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This paper aims to show the effect of activation method of tyre pyrolysis char (TPC) on adsorption
of bisphenol A (BPA) from aqueous solutions. The TPC was produced from end-of-life-tyres (ELT)
feedstock in a pilot plant at 773 K. Activation was accomplished using two classical methods: physical
activation with CO; and chemical activation with KOH. The two produced adsorbents had pores ranging
from micro- to macropores. Distinct differences in the BET surface areas and pore volumes between
the adsorbents were displayed showing better performance of the chemically activated adsorbent for
adsorption of BPA from water.

The results of the kinetic studies showed that the adsorption of BPA followed pseudo-second-order
kinetic model. The Freundlich, Langmuir, Langmuir-Freundlich and Redlich—Peterson isotherm equa-
tions were used for description of the adsorption data. The Langmuir—Freundlich isotherm model best
fits the experimental data for the BPA adsorption on both adsorbents. The Langmuir-Freundlich
monolayer adsorption capacity, gmrp, obtained for the CO»-activated tyre pyrolysis char (AP-CO;)
and KOH-activated tyre pyrolysis char (AP-KOH) were 0.473 and 0.969 mmol g, respectively.
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1. INTRODUCTION

Used tyres are categorised as part-worn tyres and end-of-life-tyres (ELTs). Whereas part-worn tyres can
be treated in a few ways (e.g. exported or reused after rethreading), ELTs cannot be reused on vehicles
anymore and should be reprocessed to decrease their negative environmental impact. According to the
World Business Council for Sustainable Development, one passenger tire per person is discarded each year
in the developed world and one billion ELTs are generated globally each year (World Business Council for
Sustainable Development, 2008).

Even though ELTs are classified as non-hazardous waste (Council of the European Communities, 1991),
direct disposal of ELTs in landfills is banned in the majority of developed countries. In the EU, this issue is
regulated by Directive on the Landfill of Waste (Council of the European Communities, 1999). According
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to this directive, landfill of whole and shredded ELTs is prohibited. Instead, the following recovery
routes of ELTs exist: material recovery and energy recovery. Material recovery is organized through
various civil engineering applications (e.g. coastal protection, slope stabilization, road embankments,
sound barriers) and recycling (e.g. pyrolysis, granulation, dock fenders). Within energy recovery, ELTs are
used as supplementary fuel mainly in cement kilns.

Pyrolysis of ELTs involves the thermal decomposition of ELTs in the absence of air. The primary pyrolysis
products are char (33%), oil (35%) gas (20%) and metal (12%) (Sharma et al., 1998). Given that the prices
obtained for the primary pyrolysis products often do not justify the process costs, pyrolysis of ELTs is not a
common method of material recovery. In the EU, only 12000 tonnes of ELTs were pyrolyzed compared to
1469000 tonnes that were granulated in 2017 (ETRMA, 2019). Therefore, to improve the process economic
viability, the primary pyrolysis products should be valorized.

As far as tyre pyrolysis char (TPC) is concerned, such valorisation is connected with physical and chemical
activation. Physical activation is carried out using CO, or steam. The reported BET surface areas are within
wide ranges: between 250 and 1014 m2/g for CO, activation, and between 272 and 1317 mz/g for steam
activation (Antoniou et al., 2014). With regard to chemical activation usually KOH is used. The reported
BET surface areas are in the range between 242 and 981 m?/g (Antoniou et al., 2014).

Activated tyre pyrolysis chars (ATPCs) have been successfully applied for purification of water from:
different dyes (Acevedo et al., 2015; Daraei and Mittal, 2017; Shaid et al., 2019; Song et al., 2014), phenol
(Helleur et al., 2001; Li et al., 2005; San Miguel, et al., 2002; San Miguel et al., 2003) and other organic
compounds such as: 1,3-dichlorbenzene, 1,3-dinitrobenzene, 2,4-dichlorophenol (Lian et al., 2011), 2-
chlorophenol (Manirajah et al., 2019), toluene (Zhu et al., 2011), metals ions as: Co(Il), Cr(VI), Cu(Il),
Ni(II), Pb(Il) (Abbasi et al., 2019; Makrigianni et al., 2017; Saleh et al., 2013), and rare earth elements
(Smith et al., 2016).

Also, our previous works showed possible applications of CO;-activated tyre pyrolysis char for removal of
n-hexane from gas phase (Kotkowski et al., 2020), and phenol and chlorophenols (Kusmierek et al., 2020a)
as well as herbicides (Ku$mierek et al., 2020b) from aqueous solutions.

BPA is a chemical compound used in large scale in the production of thermal paper, synthetic polymers and
epoxy resins and, in consequence, is present in many everyday products (Im and Loffler, 2016; Michatowicz,
2014). BPA is an endocrine disruptor that is toxic to humans as well as aquatic organisms. Water, including
drinking water, is one of the major routes of BPA exposure. Due to the possible adverse health effects of
BPA exposure its removal from water is a very important and current problem (Liang et al., 2015).

Based on the literature review, it can be concluded that adsorption is one of the most effective and popular
method for its removal from water (Bhatnagar and Anastopoulos, 2017; Liang et al., 2015). In many studies,
efficient, conventional and non-conventional adsorbents of BPA, including natural adsorbents, carbon and
silica based adsorbents, composite materials and nanomaterials, agricultural wastes, were searched and
experimentally checked (Antero et al., 2019; Bhatnagar and Anastopoulos, 2017; Heo et al., 2019; Juhola
et al., 2020; Li et al., 2015; Ortiz-Martinez et al., 2016; Sudhakar et al., 2016; Wang and Zhang, 2020).

This work shows the potential of TPC upgrading by physical and chemical activation for the removal
of BPA from aqueous solution. Unlike the previous work presenting the results of BPA adsorption on
activated TPC (Acosta et al., 2018), the current work concerns the use of non-standardized TPC, which is
produced in a pyrolysis pilot plant. A pyrolysis reactor in this pilot plant, having working volume of about
75 dm?, is fed with 20 kg of ELTs of various types and brands.
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2. MATERIALS AND METHODS

2.1. Reagents

Bisphenol A (BPA, CAS number 80057) with purity > 98% was received from Sigma—Aldrich (St. Louis,
USA). Potassium hydroxide (purity 85 wt %) was purchased from Chempur (Piekary Slaskie, Poland). All
other chemicals were obtained from Avantor Performance Materials (Gliwice, Poland).

2.2. Preparation of activated tyre pyrolysis chars

A batch of 20 kg of ELTs was pyrolyzed at 773 K under nitrogen atmosphere to obtain TPC. The TPC,
oil and gas yielded 39 wt %, 55 wt % and 6 wt %, respectively. The ELT feedstock consisted of shredded
tyres of different types and brands without steel cords. Pyrolysis was carried out in a pilot plant, which was
designed and built at the Faculty of Chemical and Process Engineering (Warsaw University of Technology,
Poland). A detailed description of the pilot plant is presented elsewhere (Ku$mierek et al., 2020).

Physical activation of the TPC was accomplished in an electric tube furnace. Prior to activation, ther-
mogravimetric analysis (TGA) was carried out to determine the optimal activation temperature and time
(Kotkowski et al., 2018). Since heat transfer resistance can be usually neglected in TGA, unlike the acti-
vation of larger samples in the electric furnace, a few CO;-activated tyre pyrolysis chars were fabricated
in the electric furnace with increasing activation times, holding the optimal temperature. The sample with
the highest BET surface area due to activation (255 m?/g) was chosen for further tests. This sample was
activated for 135 min with a flow rate of 0.5 dm?/min at 1373 K under CO, atmosphere.

In general, many earlier experimental results show that the BET surface area increases with the increasing
KOH/TPC mass ratio and reaches its maximum when the ratio is 4 (Antoniou et al., 2014; Marsh et al.,
1984; Mui et al., 2004). Using this ratio, chars obtained from various materials were activated with KOH
(Antoniou and Zabaniotou, 2015; Antoniou and Zabaniotou, 2018; Doczekalska et al., 2017; Gupta et al.,
2011; Luo et al., 2016; Marsh et al., 1984; Teng et al., 2000). As a result, the same ratio was established
in the present work.

Chemical activation was performed in the following steps (Gupta et al., 2011). Firstly, TPC was added to
KOH at a mass ratio of 1:4. Secondly, the blend was mixed with a mortar for 10 minutes. Thirdly, 11.5 g of
the blend was placed into the electric tube furnace. Fourthly, chemical activation was carried out at 1123 K
for 90 min under a nitrogen atmosphere at a flow rate of 0.5 dm® min~!. When the mixture was cooled, it
was neutralized by 0.02 M HCI and then flushed with distilled water. Finally, the activated tyre pyrolysis
char (ATPC) was dried in an electric oven at 373 K for 60 min.

2.3. Adsorbent characterisation

The ATPCs were characterized by nitrogen adsorption/desorption isotherms at 77 K. The analyses were
performed using a 3Flex Surface Characterization Analyser (Micromeretics, USA). The specific surface
area was calculated from a BET plot in the appropriate pressure range determined according to the
procedure proposed by Rouquerol (2007). The porosity parameters (micro- and mesopore volumes) were
calculated according to procedures considered by Condon (2020).

2.4. Adsorption study

Batch adsorption experiments were conducted at laboratory scale using the bottle-point method. The
equilibrium adsorption experiments were carried out by contacting in Erlenmeyer’s flasks a constant
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mass of adsorbent (0.02 g) with a 0.02 L of BPA solutions of initial concentrations ranging from 0.2 to
1.0 mmol L~! (45.6 to 228 mg L~!). The flasks were agitated at 25 °C at a constant speed (200 rpm) until
equilibrium was reached.

The time-dependent adsorption experiments were carried out under the same conditions for initial BPA
concentration of 0.5 mmol L~! (114 mgL~"). The adsorbate-adsorbent mixtures were agitated continu-
ously and the samples were taken at different time intervals and analyzed for BPA concentration. The
adsorption capacities of the adsorbents towards BPA at equilibrium (g.) and at time #(g,) were determined
with the following equations:

Co - COV
go= - 0
m
Co - Co)V
Je = (G -GV 2)
m

All the adsorption experiments were carried out in duplicate, and average values were used for further
calculations.

The concentration of BPA was measured using high-performance liquid chromatography with UV detection
(Shimadzu LC-20, Kyoto, Japan). A Luna C-18, 4.6 X 150 mm, 3 um column (Phenomenex, Torrance,
USA) was used for all separations. The mobile phase, eluent flow-rate and detection wavelength were
55/45 (acetonitrile/water), 0.25 mL min~' and 276 nm, respectively. The calibration curve was obtained
by plotting peak height against the BPA concentration. With no outliers excluded (n = 3) the calibration
curve was linear in the tested range from 0.01 to 0.5 mmol L™! (0.228 to 114 mgL™") (y = 2.945x +0.115,
R? = 0.999).

3. RESULTS AND DISCUSSION

The porous structure of both obtained activated tyre pyrolysis chars was characterized on the basis of
determined low temperature nitrogen adsorption/desorption isotherms (Fig. 1).
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Fig. 1. Nitrogen adsorption-desorption isotherms at 77 K for activated tyre pyrolysis char AP-CO, and AP-KOH
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The BET surface areas as well as the pore volumes of the carbonaceous materials are listed in Table 1.
The calculated values of porosity parameters are significantly higher for tyre pyrolysis char activated using
of KOH. For example, V; is higher by about 2.25-times for AP-KOH than AP-CO,. In the case of Vi,
this ratio equals 1.8-times. To extend the porous structure characteristics, pore size distribution curves are
plotted (Fig. 2).

Table 1. Porous structure of the activated tyre pyrolysis char

Adsorbent SgET, M2 g‘1 Vini, €M g‘1 Vine, M3 g‘1 Vini’(Vini + Vine)
AP-CO, 255 0.123 0.387 0.241
AP-KOH 667 0.278 0.693 0.286

1.0 0.9

1 dV/dlog(W)
0.9 —e—AP-CO,

. —=— AP-KOH

Cumulative Volume 0.7

—0—AP-CO,
—5— AP-KOH

e
]
|

)
§ 5
St ©
[0)
2 S
€ 06 S
5 L 0.5
> 05 i ;E’
S 04 S
%0.4 I o
= 03 ®©
8’0.3 >
S 3 £
° S
S 02 L02 O3
-O -

0.1 L 0.1

0.0+ : —— : —————— %=1 0.0

10 100 1000

Pore Width (A)
Fig. 2. Pore size distribution curves for activated tyre pyrolysis char AP-CO, and AP-KOH

The time profiles for the adsorption of BPA from water on the AP-CO, and AP-KOH materials are presented
in Fig. 3. The adsorption capacity increased rapidly on both adsorbents in the first 60 min and then grew
slowly till the adsorption equilibrium was achieved within about 120 min. The higher adsorption efficiency
at the beginning of the process can be attributed to the higher availability of adsorption sites for the
adsorbate molecules. As the contact time prolonged, the available adsorption sites diminished, resulting in
a reduction in the uptake rate of the adsorbate.

The adsorption kinetic process was correlated with three kinetic models, namely, the pseudo-first-order
(Eq. (3)), pseudo-second-order (Eq. (4)) and intra-particle diffusion (Eq. (5)):

k
10g(ge — qi) = 10g ge — ﬁr 3)
t 1 1
— = —— + —t (4)
qt kogé Qe
g = kit + G (5)
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Fig. 3. Adsorption kinetics of BPA from water on the AP-CO, and AP-KOH activated tire pyrolysis chars
(experimental conditions: Cp = 0.5 mmol L1114 mg L™, Vv=002L, m=0.02 g)

The pseudo-first-order and pseudo-second-order kinetic parameters are summarized in Table 2. The values
of k; and k, were calculated from the slope and intercept of the plots of log(ge — ¢¢) vs. t and t/g; vs. t,
respectively.

Table 2. The pseudo-first-order and pseudo-second-order model constants for BPA adsorption on the AP-CO; and
AP-KOH activated tire pyrolysis chars

Kinetic model Adsorbent
AP-CO, AP-KOH
Gexp» mmol g ™! 0.351 0.652
pseudo-first-order model
ki, min~! 0.0212 0.0244
Geal, mmol g~! 0.250 0.410
R? 0.905 0.926
X 0.0129 0.0177
pseudo-second-order model
k>, g'mmol~'min~! 0.134 0.154
geal, mmol g 0.381 0.675
R? 0.999 0.999
x* 0.0017 0.0033

The linear coefficients of R? determination and non-linear statistic Chi-square test ( ¥?) were used to
determine the model that best fitted the experimental data. The Chi-square test is expressed by Eq. (6):

=)

n

(Qexp

i—1

- QCal)2
qcal

(6)

As can be seen in Table 2, values of R? are equal to 0.999 for the pseudo-second-order kinetic model, which
were much higher than the R? values obtained for the pseudo-first-order kinetic equation. The values of y?
obtained for the pseudo-second-order kinetic equation are lower than those observed for the pseudo-first-
order. Furthermore, the experimental adsorption capacities gexp are much closer to the calculated adsorption
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capacities gco found from the pseudo-second-order kinetic model as compared to pseudo-first-order. This
suggest that the adsorption of the BPA on both adsorbents follows the pseudo-second-order kinetic model.

The pseudo-second-order kinetic rate constants k, for adsorption of BPA on the AP-CO;, and AP-KOH
were 0.134 and 0.154 g-mmol~'min~!, respectively. So, BPA was adsorbed faster on the AP-KOH than on
the AP-CO; activated tire pyrolysis char. This phenomenon can be explained by a higher mesopore volume
of the AP-KOH (0.693 cm® g~!) compared to the AP-CO, (0.387 cm®g~!). It is well known that the
porous structure of an adsorbent plays a crucial role in both adsorption kinetics and adsorption equilibria.
Generally, a higher micropore volume (and thus a higher specific surface area) means greater adsorption
efficiency (a higher adsorption capacity of an adsorbent), while a higher mesopore volume increases the
rate of adsorption (Lorenc-Grabowska et al., 2014; Moreno-Castilla, 2004).

The intra-particle diffusion model, proposed by Weber and Morris (1963), was used to identify the
mechanism involved in the adsorption process of the BPA. The plots of ¢, versus % for this model are
shown in Fig. 4. As can be seen, the plots are non-linear over the whole time range and do not pass through
the origin indicating that more than one process affected the adsorption and that the intra-particle diffusion
was not the only rate-controlling step.
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Fig. 4. Weber—Morris intra-particle diffusion models plots for BPA adsorption on the AP-CO, and AP-KOH activated
tire pyrolysis chars (experimental conditions: Co = 0.5 mmol L™! (114 mg L™"), V = 0.02 L, m = 0.02 g)

Adsorption isotherms (Fig. 5) show the relationship between the amount of BPA adsorbed per unit mass
of the adsorbent (g.) versus the concentration of the adsorbate in the solution at equilibrium (C.). The
Freundlich (Eq. (7)), Langmuir (Eq. (8)), Langmuir-Freundlich (Eq. (9)) and Redlich—Peterson (Eq. (10))
isotherm equations were tested to fit the adsorption data:

ge = KrCJ'" %)
gmLKLCe
- dm-ee 8
¢ 1+ KLCe ®)
_ gmLr(KLpCe)™
e = T — )
1 + (KLpCe)™
AC
“ sl 1
+ (S

All model parameters were calculated with the non-linear least-squares method using OriginPro 8.0
software. The fitted adsorption isotherm models in this study are given in Fig. 5 while the relative
parameters calculated from the four isotherm models are listed in Table 3.
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Fig. 5. Adsorption isotherms of BPA from water on the AP-CO, and AP-KOH activated tire pyrolysis chars

Table 3. Isotherm fitting parameters for BPA adsorption on the AP-CO, and AP-KOH activated tire pyrolysis chars

Isotherm model Adsorbent

AP-CO, AP-KOH
Freundlich
Kr [(mmol g~')(L mmol1)!/"] 0.583 0.878
n 4.048 5.291
R? 0.903 0.956
X 0.00111 0.00029
Langmuir
g1 [mmol g 0.491 0.835
K1 [L mmol™] 16.72 24.19
R? 0.983 0.978
¥’ 0.00014 0.00027
Langmuir-Freundlich
gmLF [mmol g‘l] 0.473 0.969
Kir[L mmol~!] 17.79 18.18
m 1.349 0.591
R? 0.996 0.995
Y2 0.00007 0.00010
Redlich—Peterson
A[Lg™] 6.621 14.89
B [L# mmol#] 13.49 20.93
B 0.939 0.904
R? 0.973 0.979
¥’ 0.00014 0.00018
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While analyzing the R? and y? values of the isotherm models, the best fitting results for both the adsorbents
were obtained with the Langmuir-Freundlich isotherm equation. In contrast, the Freundlich equation fitted
the experimental data worst for the BPA adsorption as compared to the other three models due to the lowest
correlation coefficient R? and highest y? values. The Langmuir—Freundlich model is a combination of
Langmuir and Freundlich isotherms which predicts the Langmuir model (monolayer adsorption) at high
concentration of adsorbate and predicts the Freundlich model (multilayer adsorption) at low adsorbate
concentration (Ayawei et al., 2017). The gy r values obtained for the AP-CO, and AP-KOH activated
tire pyrolysis chars were 0.473 and 0.969 mmol g~! (108 and 221 mg g™ '), respectively. The better BPA
adsorption efficiency on the AP-KOH is correlated with its higher specific surface area (667 m?> g=!)
compared to the AP-CO, (255 m? g 1).

Table 4 compares the adsorption capacity of different types of adsorbents used for the removal of BPA
from aqueous solutions.

Table 4. Comparison of BPA adsorption on various materials

Adsorption SBET,
Adsorbent capacity, m? g~! Ref.
mg g
Magnetic biochar 342 20.7 Wang and Zhang (2020)
CuZnFe,04-biochar composite 263 61.5 Heo et al. (2019)
Activated charcoal 255 592 Zhao et al. (2019)
AP-KOH 221 667 this study
Waste coffee AC 123 1039 Alves et al. (2019)
KOH-activated TPC 123 700 Acosta et al. (2018)
AP-CO, 108 255 this study
Multi-walled carbon nanotubes 95.1 182 Senin et al. (2018a)
Fullerene C60 74.0 4.26 Senin et al. (2018b)
Hydrodarco C commercial AC 73.1 485 Acosta et al. (2018)
Biomass-based carbon Fe-CR 41.5 103 Juhola et al. (2020)
Biomass-based carbon Fe-CR 23.8 74.0 Juhola et al. (2020)
Hydrothermal carbonizated AC-H2 21.3 441 Antero et al. (2019)
Tyre pyrolysis char (TCP) 17.1 350 Acosta et al. (2018)

4. CONCLUSIONS

A serious environmental problem associated with the generation of ELTs is being currently solved by two
approaches — material and energy recovery. The ELT pyrolysis is considered only as an emerging method
of material recovery. This is due to rather low profitability of the process. To improve its economics,
valorization of pyrolysis products is required. As far as TPC is concerned, the viability of ELT pyrolysis
can be enhanced by physical or chemical activation of TPC. In this paper, two activation methods are
considered: (1) physical activation with CO; and (2) chemical activation with KOH. The two produced
adsorbents (AP-CO, and AP-KOH) were used for the removal of BPA A from water. Distinct differences
in the BET surface areas and pore volumes between the adsorbents showed better performance of the
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chemical activation method. BPA was adsorbed faster and more efficiently on the AP-KOH than on the
AP-CO,, and the adsorption was closely correlated with the porous structure of the adsorbents used.

KiF

qcal
9e
Gexp
gmL
4mLF
qr

SBET

SYMBOLS

Redlich—Peterson isotherm constant, L g~!

Redlich—Peterson isotherm constant, LA mmol

initial adsorbate concentration, mmol L~}

final adsorbate concentration, mmol L~!

thickness of the boundary layer

adsorption rate constant of the pseudo-first-order adsorption, min~
adsorption rate constant of the pseudo-second-order adsorption, g-mmol~'min~
Freundlich isotherm constant, (mmol g_l)(L mmol ™)1/

intra-particle diffusion rate constant, mmol g~!-min%>

Langmuir isotherm constant related to the free energy of adsorption, L mmol~!
Langmuir-Freundlich constant representing the energy of adsorption, L mmol~!
Langmuir-Freundlich empirical constant (dimensionless) or mass of adsorbent, g
Freundlich isotherm constants or number of replicated measurements

adsorption capacity model-predicted value, mmol g~!

adsorption capacity at equilibrium, mmol g~

experimental adsorption capacity, mmol g~!

Langmuir maximum adsorption capacity, mmol g‘]

Langmuir-Freundlich monolayer adsorption capacity, mmol g~!

adsorption capacity at time #, mmol g~!

correlation coefficient

specific surface area, m? g~!

volume of the solution, L

mesopore volume, cm?® g~

micropore volume, cm?® g~!

total pore volume, cm? g~!

Redlich—Peterson model exponent between 0 and 1

statistic Chi-square test

1
1
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