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ABSTRACT

This study deals with the preparation of activated carbon (AC) from wasted poly(ethylene
terephthalate) (PET) and with the physicochemical characterization of AC and its use as
adsorbent of bisphenol A (BPA) in aqueous solution. The preparation of AC was undertaken
by the methods of physical activation in steam and chemical activation with KOH. In the
chemical activation, the impregnation of PET was carried out by wet and dry routes at the
PET:KOH weight ratios of 1:1, 1:3 and 1:5. The ACs were characterized by N2 adsorption at -
196 °C, mercury porosity, mercury density measurements, FT-IR spectroscopy and
measurement of pH of the point of zero charge (pHpzc). Activation yield is 6% with steam and
between 23.9 and 75.8% with KOH. Larger surface area and porosity developments are
obtained with solid KOH at the impregnation ratio of 1:5 (KS1:5). BET surface area and
micropore volume are 1990 m? gt and 0.41 cm?® gX. The pore size distribution in the regions
of micro-, meso- and macropores is wider in KS1:5 than in other AC samples. Surface
hydroxyl and quinone type structures groups have been analysed in ACs, pHpzc being slightly
acidic in character. Adsorption data fit better to the Ho and Mackay second order kinetic
model than to the Lagergren first order model and to the Langmuir equation than to the
Freundlich equation. From the kinetic and thermodynamic standpoint, the process of BPA

adsorption is more favourable for KS1:5.
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1. Introduction

At present, the release of a great variety of organic pollutants of industrial origin to
environment is a problem of prime importance because of detrimental and pathological
effects. One abundant environmental pollutant is bisphenol A (4,4 -(propane-2,2-
diyl)diphenol, BPA), which is an organic compound with two hydroxyphenyl
groups and that has the chemical formula CisH1602. BPA is mainly used by the
manufacturers as an intermediate in the production of polycarbonate plastics and
epoxy resins, flame retardants, and other specialty products [1]. The production
of BPA reaches approximately three million tons per year, which is among the
highest amounts for chemical products. BPA enters the environment from a variety of
sources, mainly including the discharges of industrial wastewater treatment plants, leachates
of waste plastic in landfills, processing of BPA in manufacture, and spray paints [1-3]. As a
result, it has been detected in all types of environmental water at concentrations ranging from
17.2 mg L! in hazardous waste landfill leachate [4] to 12 pg L in stream water [5] and 3.5—

59.8 ng Lt in drinking water [6].

Most environmental organic pollutants are recognized as Endocrine Disruptors Chemicals
(EDCs) because of its ability to interfere with the endocrine system. Among the EDCs, BPA
was regarded as a representative compound that was first developed as a synthetic estrogen in

the 1890s and was reported to have the efficacy of estrogen in stimulating the female
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reproductive system in rats in the 1930s. BPA may migrate from interior can coating and
polycarbonate containers into food or liquids due to acidic conditions or thermal heat
treatment in processing. Food and beverage have been identified as the major sources of
human exposure to BPA. In heavily populated areas or industrial sites the contamination by
EDCs affects the surface and profound water systems, the surrounding land and drinking
waters. Due to its potential health risk, in 1986 the European Union through the Scientific
Committee on Food (SCF) allocated a Tolerable Daily Intake (TDI) for BPA at the level 50
ug/kg bw/day. In 2011, the Commission Directive 2011/8/EU prohibited the manufacture of
polycarbonated infant feeding bottles with BPA and the import into the EU of such feeding
bottles. In 2015, the TDI was lowered down to 4 ug/kg bw/day [7]. In the United State, the
Food and Drug Administration (FDA) banned the use of PBA in baby bottles and cups in

2012.

Because of its widespread use and growing evidence that may adversely affect human
health [8], the fate of the environmental BPA is an issue of increasing social concern.
Accordingly, there is current interest in setting up methods to achieve a fast and effective
removal of BPA from various exposure sources. To clean chemically polluted water,
conventional methods include reverse osmosis, chemical precipitation, electrochemical
treatment, evaporative recovery, ion exchange and adsorption [9]. Of them, adsorption was
recognized by the Environmental Protection Agency (EPA) as one of the best methods
available to remove organic and inorganic compounds from water intended for human
consumption. As the adsorbent, among the various available materials used more frequently
with time, activated carbon (AC) has been one of the most important materials from an
industrial point of view, having been applied in separation and purification processes of gases
and liquids [10]. In fact, AC is a unique and nearly universal adsorbent for such purposes due

to its textural properties and surface chemistry, as it possesses a large surface area and well-



developed internal micropore structure as well as a wide spectrum of surface functional

groups [11].

Poly(ethylene terephthalate), commonly abbreviated PET, consists of polymerized units of
the (C10HgO4) monomer ethylene terephthalate. PET is a thermoplastic polymer possessing a
large number of applications, while most of the world’s production is for synthetic fibers and
plastic bottles. Consequently, it is one of the most common synthetic polymers used in our
daily life. In recent decades, the PET consumption has undergone a faster-growing rate in the
global plastic market due to the expansion of the PET bottle market [12]. As a result, PET has
become one of the most abundant municipal and industrial wastes. A few years ago, PET
residues on an average were 7.6 wt% of the different polymer wastes generated in Europe
[13]. The disposal of large quantities of this waste together with its low bio- and photo-
degradability represents a serious challenge for industrial countries worldwide. Disposal
options include recovery and recycling, landfilling, co-incineration, and thermal processes
[13]. One interesting way of solving the problem of PET disposal is based on its conversion
into valuable chemical products such as AC [14-23], i.e., a porous carbon material used
mainly as adsorbent of gases, vapours and water-dissolved chemical substances and also as
catalyst and catalyst support. The properties of AC depend on the starting material and the
method used in its preparation. Desirable starting materials should contain high carbon
content and low inorganic matter content, as gathered in the case of PET. This waste material
is further abundantly available in a relatively pure state, which would allow PET-based AC to
be produced from a variety of feedstock sources, including engineering and municipal wastes.
The preparation of AC is usually carried out by the well-known methods of physical
activation and chemical activation, which consist of two successive stages of carbonization in
N2 and activation air, carbon dioxide or steam and of impregnation with ZnCl,, H3PO4 or

KOH and carbonization in N2, respectively. With PET as the starting material, the chemical



activation with KOH as a way to producing AC has been investigated frequently before [24-
28]. In the light of the foregoing, the main objective of this work was to optimize the process
of preparation of AC from PET by KOH activation with a view to using such an AC as the
adsorbent to remove BPA from water. Preparation is carried out using KOH both in aqueous
solution, by allowing for that PET suffers alkaline hydrolysis [29-35], and in solid state in the
impregnation of PET impregnation and also by the method of physical activation in steam, for

comparison purposes.

2. Materials and methods
2.1. Raw material
Post-consumer 5 L postconsumer mineral water bottles with the trademark "Los Riscos"

were used as the PET source. The plastic bottles were first greatly size-reduced by cutting

them with laboratory scissors to =~ 0.5 cm side squared pieces, which were chosen for

l

subsequent studies. After that, PET samples were analysed in a LECO CHNS-932 equipment
or incinerated at 650 °C for 12 h in a muffle furnace. The composition data thus determined
are: C, 62.9%; H, 4.3%; N, 0.0%; S, 0.0%, and ash content, 0.0%. As obtained by difference,
the oxygen content is equal to 32.9%. The calculated contents of C, H and O from the
chemical formula of BPA are 79, 7 and 14%, respectively. All reagents were analytical grade,
being used without further purification. Potassium hydroxide (85%, Panreac, Barcelona,

Spain) and BPA (Merck) were used.

2.2. Preparation of AC

In previous studies on the preparation of AC by KOH activation, impregnation was carried
out using given amounts of PET and KOH in aqueous solution at the PET:KOH weight ratios

1:1 [26], 1:4 [24] and 1:6 [25] or solid KOH at the PET:KOH weight ratios 4:1 [27] and 1:2



[28]. Here, specifically, KOH was used both in aqueous solution and as the commercially
furnished solid product, the impregnation PET:KOH weight ratios being 1:1, 1:3 and 1:5. In
the first case (i.e., PET impregnation by wet route), 250 mL of KOH solution was brought into
contact with 20 g of PET and the liquid/solid phases under steady mechanical agitation were
maintained at 85 °C for 2 h. With such a purpose, a three-neck, 500 mL round-bottom glass
reactor equipped with a reflux condenser, a mechanical agitator and an electrical heating
mantle was used. Once such a time had elapsed, the supernatant liquid was separated by
vacuum filtration and the remaining solid was oven-dried at 120 °C for 24 h. In the second
case (i.e., PET impregnation by dry route), 2 g of PET and the corresponding amounts of KOH
were physically mixed for homogenization, as far as possible. The resulting two series of
KOH-impregnated products are noted as KL and KS. Thereafter, above 5 g of each
impregnated product was placed in a boat like small size ceramic container and heat-treated in
a horizontal cylindrical furnace first dynamically at 10 °C min™ from room temperature to 850
°C and then isothermally at 850 °C for 2 h in N, atmosphere (flow rate = 100 mL min). After
that, the system was allowed to cool down to room temperature under the same N2 flow. The
resulting products, after extracting the container from the reactor, were thoroughly washed
with HCI solution and distilled water to remove the non-reacted KOH and oven-dried at 120
°C for 24 h. By using also 5 g of PET and by heating and cooling under the same conditions, as
described before, a single sample of AC was prepared by PET activation in steam atmosphere
for comparison purposes. It was performed using a device made up of two in-series closely
interconnected horizontal furnaces for the water vaporization and activation treatment
(Iberlabo, Madrid, Spain) and of peristaltic pump that continuously propelled a water flow of
40 mL min towards the vaporization furnace. The activation methods used in the preparation
of AC are summarized in Table 1, together with yield values and sample notations. After

preparation, the samples of AC were weighed and stored in airtight plastic containers. The



yield values for the impregnation and activation processes were calculated by the expression

(D),

Yield (Iy, Ay) = =4 x 100 1)

Msm

where Msw is the starting mass of PET or PET-impregnated/treated product and Mac is the

mass of AC and listed in Table 1.
2.3. Characterization of AC
2.3.1. Textural

The textural characterization of samples was accomplished by N2 adsorption at -196 °C,
mercury porosimetry, and mercury density measurements. The N2 isotherms were determined
in a semi-automatic Quantachrome Autosorb-1 equipment. After oven-drying at 120 °C
overnight, about 0.15 g of sample was weighed, placed in a glass holder, and out-gassed in the
adsorption equipment at 250 °C for 12 h, under a pressure lower than 107 Torr, prior to
effecting the adsorption measurements. From the measured isotherms, the specific surface
area (Sgert) of the samples was estimated by the Brunauer, Emmet, and Teller equation [36].
The micropore volume (Wo) was calculated by applying the Dubinin-Radushkevich equation
[37]. The micropore and mesopore volumes (Vmi and Vme, respectively) were also obtained by
simply reading the adsorbed volumes at p/p°® equal to 0.1 and 0.95. All N2 adsorbed amounts

were expressed as liquid volumes for their conversion into pore volumes.

In relation to a complete analysis of the porous structure of solids, as stated by Gregg and
Sing [38], the mercury porosimetry method needs to be used in conjunction with the gas
adsorption method as the upper limit of this method is in the region of 100-200 A pore radii.

In the present study, a mercury porosimeter (Quantachrome, PoreMaster 60) operating



between 20 and 60000 psi was used in the experiments of mercury intrusion, using =~ 0.15-
0.20 g of sample. This made it possible to determine the cumulative volumes of meso- and
macropores (Vmep and Vmap). The mercury density was measured by mercury displacement
of the matter free space present in a volumetric glass holder containing a previously weighted
mass of sample. The volume of mercury present in the glass holder to the calibration mark
signal was obtained by knowing its mass at the working temperature. Once the mass of
sample and its volume was known, the mercury density of sample (pHg) was calculated. The

total pore volume (V’t) was obtained as the summation of Wo, Vimep and Vma-p.

2.3.2. Surface chemistry

The analysis of the surface chemistry of selected samples was carried out by FT-IR
spectroscopy and measurement of pH of the point of zero charge (pHpz) [39]. The FT-IR
spectra were recorded on a Perkin-Elmer, Spectrum 100 spectrometer within the range of
wavenumbers comprised between 4000 and 400 cm™, with 50 scans being taken at 2 cm™
resolution. Pellets were prepared by thoroughly mixing a sample of AC and KBr at the 1:1900
carbon/KBr weight ratio in a small size agate mortar, the total mass of the mixture being 238
mg. The resulting mixture was compacted in a Perkin-Elmer manual hydraulic press under a
pressure of 10 tons for 3 min. The spectrum of a KBr pellet with the same amount of
dispersant as for the PET-AC/KBr pellet was used as the background. pHpzc was measured
using 0.01 M NaCl aqueous solutions at pH 2, 4, 6, 8, 10 or 12. These pH values were fixed
by adding to the aforesaid solution the requested amount of 0.1 M NaOH or 0.1 M HCI in
aqueous solution. In all cases, 5 mL of such solutions were kept in contact with 0.1 g of
sample and the system was maintained under continuous stirring for 48 h. Next, the
supernatant liquid was separated by filtration prior to measuring its pH. From the plot of pH
of the initial solution (pH;) against pH of the supernatant (pHs), pHpzc Was obtained as the

intersection of such a plot with the pH; = pHs plot, as shown in Fig. 1.

8



2.5. Adsorption of BPA

In the study of the adsorption process of BPA in aqueous solution only VA and the KS
samples were used as adsorbents since, as shown by preliminary results, adsorption was
practically negligible with the KL samples. Adsorption experiments were carried out by the
batch procedure. A Selecta Thermostatic shaker bath (Unitronic-ORC) filled with water at
25 °C and shaken at 50 oscillations per minute was used throughout the experiments. BPA is
a moderately water-soluble compound (i.e., 300 mg L/1.31 mol L at room temperature)
[40], which determined the concentration of the BPA solution and the amount of adsorbent
used in the adsorption tests. Accordingly, a 10 mol L™ BPA stock solution was prepared.
pH of this solution was 6.22, as measured in a Crison pH-Meter 21. The reported pKal and
pKa2 for the BPA dissociation to an anionic or di-anionic species are 9.6 and 10.2 [1, 41]. In
a typical adsorption kinetic experiment, a fixed amount (= 0.01 g) of adsorbent and 25 mL of
BPA solution were added to a set of 25 mL glass test tubes, provided with Bakelite screw-up
caps. The contact between the liquid and solid phases was maintained for different time
intervals, ranging between 1 min and several, BPA in the supernatant liquid was determined.
For the definition of the adsorption equilibrium isotherms, 25 mL of aqueous solution of
BPA solution were kept in contact a varying amount of adsorbent ranging between 0.008 and
0.02 g for a period of time longer than that strictly necessary to equilibration was reached in
the adsorption system. The concentration of BPA was analysed by UV-Vis
spectrophotometry in an UV-1800 Shimadzu equipment. It was found that BPA is stable in
aqueous solution for the time period of a typical experiment. After registering the absorption
spectrum in the UV-Vis region and verifying that the absorbance against concentration data

obeyed well the Beer’s law, absorbance measurements were performed thereafter at 276 nm.

3. Results and discussion



3.1. Preparation of AC. Process yield

3.1.1. Wet impregnation stage

The vyield values for the impregnation process of PET listed in Table 1 indicate that the
mass of PET noticeably decreased after its contact with the KOH solutions. Also, notice that
the mass decrease was significantly higher with increasing impregnation ratio. Probably, the
main factor influencing the mass of sample was the alkaline hydrolysis of PET, i.e., ester
bonds in the PET are cleaved by the nucleophilic attack of hydroxide ions under the formation
of the di-potassium terephthalate salt and ethylene glycol, which are both soluble in the
aqueous phase [42], i.e., ethylene glycol is miscible with water. In connection with the
alkaline hydrolysis of PET it has been stated previously that almost complete conversion of
PET occurs in relatively mild process conditions. Thus, it leads to the total depolymerisation
of PET to its monomers in reaction times ranging from a few to 30 min at high temperature
and under high pressures, and requires no additives, such as catalysts or neutralizers [34, and
refers therein]. Nevertheless, heat treatment temperatures between 120 and 200 °C and
reaction times of 1-7 h have been reported before [32]. Therefore, the high yields in the range
~ 96-76% obtained in this study can be accounted for by the less severe heating conditions of
85 °C for 2 h at atmospheric pressure used when PET was chemically treated with the KOH
aqueous solutions. The increase produced in the mass loss of PET with increasing PET:KOH
ratio is consistent with the stoichiometry of the hydrolysis reaction, which takes place
between two mol of KOH and one mol of BPA and that therefore was more favourable with a
greater presence of KOH in the reaction medium. Therefore, only when the 1:3 and 1:5
PET:KOH ratios were used, KOH was really in excess with respect to PET. After soaking at
85 °C for 2 h, the unreacted KOH to a large extent should be removed by filtration of the
residual aqueous liquid. Finally it should be mentioned that, based on the basic hydrolysis of

PET, a method of preparation of activated carbons has been developed before consisting of
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the stages of PET complete de-polymerization, filtration, water evaporation, and solid

carbonization [25].

3.1.2. Activation stage

In the case of the activation stage, mass balance data given in Table 1 show that yield is
strongly dependent on the method used in the overall process of preparation of AC from PET.
First, yield is much higher when it was carried by chemical activation with KOH than by
physical activation in steam. Second, it is noticeably dependent on whether the impregnation
was effected by the wet or dry route according to the PET:KOH ratio; being higher and lower
at a low and at higher impregnation ratios, respectively. Third, yield greatly decreases in
increasing impregnation ratio, being as low as 23.9% at most for KS1:5. Nevertheless, this
yield is however significantly higher than 17.1% obtained for the pyrolysis of PET at 900 °C
for 2 h in N2, which was performed in an aside experiment. Furthermore, it is worth noting
that the yield of 38.1% for KS1:3 compares with those obtained for the preparation of AC
from a lignocellulosic material as cherry stone by chemical activation with H3POa4 [43]. Since
AC is frequently prepared from woody materials it is also relevant to point out here that the
yield of the carbonization, which followed by the activation, of cherry stone was 26.3 and
25.4 % when heating from ambient temperature to 600 °C in the atmosphere of the pyrolysis
products and in N, respectively [44]. Therefore, the relatively high yield for the preparation
of AC from PET is an interesting finding as the economic analyses of AC plants are very

sensitive to activation route and production yield [22].

3.2. Textural characterization

3.2.1. Surface area, micro- and mesoporosity
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The adsorption isotherms of N at -196 °C measured for the several samples of AC, which
were prepared as described above, are shown in Fig. 2. In accordance with the BDDT
classification system based on the shape of the N2 isotherms, such isotherms resemble
composite Type | and IV isotherms for VA and the KS samples and Type Il and 1V isotherms
for the KL samples. Accordingly, adsorption must occur in micro- and mesopores for the
former samples and on external surface and large size pores for the latter samples.
Furthermore, the wider pore-size distribution in the regions of micro- and mesopores for
KS1:5 than for the rest of ACs is worth noting. As shown by the values of Sger and pore
volumes obtained from the N2 isotherms (see Table 2), Sgetr and Wo are much higher for
KS1:5 than for VA but similar for KS1:1 and VA. Furthermore, Sget and Wy are as high as
1990 m? gt and 0.71 cm? g for KS1:5 and by contrast they are as low as 12 m? g* and 0.0
cm® gt for KL1:5. For ACs prepared by wet impregnation of PET with KOH, Sger was
between 472 and 1391 m? g [24-26], which are by far lower than 1990 m? g* for KS1:5 and
that prove the use of solid KOH in the preparation of AC had a marked beneficial effect on
the creation of microporosity. Moreover, Sger and Wy greatly increase with the increase in the
content of KOH in the impregnation mixture, which is also worthy to be highlighted. In
summary, from the results obtained in the textural characterization of AC by N2 adsorption at
-196 °C it follows therefore that the degree of development of the surface area and
microporosity is larger by activating with KOH than in steam, impregnating with solid KOH
instead of with KOH in aqueous solution, and increasing the content of KOH in this solution.
In brief, the textural effects associated with the activation process of PET or KOH-
impregnated PET are more favourable by the order KS > VA >> KL and KS1:5 > KS1:3 >

KS1:1.

3.2.2. Meso- and macroporosity
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The curves of mercury intrusion, which are graphically plotted in Fig. 3, reveal that the
pore size distribution in the region of macro- or mesopores is wider for the KS samples and
for KS1:5 and VA, respectively. The presence of varying size macropores in the KL samples
is also worthwhile noting. As can be seen in Table 3, Vime-p is 0.81 cm? g for KS1:5 and Vima-p
is 2.11 cm® g for KS1:3. For the KL samples, however, Vimep and Vimep are 0.13 and 0.38
cm?® gt in the case of KL1:1 at most. Nevertheless, it should be mentioned that the KL
samples are much more macroporous than mesoporous ACs. The opposite is however true for
VA, as Vmep is 0.36 cm® g and Vimap is 0.08 cm?® g for this sample. In short, from the above
results it becomes apparent that by using PET as feedstock the preparation of AC with a more
or less heterogeneous porosity by KS samples > VA > KL samples is feasible, which is an

interesting finding with a view to preparing AC with a tailored porous structure.

3.2.3. Total porosity

The mercury density (pHg), or apparent density, of a solid is the weight of one millilitre of
solid granules, excluding the volume of the interstitial space between them [45]. Therefore,
the value of png (g cm), or better of prg? (cm® g1), may be regarded as a rough estimate of
the total porosity present in a porous solid, embracing even narrower pores that are not
accessible to small gas molecules, such as He and N». Although mercury does not wet porous
solids such as AC, the use of png for such as purpose is somehow handicapped by the
presence of large size pores which are filled with mercury prior applying pressure in the
porosimeter. The reported prg densities are usually from 0.6 to 0.8 g cm™ [45]. Data in Table
3 show in fact that pHg is notably higher for the KL samples than for the KS samples, which is
in line with the unequal porosity development in both series of samples. This is also evident
from the V't values (see Table 3), which range between 0.43 and 0.57 cm? g for the former
samples and between 2.21 and 3.29 cm?® g for the latter samples. The so high prg measured

for VA appears to be striking as V't is 0.91 cm? g for this sample, which is markedly higher
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than for the KL samples and lower than for the KS samples. However, it is worth noting that
the values of prgt and V't are fairly close for VA and the KS samples, in particular for KS1:3
with prgt and V't equal to 3.23 cm® g ! and 3.25 cm?® g%, respectively. The much higher prg™
than V't for the KL samples argues for an important presence of small pores in the KL

samples, which are not accessible to N2(g) at -196 °C.

3.3. Surface chemistry study
3.3.1. By FT-IR spectroscopy

The FT-IR spectra registered between 4000 and 400 cm™ for VA, KS1:3 and KS1:5 AC
(Fig. 4) show a series of stronger absorption bands of varying intensity with their absorption
maximum located in the neighbourhoods of 3700, 1675, 1460 (i.e., this band is broad and has
a shoulder at higher frequencies) or 1014 cm™, which are ascribable in turn to the v(O-H)
vibration of hydroxyl groups, v(C=0) vibration of quinone type structures rather than to the
same bond vibration mode in carboxylic acid groups, v(C=C) skeletal of aromatic rings and
8a(CH2) of —CH>- groups, v(C-O) vibration of hydroxyl groups/ether type structures. Notice
that only the spectrum of VA displays the broad band around 3431 cm™. This band may also
be assigned to the v(O-H) vibration hydroxyl groups which, unlike the -OH absorbing at
higher frequencies, are probably involved in hydrogen bonding. On the other hand, the weak
bands at 2932 and 2860 cm™ are readily visible only in the spectra of VA and KS1:3, being
attributable to the va(C-H) vibration and vs(C-H) vibration of -CH>- groups. Band intensities
indicate that a greater presence of H-bonded —OH groups and —CHz— groups in VA and of
C=0 groups and C=C bonds containing rings in KS1:3 and especially in KS1:5. Symbols

mean: v, stretching, 8, bending; a, asymmetrical; s, symmetrical.

3.3.2. By pHpzc measurement
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The pHpz values obtained for all AC samples are given in Table 4. As can be seen, pHpzc
is either slightly higher or lower than 7.00, which is consistent with the presence of weak
acidic —OH surface groups in the samples analysed by FT-IR. Furthermore, pHpz varies by
VA (7.20) > KL samples (= 6.35-6.25) > KS samples (= 5.70-5.35). The sequence of pHpz
variation must be kept in mind in connection with the results of BPA adsorption since the
pHpzc value indicates the pH at which the surface of an AC changes its charge from positive to

negative, which influences the adsorption of charged adsorptives from aqueous solution.

3.4. Adsorption of BPA

3.4.1. Kinetics

The concentration (C x 103 mol L) vs. time (t, h) plots obtained for the selected
adsorption systems are depicted in Fig. 5. From this figure it follows first that, in general, the
adsorption kinetics of BPA is fast, as the time needed to equilibration in such systems is
shorter than approximately 50 h. Nevertheless, it depends on each adsorbent, as inferred from
the slope of the descending branch in such plots. Thus, the C decrease at short adsorption
times is greater for VA, KS1:3 and KS1:5 than for KS1:1. However, after a contact time
between the solid and liquid phases of only a few hours the initial concentration of the BPA
solution (Co x 10% mol L?) is reduced to ~ 30% with KS1:3 and KS1:5 and to = 70% with
VA and KS1:1. Therefore, from these results it can be tentatively stated that adsorption
process was speeded up for KS1:3 and KS1:5 as compared to KS1:1 and VA. The behaviour
exhibited by the various adsorbent samples, regarding the kinetics of the adsorption process,
is in line with their mesoporous structure, as described above. Thus, the pore size distribution
in the region of mesopres is wider for VA and KS1:5, though the mesopore volume is higher
for KS1:3 and KS1:5 (see data in Table 3). Also, it should be noted that the degree of

development of macroporosity is larger for KS1:3 and KS1:5 than for KS1:1 and especially
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for VA. As is well known, meso- and macropores are the pores that control of the internal
diffusion of the adsorptive to the micropores, which is where most adsorption active sites

concentrate in adsorbents with a large surface area as AC.

The kinetic data have been fitted to the Lagergren equation [46] (pseudo-first order Kinetic
model) and to the Ho and Mackay equation [47] (pseudo-second order kinetic model). The

integrated Lagergren equation in linear form is:

K
log(qe — q;) = logqe — —=t (2)

2.303

where g: and g are the amounts adsorbed at time t and at equilibrium (mol g1), respectively,
and ki is the pseudo-first order rate constant (h'). The plot of log (ge—0:) versus t should

therefore be a straight line with slope log ge and intercept —k1/2.303.

The pseudo-second order equation is:

Lo 41t 3)

qc K203 qe

where ge and g are the adsorption capacities at equilibrium and time t, respectively (mol g)
and kz is the rate constant of pseudo-second order adsorption (g mol™ hl). Here, the plot of
t/gt against t should give a linear relationship, from which ge, k2 can be obtained from the

slope and intercept of the plot.

The estimated values of ge, ki, ko and R are listed in Table 5. In general, the kinetic data
fit better to the pseudo-second order kinetic model than to the pseudo-first order kinetic
model, as in the first case the values of R are very close to unity for all adsorption systems.
Furthermore, as expected, k2 is higher by the order KS1:5 > VA > KS1:3 > KS1:1. Therefore,

it seems that the textural parameter that controls the kinetics of the adsorption process of BPA
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is the pore size distribution of the adsorbent in the region of mesopores, which is wider (see

Fig. 3) just in accord with the aforesaid variation sequence of ka.

3.4.2. Adsorption isotherms

The adsorption isotherms of BPA in dilute aqueous solution on the selected AC samples
are plotted in Fig. 6. At a glance they show that, practically in the entire range of C¢/Co (i.e.,
Ce and Co are the equilibrium and initial concentrations of BPA), adsorption is higher by
KS1:5 > KS1:3 > VA > KS1:1. Furthermore, it is substantial at Ce/Co = 0.0 and increases at
higher Ce¢/Co, but especially above Ce/Co > 0.8 for a larger number of samples. A well-
defined long isotherm plateau is not observed for most samples, except for KS1:1. Regarding
the isotherm shapes, they resemble the H curve of the Giles's classification system of solution
adsorption systems [48]. Therefore, it is indicative of a high affinity of the solute in a dilute
solution for the adsorbent in such a way that it is completely adsorbed at low C¢/Co and also
that adsorption is flat. This adsorption is consistent with the geometry of the BPA molecule,
which is 3.83, 5.87 and 10.68 A [49] and hence it should prefer accommodating flat rather
than end-on on the surface of narrow pores as the micropores, which are less than ~ 20 A in
width [38]. It is further supported by pHpc of the adsorbent, pH of the BPA solution, and pKa
of BPA dissolved in water. Correspondingly, both the surface groups and structures of the
adsorbent and BPA are both slightly acidic in character and therefore they would remain
practically undissociated after the contact of the BPA solution with the adsorbent was
established. Consequently, the hydrophobic and w-m molecular interactions should prevail
over the ion-ion electrostatic interactions, BPA adsorbing then flat. In fact, possible
hydrophobic groups/hydrophilic groups, as shown schematically before for ibuprofen [50],
and  electron-donating-nucleophilic  groups/electron-withdrawing-electrophilic ~ groups

involved in adsorption interactions are present in both the ACs and the BPA. On the other
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hand, a short plateau must mean that the adsorbed solute molecules expose a surface which
has nearly the same affinity as the original surface had. Moreover, the second adsorption rise,
which starts at a very different Ce/Co depending on the sample, argues for multilayer
adsorption or on fresh surface [48]. In this connection it is relevant to point out here that, as
shown the knee of the N2 adsorption isotherms (see Fig. 2), is wider by KS1:5 > KS1:3 >
KS1:1 > VA and therefore multilayer adsorption would be a more favourable process with

increasing pore size.

From the data of adsorption equilibrium for BPA, i.e., qe=f(Ce/Co), it is possible to obtain
valuable information about the adsorption process. For this purpose, the adsorption isotherm
is adjusted to different theoretical models in order to offer the parameters of the process which
allow characterization and to establish comparisons deemed appropriate. In the present study,
the aforesaid data have been adjusted according to Langmuir and Freundlich equations. The
Langmuir model [51] has been widely used to describe the monolayer adsorption occurring on
homogenous surface with a finite number of identical adsorption sites, which can be

represented by the following equation:

_ QobCe
€ 1+bC, 4)

where ge is the amount of BPA uptaken per unit mass of adsorbent (mol g?), Ce is the
equilibrium concentration of the adsorptive solution in contact with adsorbent (mol L), Qo
the adsorption capacity pertaining to the formation of the monolayer (mol g?) and b a
constant related to the adsorption energy (boce®RT). Frequently, equation (4) is rearranged in

the form:

Ce 1 Ce

=L+ ©)

qe Qob Qo
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the plot of Ce/ge (g L) versus Ce (mol L) should give a linear relationship, from which 1/Qo

and 1/Qob can be obtained from the slope and intercept of the plot.

One of the major characteristics of the Langmuir isotherm is that may be expressed in
terms of equilibrium parameter (R.), which is a dimensionless constant referred to as

separation factor or equilibrium parameter, defined by Weber and Chakravorti [52] as:

1
R, = 1+bC, (6)

where b is the Langmuir constant and Co is the initial concentration of the adsorbate solution.
Rc value indicate the adsorption nature: un favourable if R.>1, linear if R=1, favourable if 0 <

RL< 1 and irreversible if R_=0.

The Freundlich isotherm [53] was one of the first equations proposals to associate the
adsorbed amount of a chemical species by a given amount of adsorbent with the concentration
of that species in the solution. These data often fit the next equation put forward by

Freundlich at the beginning of the last century:

1

Ge = KpCZ (7)

where g is the amount retained of solute per gram of the adsorbent (mol g*) at equilibrium,
C. is the equilibrium concentration (mol L), Ke and 1/n (0 < 1/n < 1) are constants related to
the adsorption capacity of the adsorbent and the adsorption intensity. The values of these

constants can be obtained from the following expression:

logq, = logKy + %logCe (8)

with 1/n and Kr being computed from the slope and intercept of the Freundlich plot of log ge

against log Ce.
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The resulting values of the isotherm parameters of Langmuir and Freundlich (n, Kr, Qo, b)
and fitting coefficient (R) are listed in Table 6. The values of R indicate that adsorption
isotherms of BPA as a rule fits more satisfactorily to the Langmuir isotherm model than to the
Freundlich isotherm model, except for KS1:1. It was expected in view of the PET chemical
composition since it is constituted of carbon, hydrogen and oxygen and by thermal
decomposition should become transformed into a product with a very homogeneous surface.
Furthermore, RL is > 0 and < 1 and further low and therefore the adsorption process appears
to be favourable and rather irreversible. Moreover, Qo varies by KS1:5 >> VA = KS1:3 >

KS1:1, as inferred also from the adsorption isotherms plotted in Fig. 6.

4. Conclusions

From the results obtained in the present study focused on the preparation of AC from
wasted PET and on the physiochemical characterization of the resulting AC and its use as
adsorbent of BPA in aqueous solution, the following conclusions may be drawn. The yield of
the process of preparation of AC from PET by KOH activation is high, regardless of whether
impregnation is effected by the wet or dry route. Activation yield is 6% with steam and 23.9-
75.8% with KOH. Because of the hydrolysis and subsequent filtration of KOH containing
residual liquid, the impregnation of PET with KOH in aqueous solution is not effective at all
to generate microporosity in the subsequent heat treatment of the residual solid at high
temperature but the resulting ACs are essentially macroporous solids. By impregnating PET
with solid KOH, AC with a more heterogeneous porosity in the regions of micro-, meso- and
macropores is obtained. The pore size distribution is wider when using and increased
impregnation ratio. For KS1:5, Sget is 1990 m? g and Wo is 0.71 cm® g, In addition, Ve
is 0.81 cm® g and Vimap is 1.77 cm® gL, For VA, Sger and the pore volumes are markedly
smaller. Surface hydroxyl and quinone type groups have been analysed in ACs, pHpz being

only slightly different from 7.00. Adsorption data fit better to the Ho and Mackay second
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order kinetic model than to the Lagergren first order model and to the Langmuir equation than
to the Freundlich equation. From the kinetic and thermodynamic standpoint, the process of
BPA adsorption is more favourable for AC prepared from PET by chemical activation with
solid KOH, especially when the PET:KOH ratio of 1:5 was used in the impregnation of PET.
The kinetic constant kz is 526 g mol™ h™! and the equilibrium parameter Qo is 425 x 10 mol
g for KS1:5. 2In general, the behaviour of AC in the adsorption of PBA is consistent with

adsorbent textural properties, especially the meso- and micropore size distributions.
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Table 1. Preparation of AC from PET by physical and chemical activation methods. Process

yield and sample notations.

Aa lp I+/°C lvh  T/C  Sih Iv/% Av/% Notation

Steam - - - 900 1 - 5.9 VA

KOH 1:1 85 2 850 2 96.0 58.4 KL1:1
KOH 1:3 85 2 850 2 93.1 48.3 KL1:3
KOH 15 85 2 850 2 75.8 494 KL1:5
KOH 1:1 - - 850 2 - 75.8 KS1:1
KOH 1:3 - - 850 2 - 38.1 KS1:3
KOH 15 - - 850 2 - 23.9 KS1:5

Abbreviations: Aa, activating agent; I, impregnation ratio (PET:KOH); Iy, impregnation
treatment temperature; I, impregnation treatment time; T, maximum heat treatment
temperature (MHTT); S;, soaking time at MHTT; Iy, impregnation process yield; Av,

activation process yield.
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Table 2. Textural characterization of AC by the N» adsorption at -196°C. Surface area and

pore volumes.

Sample Sger/m? gt Wo/cm3 gt Vmilcm® g Vme/cmé gt
VA 1061 0.47 0.49 0.34
KL1:1 125 0.06 0.05 0.07
KL1:3 27 0.01 0.01 0.04
KL1:5 12 0.00 0.00 0.03
KS1:1 1060 041 0.42 0.19
KS1:3 1564 0.58 0.60 0.27
KS1:5 1990 0.71 0.55 0.73

Abbreviations: Sget, BET surface area; Wo, micropore volume (Dubinin-Radushkevich); Vmi,

micropore volume; Vme, mesopore volume.

Table 3. Textural characterization of AC by mercury porosimetry and density measurements.

Pore volumes and mercury densities.

Sample  Vmep/cm*g? Vmaplcmig?! pug/gem® pugiem®g? Viriemig?

VA 0.36 0.08 1.24 0.81 0.91
KL1:1 0.13 0.38 0.87 1.15 0.57
KL1:3 0.10 0.35 0.99 1.01 0.46
KL1:5 0.08 0.35 0.95 1.05 0.43
KS1:1 0.31 1.49 0.40 2.50 2.21
KS1:3 0.56 211 0.31 3.23 3.25
KS1:5 0.81 1.77 0.35 2.86 3.29

Abbreviations: Vmep, mesopore volume; Vmap, macropore volume; png, mercury density;
V’1=Wo + Vmep + Vmap, total pore volume. Wo, micropore volume (Dubinin-Radushkevich)
from adsorption isotherms for N2 at -196 °C; Vmep and Vmap from the curve of mercury

intrusion.
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Table 4. pHpzc values for the AC samples.

Sample PHpzc

VA 7.20
KL1:1 6.35
KL1:3 6.37
KL1:5 6.25
KS1:1 5.60
KS1:3 5.35
KS1:5 5.70

Table 5. Fitting of the experimental Kinetic data to the pseudo-first and pseudo-second order

kinetic models.

Pseudo-first order Pseudo-second order
Qe(theoretical)'104/ Qe'104/ ki/ qe-lO“/ kao/
Sample te/h R
mol g* molg? ht mol g gmolth?

VA 48 19.66 17.37 0.04 0.992 20.64 59 0.996
KS1:1 96 12.31 6.40 0.02 0921 1231 319 0.999
KS1:3 144 22.83 9.47 0.03 0.953 2287 222 0.999
KS1:5 144 21.99 5.48 0.02 0.848 22.08 526 1.000

Abbreviations: te, equilibrium time; ge, amounts adsorbed at equilibrium; ki, pseudo-first

order rate constant; k», rate constant of pseudo-second order adsorption; R, fitting coefficient.
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Table 6. Fitting of the experimental equilibrium data to the Freundlich and Langmuir models.

Langmuir Freundlich

Qo-10% b-10%/ Kr10%/
Sample Re R 1/n

molg* L mol? (mol g1)/(mol LHYn

VA 2.62 15.60 0.060 0.999 0.50 118.88 0.784

KS1:1 111 850 0.105 0.668 2.37 - 0.811
KS1:3 215 84.71 0.012 0.999 0.10 4.39 0.973
KS1:5 4.25 10.84 0.084 1.000 0.26 25.51 0.983

Abbreviations: Qo, maximum monolayer coverage capacity; b, Langmuir isotherm constant;

n, adsorption intensity; Kg, Freundlich isotherm constant; R, fitting coefficient.
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Figure 1. pHpzc measurement.
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Figure 2. Adsorption isotherms for N2 at -196 °C.
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Figure 3. Curves of mercury intrusion.
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Figure 4. FT-IR spectra for selected AC samples.
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Figure 5. Adsorption kinetic of BPA for selected AC samples.
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Figure 6. Adsorption isotherms of BPA for selected AC samples.
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