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ABSTRACT

This study investigated the removal of tetracycline (TC) using polypropylene (PP), polystyr-
ene (PS), Saccharomyces cerevisiae (Sc) yeast, and new types of sorbents such as polypropy-
lene–S. cerevisiae (PP–Sc) and Polystyrene–S. cerevisiae (PS–Sc) biocomposites from aqueous
solutions in a batch system. PP–Sc and PS–Sc are newly synthesized yeast immobilized
polymers for the removal of TC. The experimental results showed that the maximum TC
removal was obtained by using the PP–Sc biocomposite, which has a porous structure
necessary for the adsorption process and live yeast is a good biosorbent that is necessary
for the biosorption process. The experimental conditions were investigated as a function of
pH (4–12), the TC amount (10–150 mg/L), the adsorbents amount (0.05–0.6 g/L), the tem-
perature (25–55˚C), and the NaNO3 amount (0.025–1 mg/L). The Freundlich and Langmuir
adsorption isotherms were conducted to deduce the mechanism of the removal process and
both of the results were compatible. The thermodynamic parameters for the removal
process and the structure characteristics of PP–Sc, both before and after the TC removal,
were determined. This study proved that the PP–Sc and PS–Sc biocomposites have different
features than the original and can cause significant implications for environmental biotech-
nologies, in particular for the removal of TC.

Keywords: Tetracycline removal; Polypropylene–Saccharomyces cerevisiae biocomposite;
Polystyrene–Saccharomyces cerevisiae biocomposite

1. Introduction

The pharmaceutical residues found in wastewater
treatment plants are antibiotics, blood lipid regulators,
antiinflammatories, antiepileptics, tranquillizers, X-ray
contrast agents, and contraceptives. The removal of
organic micropollutants in a wastewater unit processes
is determined with different methods. Their biodegrad-
ability and physicochemical properties, their water
solubility, hydrophobicity, and their tendency to volati-
lize are important parameters to determine the
micropollutants [1]. Antibiotics are the drugs that are
most used for preventing and treating human, animals,

and plants diseases [2]. These antibiotics can be divided
into seven major categories: (1) aminoglycosides, (2)
amphenicols, (3) β-lactams, (4) macrolides, (5) antibiotic
peptides, (6) polyethers or ionophores, and (7) tetracy-
clines (TCs). TCs are one of the most widely used
antibiotics in the world, which are poorly absorbed into
the digestive tract, and are unchanged when excreted in
feces and urine [3]. On account of a broad spectrum of
antimicrobial activity, low cost, and wide applications
of TC, this has led to concerns with regard to the unsafe
residue which is toxic and can provoke allergies [4]. It
also has the potential to promote or maintain bacterial
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resistance and disrupt key cycles/processes that are
critical to aquatic ecology or crop and animal produc-
tion [5]. However, only a small portion of TC was
metabolized or absorbed in vivo, while most of the
unchanged forms were released in excreta [6]. TC is an
amphoteric molecule (C22H24N2O8) and it has multiple
ionizable functional groups of binding carbon atoms.
These groups are tricarbonylmide (C-1; C-2; C-3),
phenolic diketone (C-10; C-11; C-12), and dimethy-
lamine (C-4) groups (Fig. 1).

TC has three pKa values (3.3, 7.68, and 9.69) and
exists as a cationic, zwitterionic, and anionic species
under acid, respectively. In aqueous solutions, the
three groups can undergo protonation–deprotonation
reactions and form cation species (pH < 3.3), zwitte-
rion species (3.3 < pH < 7.68), or anion species
(pH > 7.68) [7,8].

The adsorption into suspended solids, aerobic and
anaerobic biodegradation, chemical (abiotic) degrada-
tion, and volatilization are the primary removal
mechanisms for pharmaceutical residues in wastewater
[1]. However, among these techniques, the adsorption
of antibiotics by different sorbents is believed to be
cheap and easy [9]. Iron oxide-coated quartz [10], mar-
ine sediments [11], rectorite [12], aluminum oxide [13],
magnetite nanoparticles (Fe3O4 MNPs) [14], Fe–Mn
binary oxide [15], palygorskite [16], inorganic graphene
oxide [17], cinnamon soil [18], several soils [19], modi-
fied nanoscale zero valent iron [20], chitosan particles
[21], and titania–silica composed materials [22] are
widely used for the removal of TC.

Additionally, all of these sorbents, some algae spe-
cies, polymers, and composite sorbents have been used
for the removal of TC [23]. Unlike previous studies,
this study used polypropylene (PP), polystyrene (PS),
and Saccharomyces cerevisiae (Sc) to remove the TC.
Polypropylene–S. cerevisiae (PP–Sc) and polystyrene–S.
cerevisiae (PS–Sc) biocomposites were synthesized to
evaluate the removal characteristics of TC on new
immobilized materials. PP–Sc and PS–Sc biocomposites
tend to be two inexpensive and widely available with

environmental impact on resistant polymers and yeast.
PP is a non-toxicity polymer and the immobilization of
Sc onto PP is a very hard process due to Sc being a
micro-organism.

In this study, the immobilization process was per-
formed and proved by an scanning electron microscope
(SEM) and FTIR analysis. PP, PS, Sc, PP–Sc, and PS–Sc
can accomplish the removal of a TC aqueous solution.
Adsorption isotherms and thermodynamic parameters
were represented. Functional groups and the PP–Sc
morphology, which is the best adsorbent removal of TC
in this study, were investigated with FTIR and SEM,
both before and after the removal treatment.

2. Materials and methods

2.1. Materials

TC hydrochloride was purchased from Merck
(Darmstadt, Germany) and was used to prepare a
stock solution of 1,000 mg/L TC. The stock TC solu-
tion was diluted to different desired concentrations.
The pH of the TC solution was adjusted to a required
value using 0.1 M HCl and 0.1 M NaOH. S. cerevisiae
(Sc), PP, and PS were obtained from Sigma.

2.2. Preparation of sorption material

Sc was dissolved into distilled water and
1,000 mg/L stock solutions were prepared at pH 9. PP
and PS polymers added the desired amount to the
solutions as a total 0.5 g weighing dry PP or PS poly-
mers: 0.5 g weighing dry Sc. The mixture was shaken
for 24 h and then the mixture was filtered. This mix-
ture was dried in an oven at 30˚C and a sorption
material was obtained. Supernatant was collected to
assess the amount of Sc released back into the wash-
ing solution.

2.3. Batch adsorption studies

The batch experiments were carried out in 100-mL
PP bottles containing 100 mL of aqueous solution. For
each experiment, 1 g of sorbent was added into
100 mL of TC solution in a 250-mL Erlenmeyer flask.
The Erlenmeyer flasks were agitated in a shaker con-
trolled at 100 rpm and at room conditions. 1 mol/L
NaOH or 1 mol/L HCl were used to adjust the pH
value. The concentrations of TC remained in their
solution after the adsorption process and were mea-
sured using the UV spectrometer at 360 nm (Unicam
UV 2). The absorbance values were taken against a
blank solution (the blank solution was prepared byFig. 1. Structure of tetracycline (TC) [8].
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treating some amount of distilled water with sorbents
at the same pH).

2.4. The equilibrium of mathematically

The removal yield was calculated as shown in Eqs.
(1) and (2).

Removal % ¼ C0 � Ct

Ct
� 100 (1)

qe ¼ VðC0�CtÞ
m

(2)

where qe is the adsorption capacity (mg/g), C0 and Ct

are the initial and the after adsorption TC concentra-
tion (mg/L), V is the volume of the solution (L), and
m is the amount of the sorbent (g).

2.5. Adsorption isotherms

Often these non-linear curves are called adsorption
isotherms. Adsorption isotherms are mathematical
models which describe the TC ions distribution
between the solution and the adsorbent at a constant
temperature, according to the equation. The Fre-
undlich and Langmuir isotherms are defined for the
most used one-component systems.

2.5.1. Langmuir adsorption isotherm

The Langmuir equation is valid for monolayer
sorption onto a homogenous surface. It assumes that a
reactive molecule is adsorbed on an active site, but
also that further adsorption cannot take place at the
same site [9]. The Langmuir adsorption isotherm can
be written in linear form as follows:

1

qe
¼ 1

qmax
þ 1

Ce

1

kaqmax
(3)

where qe (mg/g) is the equilibrium amount of the TC
adsorbed per unit mass of sorbent values. Here, qmax

is the maximum TC adsorption capacity (mg/g), Ce is
the equilibrium TC concentration in the liquid-phase
concentration (mg/L), and ka is the Langmuir adsorp-
tion constant (mg/L) [24].

2.5.2. Freundlich adsorption isotherm

The Fruendlich adsorption isotherm can be written
in the linear form as Eq. (4).

ln qe ¼ lnKf þ 1

nf
lnCe (4)

where Kf is the equilibrium constant and 1/nf are the
Freundlich constants that indicate the adsorption
capacity and adsorption intensity, respectively. The
Freundlich isotherm indicates the heterogeneous sur-
face and this model better suited for the multilayer
adsorption process [4].

2.6. Adsorption thermodynamics of TC

In this study, the thermodynamic parameters were
investigated for the optimum experimental conditions.
The free energy of adsorption (ΔG), the heat of
adsorption (ΔH), and the entropy changes (ΔS) can be
calculated from the following Eqs. (5) and (6) [25,26]:

Kd ¼ q

Ce
(5)

DG ¼ �RT lnKd (6)

where Kd is the equilibrium constant, ΔG is the free
energy of adsorption (kJ/mol), T is the temperature in
Kelvin, and R is the universal gas constant
(8.314 J/mol K). Using Eq. (7), ln Kd is the value plot-
ted against 1/T that is the value (Van’t Hoff) consist-
ing of the slope and the intercept, respectively, ΔS0,
−ΔH0 [27].

lnKd ¼ �DH=RT þ DS=R (7)

3. Results and discussion

3.1. Characterization of adsorbents (PP, PP–Sc, and PP–Sc
after adsorption)

The SEM and FTIR patterns of PP and PP–Sc (be-
fore and after the treatment) are presented in Figs. 2
and 3, respectively. The SEM is a good method and
widely used to investigate the morphological features
of adsorbent materials. Fig. 2(a)–(c) shows the scan-
ning of the electron microscopy images of PP, PP–Sc,
and PP–Sc after the TC adsorption. Fig. 2(a) indicates
a flat structure of PP changed after the synthesized
PP–Sc biocomposite (Fig. 2(b)). A roughly flat-shaped
PP turned into a spherical-shaped PP–Sc biocomposite,
which is favorable for the adsorption of TC. The rea-
son for that is the amorphous structure of Sc [28]. As
a result, TC was adsorbed on the PP–Sc biocomposite
surface (Fig. 2(c)).
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A FT-IR spectroscopy was used to determine the
vibrational characteristics of chemical functional
groups in the biosorbent [28,29]. The absorbance spec-
trums of PP, PP–Sc, and PP–Sc after the adsorption
process were compared in order to determine the
effects of Sc on PP and TC on PP–Sc. All of these pics
were also displayed with the same graphic to compare
them (Fig. 3(a)–(d)). A peak in the 1,300–400 cm−1

region shows the molecule structure. A number of
inorganic groups such as sulfate, phosphate, nitrate,
and carbonate absorbed in the fingerprint region
(<1,200 cm−1 or 8.3 μm). The resulting spectra fre-
quently exhibit bands at 3,450 and 1,640 cm−1 due to
the moisture absorbed [30]. Sc has various functional
groups [31]. The two pics at about 1,345 and
1,450 cm−1 are characteristic groups for C–H groups

(Fig. 3(a) and (b)). C–O–C stretching vibration at about
1,237.65 cm−1 for the PP–Sc biocomposite, but this
peak cannot appear after the adsorption process
(Fig. 3(c)). It shows that the TC molecules entering
into the biocomposite molecules and changed the
structure. A peak in the 3,500–3,200 cm−1 region is
due to the stretching of the N\H bond of amino
groups. This N\H stretching peak lies in the spectrum
region occupied by a broad and strong band (3,200–
3,600 cm−1), which is due to the presence of γO\H of
the hydroxyl groups [32]. The NHþ

2 , NH+, and N\H
bond of biocomposites indicated peak lines in the
2,300–2,400 cm−1 region. The FTIR spectra of PP–Sc
and PP–Sc–TC (before and after the adsorption of TC)
appeared in protein-related bands, respectively, at
1,633.34 and 1,634.37 cm−1. These bands indicated that

Fig. 2. (a) PP SEM images, (b) PP–Sc SEM images, and (c) PP–Sc SEM image after adsorption TC.
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a γC_O of amide I and a H/γC_O combination of the
amide II bonds. If there are carboxyl groups, the
polysaccharide absorption peaks will appear between
1,000 and 1,100 cm−1 [33,34].

The PP–Sc and PP–Sc–TC carboxyl groups’ bands
appeared at 1,042.58 and 1,030.10 cm−1, respectively.

The shifted bands show that the PP structure changed
after the synthesized PP–Sc biocomposite and adsorp-
tion process. The reason for this may be due to the Sc’s
protein structure and the TC’s amine and OH groups.

3.2. The effect of the pH

The pH value of the aqueous solution plays an
important role in the adsorption and biosorption pro-
cesses. It affects the speciation of TC, the surface
characteristics of the biosorbent, and the chemical
properties of the biosorbent during reaction [35, 36].
The effect of the initial pH on the TC removal at the
range values 4–12 is presented in Fig. 4. Varying the
initial pH value has an important effect on the effi-
ciency of TC removal. The optimum removal effi-
ciency was obtained at a pH of 6 and the value of the
removal percentage of TC was decreased.

The effects of the pH on the TC removal process
can explain with Sc, PP, and PS molecule structures
and features. Sc is the most useful yeast for fermenta-
tion and it reproduces by a division process [37]. The
solution charge is very important for the living media
of Sc, the molecule strength of PP and PS, and the
adsorption process because PP is a hydrophobic syn-
thetic polymer [38] and PS can be soluble in organic
solutions. The most important feature is Sc’s outer
layer of cell walls consisting of proteins which can be
positively charged with ionizable groups of proteins
in the TC media [39]. Therefore, the TC biosorption on
Sc decreased after at pH 6 and the optimum pH value
for TC biosorption was determined to be pH 6. There
are some literature studies on the removal of different
pollutants from aqueous solutions by PP, PS, their dif-
ferent composites, and a Sc immobilized polymer.
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Fig. 3. (a) FTIR spectra of PP, (b) FTIR spectra of PP–Sc
biocomposite, (c) FTIR spectra of PP–Sc biocomposite after
TC sorption, and (d) FTIR spectra of PP, PP–Sc biocompos-
ite, and PP–Sc biocomposite after TC sorption at the same
graph.
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Fig. 4. The effect of pH of the solution on the removal of TC.
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Motsa et al. [40] reported the application of
clinoptilolite–polypropylene (CLI–PP) blends/compos-
ites for the removal of lead from aqueous media using a
batch equilibrium adsorption method. The optimum
pH was found to be between a pH of 6 and 8 [40]. In
this study, the optimum pH for the removal of TC was
found to be 6 and it is appropriate to range this in the
literature as an immobilized Sc. Therefore, it can say
that PP and PS do not affect structural properties of Sc
in biocomposites, and biocomposites have gained
outstanding features. PS has superior properties as well
as PP. PS is an inexpensive plastic and may be easily
recovered from waste. Presently, PS is widely used in
many areas of biosciences and technologies owing to its
simple preparation, ease of surface functionalization,
and flexibility in size variations [41].

3.3. Effect of sorbent dosage

The effect of sorbent dosage on the TC adsorption
was studied by varying the sorbent dose from 0.05 to
0.6 g and the results are presented in Fig. 5. In this
study, four different sorbents were used. PP and PS
are adsorbents used for the removal of TC, but Sc is a
biosorbent. PP–Sc and PS–Sc combined both of these
excellent features. It is clear that the removal of TC
increased with the sorbent dosage. The removal of TC
rapidly increased to 0.5 g per sorbent dosage then this
increase slowly continued, but significant changes
were not observed. The increase in the TC removal
with an adsorbent dosage was due to an increase in
the adsorptive and active sites of the adsorbent [42].
The optimum dosage of sorbents for further experi-
ments of TC removal was found to be 0.05 g/L.

3.4. Effect of time

The effect of the adsorption time on the TC
adsorption was studied by varying the adsorption
time from 2.5 to 240 min and the results are presented
in Fig. 6. It is clear that the TC removal increased with
the adsorption time (150 min), but a very long adsorp-
tion time causes desorption (240 min). Thus, the value
of TC removal was decreased for four adsorbents and
the optimum removal time was found to be 150 min.

Scientists investigated the removal time of TC by
polymers and micro-organisms. de Godos et al. [23]
investigated the mechanisms for the removal of TC in
wastewater by high rate algal ponds. Dissolved TC
removal was determined at 69 ± 1% and the scientists
suggested that this removal was performed by pho-
todegradation and biosorption from day 62 [23]. The
removal of TC with sponge-like, tannin-based cryogels
was investigated and the optimum removal time was
found to be 150 min, similar to this study [4].

3.5. Effects of the initial TC amount

The effects of the initial TC amount on the removal
of TC were studied by varying the TC amount
(10–150 mg/L) and the results are presented in Fig. 7.
The results show that by increasing the TC amount, it
caused an increase in the removal of TC and the maxi-
mum q value was found to be 27.36 mg/g (PP).

3.6. Effect of cation

The effect of initial NaNO3 amount on the removal
of TC was studied by varying the NaNO3 amount
(0.025–1.0 mol/L) and the results are presented in
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Fig. 5. The effect of sorbent dosage on the removal of TC.
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Fig. 6. The effect of time on the removal of TC
(pH 6 msorbent = 0.05 g/L).
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Fig. 8. As seen in Fig. 8, the removal of TC by all of
the sorbents decreased when increasing the ionic
strength. These results can be explained by ionic and
electrostatic forces of Na+ and NO3– ions. The Na+

ions compete with TC molecules for binding PP,
PP + Sc, PS, PS + Sc, and Sc.

3.7. Determination of pHZPC

The zero point charge pH (pHZPC) of the adsor-
bents was measured for adsorbents. The pHZPC of the
PP, PS, Sc, PP–Sc, and PS–Sc was determined by add-
ing 20 mL of 0.05 mol/L NaCl to several 50-mL Erlen-
meyer flasks. A range of initial pH (pHi) values of the
NaCl solutions was adjusted from 2 to 12. The suspen-
sions were shaken in a shaker (298 K) for two days
and suspensions were centrifuged (3,600 rpm, 15 min)

[43]. The value of pHZPC is the point where the curve
of ΔpH (pHf–pHi) vs. pHi crosses the line equal to
zero [44]. The final pH (pHf) values of the supernatant
liquid were determined and the zero point charge
results were shown in Table 1.

TC existed as cationic in strong acid solution at
pH < 3.3, zwitter anions at 3.3 < pH < 7.7, and negative
ions at pH > 7.7 [45]. Optimum experimental pH value
was determined as 6 and TC molecules have negative
and positive charge at this pH. When pH of the solu-
tion increases above pHZPC, a negative charge is pre-
sent on the surface of biocomposites [44]. The pHZPC

of PP, PP–Sc, PS, PS–Sc, and Sc has shown that a nega-
tive charge at roughly pH > 5.633, 5.495, 5.595, 5.416,
and 5.338, respectively. It causes better tetracycline
cations adsorption through the electrostatic attraction
phenomenon. It is shown that the main binding
mechanism is due to the hydrogen bonding between
the adsorbents and TC’s –OH group adjacent to ter-
tiary amin –N(CH3)2 and electrostatic interaction may
be the most probable bonding mechanism which is
between protonated amine group of TC and the posi-
tively charged adsorbent wall [9]. At the same time,
the adsorption mechanism of the negatively charged
TC molecules occurs partly by ion exchange via releas-
ing exchangeable proton, which is interactions between
a adsorbed cation and a neutralized site [46,48].

3.8. Determination of adsorption isotherms

The value of RL indicates the type of the isotherm
to be irreversibly (RL = 0), favorable (0 < RL > 1), linear
(RL = 1), or unfavorable (RL > 1).

The TC adsorption fits excellently with both
Langmuir and Freundlich isotherms for PP, PP–Sc, PS,
PS–Sc, and Sc. All isotherm graphs were plotted using
Sigmaplot 11 software [45]. The applicability of both
Langmuir and Freundlich isotherms on the adsorption
of TC into biosorbent shows that the adsorption
occurred at both specific localized sites on a homoge-
neous surface by the monolayer formation of an adsor-
bate onto: firstly, the adsorbent surface; and secondly,
the reversible heterogeneous surface consisting of dif-
ferent adsorption energies at the adsorption sites [42].
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Fig. 7. The effects of the initial TC concentration on the
removal of TC (pH 6, msorbent = 0.05 g/L).
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Fig. 8. The effect of NaNO3 on the removal of TC (pH 6,
msorbent = 0.05 g/L).

Table 1
Zero point charge values of adsorbents

pHZPC r2

PP 5.633 0.915
PP–Sc 5.495 0.9458
PS 5.595 0.9555
PS–Sc 5.416 0.9415
Sc 5.338 0.9191
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Table 2 shows that adsorbents had an adsorption
capacity. The adsorption capacity of some adsorbents
was found to be graphene oxide functionalized mag-
netic particles of 39.1 mg/g [48] and anaerobic granular
sludge of 4.61 mg/g [49], as found in the literature. In
this study, the best adsorption capacity was found to be
PP + Sc (18.346 mg/g) > PP + Sc (16.346 mg/g) > Sc
(14.830 mg/g) > PP (12.723 mg/g) > PS (11.240 mg/g),
respectively. The Langmuir isotherm is suitable for
adsorbents data. These results are suitable and better
than many studies found in the literature.

3.9. Determining of thermodynamic parameters

The 1/n heterogeneity values for magnetic biosor-
bent were between 0 and 1, indicating that the TC
adsorption was favorable at the conditions studied.
The calculated RL values range between 0 and 1, indi-
cating that the TC adsorption into a sorbent is favor-
able and suitable [28]. The thermodynamic
parameters, Gibbs free energy (ΔG), entropy (ΔS), and
enthalpy (ΔH) values are presented in Table 3. ΔG val-
ues presented for PP, PP–Sc, PS, and Sc at four tem-
peratures. For the adsorption of TC on all of these
adsorbents, ΔG values are negative and fairly close.
The positive value of ΔS shows the increase in ran-
domness at the solid/liquid interface during the
adsorption process [50]. The adsorption of TC pro-
cesses has negative ΔH values for four adsorbents. So
that these adsorption processes are spontaneous and
feasible. The enthalpy value for physical sorption is
usually no more than 4.2 kJ/mol and the enthalpy for
chemical sorption is more than 21 kJ/mol because
chemical sorption involves forces much stronger than
in physical sorption [43]. The enthalpy values were
obtained for adsorbents and biosorbents were indi-
cated the physical sorption process.

3.10. Kinetics of TC adsorption onto adsorbents

The effect of contact time in the range of
2.5–150 min and kinetics were calculated (pH 6,

0.05 g/L TC). In order to investigate the mechanism of
TC removal (adsorption and biosorption) by PP, PS,
Sc, PP–Sc, and PS–Sc, the pseudo-first-order Lager-
gren, pseudo-second-order model, and intraparticle
diffusion kinetic models were analyzed. The kinetic of
TC removal by adsorbents and biocomposites was
analyzed using the pseudo-first-order Lagergren,
pseudo-second-order model, and intraparticle diffu-
sion model.

The pseudo-first-order kinetic model is expressed
as [51]:

log ðqe � qtÞ ¼ log qe � k1
2:303

t (8)

The pseudo-second-order kinetic model is given as
[52]:

t

qt
¼ 1

k2ðqeÞ2
þ t

qe
(9)

The initial sorption rate h (mg/g min):

h ¼ k2q
2
e (10)

Intraparticle diffusion model plays an important role
in the extent of adsorption and the equation can be
described as [53]:

qt ¼ kdt
0:5 þ I (11)

where qe and qt (mg/g) are the amounts of TC ions
adsorbed on the adsorbent at equilibrium and time t
(min), I is the intercept, and k1 (min−1), k2 (g/mg min),
and kd (mg/g min0.5) are the rate constants of pseudo-
first-order kinetic model, pseudo-second-order kinetic

Table 2
Langmuir and Freundlich isotherm parameters of the TC
adsorption

Langmuir Freundlich

Qmax (mg/g) b r2 Kf 1/nf r2

PP 12.723 0.0527 0.944 2.737 0.554 0.983
PP–Sc 18.346 0.0391 0.955 1.844 0.465 0.908
PS 11.240 0.0372 0.929 3.4681 0.869 0.899
PS–Sc 16.343 0.0683 0.952 3.356 0.728 0.918
Sc 14.830 0.0654 0.922 3.423 0.900 0.907

Table 3
Thermodynamic parameters of the TC adsorption

T (˚K) PP PP–Sc PS PS–Sc Sc

ΔG (kJ/mol)
298.15 −1.3448 −1.4184 −1.2690 −1.0498 −1.1441
308.15 −1.3040 −1.3725 −1.1793 −1.0031 −1.1693
318.15 −1.2975 −1.3642 −1.2549 −1.0029 −1.0932
328.15 −1.2223 −1.3614 −1.1324 −1.0005 −1.0484

ΔS (J/mol K)
298.15 0.651 0.2283 0.8349 0.8021 0.4571

ΔH (kJ/mol)
298.15 −1.4249 −1.6332 −2.0249 −3.0326 −2.0249
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model, and intraparticle diffusion model, respectively
[45]. The values of correlation coefficients (k1, k2, kd),
equilibrium adsorption capacities (qe,teo) in these mod-
els, and initial sorption rate (h) are given in Table 4.

According to the fitted linear regression plots, the
experimental data are well fitted with the pseudo-
second-order kinetic model with the highest value of
correlation coefficients for PP, PP–Sc, PS, PS–Sc, and Sc
(R2 > 0.999). Kinetics of TC adsorption on PP, PP–Sc,
PS, PS–Sc, and Sc followed the pseudo-second-order
model. It is suggesting that the adsorption rate-limiting
step may be the chemisorptions of TC. These mecha-
nisms can occur via surface complexation reactions at
specific adsorption sites [45,46]. In addition, in this pre-
sent study, the plots indicated that the intraparticle
diffusion model was not the sole rate-controlling step
because it does not intersect at the origin. The “C” val-
ues of adsorbents are not equal the zero (C ≠ 0) and Sc
has the biggest “C” value (2.457). Therefore, both intra-
particle diffusion and boundary diffusion highly
affected the TC adsorption on PP–Sc and PS–Sc biocom-
posites than PP and PS.

4. Conclusion

In this research, the sorption of (TC) on PP, PS, S.
cerevisiae (Sc) yeast, and new types of sorbents such as
polypropylene–S. cerevisiae (PP–Sc) and polystyrene–S.
cerevisiae (PS–Sc) was investigated. The results showed
that the removal processes were relatively fast and
reached equilibrium within 150 min. The pH of the
solution and ionic strength had significant effects on
the TC sorption for both types of sorbents. The nega-
tive values of ΔH, ΔG, and ΔS verify the exothermic
and spontaneous nature of the removal process. FTIR
and SEM analysis proved that polypropylene–S. cere-
visiae (PP–Sc) and polystyrene–S. cerevisiae (PS–Sc)
biocomoposites have different features than PP, PS,
and Sc, that is to say, their adsorption abilities
increased. Therefore, these biocomposites can be used
for an effective TC removal and have a high economic
value as synthesized from a waste polymer.
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