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ARTICLE INFO ABSTRACT

Keywords: The widespread inclusion of additives in plastics has posed a significant challenge to increasing global plastic

Plastic recycling recycling rates. This study explores the potential of adsorption in non-aqueous environment as a novel approach

Adsorption for plastic waste dissolution recycling. Activated charcoal was selected as the adsorbent for the removal of

Is)yle rertnoval Solvent Red 135, a commonly used amino ketone-based dye, from polystyrene (PS) solutions. Three solvents,
olven

namely o-xylene, limonene, and butyl acetate, were investigated. Adsorption experiments were conducted at
293 K, and the results were analyzed using both classical and statistical physics models. The activated charcoal
exhibited the highest single component adsorption capacity for the dye when butyl acetate was used as the
solvent, while it showed negligible adsorption for PS in all three solvents. When dealing with mixtures of
the dye and 1.0 wt% PS in butyl acetate, a removal efficiency of 99% was achieved at an adsorbent dose of
2.0 g L'l. However, when the PS concentration in the solvent increased to 10 wt%, the required adsorbent
dose rose to 3.3 g L'l. Modeling results indicated that monolayer adsorption occurred via a multi-molecular
adsorption mechanism, with an approximate adsorbed dye molecule count of 1.5 per adsorption site. The
adsorption energy for all three solvents ranged between 0 and 40 kJ mol?, indicating that the adsorption
process is predominantly driven by physical forces and is an endothermic process. This study presents a
foundational assessment of adsorption as an effective solvent-based technique for the removal of additives
in plastic recycling.

Statistical physics modeling

1. Introduction

Plastics have transformed our society by allowing cheap, lig-
htweight and functional applications in packaging, construction, tex-
tiles, consumer products, transportation, electronics, healthcare and
many more [1-4]. This currently mounts up to a global plastic pro-
duction of approximately 380 million tons per year. Owing to their
increasing functionality and decreasing production cost, this number is
expected to rise over the next few decades [5]. The latter inevitably
translates to a growing amount of plastic waste, which without proper
management causes harm to the environment [6]. Today, 40% of
plastic waste is still being landfilled and merely 14% is collected for
recycling [7]. Although recycling rates vary among countries, with
approximately 10% for the US and 31% for Europe, it is evident that
the plastic production and recycling industry are facing a considerable
challenge [2,8].
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Traditional mechanical recycling is unable to remove persistent
contaminants (e.g. non-polar VOC’s) and plastic additives (e.g. col-
orants), while also suffering from thermal-mechanical degradation and
immiscibility of different polymer types. This ultimately leads to the
production of lower value applications, a process known as down-
cycling [9,10]. Chemical recycling, which involves breaking of the
polymer chains, is able to process plastic waste that is difficult to
treat mechanically (e.g. multilayer packaging), yet also suffers from the
presence of impurities and additives, leading to operational issues such
as coking, catalyst poisoning and corrosion [10-13]. Thus, encouraged
by ambitious policies such as the Circular Economy Package imposed
by the European Commission [14], additive extraction technologies are
gaining interest [15]. Among these technologies, solid-liquid extraction
and dissolution-precipitation are the most prominent [16]. Due to the
critical impact of colorants on the quality of the recycled product, much
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attention has been given to the removal of this type of additive [17]. An
important classification of colorants is based on their physical behavior,
distinguishing dyes from pigments. Dyes are organic substances that
are soluble in the polymer matrix, while pigments can be organic or
inorganic substances that are insoluble in the polymer matrix [18,19].

Considering solid-liquid extraction methods, the removal of undis-
solved contaminants is hampered as the migration of such suspended
particles of considerable (molecular) size in the polymer matrix is very
limited in its solid state [16,20]. And while there are some dissolution-
precipitation processes available on the market [21-24], there is little
scientific knowledge on the behavior of additives, including dyes and
pigments, in this process [16]. Creating more understanding of this is
crucial as dyes and other dissolved substances are removed based on
their solubility differences with the polymer in the solvent-antisolvent
mixture [16,25]. Typically, dissolution recycling proposes filtration
as a technique to remove (undissolved) contaminants, yet, in case
of dissolved contaminants (e.g. non-polar organic substances which
include many additives) these would migrate through the filter together
with the polymer and the solvent.

To avoid these drawbacks, the present paper proposes adsorption
during the dissolution recycling of plastics, as a first to the best of our
knowledge. Adsorption is a separation technique that is widely used for
water treatment among others due to its low energetic requirements
and simple implementation and operation in comparison with other
unit operations [26-32]. There is, however, little literature available
on adsorption applications in non-aqueous or non-polar environments.
A number of studies suggest adsorption as a purifying technique for
different types of oil, mainly involving the removal of oxygen, nitrogen,
sulfur and chlorinated compounds from crude and pyrolysis oils [33—
37]. Fundamental research into the removal of plastic additives by
means of adsorption in organic solvents is largely lacking. The main
objective of this work is thus to provide a first evaluation of adsorption
as an additive extraction technique by studying the adsorption behavior
of a prevalent plastic additive in different polymer solutions.

Screening of different types of commercially available (typical)
adsorbents, including silica, alumina, molecular sieves, carbonaceous
and polymeric materials, revealed that the performance of activated
charcoal was superior (Table S1). In addition, activated carbons score
generally excellent in terms of regeneration, which can be done ther-
mally, chemically, electrochemically, biologically, or via microwave
irradiation, among others [38-43]. Using the latter adsorbent type,
a comprehensive study on the adsorption mechanism of the dye Sol-
vent Red 135 was conducted in polystyrene (PS) solutions. Solvent
Red 135 is a food-contact approved amino ketone-based dye that is
applicable to a wide range of polymers, including PS, polycarbonate
(PC), polyethylene terephthalate (PET), polyvinyl chloride (PVC) and
acrylonitrile butadiene styrene (ABS) [44]. Then again, polystyrene is
one of the most popular plastics, widely used in the packaging industry
and hence making up a substantial fraction of the total plastic waste
generated [2,45]. For the dissolution recycling of PS, three different
organic solvents were used, being o-xylene, butyl acetate and limonene.
Butyl acetate is a type of ester that has a higher polarity than o-xylene,
which is a traditional aromatic solvent. Limonene is an aliphatic hy-
drocarbon classified as a cyclic monoterpene, which is produced from
renewable sources and therefore considered as a green solvent [46].
The present work modeled both kinetics and adsorption isotherms
to fit the experimental data. Aside from the many classical isotherm
models that have been proposed, such as the Langmuir and Freundlich
models, this study also includes the statistical physics approach, where
the parameters reflect the state of the adsorption system rather than
being part of a merely empirical expression. This allows for a thorough
analysis of the adsorption phenomena at a molecular scale [47].
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2. Materials and methods
2.1. Materials

The activated charcoal powder was purchased from Merck KGaA.
Solvent Red 135 was supplied by Sun Chemical Colors & Effects GmbH
in a pure powder form under the product name Oracet™Red 344. Its
molecular structure is presented in Figure S1. General purpose PS in the
form of Styron™ 634 pellets was acquired from Resinex. The solvents
o-xylene with a purity of 99%, n-butyl acetate with a purity of 99% and
(R)-limonene with a purity of 96% were procured from Fisher Scientific
Inc.

2.2. Characterization of adsorbent

The nitrogen adsorption—desorption isotherm was used to character-
ize the activated charcoal by means of a Micromeritics Tristar II 3020
Analyzer operating at 77 K. A Brunauer-Emmett-Teller (BET) analysis
was performed to calculate the specific surface area (Sgpy) [48]. The t-
plot method was used to determine the external surface area (Se), the
micropore area (S;.;,) and the total micropore volume (Vco) [49].
The total pore volume (Vi) and the average pore width (W,,,) were
estimated using the Barrett-Joyner—Halenda (BJH) [50]. Fourier trans-
formed infrared spectroscopy (FTIR) using a Nicolet™ iS20 FTIR Spec-
trometer was used to identify changes in surface chemistry before
and after adsorption. To examine the morphological features of the
adsorbent before and after adsorption, scanning electron microscopy
(SEM) was applied using a JEOL JSM-7600F.

2.3. Preparation and calibration

For the preparation of the adsorbent, the activated charcoal powder
was dried in an oven at 80 °C for 12 h. Afterwards, the material
was cooled down to room temperature in a desiccator to avoid con-
tamination with water vapor present in air, among others. To obtain
calibration curves of absorbance versus adsorbate concentration, the
maximum absorption wavelengths of the dye and polymer in the three
organic solvents were determined by means of a Biochrom WPA Light-
wave II UV-Vis spectrophotometer. From this, the calibration curves
were determined up to a maximum concentration of 60 mg L~! and
60 g L-! for the dye and polymer, respectively (Fig. S2).

2.4. Adsorption isotherm experiments

In a first scenario, the adsorption isotherm experiments of the
dye and polymer were independently conducted in the three organic
solvents at 293 + 1 K. Initial concentrations were varied from 1 to 50
mg L~! and from 1 to 50 g ™! for Solvent Red 135 and PS, respectively.
In a second scenario, solutions of 1.0 wt% PS were prepared with
varying dye concentrations from 1 to 50 mg L~!. For both scenarios,
solutions of 100 mL were mixed with a fixed adsorbent mass of 10
mg and subsequently stirred at 300 rpm for at least 12 h to reach
an equilibrium state. The latter was considered to be attained when
the adsorbate concentration in the liquid phase remained constant for
three consecutive measurements (i.e. standard deviation lower than 5
%) [30]. Samples were centrifuged at 4000 rpm and the supernatant
was analyzed via the UV-Vis spectrophotometer to determine the equi-
librium concentration of the adsorbate. Experiments were triplicated
for all examined adsorbate concentrations (i.e. Solvent Red 135 solu-
tions, PS solutions, and mixtures). The amount of adsorbate adsorbed
at equilibrium was calculated as follows:

(G-C,)V

9e = ——— @
m

where g, is the amount of adsorbate adsorbed at equilibrium (mg g1),
C, is the initial adsorbate concentration (mg LD, C, is the adsorbate
concentration at equilibrium (mg L=1), m is the adsorbent mass (g) and
V the solution volume (L).
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2.5. Adsorption kinetic experiments

Adsorption kinetics of the dye (with PS) were studied in the three
organic solvents at 293 + 1 K. Solutions of pure PS were not considered
due to the negligible adsorption capacity derived from preceding ad-
sorption experiments. Initial dye concentrations were set to 40 mg L~1.
In a first stage, no PS was added. In a second stage, the solutions were
adjusted to hold 1.0 wt% PS. Solutions of 100 mL were analogously
mixed with an adsorbent mass of 10 mg and stirred at 300 rpm. The
adsorption time was varied until equilibrium was obtained. Again,
experiments were triplicated for each solvent. The amount of adsorbate
adsorbed after a certain period of time was calculated as follows:

(Co-C)V

4= —— @

where ¢, is the amount of adsorbate adsorbed at time ¢ (mg g™1), C,
is the initial adsorbate concentration (mg L~1), C, is the adsorbate
concentration at time ¢ (mg L~1), m is the adsorbent mass (g) and V
the solution volume (L).

2.6. Removal efficiency study

Adsorption experiments were performed with increasing adsorbent
dose to evaluate the effect on the removal efficiency of the plastic
dye. The adsorbent dose was varied from 0.1 to 10 g L™, In a first
case, Solvent Red 135 solutions were prepared without the addition of
PS. The initial dye concentration was set to 40 mg L1 for all three
solvents. In a second case, the red dye was dissolved in 1.0 wt% PS
solutions. The Solvent Red 135 concentration was again 40 mg L1,
ensuring a realistic concentration of the dye in the polymer matrix
of approximately 0.5 wt% [19,51]. In a third and final case, the PS
concentration was increased to 10.0 wt%, allowing evaluation in terms
of practical feasibility. For comparison reasons, the concentration of the
dye was maintained at 40 mg L~!. The experiments were triplicated and
conducted on all three solvents. The removal efficiency was calculated
as follows:

C(J - Ce
R= —=) x100 3
Co

where R is the removal efficiency (%).

In addition, the adsorption capacity of the adsorbent for the dye was
regenerated for the best performing solvent in order to investigate the
reusability. To that end, an adsorbent dose of 0.5 g L™! was selected
for a 100 mL solution with a Solvent Red 135 concentration of 40 mg
L-1. Similar to earlier work, the treated adsorbent was regenerated via
desorption through consecutively exposing it to pure solvent until the
concentration of the dye in the medium was negligible [52,53]. The
adsorbent material was dried in an oven at 80 °C for 4 h. Ultimately,
the removal efficiency was determined in triplicate for a total of three
regeneration cycles.

2.7. Modeling analysis

2.7.1. Adsorption isotherms

Adsorption isotherms give the relation between the amount of ad-
sorbate adsorbed in the solid phase (by the adsorbent) and the amount
of adsorbate remaining in the liquid phase, when the two phases
are in dynamic equilibrium at a specified temperature. From these
equilibrium curves, important information about the adsorption system
can be derived, such as the maximum adsorption capacity and the
interaction mechanism between adsorbent and adsorbate. Therefore, a
vast number of equations have been developed to describe adsorption
phenomena.

The isotherm model proposed by Langmuir is the most conventional
to describe monolayer adsorption and is given by [54]:

_ qukLCe

= ImL 7L e 4
%=11%,cC, Q)
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where g,,; is the Langmuir maximum adsorption capacity (mg g=!)
and k; the Langmuir constant (L mg~!). The simplicity of this model
is based on four assumptions [55]: (1) only monolayer coverage can
occur, (2) adsorption sites can hold only one adsorbate molecule, (3)
adsorption sites are energetically equivalent and their distribution is
homogeneous, and (4) the ability of an adsorbate molecule to adsorb
on a given adsorption site is independent of the occupation of a
neighboring adsorption site.

Important adjustments to these assumptions have been considered
by other isotherm models. The equation suggested by Freundlich is a
widely adopted one [56]:

1

g, = kpC." 5)

where kp is the Freundlich constant (L mg~1) and i is the het-
erogeneity factor. This model assumes that adsorption occurs on a
heterogeneous surface with non-identical adsorption sites and attempts
to account for the interactions between adsorbate molecules.

Another isotherm model is proposed by Temkin, who states that
the adsorption process is characterized by a uniform distribution of the
binding energies up to some maximum value. The heat of adsorption
is said to decrease linearly with coverage as a result of the interactions
between adsorbent and adsorbate molecules. The Temkin model is
given by [57]:

q, = RT In(krC,) (6)
br

where R is the universal gas constant (8.31 J mol~! K1), T is the

absolute adsorption temperature (K), b; is the Temkin constant related

to adsorption heat (J mol~!) and ky is the Temkin equilibrium constant

(L mg‘l).

The Dubinin-Radushkevich (D-R) isotherm model argues that the
dynamic adsorption equilibrium can be expressed independently of
temperature by utilizing the adsorption potential [58]:

1
=RT In| 1+ — 7
€ n< + Ce> (@]
where ¢ is the adsorption potential (kJ mol~!) based on Polanyi’s
potential theory. The D-R model is subsequently given by:

A2
e = qup € 8

where g,,, is the D-R maximum adsorption capacity (mg g~1) and f is
a measure of the sorption free energy (mol? kJ=2).

A three parameter model was proposed by Redlich and Peterson
(R-P) to describe the adsorption process over a wide range of concen-
trations for both homogeneous and heterogeneous systems. It is consid-
ered a hybrid model of the Langmuir and Freundlich expressions [59]:

kRCE
qe =

=R )
1+ agC,*

where kp (L g71) and ay (L mg~1) are the R-P model constants and by
is the R-P model exponent, which may vary between 0 and 1. Next to
the R-P model, there exist many other empirical equations with three
or four parameters such as the Sips and the Fritz—Schlunder isotherm
models [60,61]. They are, however, mostly simple modifications of the
Langmuir and Freundlich models, with minimal additional significance
in adsorption studies. Therefore, they will not be considered in this
work.

For the case where the formation of multilayers is expected, the
most widely used equation is the BET isotherm, initially developed
by Brunauer et al. for solid—gas systems and later reformulated for
solid-liquid systems by Ebadi et al. [48,62]:

qpkpC, [1 —(np+ 1) (szce)nB +np (kszce)nBH]

(1= gaCe) [1+ (B2 = 1) ke = (222 (kppc,) "]

9 = (10)
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where g5 is the monolayer adsorption capacity (mg g~1), kp, (L mg™1)
and kp, (L mg~!) are the BET model constants for the first and outer
layer, respectively, and ny is the total number of adsorption layers.

Aside from the previous empirical models that are traditionally
used, this work also includes three statistical physics models. These
models are more complex, but are of added value because they offer
more meaningful interpretations [47,63-70]. The first expression rep-
resents a monolayer model in which the adsorbed molecules form a
single layer with one energy of adsorption:

nN
Cip\"

(%)
where n is the number or fraction of molecules per adsorption site,
N, is the density of identical adsorption sites occupied by adsorbate
molecules (mg g~1) and C, /2> is the adsorbate concentration at half-
saturation (mg L~1). Note that when n equals 1, the model simplifies
to the Langmuir isotherm.

The second expression considers a double layer model where ad-

sorption can take place onto two different layers with two separate
adsorption energies:
( c, )Zn
=

c\"
(&) +2
c, n c, 2n
(&) + (&)
where C; (mg L 1) and C, (mg L) are the adsorbate concentrations at
half saturation associated with the first and second layer, respectively.
The third expression assumes that the adsorption process results in

the formation of an adjustable, yet restricted number of layers with two
adsorption energies:

N F(C)+ F,(C) + F5(C) + F4(C)
M

9, = an

g, =nNy, 12)

g =n GO 13)
o\ Y (1 (< 2;1>
Fl(c):_z(clc) n+(cl) ( (nlz 14)
(@) (-(8))
po 2BV (BN (-(8)) -
2 - n
(&)
Y [\ (C nN,
F3(C)=—N2<Cl) (C_ - (fz) (16)
1-(2)
n 2n nN:
B () (- (e)")
F,(C) = o a7
(r-(2))
2n n n nN.
(-(8)") (@) &) (-2)")
G(C) = + (18)

where C; and C, are now the adsorbate concentrations at half satu-
ration associated to the first and the N, + 1 layers, respectively. The
parameter N, reflects the formed layers where the total number of
layers is N, + 1. Note that when N, equals 0 and » equals 1, the model
again simplifies to the Langmuir isotherm.

2.7.2. Adsorption kinetics

Adsorption kinetics express the rate of adsorbate removal from the
fluid phase to the solid phase. It provides insight into the required
residence time to obtain the desired adsorbate concentration, which
is essential for the design and operation of adsorption equipment.
Several mathematical models have been suggested to describe the
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kinetics of adsorption processes. The pseudo-first-order and pseudo-
second-order are the most extensively used in adsorption studies. Next
to these models, the present work also includes the Elovich model to
investigate potential chemisorption, and the Weber-Morris model to
evaluate the intraparticle diffusion process as the only rate controlling
step [30,71-73].

The pseudo-first-order expression is an adsorption reaction model,
describing the adsorption process as a single phenomenon and is pre-
sented by Lagergren as [74]:

dq
d_rt =k (q.—a) 19)

where k, is the pseudo-first-order rate constant (min~').

The pseudo-second-order expression can also be classified as an
adsorption reaction model and was first described by Ho et al. as
follows [75]:
dq,
dr

=k (g -a) (20)

where k, is the pseudo-second-order rate constant (g mg~! min~1).
The Elovich expression is used to describe the kinetics of chemisorp-

tion processes, initially of gaseous adsorbate molecules, but more re-

cently also of solid-liquid systems [72]. The model is defined as [76]:

dg,

= apetea @D

where a; is the initial adsorption rate constant (mg g~! min~!) and b
is the desorption rate constant (g mg~1).

The Weber-Morris expression is a conventional intraparticle dif-
fusion model that assumes that the diffusion of adsorbate molecules
within the adsorbent pores is the rate controlling step. It is presented
as follows [77]:

a=kpyVi+w (22)

where ky, is the intraparticle diffusion rate constant (mg g~! min=0-%)
and W is the Weber—Morris intercept (mg g~1).

2.7.3. Error analysis

When fitting the specified models to the experimental data, care
must be given to the selection of the regression method. The lineariza-
tion of isotherm models in adsorption studies is a common error in
data analysis [30,78-80]. Herein, all model parameters are calculated
in R with the FME package by means of nonlinear regression with the
Levenberg-Marquardt and pseudorandom-search algorithms in order to
avoid propagated errors and inaccurate output results.

Furthermore, a combination of different statistical measures is ad-
vised to evaluate the models. The universal coefficient of determination
R?, for instance, is not only sensitive to extreme data points, but
can also be easily manipulated by increasing the number of parame-
ters in the model. Therefore, an additional statistical measure is used
to complement the coefficient of determination. The coefficient of
determination is given by:

Z:l:| (yi,exp - yi,mod)2

Z?:] (.Vi,exp - .Vi,exp)2

where n is the number of data points, y; ., is the experimental value of
the independent variable, y, ,,, is the modeled value of the independent
variable and y; ., is the mean of the observed values of the independent
variable.

The second statistical measure is Akaike’s information criterion
(AIC), which is particularly useful to compare models with different
amounts of parameters. The criterion is given by [81]:

RP=1- (23)

SSE ZnP(np+1)

n—(np+1)

ATC =nin (222 ) +2n, + 24)
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Table 1

Summary of the properties® of the activated charcoal adsorbent.
SBET sex! Smicm Vmicm V[O[ V\!avg
(m2 g™1) (m? g1) (m2? g™1) (ecm® g™1) (cm® g™1) (A)
1209.28 646.83 562.45 0.27 0.77 64.50

a Sggr: specific surface area, S,,: external surface area, S,;.,: micropore surface area,
Vinierot Micropore volume, Vi, total pore volume, W,.,: average pore width.

where SSE is the well-known sum of squares error and n, is the
number of parameters of the model. From Eq. (24), it can be derived
that a small value of AIC corresponds to a good model fit. In addition,
the evidence ratio Er can be used to compare two models:

1

Er=
¢—0.54

(25)

where 4 is the absolute value of the difference in AIC values between
the two models of comparison. It states the number of times one model
is more supported by the experimental data than the other [30,82].

3. Results and discussions
3.1. Characterization of activated charcoal

A summary of the results from the characterization analysis of the
porous texture of the adsorbent material is given in Table 1. The
FTIR spectra of the adsorbent material before and after adsorption are
presented in Fig. 1. As expected, the strongest signal of the activated
charcoal is observed around 500 cm™' which is indicative of C-C
stretching [83]. The signals at 1060 and 1560 cm~! are ascribed
to stretching of C-O and G=C bonds, respectively. These might be
caused by the activation process of the charcoal material [84-86].
More importantly, however, are the changes in the spectrum after
adsorption of Solvent Red 135. The most prominent new signals are
observed at 1730, 1380, 1200, 825, 760, and 725 cm™!. All these
signals are characteristic of the FTIR spectrum of Solvent Red 135
(Fig. 1), confirming the adherence of these dye molecules onto the
adsorbent. The signals at 1730, 1380, and 1200 cm~! are common for
G=0 stretching within cyclopentanone compounds, C-H bending, and
C-N stretching in amines, respectively. The three signals at 825, 760
and 725 cm™! are ascribed to C-Cl stretching of halo compounds [87].
All these chemical structures are represented in Solvent Red 135 (Fig.
S1). From the SEM images, the morphology of the activated charcoal
appears rough and irregular. After adsorption, the surface seems more
smooth where pores and empty spaces are largely populated (Fig. 2).
The latter indicates effective adsorption of the dye molecules.

3.2. Modeling and interpretation of adsorption isotherms

The experimental adsorption isotherms of Solvent Red 135 in o-
xylene, limonene and butyl acetate are shown in Fig. 3. The adsorption
capacity of the activated charcoal for the dye is largest in butyl acetate
as acting solvent, while the lowest adsorption capacity is observed
with o-xylene. This means that the dye experiences a relatively strong
attraction towards o-xylene as opposed to butyl acetate. This can be
explained by the interaction between aromatic z clouds, commonly
referred to as z-x interactions. This phenomenon results in the aggrega-
tion of aromatic structures, a process known as z-stacking [88]. Hence,
the benzene functional groups, present in both the dye and o-xylene
molecules, induce an energetically important interaction. Since butyl
acetate has no such aromatic 7 clouds available, its interaction with the
dye is weaker. Moreover, as there are no free hydrogen atoms in the
molecular structure of the dye (Fig. S1), there is no potential for hydro-
gen bonding, limiting the effect of solvent polarity. For limonene, the
intermolecular attraction force is intermediate. This can be explained
by the potential migration of z electrons from the propylene group
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Fig. 1. FTIR spectra of activated charcoal (AC) before adsorption (top), after adsorption
(middle), and of the dye Solvent Red 135 (bottom).

towards the cyclohexene ring through the resonance effect, allowing
for some preferential interaction with the dye molecules. In addition,
and perhaps more importantly, the non-polar nature of limonene aligns
better with the polarity of the dye compared to butyl acetate. The
magnitude of intermolecular attraction forces between the solvents and
the dye, is also indicated by the dye’s solubility, with 1368 + 79 mg
L1 in o-xylene, 88 + 6 mg L~! in limonene, and 61 + 5 mg L~! in butyl
acetate. These solubilities were determined by gradually increasing the
dye concentration at 293 K to the point where solid (precipitated) dye
particles remained visibly undissolved for at least 24 h. With respect
to the adsorption isotherms of PS, no observable adsorption took place
in either of the three solvents (i.e. the change in absorbance for all
samples is of the same magnitude as the standard deviation of the
measurement). Furthermore, no significant differences in adsorption
capacities for Solvent Red 135 were found for mixtures of the dye
with 1.0 wt% PS (Fig. S3). The latter indicates that the competition for
adsorption sites between the dye and polymer molecules is negligible
under the specified conditions.

Table 2 provides a quantitative summary of the modeling results for
the classical isotherm expressions. Among these, the Langmuir model
performed best for all three solvents with R?> ranging from 0.970
to 0.989 and AIC from 2.89 to 32.08. This suggests a monolayer
coverage of the dye molecules with homogeneous distribution over the
activated charcoal adsorbent surface, with little interaction between
dye molecules [55]. Moreover, the separation factor R; = (1 + Cyk L)_l
proposed by the Langmuir theory, provides information about the type
of isotherm [89]. Since R; lies between 0 and 1 for all solutions, the
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Fig. 2. SEM images of activated charcoal before (a) and after (b) adsorption of Solvent Red 135.
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Fig. 3. Isotherms of Solvent Red 135 adsorption on activated charcoal in o-xylene (green crosses), limonene (blue crosses) and butyl acetate (red crosses) at 293 + 1 K. Colored
dashed lines represent the corresponding best fit according to the Langmuir isotherm model. Error bars represent the standard deviation of the corresponding variable.

adsorption is considered to be favorable. The corresponding maximum
adsorption capacity for the dye g,,; is 31.91, 70.18 and 151.36 mg
g1 for o-xylene, limonene and butyl acetate as acting solvent, respec-
tively (Fig. 3). Note that the R-P isotherm model presents identical
R? values compared to the Langmuir model. However, the parameter
bg converged to 1 for all three solvents, meaning that the model in
fact simplifies to the Langmuir expression. A similar observation can
be made with respect to the BET expression, where the total number
of adsorption layers ny converged to 1. As a result, the model analo-
gously simplifies to the Langmuir expression, explaining the identical
R? values and the second BET model constant kg, converging to its
lower boundary. This, together with the relatively poor performance of
the Freundlich expression, confirms the manifestation of homogeneous
monolayer adsorption.

The modeling results of the statistical physics models are pro-
vided in Table 3. The monolayer expression describes the adsorption
process most accurately for all three solvents, supporting the earlier
findings of the classical modeling results. While the monolayer and
multilayer expressions exhibit the same R?> values, the N, parame-
ter of the multilayer model converged to O in all cases, essentially
suggesting monolayer adsorption. Therefore, the monolayer model is
considered to reflect the adsorption mechanism in more detail. The

steric parameter n is used to describe the geometry of the adsorbed
dye molecules on the surface of the activated charcoal. If n > 1, the
adsorbed species are assumed to be vertically oriented, while if n < 1
the adsorbed species are said to be horizontally oriented. Moreover,
the adsorption mechanism is categorized as multi-molecular (i.e. one
active site can hold multiple adsorbate molecules) if » > 1, or multi-
docking (i.e. multiple functional groups of the adsorbent can hold one
adsorbate molecule) when n < 1 [64,66,67,90-93]. Here, the steric
parameters for the different solvents are very similar, namely 1.50,
1.51 and 1.48 for o-xylene, limonene and butyl acetate, respectively.
Consequently, the solvent choice appears to have little impact on the
adsorption mechanism of the dye. Since n > 1 for all three solvents
(Table 3), it can be concluded that the dye adsorption was governed by
a multi-molecular mechanism with predominantly vertically positioned
dye molecules adsorbed to the surface of the activated charcoal. With
respect to the density of occupied adsorption sites N,,, large differences
were found between the solvents. The largest density was found for
butyl acetate, suggesting a strong and directly proportional relation
with the adsorption capacity, see Fig. 1. According to the monolayer
statistical physics model, the adsorption capacity at saturation (g,, =
nN,,) was 20.05, 60.91 and 136.30 mg g~ for the o-xylene, limonene
and butyl acetate solvents, respectively. These adsorption capacities are
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Table 2
Results of the classical isotherm modeling for Solvent Red 135 adsorption on activated
charcoal in solutions of o-xylene, limonene and butyl acetate at 293 + 1 K.

Model Parameters o-Xylene Limonene  Butyl acetate
Langmuir q,; (mg g™1) 31.91 70.18 151.36

k, (L mg™) 0.02 0.15 0.36

R? 0.989 0.970 0.972

AlIC 2.89 18.37 32.08
Freundlich kp (L mg™) 1.11 18.94 51.33

L 0.69 0.32 0.32

R? 0.970 0.852 0.839

AIC 3.85 29.47 44.31
Temkin by (J mol™) 407.14 167.58 80.17

kp (L mg™1) 0.26 1.69 4.11

R? 0.982 0.928 0.928

AIC 4.53 24.46 38.63
Dubinin-Radushkevich g, (mg g™1) 12.90 57.08 127.00

$ (mol? kJ2) 1.00E-05 2.84E-06 5.53E-07

R? 0.799 0.962 0.969

AlIC 17.18 19.96 32.19
Redlich—Peterson kg L g™ 0.66 10.88 55.20

ag (L mg1) 0.02 0.15 0.36

b 1.00 1.00 1.00

R? 0.989 0.970 0.972

AIC 4.11 25.37 39.08
BET ng 1.00 1.00 1.00

gy (mg g™") 31.91 70.14 151.32

kg (L mg?1)  0.02 0.15 0.36

kg, (L mg™)  1.00E-05 1.00E-05 1.00E-05

R? 0.989 0.970 0.972

AIC 18.11 39.37 53.08

Table 3
Results of the statistical physics isotherm modeling for Solvent Red 135 adsorption on
activated charcoal in solutions of o-xylene, limonene and butyl acetate at 293 + 1 K.

Model Parameters o-Xylene Limonene Butyl acetate
Monolayer n 1.50 1.51 1.48
Ny (mg g™ 13.37 40.22 92.24
C% (mg L) 21.03 4.98 2.06
R? 0.998 0.996 0.994
AIC 7.53 11.14 28.97
Double layer n 1.13 1.20 1.67
N, (mgg™) 8.85 25.57 40.43
C, (mgL™Y) 20.86 4.41 1.16
C, (mg L™Y) 21.99 5.05 2.05
R? 0.996 0.994 0.992
AIC 12.84 24.45 42.83
Multilayer n 1.50 1.51 1.48
N, (mg g™ 13.37 40.22 92.24
C, (mg L) 20.29 4.98 1.87
C, (mg L™Y) 24.19 19.45 13.38
N, 0.00 0.00 0.00
R? 0.998 0.996 0.994
AIC 48.47 67.14 84.97

smaller than those suggested by the Langmuir expression (g,,;), yet
are considered to be more accurate due to the more comprehensive
approach of the statistical physics modeling.

Finally, the adsorption energy AE can be calculated based on
the physicochemical parameters derived by the monolayer statistical
physics model via [64,66,90-93]:

Ci
AE = —RT In| == (26)
Cs
where Cg represents the solubility of the dye in the corresponding sol-
vent (mg L~1). The values of the adsorption energies were 10.17, 7.00
and 8.25 kJ mol~! for o-xylene, limonene and butyl acetate as solvent,
respectively. This suggests that the adsorption of the dye on activated
charcoal is endothermic for all three solvents. Furthermore, since all
adsorption energy values are below 40 kJ mol~!, the interactions
between dye and adsorbent are physical in nature, indicating physisorp-
tion as opposed to chemisorption [64,91-93]. Future work should
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Table 4

Results of the kinetic modeling for Solvent Red 135 adsorption at 40 mg L~! on 10
mg of activated charcoal in 100 mL solutions of o-xylene, limonene and butyl acetate
at 293 + 1 K.

Model Parameters o-Xylene Limonene Butyl acetate
Pseudo-first-order g, (mg g™") 26.41 65.02 122.98
k, (min~1) 0.390 0.452 0.500
R? 0.839 0.960 0.976
AlIC 26.99 32.46 44.19
Pseudo-second-order g, (mg g~1) 26.41 65.02 122.98
k, (g mg™! min~1) 0.021 0.015 0.012
R? 0.933 0.991 0.995
AIC 15.58 12.84 25.08
Elovich ap (mg g~! min™) 500.00 500.00 500.00
by (g mg™) 0.40 0.14 0.07
R? 0.915 0.806 0.671
AIC 18.91 53.19 81.14
Weber-Morris ky (mg g™' min™®%) 1.32 3.25 5.89
W (mg g!) 10.09 27.69 55.37
R? 0.404 0.252 0.187
AIC 48.63 75.53 92.70

include different temperatures to investigate the thermodynamics in
more detail.

3.3. Analysis of adsorption kinetics

The adsorption kinetics of the red dye and the effect of solvent
choice were investigated. Fig. 4 shows that adsorption equilibrium for
all three solvents was reached after less than 120 min. Moreover, the
superior adsorption capacity of activated charcoal with butyl acetate
as acting solvent compared to limonene and o-xylene is confirmed. A
summary of the kinetic modeling results is provided in Table 4. The
performance of the pseudo-second-order model is dominant, combining
the highest R? values with the lowest AIC for all three solvents. The
rate constant k, is highest for o-xylene solutions, indicating a faster
overall adsorption process. Considering the poor fit of the Weber—
Morris model (R? from 0.187 to 0.404), it can be concluded that
the adsorption rate is not solely controlled by intraparticle diffusion,
but rather by a combination of internal and external mass transfer
steps [72]. Similarly, due to the low R? values and the repeated
convergence of the initial adsorption rate constant aj to its boundary
value, the Elovich model was deemed unfit to describe the adsorption
process. Finally, no significant differences in adsorption kinetics were
found for the mixtures of the dye with 1.0 wt% PS (Fig. S4).

3.4. Dye removal efficiency assessment

Fig. 5 illustrates the results of the removal efficiency study of
Solvent Red 135. In general, the efficiency increases with the adsorbent
dose as expected, due to the increase in available adsorption sites, and
thus an increase in the total adsorbent surface area. The increase in re-
moval efficiency, however, is the steepest at the beginning of the curves
and flattens out when the maximum value of 100% is approached. For
instance, the removal efficiency for butyl acetate solutions (without
PS) increased with nearly 30% when the adsorbent dose was raised
from 0.3 to 0.5 g L™, while an increase of merely 10% was observed
when the adsorbent dose was further increased from 0.5 g L1 to 1.0 g
L-! (Fig. 5). This can be explained by the decrease in concentration
gradient of the adsorbate molecules between the solid and liquid phase
as adsorption occurs, causing a reduction in driving force. In other
words, the amount of unoccupied adsorption sites increases for higher
adsorbent loadings. Similar adsorption behavior has been reported
throughout literature for other liquid—solute systems [94-98].

Furthermore, the amount of dye molecules adsorbed for a particular
adsorbent dose is significantly higher for butyl acetate as the acting
solvent compared to limonene and o-xylene, especially for removal
efficiencies greater than 50%. This is in agreement with the isotherm
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results discussed in Section 3.2. For solutions without addition of
PS, a removal efficiency of 99% was achieved at an adsorbent dose
of approximately 1.5 and 3.5 g L~! for butyl acetate and limonene
as acting solvent, respectively. Corresponding solutions of o-xylene
reached a removal efficiency of only 93% at the maximum adsorbent
dose of 10 g L~1. For mixtures of the dye with 1.0 wt% PS, no
significant differences were found for the removal efficiencies up to

roughly 50%. Minor deviations were observed for removal efficiencies
higher than 50% (Fig. 5). Now, 99% removal efficiency was obtained
for adsorbent doses of approximately 2.0 and 4.0 g L™ for butyl
acetate and limonene, respectively. These results suggest that there is
little competitive adsorption between the dye and polymer molecules,
which is supported by the findings in Section 3.2, revealing negligible
adsorption of PS with respect to the experimental conditions.
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Next, mixtures of the dye with 10.0 wt% PS were also investigated.
For these viscous systems, statistically significant deviations are ob-
served (t-test p-value < 0.05). In this case, the adsorbent dose that
corresponds with 99% removal efficiency was approximately 3.3 g L~!
for butyl acetate, and 5.0 g L.~! for limonene as acting solvent. Despite
the negligible adsorption of PS elaborated earlier, this might still be
due to the slight competition of polymer and dye molecules for the
available adsorption sites. As the initial concentration of PS is here
approximately 2000 times higher than the one of the dye, adsorption of
only a minor fraction of PS molecules may cause a significant reduction
in the adsorption capacity towards the dye. The latter increases the re-
quired adsorbent dose to reach a certain level of dye removal. Another
potential explanation revolves around the affinity between the polymer
and dye molecules in the solvent system. Assuming non-ideal behavior,
there might be significant attraction forces between the polymer and
dye molecules, which in turn lowers the effective concentration of the
dye. As a result, the dynamic adsorption equilibrium for the dye shifts
towards the liquid phase, again lowering the adsorption capacity. Both
phenomena might also occur simultaneously.

Finally, the reusability of the adsorbent for the removal of the dye in
butyl acetate solutions was examined at an adsorbent dose of 0.5 g L~1.
The initial removal efficiency was 90%, where the one after the first,
second and third regeneration cycle were 86, 81 and 79%, respectively
(Fig. S5). This relative drop in removal efficiency is in agreement with
literature and indicates that the activated charcoal can be regenerated
with only minor adsorption capacity loss [52,53,99].

4. Conclusion

This study represents the initial assessment of adsorption as an
effective technique for extracting additives in the context of plastic
dissolution recycling. Activated charcoal has emerged as a promising
adsorbent for removing a prevalent plastic dye from PS solutions. Three
solvents were investigated: o-xylene as a traditional organic solvent,
limonene as a green solvent, and butyl acetate as a more polar solvent.
Adsorption experiments conducted at 293 K demonstrated that acti-
vated charcoal has the highest adsorption capacity for the dye in butyl
acetate, while being negligible for PS in all three solvents. Removal
efficiencies of 99% were achieved where a higher adsorbent dose was
needed when the PS concentration was increased from 1 to 10 wt%.
Through the use of classical and statistical physics modeling analyses,
it was determined that the dye forms a monolayer on the activated char-
coal and the adsorption process follows a multi-molecular mechanism,
while the adsorption energy suggests an endothermic physisorption
process. The results provide preliminary insights into the adsorption
behavior of a common plastic additive on activated charcoal in a
non-aqueous environment, offering potential applications in advanced
plastics recycling. Further work on other additives and polymer types
in combination with downstream processing (e.g. precipitation and
degassing) is recommended to assess its full potential.
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