spectropho-
tometry at 664 nm was utilized, using Hach Lange DR 5000 
spectrophotometer. Afterward, PW-C was added to the solu-
tion and the stirring was started. The tests were conducted 
at 300 rpm, identified as optimal agitation speed through 

preliminary tests (Figure S1, Supplementary Information), 
and lasted for a total of contact time of 360 min.

During the test duration, the solution was periodically 
sampled. To assess the adsorption performance, MB rela-
tive removal (Eq.  (1)), expressed as a percentage, and 
PW-C adsorption capacity (Eq. (2)), expressed in mg of MB 
adsorbed per gram of char, were evaluated.

In Eqs. (1) and (2), C0 represents the initial MB con-
centration (mg/L), V0 represents the solution initial volume 
(L), Ct and Vt represents the bulk solution MB concentration 
(mg/L) and solution volume (L), respectively, at a given time 
instant. In Eq. (2), mchar represents the char dosage (g) used 
to conduct the adsorption.

A visual representation of the adsorption tests preparation 
and performing is provided in Fig. 1.

Adsorption thermodynamic and kinetic studies

Adsorption isotherm study

To assess the adsorption phenomena, two types of mecha-
nism were examined, namely Langmuir and Freundlich 
isotherms (Fu et al. 2015; Li et al. 2021). Dubinin–Radush-
kevich (D–R) isotherm fitting of the data was also studied, 
but the results are not reported here because of the poor data 
fitting (more information in the supplementary material).

Langmuir isotherm, reported in Eq. (3), assumes the 
formation of a sorbate monolayer on homogeneous active 
sites, with no interaction between adsorbed molecules. As 

(1)Removalt(%) =
C0V0 − CtVt

C0 ⋅ V0

⋅ 100

(2)qt(mg∕g) =
C0V0 − CtVt

mchar

Fig. 1  Flowchart of conducted adsorption tests in this work
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a result, the enthalpy of adsorption is constant through the 
entire adsorption surface and sites.

In Eq. (3), Ceq represents the MB bulk concentration 
at equilibrium (mg/L), qeq is the mass of MB adsorbed at 
equilibrium over PW-C dose (mg/g), qm is the theoretical 
maximum MB mass adsorbed as a monolayer over PW-C 
dose (mg/g), and KL is the Langmuir isotherm constant 
(L/mg). In cases of processes described by Langmuir iso-
therm, a separation factor can be defined (Eq. (4))

In Eq. (4), C0 represents the initial adsorbate concen-
tration. A RL value equal to 1 means a linear adsorption, 
whereas RL = 0 indicates an irreversible adsorption. When 
0 < RL < 1, the adsorption is favorable, whereas RL > 1 
means a non-favorable adsorption (Essawy et al. 2017; 
Fu et al. 2015).

The Freundlich isotherm, on the other hand, assumes a 
multilayer adsorption on a heterogeneous surface, result-
ing in adsorption enthalpy not being constant through the 
adsorption surface and sites.

In Eq. (5), Ceq represents the MB bulk concentration 
at equilibrium (mg/L), qeq is the mass of MB adsorbed 
at equilibrium over PW-C dose (mg/g), KF represents the 
Freundlich isotherm constant (L/mg), and n is a parameter 
related to adsorption intensity.

Adsorption kinetics study

To determine the kinetic parameters describing the MB 
adsorption, three different models were evaluated, namely 
the Langergren pseudo-first-order model, the Ho and 
McKay pseudo-second-order model, and the intra-particle 
diffusion model. The corresponding linearized equations 
of the kinetic models are reported in Eqs. (6), (7) and (8), 
respectively (Li et al. 2021).

The study of adsorption kinetics was finalized to pro-
vide a better understanding of the MB adsorption process 
and the char suitability as a wastewater pollutants sorbent. 
Moreover, the model provided by kinetic studies can be 
useful for designing the adsorption process when integrat-
ing the sorbent char in a real process, as also stated in the 
literature (Fuente-Cuesta et al. 2015).

(3)
Ceq

qeq
=

1

qm ⋅ KL

+
Ceq

qm

(4)RL =
1

1 + KL ⋅ C0

(5)lnqeq = ln KF +
lnCeq

n

Langergren pseudo-first-order (PFO) model assumes that 
the rate of adsorption is dependent on the difference between 
the mass of adsorbed solute at the equilibrium and the mass 
of adsorbed solute at the considered time instant (Sahoo 
and Prelot 2020). Moreover, the pseudo-first-order model 
assumes that only one mechanism acts on the available sorp-
tion sites (Essawy et al. 2017).

In Eq. (6), t is the contact time (min), qt represents the 
adsorbed mass of MB over PW-C dose (mg/g), kI is the 
pseudo-first-order rate constant (1/min), and qeq is the maxi-
mum mass of MB adsorbed at equilibrium over PW-C dose 
(mg/g).

The Ho and McKay pseudo-second-order (PSO) model 
is based on the assumptions that the adsorption significantly 
contributes to the kinetic rate-limiting step and that the 
adsorption capacity is proportional to the number of occu-
pied and unoccupied active sites on the sorbent surface (Ho 
and McKay 1999).

In Eq. (7), kII is the pseudo-second-order rate constant 
(g/(mg min)).

When designing a char adsorption operation for a real 
process, the best-fitting kinetic model could provide useful 
information to optimize the residence time of the wastewater 
through the layer of sorbent char, predicting the maximum 
working time before reaching qt equilibrium values.

In several literature works, the linearized intra-particle 
diffusion model allowed to determine whether, other than 
the chemisorption or physisorption step, the external film 
diffusion or intra-particle diffusion contributed to the global 
adsorption process rate-determining steps (Fan et al. 2017; 
Li et al. 2021).

In Eq. (8), kp is the intra-particle adsorption rate constant 
(mg/(g  min1/2)) and C is a constant (mg/g) used to determine 
the effect of external film diffusion on the global adsorption 
kinetics. For C = 0, intra-particle diffusion limits the adsorp-
tion process, while for values different than zero, external 
film diffusion plays a role in limiting the adsorption process. 
In this case, a multilinearity of the model could be present 
for different time ranges. Usually, the first linear section of 
the model indicates external diffusion being the rate-deter-
mining step in that timeframe, whereas the second linear 
section indicates intra-particle diffusion as rate-determining 
step. Thus, multilinearity could suggest both external diffu-
sion and intra-particle diffusion as contributing phenomena 

(6)ln
(

qeq − qt
)

= lnqeq − kI ⋅ t

(7)
t

qt
=

t

qeq
+

1

kII ⋅ q
2
eq

(8)qt = kP ⋅ t
1∕2 + C



6518 International Journal of Environmental Science and Technology (2024) 21:6513–6530

to the rate-determining steps (Chen and Bai 2013; Li et al. 
2021).

In conjunction with Eq. (8), it can be useful to employ 
also the Boyd model, reported in Eqs. (9), (10) and (11) 
(Travália and Forte 2020a, b).

In Eq. (9), F is a fraction of the mass of MB adsorbable at 
equilibrium. Bt represents a parameter which can be deter-
mined as a function of F, as reported in Eqs. (10) and (11), 
and dependent on the solute diffusivity coefficient inside the 
pores, on the radius of the sorbent particles, and on the time 
of adsorption (Boyd et al. 1947).

In a similar way to intra-particle diffusion model, the Bt 
vs t plot intercept allows to determine the influence of exter-
nal and internal diffusion on the process kinetics. When the 
Bt vs t line intercepts at the origin, internal diffusion repre-
sents the rate-limiting step. In other cases, both internal dif-
fusion and external diffusion play a role in determining the 
process kinetics, with external diffusion being the slowest 
phenomenon over the course of the entire adsorption process 
(Travália and Forte 2020a, b; Vadivelan and Kumar 2005).

Eqs (8) to (11) can provide useful information regarding 
the kinetic regime of the adsorption process. By identifying 
the kinetically controlling mass transfer phenomenon, the 
adsorption can be further optimized. For example, in case 
of limiting external mass transfer, it can be improved by 
increasing the Reynolds number.

Enthalpy and Gibbs free energy study

Thermodynamic parameters were calculated using Van’t 
Hoff equations, represented in Eqs. (12) and (13).

where K is a dimensionless equilibrium value derived from 
the Langmuir isotherm constant (Tomul et al. 2020) and 
expressed in Eq. (14), ∆G0 symbolizes the standard Gibbs 
free energy, R is the universal gas constant (8.314 J/(mol 
K)), ∆S0 the standard entropy, and ∆H0 symbolizes the 
adsorption standard enthalpy.

(9)F =
qt

qeq

(10)For F < 0.85 Bt = 𝜋 ⋅

(

1 −

√

1 −
𝜋

3
F

)2

(11)For F > 0.85 Bt = −0.4977 − ln(1 − F)

(12)ΔG0 = −RT ln K

(13)ln K =
ΔS0

R
−

ΔH0

RT

In Eq. (14),  MMMB represents the MB molar mass (g/
mol), and C0 represents the standard state molar concentra-
tion (1 mol/L).

To determine the value of K at different temperatures, a 
series of experiments were conducted, at 35, 45, and 55 °C, 
in addition to the experiments conducted at 20 °C. Each of 
the temperature tests was conducted using 2 g of PW-C, 
starting solution volume of 200 ml and stirred at 300 rpm. 
The initial MB concentration was varied between 20, 40, 
60, and 80 mg/L.

Results and discussion

Char characterization

The PW-C was subjected to several analysis to assess its 
properties.

An average 20.5% dry-basis mass loss followed PW-C 
degradation tests, identifying PW-C as a mainly inorganic 
char. The relatively low organic matter content can be 
explained accounting the pyrolysis feedstock and operative 
conditions. As observed by several authors, the higher the 
pyrolysis temperature, the lower the organic matter content 
(Harussani et al. 2021; Martín-Lara et al. 2021). As a matter 
of fact, PW-C was obtained at 650 °C temperature, higher 
than most plastic compounds decomposition temperature 
(Hoslett et al. 2019), leading to most of the organic content 
degrading during the pyrolysis, in line with similar mass loss 
reported in literature (Martín-Lara et al. 2021).

FE-SEM (Fig. 2A) revealed PW-C to be largely hetero-
geneous. Particularly, the presence of several rod structures 
was noticed, all characterized by roughly the same diameter 
(~ 11 µm), other than the rest of the char particles matrix. 
Notably, the rods constituted a significant fraction of the 
char surface, hence likely playing a significant role in the 
adsorption mechanism. The largely heterogeneous morphol-
ogy of the char could be attributed both to different types of 
pyrolyzed plastics and to the possible metal parts present, 
due to the plastic waste deriving mainly from vehicle scraps. 
Further FE-SEM images and maps are available in Supple-
mentary Information (Fig. S2).

PW-C heterogeneity was further confirmed by EDX 
results (Table S1, supplementary materials). EDX analyzed 
the rod parts of PW-C and two different spots of the char 
matrix. The char matrix composition was observed to dif-
fer based on the actual part of the matrix, displaying quite 
different content extents of the detected elements. None-
theless, the same elements were detected in the two matrix 
parts. On the contrary, the rod parts differed both in content 
and detected elements, containing more silicon than carbon 

(14)K = KL ⋅MMMB ⋅ C0
⋅ 1000 mg∕g
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(~ 19.6% and ~ 7.88% of detected atoms, respectively). Fur-
thermore, aluminum and calcium were detected in appreci-
able quantity in the rods, while only being present in traces 
in the char matrix. Thus, the rod parts probably derived from 
the metals present in the vehicle scrap plastics. PW-C was 
hence showed to be peculiar, due to the rods presence, which 
might have played an impactful role in MB adsorption and 
whose topography was shown in a map (Fig. 2C).

FT-IR spectroscopy was conducted on fresh and spent 
PW-C. Before the adsorption (Fig. 2D), several signals 
between roughly 2350 and 400  cm−1could be identified. The 
1600–1660  cm−1 shoulder might be linked to a relatively low 
presence of carboxylic groups and ester C = O bonds (Lai 
et al. 2022; Essawy et al. 2017). The band between 1500 and 
1250  cm−1 and the peaks at approximately 870 and 650  cm−1 
indicated the presence of aromatic compounds, more specifi-
cally phenyl groups (1500–1250  cm−1; 870  cm−1) (Li et al. 
2021) and aromatic C–H bonds (870  cm−1; 650  cm−1) (Mun 
et al. 2022; Li et al. 2021). The band between roughly 500 

and 400  cm−1 identified Si–O–Si bonds (Fan et al. 2017). 
The 1050-cm−1 peak could suggest the presence of ether 
C–O and C–O–C bonds (Fan et al. 2017; Lai et al. 2022), 
which would be supported by the peak extending its signal 
up to approximately 1200  cm−1, due to signals between 1300 
and 1100  cm−1 identifying presence of ether groups (Mun 
et al. 2022; Li et al. 2021). At approximately 2350  cm−1, a 
signal may indicate a CC alkyne triple bond (Li et al. 2016).

Due to low adsorbed MB mass, the post-adsorption spec-
trum did not show most of MB characteristic signals, similar 
to what was observed by Obeso et al. 2022. Nevertheless, 
spent PW-C char FT-IR functional groups were modified by 
MB adsorption.

After the dye adsorption, the band between 1500 and 
1250  cm−1 was slightly shifted toward lower frequencies, 
and both the 1500–1250   cm−1 band and 640   cm−1 peak 
intensity were relatively reduced, signifying an involvement 
of PW-C aromatic compounds in the adsorption, possibly 
through π bonds interactions (Ovchinnikov et al. 2016; Fu 

Fig. 2  PW-C characteriza-
tion results. A FE-SEM image 
of PW-C. The rods dimen-
sions relative to the rest of 
PW-C and their presence are 
clearly visible. Magnification 
1000x; B representation of 
PW-C “rod,” “crystalline,” and 
“carbonaceous” parts sub-
jected to Raman spectroscopy. 
Magnification 5000x; C PW-C 
upper surface map. The clearer 
portions represent lower-height 
zones. A depression in cor-
responding to a rod is visible: D 
FT-IR analysis of PW-C prior 
to and post-MB adsorption. MB 
adsorption was conducted at 
80 mg/L initial MB concentra-
tion. E PW-C XRD analysis 
spectrum. Most detected 
compounds were indicated 
through a symbol above the 
corresponding peaks. Graphitic 
structures were the only excep-
tion, being indicated through a 
symbol placed underneath the 
corresponding band. The rest 
of the peaks are identified in 
Section “Char characterization” 
text. Ψ: graphitic structures; 
♠ =  Mg3SiO4; ♣ =  TiO2; 
♥ =  SiO2; ♦ =  CaCO3. F F 
Raman spectra of PW-C in the 
1250–1650  cm−1 range. The 
detected D, G, and amorphous 
bands were represented, along 
with an indicative position of 
their peaks



6520 International Journal of Environmental Science and Technology (2024) 21:6513–6530

et al. 2015). More importantly, between 1050 and 850  cm−1 
a new band was registered, suggesting the possible involve-
ment of MB sulfur atoms in the adsorption, and the presence 
of hydrogen bonds between PW-C surface and MB mol-
ecules nitrogen atoms, as stated by Ovchinnikov et al. 2016. 
At 500–400  cm−1, the band was slightly shifted and widened 
toward lower frequencies, possibly signifying a degree of 
interaction of Si–O–Si bonds in MB adsorption (Fan et al. 
2017). Finally, the absence of shoulder at 1660–1600  cm−1 
might indicate carboxyl COOH groups interacting with MB.

Thus, the observed differences between pre- and post-
adsorption FT-IR analyses determined the importance of 
MB aromatic characteristics and heteroatoms (nitrogen 
and sulfur) presence and were used to investigate possible 
adsorption mechanisms, of which a more detailed account 
is given in “Adsorption Mechanism” section.

The XRD (Fig. 2E) was characterized by several peaks 
that could be associated with different mineral oxides. 
Among the peaks, silica presence was suggested by peaks 
at degrees 2θ = 26.6°, 29.5°, and 56.6° (Tomul et al. 2020; 
Zhang et al. 2020; Godinho et al. 2017). These findings 
agreed with EDX results, which showed Si to be among the 
most present elements (even higher than carbon in rods), 
and with FT-IR spectroscopy, which revealed the presence 
of Si–O–Si bonds. Other than  SiO2,  CaCO3 presence was 
revealed by the diffractogram peaks at degrees 2θ = 29.5°, 
36.3°, 39.5° (Tomul et al. 2020), 43.3°, 47.6°, and 48°, likely 
explained by the calcium present in the rods (Table S1, Sup-
plementary Material). Titanium was also likely largely pre-
sent in the diffractogram as  TiO2, being suggested by peaks 
at 2θ = 27.4°, 36.3°, 41.2°, 43.3°, 44°, 47.6°, 64° (Singh 
et al. 2020; Godinho et al. 2017), 54.5°, 56.6°, 62.9°, and 
69°.  TiO2 presence might be explained by its use as plas-
tic pigment (Singh et al. 2020). Moreover, the band at 26° 
and the surrounding region might be linked to graphitic 
structures (Li et al. 2021; Lai et al. 2022), more specifi-
cally detecting imperfect graphitic structures (Sergiienko 
et al. 2009). Interestingly, magnesium silicate hydroxide 
was detected at 2θ = 19°, 28.6°, and 60.9° (Perdikatsis and 
Burzlaff 1981), meaning that not all the detected silicon 
belonged to  SiO2 structures.

Raman spectroscopy (Figs. 2F, S3) was performed to 
determine the grade of graphitization of PW-C and to further 
investigate the presence of inorganic compounds in the char. 
Three spots of PW-C were analyzed, namely the rods and 
two different sites of PW-C matrix, denominated “carbona-
ceous” and “crystalline” parts, based only on visual criteria. 
For a better understanding and distinction of the analyzed 
PW-C parts, the three spots are identified in Fig. 2B. Silica 
 (SiO2) was detected in all the three parts of PW-C, with 
the signal’s intensity changing based on the part of PW-C 
under analysis.  Ca2SiO4 was also detected, again suggesting 
that the Si–O-Si bonds reported by FT-IR were not entirely 

correlated with silica.  TiO2 and possibly  Al2O3 were also 
spotted, confirming EDX. Regarding the carbon structures, 
the presence of carbonyl C = O groups, confirming the FT-IR 
analysis findings, and C = C bonds was revealed. Other than 
that, every analyzed PW-C part showed D and G bands, 
each peaking at 1350–1365  cm−1 and at 1597–1603  cm−1 
wavenumber, respectively. These two bands contain valuable 
information regarding the graphitic degree of the char struc-
ture (Sergiienko et al. 2009; Ferrari and Robertson 2000). 
The D band is the signal caused by graphitic breathing vibra-
tional mode, occurring only in non-perfect graphitic crystals, 
supporting the presence of the imperfect graphitic structure 
detected by the XRD, while the G band originates from  sp2 
bonds stretching in both perfect and non-perfect graphites 
(Ferrari and Robertson 2000), despite D and G bands also 
corresponding to signals tied to aromatic compounds pres-
ence (Ferrari and Robertson 2000; Ko et al. 2021). The ana-
lyzed PW-C parts showed a  ID/IG ratio equal to 0.43 in the 
“carbonaceous” PW-C matrix part, 0.58 in the crystalline 
PW-C matrix part, and 0.47 in the rods. Thus, PW-C was 
characterized by few defective graphitic structures. How-
ever, as represented in Fig. 2F, the amorphous carbon band, 
located around 1480–1500  cm−1 (Ko et al. 2021), was fairly 
intense for all PW-C parts, especially in the “carbonaceous” 
matrix part. Thus, PW-C may be characterized by a non-
negligible quantity of amorphous carbon structures. While 
defective graphite maintains a prevalently  sp2 hybridization, 
amorphous carbons present vastly different characteristics. 
(Ferrari and Robertson 2000). In Supplementary Materials, 
PW-C carbon structures were further investigated.

Lastly,  N2 adsorption–desorption tests resulted in an aver-
age BET surface area of 13.6  m2/g, an average BJH pore 
volume of 0.0298  cm3/g, and BJH pore width of 18.9 nm, 
identifying the PW-C as a mainly mesoporous char, as 
observed for other plastic-derived chars (Singh et al. 2021; 
Miandad et al. 2018). Despite the measured BET surface 
being relatively low, when compared to activated chars or 
biochars BET surfaces (El-Shafey et al. 2016; Hassan et al. 
2014), other literature works reported similar BET surfaces 
for plastic-derived chars and biochars (Santoso et al. 2020; 
Singh et al. 2021). The relatively low BET surface could be 
explained by the low pore volume, when compared to val-
ues reported in the literature (Hassan et al. 2014; Mun et al. 
2022), and the mesoporous nature of the pores.

PW‑C adsorption performance

Figure 3 illustrates the influence of initial MB concentration 
and PW-C dose on MB removal and adsorption capacity 
over time.

In Fig 3- A, keeping constant the initial MB concentra-
tion at 20 mg/L, it was observed that increasing PW-C 
dose led to an increase in MB relative removal, ranging 
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from 58% to about 97% at maximum dosage, in accordance 
with the literature (Mun et al. 2022; Singh et al. 2020). On 
the other hand, as shown in Fig. 3B, increasing the PW-C 
dosage led to a decrease in MB adsorption capacity from 
roughly 4.8 mg/g at minimum dose to about 1.5 mg/g, as 
also observed by Fan et al. 2017. Increasing PW-C amount 
resulted in a higher number of available adsorption sites, 
which promoted the MB uptake; nevertheless, this phe-
nomenon is not linear, causing a decrease in the adsorp-
tion capacity. A possible explanation could be attributed 
to a temporal and partial agglomeration of char particles 
during the adsorption process (Ngueagni et al. 2021; Tran 
et al. 2022), partially hindering MB molecules access to a 
part of the pores and adsorption sites of PW-C. The cover-
age degree may have hence varied non-linearly with the 
increase in PW-C dosage, leading to the observed behav-
ior. A similar effect was observed for saturated char, where 

increasing char dosage did not lead to an increase in MB 
removal (Wu et al. 2022; Joshiba et al. 2022).

Regarding the influence of initial MB concentration, 
Fig. 3C illustrates how, at a fixed 2 g PW-C dosage, increas-
ing initial MB concentration led to decreasing relative 
removal from 96 to about 60% at maximum MB concentra-
tion, a trend agreeing with the literature (Dao et al. 2021; 
Essawy et al. 2017). Simultaneously, an increase in initial 
MB concentration led to an increase in adsorption capacity, 
from 1.9 to 5.8 mg/g at 100 mg/L MB concentration, as 
shown in Fig. 3D. A similar trend was observed by Li et al. 
2021 and Fu et al. 2015. Increasing initial MB concentration 
led to increasing the adsorbed MB mass at equilibrium, due 
to the higher concentration gradient between bulk and char 
surface, and hence a higher driving force.

Compared to some other chars tested in literature for 
adsorption of pollutant dyes (Table  1), PW-C showed 

Fig. 3  Influence of initial MB concentration, and PW-C dose on MB 
adsorption over time. a Influence of PW-C dose on MB removal, at 
20 mg/L initial MB concentration; b influence of PW-C dose on MB 
adsorption capacity, at 20 mg/L initial MB concentration; c influence 

of initial MB concentration on MB removal, at 2  g PW-C dose; d 
influence of initial MB concentration on MB adsorption capacity, at 
2 g PW-C dose. All data were collected at room temperature
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relatively low adsorption capacity and MB removal at 
higher MB concentration. Nonetheless, other examples can 
be found which showed similar adsorption capacity to that 
observed for PW-C.

When comparing the adsorption capacities, the displayed 
values for PW-C and some of the compared chars were 
roughly of the same magnitude order, as shown in Table 1. 
However, this was true only for non-activated chars (Lonap-
pan et al. 2016; Sun et al. 2013; Chaukura et al. 2017; Fan 
et al. 2017; Hoslett et al. 2020), whereas activated chars 
showed adsorption capacity from one to two magnitudes 
of order greater than PW-C adsorption capacity at similar 
initial dye concentrations (Souza et al. 2006; Wu et al. 2022; 
Gupta et al. 2022; Li et al. 2021). Similarly, commercially 
available activated carbons displayed values one order of 
magnitude higher than PW-C values (Qu et al. 2019), sup-
porting activation being a key step to obtain a high-sorbent 
char.

Despite the low adsorption capacity when compared to 
activated chars, it is important to recall here that the adsor-
bent used in this work is, in fact, a real waste. In other words, 
the reaction conditions used in the process were not chosen 
for its production. Therefore, it is interesting to observe that, 
still, it possesses suitable properties to perform wastewater 
remediation, which could be a basis for certifying this pro-
cess as an end-of-waste application, and classify the char as 
a by-product, instead of a waste. Thus, future studies should 

focus on conducting a life cycle assessment, to quantify the 
process environmental burdens, in accordance with Euro-
pean regulations (European Council 2008).

Moreover, the similarity of PW-C and biochars adsorp-
tion capacities showed that mixed plastic waste char could be 
used in place of biochar. This possibility could represent an 
important step toward achieving a sustainable society, for an 
important distinction between plastic-derived and biomass-
derived chars; while biochars can be inserted into the soil 
to support several benefic changes to the soil characteristics 
(Tan et al. 2015; Chen et al. 2017), plastic-derived chars 
may not be suitable for such soil-remediation purposes. The 
European Delegated Regulation 2021/2088 (European Com-
mission 2018) did not include non-biodegradable polymers 
among the pyrolysis products suitable for soil applications, 
thus showing that a plastic-derived char may not be suitable 
for such uses. Therefore, substituting biochars with plastic-
derived chars could increase the amount of available bio-
chars for agricultural use, improving soil conditions and 
possibly leading to enhanced agricultural crops yield.

Also, despite the relatively low adsorption capacity of 
PW-C, its nature as a residual waste makes such chars low-
cost materials, as also stated in other literature works (Li 
et al. 2021; Essawy et al. 2017); therefore, the higher mass 
of PW-C needed to match higher-sorbent chars performances 
would not represent an economic issue. However, the higher 
PW-C mass needed might represent a technical limitation for 

Table 1  Comparison of char capacity adsorption of MB and other dyes and aromatic compounds. The adsorption capacity value reported for this 
work was obtained from data deriving from adsorption on 2 g of char at 20 °C

†, commercially available chars;

Char feedstock Activated char Sorbate Sorbate initial con-
centration (mg/L)

Adsorption 
capacity (mg/g)

Reference

Mixed plastic waste No MB 100 5.80 This work
Mixed plastic waste No MB 20 1.90 This work
Pine wood No MB 100  ~ 2.4 Lonappan et al. 2016
Pig manure No MB 100 10.0 Lonappan et al. 2016
Paper No MB 100  ~ 7.4 Lonappan et al. 2016
Palm bark No MB 15 1.2 Sun et al. 2013
Digestate residue No MB 15 1.7 Sun et al. 2013
Paper and pulp sludge No Methyl orange (MO) 100  ~ 11.0 Chaukura et al. 2017
Coconut coir dust Yes MB 3  ~ 13.8 Souza et al. 2006
Eggshell membrane Yes MB 22 110.4 Wu et al. 2022
Mixed plastic waste Yes Color in paper and pulp 

milling wastewaters
65  ~ 12.0 Gupta et al. 2022

Mixed municipal discarded material No MB 100 7.2 Hoslett et al. 2020
Polyurethane plastic waste Yes Malachite green (MG) 100 250.0 Li et al. 2021)
Coconut † Yes MG 200 83.1 Qu et al. 2019
Coal † Yes MG 200 74.9 Qu et al. 2019
Apricot † Yes MG 200 69.6 Qu et al. 2019
Peach † Yes MG 200 69.9 Qu et al. 2019
Sewage sludge and tea waste No MB 100 8.9 Fan et al. 2016
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its use in a real process, leading to the necessity of conduct-
ing further studies on enhancing of its sorbent properties, 
through chemical or physical activation. Moreover, the het-
erogeneous nature of plastic wastes, despite being less het-
erogeneous than municipal ones (Zhang et al. 2020), could 
lead to plastic chars with different properties, potentially 
making activation an imperative step to obtain similarly per-
forming materials over long time periods.

Nonetheless, PW-C as-it-is could represent a low-cost 
solution for low-concentration pollution wastewaters.

Adsorption mechanism, kinetics, 
and thermodynamics

Adsorption isotherms

Langmuir and Freundlich isotherms are represented in 
Fig. 4. Although both isotherms gave a good linear regres-
sion of equilibrium data, Langmuir isotherm showed a 
slightly higher quality fitting, with a 0.979 R2 value, opposed 
to Freundlich isotherm 0.967 R2 value. Langmuir isotherm 
was also reported as the most suitable model for MB adsorp-
tion onto various other substrates (Vadivelan and Kumar 
2005; Fan et al. 2017), or the adsorption of other dyes onto 
plastic-derived adsorbent materials (Gupta et al. 2022; Li 
et al. 2021). This outcome suggested that PW-C was mainly 
characterized by a monolayer adsorption mechanism.

Langmuir and Freundlich isotherms parameters are 
reported in Table 2. When analyzing Langmuir separation 
factor RL values, the values ranged from 0.25 at 20 mg/L 
to 0.063 at 100 mg/L initial MB concentration, suggesting 
the adsorption being a favored mechanism. Furthermore, 
RL value decreasing with initial concentration increasing 

suggested that higher initial MB concentration favored the 
adsorption.

Adsorption kinetics

Pseudo-first-order (PFO) model (Fig.  5A) returned an 
acceptable description of the adsorption (0.79 < R2 < 0.95, 
depending on initial MB concentration and PW-C dos-
age), particularly during the first hour of the experiment. 
On the other hand, pseudo-second-order (PSO) model 
(Fig. 5B) gave a higher fitting of the overall adsorption data 
(R2 > 0.995), demonstrating that MB adsorption on PW-C 
was better described by a pseudo-second-order process, in 
accordance with other literature works regarding adsorp-
tions of dyes (Li et al. 2016, 2021). The adsorption process 
being accurately described by PSO model might suggest its 
nature as a chemisorption process (Ho and McKay 1999; 
Fan et al. 2017).

The PFO and PSO parameters are reported in Table 3. 
As shown, PSO kinetic constant decreased at increasing 
initial MB concentration. One possible reason of this trend 
might be the external boundary layer surrounding char par-
ticles becoming thicker (Chen and Bai 2013). Fan et al. 
proposed that at increasing concentration, intra-pore dif-
fusion had higher influence on the rate-limiting step (Fan 
et al. 2017), similar to what was observed by Chen and Bai. 
They observed that at later stages of adsorption, the kinetic 
constant decreased, indicating that the already adsorbed 
molecules in the pores reduced the available free path for 
molecules in solution to diffuse into the pores (Chen and 
Bai 2013). The decrease in kinetic constant observed in 
this work reasonably matched the reported phenomena, as 
increasing the MB concentration would lead to less free path 
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space available in char pores. When increasing PW-C dos-
age, kinetic constant increased. This increase was likely tied 
both to available space in pores and boundary layer thick-
ness, since higher quantity of char could have reduced the 
boundary layer thickness.

Once identified the kinetic model which describes in the 
most appropriate way the adsorption phenomena, the influ-
ence of external and internal diffusion phenomena was inves-
tigated employing intra-particle diffusion (IPD) and Boyd 
models. Both models convey similar information regarding 
the influence of diffusion phenomena; however, while Boyd 
model provided information regarding the rate-determining 
step over the entire adsorption course, intra-particle diffu-
sion communicated further information on the prevalence 
of either diffusion phenomena over time, through a multi-
linear fitting, displaying eventual changes in the occurring 
transport phenomena in different phases of the adsorption 
process.

Figure  6 shows Boyd model data fitting for some 
selected initial conditions (20 and 80 mg/L initial MB, 
with 2 g PW-C dosage). As shown in Table 3, the intercept 
of the Boyd model lines decreased at increasing MB con-
centration or decreasing PW-C dosage. This was possibly 
explained by the driving force increasing more than the 
boundary layer thickness, therefore resulting in MB mol-
ecules more easily overcoming the resistance to external 
mass transfer. Regarding the intra-particle diffusion model 
(Fig. 6C, D), multi-linear fitting suggested that the nature 
of the rate-determining mass transfer phenomena shifted 
with time, external mass transfer being the rate-determin-
ing step in the first hour of adsorption and mass transfer 
into the pores being more influential in the second phase of 
adsorption, in accordance with other literature works find-
ings (Chen and Bai 2013; Fu et al. 2015). The increasing 
C coefficient values (Table 3) showed that, with MB initial 
concentration increasing or PW-C dosage decreasing, the 

external mass transfer had greater influence on the first 
hour of adsorption.

Notably, the combined use of Boyd and IPD models 
showed a shift in mass-transfer phenomena. Since Boyd 
model intercepts was greater than zero, we can suppose that 
the adsorption process kinetics was mainly determined by 
external mass transfer. However, the decreasing intercepts 
showed a progressive reduction in external transfer phe-
nomena influence on the overall kinetics. Simultaneously, 
IPD model showed an increasing kp1 (tied to external mass 
transfer) and decreasing kp2 (tied to intra-pore diffusion), 
demonstrating an increasingly slowing of the internal mass 
transfer and thus an increase in its role in determining the 
overall process kinetics. The effect of intra-pore diffusion 
was therefore shown to possibly be relevant, especially at 
increasing MB concentration, even if not being the princi-
pal rate-determining step. Similar behavior was observed 
at decreasing PW-C dosage (Vadivelan and Kumar 2005).

The similar behavior of PW-C kinetics and adsorption 
isotherms suggested and reinforced the possibility of sub-
stituting non-activated biomass-derived chars with non-
activated plastic-derived chars, as discussed in the adsorp-
tion performance results section, showing the possibility of 
integrating the latters in the industry as an indirect support 
to biochars use in agriculture.

Adsorption thermodynamics

To further analyze the thermodynamic aspects of the adsorp-
tion, Van’t Hoff equations were utilized to determine adsorp-
tion enthalpy, entropy, and Gibbs free energy.

Langmuir KL constant values increased at increasing 
adsorption temperature, suggesting an increment of adsorbed 
MB mass, due to increasing value of equilibrium constant 
K. Linear regression of ln(K) vs 1/T plot gave adsorption 
enthalpy and entropy values, reported in Table 4. Enthalpy 
and entropy of adsorption were assumed constant based 
on Langmuir isotherm good fitting of the data. Gibbs free 
energy was calculated at each temperature (Table 4).

The investigation revealed Gibbs free energy to become 
more negative at increasing adsorption temperature, thus 
indicating a more spontaneous adsorption at higher tem-
peratures. Compared to other literature works (Hassan et al. 
2014; Fu et al. 2015; Fan et al. 2017), MB adsorption on 
PW-C was shown to be a spontaneous process. The adsorp-
tion enthalpy was equal to 7.18 kJ/mol. As reported in other 
literature works, a ∆H0 between 0 and 25 kJ/mol is charac-
teristic of physisorption mechanisms (Fan et al. 2017; Fu 
et al. 2015), whereas values between 40 and 200 kJ/mol 
are typical of chemisorption mechanisms (Fan et al. 2017). 
Thus, positive, albeit close to zero, enthalpy determined 
the adsorption to be prevalently characterized by a phys-
isorption mechanism. The entropy value was in line with 

Table 2  Langmuir and Freundlich isotherms parameters for adsorp-
tion of MB on PW-C, at 2 g PW-C dosage and room temperature

Langmuir isotherm

qm (mg/g) 6.75 ± 0.58
KL (L/mg) 0.15 ± 4.90·10–2

R2 0.979
Initial MB 

concentra-
tion (mg/L)

20 40 60 80 100

RL 0.25 0.14 0.10 0.08 0.06

Freundlich isotherm

KF 1.82 ± 0.17
n 3.23 ± 0.35
R2 0.967
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Fig. 5  Linear regression of pseudo-first-order and pseudo-second-order kinetic models of MB adsorption onto PW-C, at various initial MB con-
centration and 2 g PW-C dosage. A pseudo-first-order model; B pseudo-second-order model. All data were collected at 20 °C

Table 3  Studied kinetic model parameters for MB adsorption on 
PW-C, at different char doses, and initial MB concentrations. All data 
were collected at 20 °C. The “C” and “R2” parameters of intra-parti-

cle diffusion model were referred exclusively to the first linear seg-
ment of the fitted data

Initial MB concentra-
tion (mg/L)

PW-C dosage 
(g)

Pseudo-first order model Pseudo-second order model

kI (1/min) R2 kII (g/(mg min)) qeq (mg/g) R2

20 2.0 1.36‧10–2 ± 1.45·10–3 0.863 6.56·10–2 ± 5.70·10–3 1.93 ± 1.00·10–2 0.999
40 1.15‧10–2 ± 1.51·10–3 0.805 2.67·10–2 ± 5.40·10–3 3.38 ± 3.90·10–2 0.998
60 0.80‧10–2 ± 9.60·10–4 0.830 1.19·10–2 ± 1.20·10–3 4.78 ± 8.90·10–2 0.995
80 0.77‧10–2 ± 5.00·10–4 0.941 0.76‧10–2 ± 1.15·10–4 5.68 ± 9.90·10–2 0.997
100 0.77‧10–2 ± 4.90·10–4 0.950 0.66‧10–2 ± 7.60·10–4 6.22 ± 3.70·10–2 0.998
20 0.5 0.09‧10–2 ± 6.70·10–4 0.923 1.07‧10–2 ± 7.00·10–4 4.99 ± 5.60·10–2 0.998

1.0 0.69‧10–2 ± 7.90·10–4 0.872 2.13‧10–2 ± 5.00·10–3 3.44 ± 4.90·10–2 0.998
1.5 1.90‧10–2 ± 1.73·10–3 0.903 5.83‧10–2 ± 5.80·10–3 2.32 ± 1.70·10–2 0.999
2.0 1.36‧10–2 ± 1.45·10–3 0.863 6.56‧10–2 ± 5.70·10–3 1.93 ± 1.00·10–2 0.999
2.5 1.14‧10–2 ± 1.54·10–3 0.786 1.34‧10–1 ± 1.70·10–2 1.55 ± 6.9·10–3 0.999

Initial MB concen-
tration (mg/L)

PW-C dos-
age (g)

Boyd model Intra-particle diffusion model

Intercept R2 kp (mg/(g  min1/2)) C (mg/g) R2

1st segment, kp1 2nd segment, kp2

20 2.0 0.60 ± 9.50·10–2 0.911 0.11 ± 4.70·10–3 1.60‧10–2 ± 6.40·10–3 0.85 ± 2.70·10–2 0.983
40 0.66 ± 8.80·10–2 0.881 0.16 ± 1.70·10–2 4.10‧10–2 ± 2.60·10–3 1.60 ± 9.90·10–2 0.919
60 0.32 ± 5.10·10–2 0.914 0.27 ± 2.30·10–2 9.50‧10–2 ± 1.30·10–2 1.48 ± 0.13 0.934
80 0.30 ± 5.70·10–2 0.977 0.27 ± 3.00·10–2 1.08‧10–1 ± 6.30·10–3 1.99 ± 0.18 0.953
100 0.24 ± 5.20·10–2 0.983 0.37 ± 5.80·10–2 1.05‧10–1 ± 1.80·10–3 1.49 ± 0.34 0.912
20 0.5 0.23 ± 4.80·10–2 0.960 0.34 ± 8.80·10–3 0.14 ± 2.30·10–2 1.09 ± 5.00·10–2 0.993

1.0 0.59 ± 0.12 0.917 0.09 ± 2.10·10–2 0.05 ± 2.00·10–3 2.21 ± 0.12 0.818
1.5 0.53 ± 7.10·10–2 0.954 0.10 ± 4.70·10–3 1.60‧10–2 ± 8.80·10–3 1.30 ± 2.70·10–2 0.977
2.0 0.59 ± 9.50·10–2 0.911 0.11 ± 4.70·10–3 1.60‧10–2 ± 6.40·10–3 0.85 ± 2.70·10–2 0.983
2.5 1.03 ± 0.14 0.831 0.07 ± 4.30·10–3 1.30‧10–2 ± 1.30·10–3 0.92 ± 2.40·10–2 0.965
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other literature findings (Fu et al. 2015; Fan et al. 2017), 
indicating that MB adsorption increased randomness at 
solid/liquid interface (Ninh et al. 2023; Fan et al. 2017), 
as consequence of PW-C surface structure being modified 
during MB adsorption (Fu et al. 2015), and of MB molecules 
overcoming the adsorption activation energy barrier (Hassan 
et al. 2014).

Thermodynamic parameter analysis revealed that adsorp-
tion occurred mainly by a physisorption process, despite 
PSO kinetics suggesting chemisorption to be the prevalent 
phenomena. To the authors’ knowledge, other instances of 
PSO-abiding physisorption were observed in the literature 
(Fu et al. 2015; Chen and Bai 2013), revealing the co-occur-
rence of both physi- and chemisorption (Wu et al. 2022; 
Fan et al. 2017). The adsorption process may hence be a 
rather complex phenomenon, likely involving some occur-
rences of chemisorption, other than prevalently occurring 
as physisorption.

Adsorption mechanism

To propose a MB adsorption mechanism, several aspects 
of the conducted data analysis and investigations were con-
sidered. As discussed in Section “Adsorption kinetics” and 
“Adsorption thermodynamics,” the adsorption process likely 
occurred as a predominantly physisorption process, charac-
terized, to a lesser extent, by occurrences of chemisorption 

Fig. 6  Adsorption data fitting of Boyd and intra-particle diffusion 
kinetic models. For simplicity, only one line per graph was reported. 
a Boyd model, 2 g PW-C dosage, 20 mg/L initial MB concentration; 
b Boyd model, 2 g PW-C dosage, 80 mg/L initial MB concentration; 

c intra-particle diffusion model, 2  g PW-C dosage, 20  mg/L initial 
MB concentration; d intra-particle diffusion model, 2  g PW-C dos-
age, 80  mg/L initial MB concentration. All data were collected at 
20 °C

Table 4  Thermodynamic parameters of MB adsorption onto plastic 
waste-derived char

T (°C) K ∆G0 (kJ/mol) ∆H0 (kJ/mol) ∆S0 (kJ/(mol·K)

20 47,657 − 26.2 7.18 ± 0.80 0.11 ± 2.59·10–3

35 53,310 − 27.9
45 61,228 − 29.1
55 64,377 − 30.2
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phenomena, as suggested by thermodynamics and pseudo-
second-order kinetics, respectively. Both physisorption and 
chemisorption phenomena were compatible with Langmuir 
isotherm assumption of adsorption occurring as a monolayer 
phenomenon.

Regarding the physisorption phenomena, FT-IR analysis 
of post-adsorption PW-C (Fig. 2D) gave valuable informa-
tion. The band observed between roughly 1050 and 850  cm−1 
could represent the formation of hydrogen bonds involving 
the MB nitrogen atoms and OH groups, as also found by Fan 
et al. 2017, or possibly other hydrogen atoms contained in 
PW-C surface functional groups. Similar hydrogen bonds 
may also have established, albeit to a lesser extent, between 
MB sulfur atom and hydrogen atoms on PW-C surface 
(Ovchinnikov et al. 2016). Hydrogen bonds caused an over-
lapping of signals with the region near 870–850  cm−1, which 
identifies phenol groups (Li et al. 2021), thus not allowing 
to obtain unambiguous information. Phenol groups, along-
side other aromatic compounds on PW-C surface, may have 
participated in formation of π–π interactions with the MB 
aromatic ring. The interaction between aromatic rings was 
supported by FT-IR analysis (Fig. 2D), which showed a shift 
of the band located in the 1500–1250  cm−1 region and the 
peak located at roughly 640  cm−1 (Ovchinnikov et al. 2016; 
Li et al. 2021; Fu et al. 2015).

Lastly, Si–O–Si groups belonging to  SiO2 might have 
been involved in the physisorption phenomena, eventually 
being responsible for n–π interactions between the oxygen 
lone electron pairs and the delocalized electrons in orbital π 
of MB aromatic ring (Khraisheh et al. 2005; Fan et al. 2017). 
The proposed mechanism is illustrated and summarized in 
Fig. 7.

Conclusion

In this work, the utilization of a char derived from a plastic 
waste pyrolysis plant (pilot scale) was studied for the first 
time as adsorbent for methylene blue polluted wastewater.

The multiple characterization allowed to observe the 
prevalence of inorganic rod-like structures, in which Si was 
a key element, while the organic compounds were mainly 
identified as aromatic in nature, providing interactions via 
π–π bonds.

The adsorption tests revealed that using 2 g of char 
for treating low-concentration methylene blue waste-
waters (200  mL, 20  mg/L initial MB concentration) 
achieved up to 96% of pollutant removal. Interestingly, 
the adsorption capacity reached 5.8 mg/g, which is within 
the range of other systems present in literature. This is an 
important result since the used char was an actual waste 
obtained from a waste-to-energy process, and hence rep-
resents a low-cost sorbent material derived from plastic 

waste management processes. The kinetic was investi-
gated to provide data for the design of a suitable treat-
ment process, and it was observed to be well described 
by pseudo-second-order kinetics model (R2 > 0.99), while 
Langmuir isotherm returned a good fit of experimental 
data (R2 = 0.98), revealing MB to prevalently form a mon-
olayer during the adsorption. External mass transfer was 
observed to be the rate-determining step, coupled with a 
non-negligible influence of intra-pore diffusion after the 
first hour of adsorption. The adsorption was observed to be 
a spontaneous (∆G0 ≈ − 26/− 30 kJ/mol) and endothermic 
(∆H0 = 7.18 kJ/mol) process, with the latter suggesting a 
predominant physisorption phenomenon.

In conclusion, the investigated char represents a suitable 
material to treat low-pollutant-concentration wastewaters. 
The innovative utilization of a char derived from plastic 
waste pyrolysis highlights two important benefits for the 
society, i.e., the exploitation of a waste as cost-effective 
sorbent in the sustainable wastewater treatment, possibly 
representing an end-of-waste application. Other issues 
remain to be solved, such as the scalability, application 
with real multi-component wastewater streams, and the 
regeneration. The latter is a key issue because it is related 
to the economic efficiency of the entire process. Differ-
ent techniques can be used, commonly differentiated in 
decomposition or desorption methods. Activation emerged 
as another relevant aspect, contributing to elevate the char 
sorbent properties to compete with commercial activated 
carbons’ adsorption performances. However, being the 
present work a preliminary investigation on the suitability 
of plastic-derived char as adsorbent, these aspects were not 
taken into account and will be explored in further studies.

Fig. 7  Summary of the proposed mechanisms for MB adsorption on 
PW-C
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Overall, this study not only contributes to the field of 
environmental remediation but makes a significant stride 
toward eco-friendly materials in the realm of plastic waste 
management.
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