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Abstract

This study examines the potential of physically activated PET fibers (PA-PET) as an adsor-
bent for adsorption of two antibiotics (rifampicin (RIF) and rifaximin (RIX)) from aqueous
solution. To evaluate the performance of PA-PET, the effects of the initial antibiotic concen-
tration and the contact time were experimentally investigated at pH 2.0 and an adsorbent
dosage of 0.4 g/L. While no notable differences were observed regarding the contact time,
equilibrium being reached after 180 min, similar to raw PET fibers, a significant increase
in adsorption capacity was recorded across the entire range of initial antibiotic concentra-
tions. The highest increases in adsorption capacity were obtained at RIF concentrations
of 68 mg/L, where the adsorption capacity increased by more than 107%, and at RIX
concentrations of 4.28 mg/L, where the increase reached approximately 84%, compared
with the raw PET fibers. To further highlight the performance of PA-PET in the adsorption
of RIF and RIX, the isotherm and kinetic data were modeled. Desorption of RIF and RIX
from PA-PET was carried out using a medical-grade polyelectrolyte solution (SL) as the
desorbing agent. Although the desorption efficiency is relatively modest (below 33% for
RIF and 26% for RIX, after 360 min), the molecular structure of RIF and RIX does not change
after desorption, and antibiotics can be reintroduced into the technological circuit. These
results demonstrate that PA-PET is as a promising, low-cost, and efficient adsorbent for an-
tibiotic removal, offering a practical solution for pollution reduction and more sustainable
waste management.

Keywords: antibiotics retention; adsorption; PA-PET; isotherm modeling; kinetic modeling

1. Introduction

The expansion of the medical sector and the pharmaceutical industry in recent years
has made antibiotics an important new category of pollutants that affect the quality of
environmental ecosystems [1,2]. The discharge of industrial effluents that do not meet
quality requirements, or the irrational and uncontrolled use of antibiotics, are just two of
the causes that lead to the accumulation of these pollutants in the aqueous environment,
thus contributing to the degradation of ecosystem quality [2,3]. This is because once they
reach water sources, antibiotics, even at low concentrations, inhibit the growth of cells in
biological organisms, can eliminate microbes, can seriously affect the health of fish and
aquatic plants, and can have severe consequences on the health of humans and animals [4,5].
Rifampicin (RIF) and rifaximin (RIX) are two examples of broad-spectrum antibiotics
that are successfully used in the treatment of mycobacterial infections both in humans
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and animals [6,7]. Although these two antibiotics are used in the treatment of different
pathologies (RIF-respiratory system infections, RIX-gastrointestinal tract infections), both
are considered drugs with minimal systemic absorption [8,9]. Therefore, wherever they
are used in medical treatment, the risk that significant amounts of these antibiotics reach
wastewater, and subsequently the environment, is substantial, and this was one of the
criteria for selecting RIF and RIX for the experimental studies.

To date, the literature reports a wide variety of methods that can be used for the
removal of antibiotics from aqueous media [10-12]. Biological treatments, photocat-
alytic degradation, advanced oxidation processes, biodegradation, membrane filtration,
etc. [13-15] are some examples of such methods that have proved their technological ef-
ficiency and applicability on an industrial scale [15,16]. However, the high consumption
of chemical reagents and energy, the difficulties of long-term operational and for variable
wastewater volumes, as well as the generation of secondary wastes (in some cases in large
quantities and with biological risk) [17,18] have led to the continuous search for alternative
methods for removing antibiotics from aqueous media that minimize these drawbacks.

Compared with the examples mentioned above, adsorption is a simple method, easily
adaptable to various operating conditions, which can be efficiently managed (both in
terms of material requirements and equipments) and which have proven its effectiveness
in environmental remediation processes [19,20]. Moreover, if the material used as an
adsorbent is a waste derived from other industrial activities, adsorption can be included in
the category of ecological method that comply with the principles of the circular economy
and sustainable development [20,21].

The selection of the polyethylene terephthalate fibers (PET fibers) for the experimental
studies was made precisely taking into account these considerations. It is well known that
obtaining PET fibers is one of the most widespread ways of valorizing PET waste, and their
production continues to increase due to the enormous quantities of PET waste that need to
be recycled [22,23]. Therefore, their availability is not an impediment. Moreover, obtaining
PET fibers is simple and cost-effective, being carried out through a hot mechanical extrusion
process (180-220 °C), which does not require additional chemical reagents or generate
secondary waste [22,24]. Therefore, the PET fibers obtained in this way also exhibit high
chemical and mechanical resistance, are stable over time, and do not degrade at ordinary
temperatures (up to 250 °C) [25], just like the plastic material from which they are made. All
these characteristics are important for the adsorption processes of antibiotics from aqueous
media and represent the main arguments underlying the use of PET fibers for this purpose.

However, previous studies [26,27] have shown that PET fibers have modest efficiency
in retaining RIF and RIX from aqueous media. The adsorption of antibiotic molecules
onto PET fibers occurs predominantly through electrostatic, hydrogen-bonding and -
7 interactions, which cause the RIF and RIX molecules to ,fold” around the fibers [26].
Consequently, the limited number of active sites on the PET fibers surface and the rigidity
of the antibiotic molecules are the main reasons why the adsorption efficiency is quite
modest, regardless of the experimental conditions. Therefore, improving the efficiency of
the adsorption process requires an increase in the number of active sites, and this can be
achieved through activation.

Although the activation of PET fibers can be achieved by chemical or physical pro-
cesses [28-30], physical activation offers several advantages that should be considered
when designing environmental decontamination applications [30]. Thus, unlike chemical
activation, the physical activation of PET fibers is carried out easily (through hot pressing),
does not involve the use of chemical reagents or exceptional experimental conditions, and
can be readily scaled up with minimal investment. Moreover, the physical activation of
PET fibers keeps the cost of the obtained adsorbent low, and it is much easier to use in
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experimental studies due to its robustness and ease of manipulation. These considerations
provide both the scientific and practical justification for selecting the physical activation of
PET fibers as an approach to enhance their performance in antibiotic adsorption processes.

In this study, physical activated PET fibers (PA-PET) were used for the retention of the
antibiotics RIF and RIX from aqueous solution. The adsorptive performances of PA-PET
were examined (in discontinuous systems) at different initial antibiotics concentration (RIF
and RIX) and contact time, compared to raw PET fibers. The isotherm and kinetic data
were analyzed using various adsorption models, and the obtained results were used to
outline the adsorption mechanism of antibiotics on PA-PET. All these aspects are important
because they provide relevant information about the adsorption behaviors and practical
potential of this low-cost material.

2. Materials and Methods
2.1. Materials

Rifampicin (RIF) and rifaximin (RIX) solutions (Figure S1) with a concentration of
214 mg/L (stock solutions) were obtained by dissolving solid antibiotic (purity > 99.9%,
purchased from Sigma Aldrich, St. Louis, MO, USA) in 96% ethanol (Chemical Company,
Iasi, Romania), followed by vigorous stirring. Each stock solution was freshly prepared
before use and stored in the refrigerator (maximum of 2-3 days). All working solutions
were prepared from these stock solutions by dilution with distilled water. For adjusting the
pH of the working solutions, a 1 mol/L HNOj solution (Chemical Company, lasi, Romania)
was used.

Raw PET fibers (6.7 x 64 SD) were obtained by hot mechanical processing of PET waste
and were supplied by GreenFiber International Company, lasi, Romania. The physically
activated PET fibers (PA-PET) were produced from raw PET fibers, also within GreenFiber
International Company, Iasi, Romania. The technological process for obtaining PA-PET
involves carding, followed by mechanical consolidation (needle perforation) and thermal
pressing (heated-roll calendars, up to 120 °C) of PET fibers. These processes result in a
cloth-like agglomerate of PET fibers that do not fall apart during use, which is why they
have been called physically activated PET fibers. For the experimental studies, raw PET
fibers and PA-PET were cut to acceptable sizes (approximately 1 cm for raw PET fibers
and about 1 cm? for PA-PET), washed with a HNOj solution (0.1 mol/L), rinsed several
times with distilled water, and dried at room temperature. All PET fiber samples (raw or
physically activated) were stored in desiccators at constant humidity.

2.2. Characterization Methods

The structural features of PA-PET were revealed by FTIR spectroscopy (KBr pellet
technique, resolution = 4 cm™ 1, spectral range between 400 and 4000 cm~! Bio-Rad
Spectrometer (Berlin, Germany)) and SEM microscopy (20 kV, SEM Hitachi S3000N (Tokyo,
Japan), compared to raw PET fibers. In addition, thermal decomposition curves of the raw
PET fibers were recorded to evaluate the potential degradation of the PET fibers during the
PA-PET production process. Thermal decomposition curves of PET fibers were recorded
with Mettler Toledo Instrument (model TGA /SDTA 851e, Berlin, Germany), between 25
and 900 °C, in air, with a heating rate of 10 °C/min.

2.3. Batch Adsorption/Desorption Studies

The experimental studies were performed at pH = 2.0, an adsorbent dosage of 0.4 g/L,
and room temperature (22 &+ 1 °C), previously demonstrated to be the optimal condi-
tions [26]. To evaluate the adsorption performance of PA-PET compared with the raw PET
fibers, the experimental studies were carried out in a mono-component system, at various
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initial antibiotic concentrations (4.29-68.69 mg/L, and constant contact time (1440 min)) and
contact time (5-1440 min, and constant initial concentration of RIF and RIX (21.45 mg/L)).
After completing the adsorption experiments, the solid fibers (raw PET and PA-PET) were
separated from the solution (using a tweezers), and the equilibrium concentration of RIF
and RIX was determined spectrophotometrically (Carry 60 UV-VIS spectrophotometer
(Agilent, Santa Clara, CA, USA), experimental conditions: pH = 7.0 (phosphate buffer),
1 cm glass cell, the maximum wavelength at 470 nm for RIF and 444 nm for RIX, against
distilled water). All experiments were repeated three times, and the average values were
used for the calculations and graphical representations. The efficiency of the adsorption
processes was evaluated using the adsorption capacity (q, mg/g) and the removal percent
(R, %), obtained from the experimental data using relations (1) and (2).

g=10=9Y )
R="C"100 )
€o

where cy, c are the initial and equilibrium concentration of antibiotics, (mg/L); m is the
mass of adsorbent (g); and V is the volume of solution, (L).

In the case of desorption experiments, in the first step, 1 g of PA-PET was mixed with
250 mL of antibiotic (RIF and RIX) solution (75 mg/L) (at pH2, with a contact time of
24 h and a temperature of 22 £ 1 °C), removed from the solution and air-dried at room
temperature. In the second step, 0.1 g of antibiotic-loaded PA-PET were treated with
10 mL of a medical-grade polyelectrolyte solution (SL) (hydration salt solution, purchased
from Biomega Natural Nutrients S.L., Madrid, Spain), whose composition is provided in
Supplementary Materials Table S1. The phases were separated after well-defined time
intervals (ranging from 10 to 360 min), and the antibiotic (RIF and RIX) concentration in the
solution was determined spectrophotometrically, as described above. Desorption efficiency
(Desorption, %) was calculated using the relation:

Desorption, % = 4. 100 (3)
Gads - M
where ¢, is the concentration of antibiotic (RIF and RIX) in the solution after desorption
(mg/L), g. is the adsorption capacity at equilibrium for each antibiotic (mg/g), and m is the
mass of loaded PA-PET (g).

2.4. Isotherm and Kinetic Modeling

The equilibrium data were analyzed using the following isotherm models: Lang-
muir (Equation (4)), Freundlich (Equation (5)), and Temkin (Equation (6)). These models
allow the determination of the adsorption mode (mono- or multi-layer) and provide
insight into the nature of the interactions involved (through the calculation of the adsorp-
tion energy) [31-33]. Using these models, it is possible to evaluate how the adsorption
of antibiotics onto PA-PET occurs and to determine the nature of the interactions gov-
erning these processes. These aspects are important for evaluating the efficiency of the

adsorption processes.
_ Amax * Kp-c

1= 1+Kp-c @
q:KP_Cl/Vl (5)
q = Br-In(Kr-¢) (6)
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where g—adsorption capacity (mg/g), fmar—maximum adsorption capacity (mg/g), Kr—
Langmuir constant (L/g), c—equilibrium concentration of antibiotics (RIF and RIX) (mg/L),
n—heterogeneity factor, Kr—Freundlich constant (L/g), Kr—Temkin constant (L/g), B—
Temkin isotherm constant, defined by: By = R-T /b, (J/mol), br—constant related to the
heat of adsorption process, R—the universal gas constant (8.314 ] mol/K), T—absolute
temperature (K).

The Langmuir constant (K, L/g) was used for the calculation of the Gibbs free energy
(AG, kJ/mol), according to the relation:

AG = —RT -InK; )

where all notations have the meanings mentioned above.

The models used for the kinetic modeling were: the pseudo-first order model (PFO)
(Equation (8)), the pseudo-second order model (PSO) (Equation (9)), and intra-particle
diffusion model (IPD) (Equation (10)) [34,35]. The use of these kinetic models allows the
establishment of the essential elementary steps important in the adsorption processes,
which represents the starting point for selecting an appropriate desorption agent.

g =qe- (1—e M) ®)
_ kogtet

" 1Yk gt ©)

qt = kdiff /2 +c (10)

where g, gi—the adsorption capacities at equilibrium and at time t (mg/g), kj—the rate
constant of pseudo-first order model (1/min), k,—the rate constant of pseudo-second order
model (g/mg min), ksjz—the intra-particle diffusion rate constant (mg/g min'/2), c—the
concentration of antibiotics (RIF and RIX) in solution at equilibrium (mg/L).

The most suitable isotherm and kinetic models for describing the experimental ad-
sorption data were selected by evaluating the regression coefficients (R?) and chi-square
(Equation (11)), obtained from the statistical assessment performed by ANOVA.

2
Chi — square = Z M (11)
Gealc
where geyy and g4 are the experimental and calculated values of the adsorption capacity
at equilibrium (mg/g).

3. Results and Discussion
3.1. Comparative Study of Antibiotic (RIF and RIX) Adsorption on Raw PET Fibers and PA-PET

Previous results have shown that RIF and RIX can be retained on raw PET fibers, and
that the experimental conditions in which adsorption occurs with maximum efficiency
are: pH = 2.0, an adsorbent dosage of 0.4 g/L, and ambient temperature (22 + 1 °C).
However, the removal percents do not exceed 75-85%, even at low concentrations (up
to 5mg/L) [26]. Therefore, activating this adsorbent through a physical process, already
applied at industrial scale, may be a viable solution for improving the performance of these
adsorption processes.

In this study, physically activated PET fibers (PA-PET) were used for the retention
of RIF and RIX from aqueous solutions, and the experimental investigations were carried
out for different initial antibiotic concentrations and various contact times. The adsorption
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capacities obtained for PA-PET, compared with those of raw PET fibers for both antibiotics
(RIF and RIX), are illustrated in Figures 1 and 2.

70 16
60 mPA-PET 14 B PA-PET
O Raw PET fibres 12 O Raw PET fibres

429 858 17.16 2145 3432 51.48 68.64 428 856 17.12 214 34.24 51.36 68.48
Co, Mg/L Co, mg/L
(@) (b)

Figure 1. Influence ofinitial concentration of RIF (a) and RIX (b) on the adsorption capacity of raw
PET fibers and PA-PET. (Experimental conditions: pH = 2.0; adsorbent dosage = 0.4 g/L, contact
time = 1440 min, temperature = 22 + 1 °C).

30 12
B PA-PET
2 10 u PA-PET
O Raw PET fibres Raw PET fibres
m20 218
D =]
€15 E®
3 o
10 4
5 2
0 0
5 10 30 60 120 180 360 420 1440 5 1030 60 120 180 360 420 1440
t, min t, min
(@) ®)

Figure 2. Variation in the adsorption capacity (q, mg/g) as a function of contact time for RIF (a) and
RIX (b). (Experimental conditions: pH = 2.0; adsorbent dose = 0.4 g/L, c0 = 21.45 mg RIF/L and
21.2 mg RIX/L; temperature = 22 + 1 °C).

The results presented in Figure 1 show that increasing the initial antibiotic concentra-
tion cause an increase in adsorption capacity for both antibiotics (RIF and RIX) and for both
adsorbents. However, when using PA-PET, an improvement in the adsorption efficiency is
observed over the entire initial concentration range. In the case of RIF, this improvement in
adsorption efficiency becomes much more evident at high concentrations (above 50 mg/L),
where the adsorption capacities are more than 80% higher for PA-PET compared with raw
PET fibers, while at low concentrations (below 35 mg/L) the adsorption capacities show
comparable values for both adsorbents (Figure 1a). In the case of RIX, an improvement in
adsorption efficiency is observed in the low concentration range (below 10 mg/L), where
the adsorption capacities are more than 75% higher for PA-PET compared with raw PET
fibers (Figure 1b). At initial concentrations higher than 10 mg/L, the adsorption capacities
obtained for PA-PET become increasingly closer to those obtained for raw PET fibers as the
initial RIX concentration increases (Figure 1b). This different behavior of the two antibiotics
can be explained by considering the structural particularities of their molecules. In the case
of RIF, the molecule has great geometrical flexibility [36], which allows it to easily find the
active binding sites. In contrast, the RIX molecule is less geometrically flexible [36], and the
presence of geometrically favorable active sites is essential for the adsorption process to
occur effectively.

https://doi.org/10.3390/w18151878
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These encouraging results suggest that the agglomeration of PET fibers following
physical activation (in PA-PET) probably generates a larger number of available active sites
capable of interacting with antibiotic molecules in the aqueous solution, thereby improving
adsorption efficiency. PA-PET behaves like a filter on which the retention of RIF and RIX
molecules (large organic molecules) occurs much more efficiently compared to raw PET
fibers. The increase in adsorption efficiency when using PA-PET is also important from an
applicative point of view because, at initial antibiotic concentrations below 5 mg/L, the
removal percentages is greater than 90% (92.15% for RIF and 90.46% for RIX), compared
with 86.05% for RIF and 75.95% for RIX in the case of raw PET fibers, and the adsorption
process can be considered quantitative. All these observations broaden the applicability
of the adsorption processes and support the prospect of using PA-PET adsorbent on a
large scale.

The effect of contact time on the adsorption of RIF and RIX onto PA-PET and raw PET
fibers is illustrated in Figure 2. As can be observed, the time required to reach adsorption
equilibrium does not differ significantly for the two adsorbents for both antibiotics. In the
case of both PA-PET and raw PET fibers, the minimum time needed for the adsorption pro-
cesses to reach equilibrium is 180 min (Figure 2a,b), although in the case of RIF adsorption
onto PA-PET, this value can also be considered as 120 min (Figure 2a).

This insignificant variation in the minimum time required to attain equilibrium sug-
gests that the adsorption kinetics do not change when using PA-PET compared with raw
PET fibers, but only the number of available active sites increases, which leads to higher
adsorption capacities for PA-PET than for raw PET fibers for both antibiotics (Figure 2a,b).

Considering these experimental results, it can be stated that PA-PET is a cost-effective
adsorbent (its preparation is based on simple mechanical and thermal processes) which
improves the efficiency of RIF and RIX adsorption from aqueous solutions. Consequently,
PA-PET can be considered an economically and technologically advantageous adsorbent,
with clear application potential. For this reason, a detailed study of the adsorption processes
is required, and this will be presented in the following sections.

3.2. Characterization of PA-PET Adsorbent

To determine whether the improvement in the adsorption performance of PA-PET
is due to the increase in the number of active sites as a result of the ordering of PET
fibers (during the PA-PET manufacturing process), or the formation of new active sites,
characterization of the adsorbent is necessary.

The thermal analysis of the raw PET fibers (Figure 3a) shows that no thermal degra-
dation processes occur up to 350 °C (DTG curve), but only some phase transformation
processes in the range 200-250 °C (DTA curve) characteristic of PET fiber softening. There-
fore, the formation of new active sites as a result of thermal degradation of PET fibers
during PA-PET fabrication is unlikely, since the temperature required for PA-PET manu-
facturing (up to 120 °C) is much lower than the temperature at which degradation occurs
(above 350 °C) (Figure 3a). Moreover, the high thermal stability of PET fibers is one of their
well-known advantages, consistently reported in the literature [37,38].

The absence of new functional groups as a result of the preparation of PA-PET (through
physical processes) is also sustained by the FTIR spectra and SEM images. As shown in
Figure 3b, the FTIR spectra of the two materials are similar, and no supplementary bands
appear in the PA-PET spectrum. The higher number of absorption maxima in the PA-PET
spectrum compared with the raw PET fibers is mainly due to splitting of the absorption
bands, but also due to experimental difficulties encountered in obtaining a sufficiently
transparent pellet for experimental recording.
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Figure 3. (a) Thermal degradation curves of raw PET fibers. (b) FTIR spectra of PA-PET and raw PET
fibers. (c) SEM images of PA-PET at different magnification orders.

The SEM images confirm the smooth morphology of the PET fiber surface after physi-
cal activation. As shown in Figure 3¢, regardless of the magnification, the PET fibers exhibit
a uniform surface without defects (breaks or cracks), which rules out the occurrence of
degradation processes during the preparation of PA-PET.

However, it should be noted that in PA-PET the fibers are ordered (first image—
Figure 3c), and the network formed could be responsible for the easier retention of antibi-
otic molecules and, therefore, for the increase in experimental adsorption capacities. To
demonstrate this, RIF and RIX adsorption on PA-PET must be quantitatively analyzed,
which can be achieved by modeling the experimental data.

3.3. Modeling of Equilibrium and Kinetic Data for RIF and RIX Adsorption on PA-PET

The equilibrium data were quantitatively evaluated using Langmuir, Freundlich, and
Temkin models. These models allow the determination of how antibiotic molecules interact
with the PA-PET surface and the type of the interactions occurring during the adsorption
process [21,32] under the given experimental conditions. The linear representations of these
models for RIF and RIX adsorption onto PA-PET are illustrated in Figure 4, and the model
parameters are presented in Table 1.

The data presented in Table 1 show that the Langmuir model provides the best descrip-
tion of RIF and RIX adsorption onto PA-PET, since for this model the highest regression
coefficients (R?) and the lowest values of the chi-square are obtained. However, these statis-
tical parameters obtained do not present a significant difference from the valuesobtained
for the Freundlich model. This allows us to say that the retention of RIF and RIX occurs
on the PA-PET surface up to the formation of a monolayer (in accordance with Langmuir
model). But once the concentration of RIF and RIX on the adsorbent surface becomes
sufficiently high, the antibiotic molecules may interact with each other (due to their large
molecular volume and polar structure), which is similar to a Freundlich-type behavior of
the adsorption processes.
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Figure 4. Linear representation of Langmuir (a), Freundlich (b) and Temkin (c) models for the
adsorption of RIF and RIX on PA-PET. (Experimental conditions: pH = 2.0; adsorbent dose = 0.4 g/L;
temperature =22 + 1 °C).

Table 1. Isotherm parameters for the adsorption of RIF and RIX on PA-PET.

Isotherm Model Parameter RIF RIX
R? 0.9873 0.9842
Lanemuir Chi-square 0.2044 0.2104
& Gmax, ME/g 71.94 16.95
KL, L/g 0.0922 0.0956
AG, kJ/mol —5.85 —5.76
R? 0.9725 0.9797
. Chi-square 0.2532 0.2809
Freundlich n 135 331
K, L/g 6.3621 4.3732
R? 0.9274 0.9324
Temki Chi-square 0.3203 0.2895
emxin Ar,L/g 1.6207 1.4903
br, J/mol 75.71 60.67

This hypothesis is also sustained by the values of the parameter # (from the Freundlich
model), which are greater than unity (Table 1) and indicate that the adsorption process is
favorable, both in the case of RIF and RIX. However, the values of this parameter differ
significantly for the two antibiotics. This indicates that, although both adsorption processes
are favorable (n > 1), the efficiency of RIX adsorption varies significantly with the initial
concentration, and the intensity of the adsorption process increases with increasing the
initial concentration (n = 3.31). In contrast, the adsorption intensity of RIF decreases more
gradually with the increasing concentration (n = 1.35). This behavior is consistent with the
experimental data illustrated in Figure 1, which clearly highlight these particularities of
RIF and RIX adsorption on PA-PET.

The Langmuir-type behavior of RIF and RIX adsorption onto PA-PET is also suggested
by the maximum adsorption capacities (qmax, mg/g). The similar values of the maximum
adsorption capacities (Table 1) and those obtained experimentally (66.46 mg/g for PIF
and 14.88 mg/g for RIX) clearly indicate that the adsorption of RIF and RIX onto PA-PET
take place until the adsorbent surface is occupied, at which point the adsorption processes
reach equilibrium. Moreover, the negative AG values (Table 1) indicate that the RIF and
RIX adsorption onto PA-PET is spontaneous, while the low adsorption energy values (b,
kJ/mol) (Table 1) indicate that the adsorption of the antibiotic molecules on the adsorbent
surface involves relatively weak physicochemical interactions.
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Much more important from an application point of view are the maximum adsorption
capacities (qmax, mg/g) obtained when using PA-PET as an adsorbent. As shown in Table 1,
the maximum adsorption capacity obtained in the case of RIF is more than four times higher
than that obtained in the case of RIX, indicating that RIF has a much higher availability
to bind to the PA-PET surface, compared to RIX. This higher adsorption efficiency of RIF
was also observed in the case of using PET fibers as an adsorbent, and is mainly attributed
to the greater ability (flexibility) of RIF molecules to interact with functional groups [26].
However, compared to PET fibers, the maximum adsorption capacities obtained for PA-
PET are more than 60% higher in the case of RIF (from 44.84 mg/g for PET fibers to
71.94 mg/g for PA-PET) and more than 8% higher in the case of RIX (from 15.63 mg/g
for PET fibers to 16.95 mg/g for PA-PET). These increases in the maximum adsorption
capacities indicate that the formation of an ordered network of PET fibers during PA-PET
preparation (Figure 3c) significantly improves the geometric (spatial) arrangement of the
active sites on the fiber surface, thereby allowing them to interact much more efficiently
with the antibiotic molecules. If the structure of the antibiotic molecule allows these
interactions to occur, the adsorption process becomes efficient within a specific range of
initial concentrations (up to 10 mg/L for RIF and below 5 mg/L for RIX) (Figure 1).

To get a complete picture of how the adsorption of RIF and RIX on PA-PET occurs,
and to identify the elementary steps that control the rate of the adsorption process, kinetic
modeling of the experimental data is required. The linear representations of the pseudo-first
order, pseudo-second order, and intra-particle diffusion kinetic models are illustrated in
Figure 5, while the parameters of these models are presented in Table 2.

Table 2. Kinetic parameters for the adsorption of RIF and RIX on PA-PET.

Kinetic Model Parameter RIF RIX
Jeexp.s mg/g 26.24 11.21
R? 0.9349 0.8996
hi- 727 .6971
Pseudo-first order model qu1’ rsr?;/a;e 07_ 656 0 66'31
ki, 1/min 0.0085 0.0111
R? 0.9999 0.9992
Pseudo-second order model Cq}:;?;/a;e 02263788 Oi 1.23764
ky, g/mg min 0.0046 0.0047
R? 0.9903 0.9812
c1, mg/L 15.02 5.67
. i 1/2
Intra-particle diffusion model ki1, mg/g min 0.8302 0.2412
R? 0.8045 0.5189
Co, mg/L 25.21 10.20
Kdif 2, mg/g min!/2 0.0286 0.0301

The pseudo-first order kinetic model shows limited ability to describe the experimental
data obtained for RIF and RIX adsorption onto PA-PET (Figure 5a). The calculated values of
the adsorption capacities differ significantly from the experimental values (high chi-square
values) for both RIF and RIX (Table 2). This indicates that for the retention of antibiotics
on the PA-PET surface, the interaction of antibiotic molecules with a single active site is
not sufficient. However, the regression coefficients higher than 0.89 (Table 2) allow us to
state that this type of interaction most likely represents one of the elementary steps of the
adsorption mechanism.
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Figure 5. Linear representation of pseudo-first order (a), pseudo-second order (b) and intra-particle
diffusion (c) kinetic models for the adsorption of RIF and RIX on PA-PET. (Experimental conditions:
pH = 2.0; adsorbent dose = 0.4 g/L; temperature =22 + 1 °C).

In contrast, the pseudo-second order kinetic model (Figure 5b) provides a much
better description of the experimental data. The high regression coefficients (R? > 0.999),
the low chi-square values, and the similar values of the calculated and experimental
adsorption capacities (Table 2) clearly indicate that RIF and RIX adsorption on PA-PET
follows pseudo-second order kinetics. Therefore, the adsorption of RIF and RIX on the
PA-PET surface requires two active sites, which interact successively with the antibiotic
molecules in the aqueous solution. In the first stage, the interactions between the antibiotic
molecules and the functional groups of PA-PET are most likely of electrostatic type (as the
adsorption efficiency depends on pH [26]), followed by a second stage in which physical
interactions (7r-7t interactions, hydrogen bonding, etc.) contribute to the fixation of the
antibiotic molecules onto the PA-PET surface. The achievement of these interactions does
not depend on the nature of the antibiotic molecule (RIF or RIX), as the rate constants (ky,
g/mg min) have almost identical values (Table 2).

However, it should be noted that the values of the rate constant k, obtained for the
adsorption of RIF and RIX on PA-PET are higher than those obtained for the raw PET fibers.
Thus, for RIF, the increase in the rate constant is more than two times (from 0.0019 g/mg
min for raw PET fibers [26] to 0.0046 g/mg min for PA-PET (Table 2)), while for RIX
this increase is more than 1.5 times (from 0.0031 g/mg min for raw PET fibers [26] to
0.0047 g/mg min for PA-PET (Table 2)). These differences in the rate constants indicate
that, regardless of the type of the antibiotic (RIF or RIX), the agglomeration of PET fibers in
PA-PET facilitates the interaction of antibiotic molecules with the adsorbent. This is most
likely due to the much more appropriate geometric positioning of the active sites which, as
a result of mechanical pressing, are located at appropriate distances and no longer force the
RIF and RIX molecules to fold in order to stabilize on the adsorbent surface (as occurs in
the case of raw PET fibers).

The elementary diffusion steps also contribute to the adsorption of antibiotics (RIF
and RIX) on PA-PET, but they are not the rate-controlling steps. As shown in Figure 5c,
none of the linear representations pass through zero, and the two distinguishable regions
correspond to: (1) the diffusion of antibiotic molecules from the bulk solution to the external
surface of the adsorbent (external diffusion), and (2) the diffusion of antibiotic molecules
into the liquid film around the PET fibers that form the PA-PET (internal diffusion). It
can also be observed from Figure 5c and Table 2 that, while the first diffusion step is a
rapid one that depends on the type of the antibiotic, the second diffusion step is much
slower (by at least one order of magnitude), and the nature of the antibiotic influences this
process much less. This allows us to say that when the adsorbent (PA-PET) is introduced
into the aqueous solution containing RIF and RIX, the antibiotic molecules spontaneously
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migrate toward the PA-PET surface (first diffusion step: kyjf 1-high; c;—low (Table 2)), and
once there, they interact with the most geometrically favorable functional groups. These
interactions occur gradually, which makes the rate of the second diffusion step much lower,
while the concentration of RIF and RIX in the film surrounding the adsorbent remains high
(second diffusion step: kgf ,—low; co—high (Table 2)).

All these particularities allow the design of an adsorption mechanism and highlight
the practical utility of RIF and RIX adsorption onto PA-PET, which are aspects that will be
discussed in the following sections.

3.4. Insights of the Adsorption Mechanism

All the experimental results presented above showed that the adsorption of RIF and
RIX onto PA-PET exhibits the following distinctive characteristics:

(i) The adsorption takes place in a strongly acidic media (pH = 2.0, previously es-
tablished as optimal [26]), which ensures the protonation of the functional groups of
polyethylene terephthalate (pK, = 3.54 [39]) and the first dissociation step of the antibi-
otic molecules (RIF: pK;; = 1.80; RIX: pK,; = 2.08 [40,41]), suggesting the presence of
electrostatic interactions during the adsorption processes.

(ii) The adsorption of antibiotics (RIF and RIX) onto PA-PET is described by the
Langmuir model (Table 1), which means that the antibiotic molecules are retained on the
adsorbent surface up to the formation of a monolayer, after which the adsorption processes
reach equilibrium. The satisfactory agreement of the experimental results with the Fre-
undlich model suggests that RIF and RIX interact with functional groups located in different
geometric planes on the PA-PET surface (originating from different PET fibers), and these
interactions, according to the parameters of the Temkin model [42], are predominantly
physicochemical in nature.

(iii) The agreement between the experimental data and the pseudo-second order kinetic
model (Table 2) indicates that, during the adsorption processes, RIF and RIX molecules
must interact with two active sites on the PA-PET surface. Therefore, even if only one of
these interactions is electrostatic (because at pH = 2.0, antibiotics are ionized only in their
first dissociation step), the second interaction may be physical in nature (such as hydrogen
bonding, 7t-7t interactions, etc.), and it plays a key role in stabilizing the antibiotic molecules
on the PA-PET surface [43].

(iv) The retention of RIF and RIX onto PA-PET through physicochemical interactions
(electrostatic forces, hydrogen bonding, 7-m interactions, etc.) is also sustained by the FTIR
spectra of PA-PET, recorded before and after RIF and RIX. The shifts in the absorption
maxima of the most relevant bands by up to 10 cm~! (Table 3) indicate that the functional
groups of PA-PET do not participate in the formation of new chemical bonds (no additional
bands appear), but only the chemical environment surrounding these groups is changed.

(v) The elementary diffusion processes only serve to transport the RIF and RIX
molecules into the proximity of the functional groups of PA-PET. Consequently, diffusion
from the solution mass to the surface of the adsorbent occurs rapidly, whereas diffusion
within the liquid film around the fibers that make up PA-PET is a much slower process
(Table 2). These differences allow us to say that RIF and RIX molecules easily reach the
PA-PET surface, where they accumulate until finding the available active sites.

Based on these considerations, a schematic illustration of the adsorption mechanism
of RIF and RIX onto PA-PET is presented in Figure 6.
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Table 3. Wavenumbers of absorption maxima in FI-IR spectra of PA-PET before and after antibiotic
(RIF and RIX) adsorption.

Functional Groups Before Adsorption After Adsorption
RIF RIX
Hydroxyl groups 3647 cm ™! 3654cm~! 3651 cm!
(water; alcohols)
Carbonyl groups (esters) 1733 cm ! 1737 cm ™! 1728 cm ™!
Carbonyl. groups (carboxylic 1683 cm-1 1691 cm-1 1687 cm-—1
acids; ketones)

Deformation vibration of C-H 1 1 1

bond (-CHy) in polymer chain 1456 cm 1452 em 1455 em
Vibration of C-H bond in 797 em-1 793 em-1 798 cm-1
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Figure 6. Schematic illustration of RIF and RIX adsorption on PA-PET.

3.5. Desorption Studies

In the case of antibiotic (RIF and RIX) adsorption onto PA-PET, the main objective
of desorption studies is the recovery of the antibiotic molecules. This is because PA-
PET is an inexpensive, readily available, and easy-to-prepare adsorbent, and therefore its
regeneration is less important from a practical point of view. Therefore, when designing
desorption process, it is essential to consider conditions that do not alter the structure of
the antibiotic molecules.

The experimental data presented in above have shown that RIF and RIX adsorption
onto PA-PET occurs in a strongly acidic medium (pH = 2.0) through physicochemical
interactions (electrostatic, hydrogen bonding and 7t-7t interactions). Under these conditions,
desorption of the antibiotic molecules can be most easily achieved by increasing the pH
of the aqueous solution [44,45]. Increasing the pH causes the ionization of the antibiotic
molecules to superior dissociation steps (more negative charges), as well as to the depro-
tonation of the functional groups of PA-PET. This generates electrostatic repulsions that
release RIF and RIX molecules into the aqueous solution.

Unfortunately, bases (such as NaOH, KOH, etc.) cannot be used to increase the pH of
the aqueous solution. This is because their alkaline nature can lead to degradation of the
structure of antibiotic molecules [46] and loss of biological activity. Much more suitable
for this purpose is the use of salt solutions, whose weakly acidic/basic pH is sufficient to
create the electrostatic repulsions required for desorption.

In this study, a medical-grade polyelectrolyte solution (SL) was used for desorption
of RIF and RIX from PA-PET. Due to its high concentration of Na(I) and K(I) ions and
its weakly acidic pH (6.79) (see Supplementary Materials Table S1), it meets the required
conditions for desorbing agents.
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The experimental results obtained for desorption of RIF and RIX from PA-PET upon
treatment with 10 mL of the polyelectrolyte solution at different contact times (10-360 min)
are presented in Figure 7.
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Figure 7. Variation in desorption efficiency of RIF (a) and RIX (b) from PA-PET at different values
of contact time. (Experimental conditions: pH = 6.79; 10 mL desorption agent; q = 31.68 mg RIF/g
PA-PET and 16.32 mg RIX/g PA-PET; temperature = 22 + 1 °C).

It can be seen from Figure 7 that as the contact time increases, the amount of antibiotic
desorbed from the PA-PET surface also increases for both RIF and RIX. The release of
antibiotic molecules into the polyelectrolyte solution (used as the desorption agent) is more
efficient during the initial stages, as in the first 10 min 28.10% of RIF and 18.54% of RIX
are desorbed. After this, desorption rate decreases, and the processes reach equilibrium
after 60 min for RIF and 180 min for RIX. However, it should be noted that at the end of the
360 min., desorption percent of the two antibiotics remains relatively low, not exceeding
33% for RIF and 26% for RIX.

This variation in the desorption efficiency of RIF and RIX from the PA-PET surface
is a consequence of the specific characteristics of the adsorption processes, mentioned
previously. In the initial stage, the rapid release of both RIF and RIX is governed by des-
orption of molecules located near the outer surface of the adsorbent. When the desorption
agent comes into contact with the loaded adsorbent, electrostatic repulsions are generated,
leading to the release of antibiotic molecules into the solution. As the contact time increases,
the driving force of desorption process decreases, on the one hand due to the significant
reduction in antibiotic molecules on the external surface of PA-PET (which have already
been desorbed), and on the other hand due to the accumulation of desorbed antibiotic
(RIF and RIX) molecules in the aqueous solution. RIF and RIX molecules that are trapped
between the PET fibers of the adsorbent, even though they are released through desorption,
reach the bulk solution more slowly due to electrostatic repulsions. This explains the
modest values of desorption efficiency. Under these conditions, a possible approach to
increase the efficiency of desorption process is to increase the volume of the desorption
agent, or to use several successive desorption steps. These alternatives require a more
detailed discussion, and therefore they will be discussed in a further study.

Even though the desorption efficiency of antibiotics (RIF and RIX) from PA-PET is
relatively modest, it is important to determine whether any structural modifications occur
in the antibiotic molecules after their release into the solution. This is because, as previously
mentioned, the recovery of the two antibiotics is much more important from an application
point of view than the regeneration of an inexpensive and readily available adsorbent (such
as PA-PET).
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To highlight any structural changes in the RIF and RIX molecules after desorption, the
visible spectrum (400-600 nm) of the solutions obtained after desorption was recorded and
compared with that of the standard solutions (Figure 8). Both in the standard solution and
in the solution obtained after desorption, the antibiotic concentrations were adjusted to
25.0 mg/L for RIF and 12.7 mg/L for RIX.

1 0.35
0.8 standard solution 0.30
° : —— desorption solution ©0.25 — standard solution
% 0.6 é 0.20 —— desorption solution
£ £
§ 0.4 §0.15
< <0.10
0.2
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Figure 8. VIS spectra of RIF (a) and RIX (b) (experimental conditions: pH = 7.0, phosphate buffer;
¢ =25.0 mg/L for RIF and 12.7 mg/L for RIX).

As can be seen in Figure 8, in the VIS spectra recorded for the standard solutions
and for those obtained after desorption (and concentration adjustment) there are no major
differences for both antibiotics. The overlap of the spectra, both in terms of absorption
maximum and spectral band width (Table 4), indicates that after desorption, the RIF and
RIX molecules are not involved in secondary processes that could lead to modifications
of the chromophore structure. The only notable difference is the maximum absorbance,
which in the case of the standard solutions is higher than in the solutions obtained after
desorption (Figure 8) for both antibiotics. Nevertheless, these differences are not significant
(0.039a.u. for RIF and 0.014a.u. for RIX (Table 4)) and can be attributed to experimental
errors associated with adjusting the antibiotic concentrations in the solutions obtained
after desorption.

Table 4. Spectrophotometric parameters of VIS spectra illustrated in Figure 8.

Parameter RIF Spectra RIX Spectra
Standard Desorption Standard Desorption
Solution Solution Solution Solution
Absorbance (max) 0.776 0.737 0.308 0.294
A, nm 470 470 444 444
AAp 2, nM 68.0 65.0 74.0 76.0
e, L/mol cm 2.74 x 10* 2.57 x 10* 1.91 x 10* 1.82 x 10*

Notes: A-the wavelength corresponding to the absorption maximum; AA; /»-the spectral band width; e-the molar
absorption coefficient.

The chromophore responsible for the appearance of these absorption bands in the
VIS spectra is the strongly conjugated naphthoquinone system, which influences the bi-
ological activity of RIF and RIX, contributing to the way these molecules interact with
bacterial enzymes [47,48].

All these experimental results show that after desorption from PA-PET, the structure
of RIF and RIX molecules does not change (they retain their biological activity) and can be
reused into the technological process. This is particularly important from a practical point
of view, as it highlights the usefulness of the adsorption process of antibiotics (RIF and RIX)
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onto PA-PET in the context of the circular economy. However, finding environmentally
friendly solutions that could improve the adsorption efficiency of RIF and RIX onto PET-
derived adsorbents remains a challenge, which will be addressed in future studies.

4. Conclusions

In this study, physically activated PET fibers (PA-PET) were used as adsorbents for the
retention of rifampicin (RIF) and rifaximin (RIX) from aqueous media. The performance of
PA-PET was evaluated at different initial antibiotic concentrations and various contact times,
under the previously established optimal experimental conditions (pH = 2.0, adsorbent
dosage = 0.4 g/L). If, in the case of contact time, no notable differences are observed,
the variation of the initial concentration of RIF and RIX leads to a significant increase
in the adsorption capacity of PA-PET compared with the raw PET fibers. This increase
in the adsorption capacity of PA-PET is significant for high RIF concentrations (above
50 mg/L) and for low RIX concentrations (up to 10 mg/L). The use of PA-PET is also
important from an applicative point of view, because at initial antibiotic concentrations
below 5 mg/L the removal percentages are higher than 90% (92.15% for RIF and 90.46%
for RIX), and the adsorption process can be considered quantitative. This improvement
in the adsorption performance of PA-PET is most likely due to the formation of the PET
fiber network, which allows a much easier retention of the RIF and RIX molecules. The
modeling of the experimental isotherms and kinetic curves showed that RIF and RIX
adsorption onto PA-PET is best described by the Langmuir model and by the pseudo-
second order kinetic model. Therefore, the adsorption of RIF and RIX onto PA-PET occurs
until a monolayer is formed (qmax = 71.94 mg/g for RIF and 16.95 mg/g for RIX), and
the retention of the antibiotic molecules on the PA-PET surface involves physicochemical
interactions (at least one of which is electrostatic). For desorption of RIF and RIX from
PA-PET, a medical polyelectrolyte solution was used as the desorbing agent. Although
the desorption efficiency of RIF and RIX from PA-PET is relatively modest (after 360 min
desorption percentage remains below 33% for RIF and 26% for RIX), much more important
is the fact that the molecular structure of RIF and RIX does not change, and the desorbed
antibiotics can be reintroduced into the technological circuit. This is particularly important
from an applicative point of view, as it highlights the usefulness of RIF and RIX adsorption
onto PA-PET in the context of the circular economy. All the experimental results indicate
that PA-PET is as a promising, low-cost, and efficient adsorbent for RIF and RIX removal,
offering a practical solution for pollution control and more sustainable waste recycling.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w18151878 /s1, Figure S1: Chemical structure of RIF (a) and RIX
(b) molecules); Table S1: Chemical composition of the medical-grade electrolyte solution (SL) used as
the desorbing agent.
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