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Abstract: Sodium diclofenac (DCF) has been detected in waters worldwide and is considered a micropollutant of emerging
concern due to its potential toxicity in aquatic and terrestrial ecosystems. Traditional water treatment methods are unable to
remove DCF completely from water, which makes adsorptive films a suitable alternative to address this challenge. In this
context, the present study investigated the adsorptive capacities of a poly(vinyl alcohol)-based film for removing DCF from
aqueous solutions. The effects of the initial DCF concentration and solution pH on the adsorption performance were evaluated,
as well as kinetics and equilibrium isotherms. Regarding the results, DCF precipitation was observed within a pH range of 4.0-
7.0, probably due to its limited solubility in acidic media. The optimal DCF concentration was found to be the lowest tested
(2.5 mg L), yielding an equilibrium adsorption capacity (g.) of 0.511 mg g"' and a DCF removal percentage (%R) of 23.4%
within 90 min. Although the adsorption equilibrium was well described by the Redlich-Peterson isotherm despite the unusual
behavior observed, pseudo-first and pseudo-second order kinetic models were satisfactory only at the initial concentration of
2.5 mg Lt Overall, the data set indicate that the film has a limited adsorption capacity, reaching saturation at low adsorbate
concentrations. Nonetheless, these findings support further investigations at lower DCF concentrations to better understand the
film’s adsorptive behavior under environmentally relevant conditions.

Keywords: Poly(vinyl alcohol), citric acid, crosslinked film, sodium diclofenac, adsorption, isotherms, kinetics.

Introduction

The increasing water scarcity concerns scientists and
authorities worldwide [1], and relates to the growth of the
human population and emerging new forms of water
contamination. Some examples are emergent organic
micropollutants, such as pesticides, pharmaceuticals, and
personal hygiene products [2, 3]. Besides bringing harmful
environmental effects even at trace concentrations, their
removal at conventional water treatment systems is also
challenging [3].

Non-steroidal ~ anti-inflammatory  drugs  (NSAIDs),
commonly consumed by humans and animals, have been
detected in various environmental compartments, including
surface water, groundwater, and soils [4]. NSAIDs and other

© The author(s) 2024. This is an open access article published under the terms
and conditions of the Creative Commons Attribution International License,
which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited. The author(s) granted
the publication rights to Scientia cum Industria.

pharmaceuticals reach water bodies through contaminated
wastewater, considering that between 40 and 90% of the
ingested dose leaves the body in its unalerted form or a
biologically active metabolite [3]. Among this class of
medicines, sodium diclofenac (DCF) stands out for its
analgesic, antipyretic, and anti-inflammatory properties.
However, this drug has already proven adverse effects on
aquatic and terrestrial ecosystems [4].

As described by Lonappan et al. [4], DCF concentrations at
ng L™ level may cause chronic effects on fish, such as delay in
egg hatching. Additionally, the drug may accumulate in gills,
muscle, liver, and kidney tissues, causing cytological
abnormalities. Mussel species might have their metabolism,
growth, and tissues affected. According to Eades and Waring
[5], DCF exposure is also prejudicial to crabs of the Carcinus
maenas species, altering their osmoregulation capacity.
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To mitigate further contamination, effective removal
techniques are required. Biological treatments are the most
widely used in wastewater treatment due to the relatively low
costs, high removal rates of organic matter, and capability to
handle large volumes [6]. Activated sludge processes are
commonly used in wastewater treatment [7], especially in the
pharmaceutical industry [8]. They consist of the degradation of
pollutants into acceptable forms or conversion into water and
carbon dioxide through mineralization, using microorganisms.
In this case, removal occurs by biotransformation, sorption
onto sludge, and phototransformation [7].

DCF exhibits a low water-sludge distribution coefficient,
indicating a higher prevalence in the liquid phase [7], being
less likely adsorbed onto sludge. The photodegradation caused
by sunlight eliminates approximately 90% of DCF in lakes.
Nevertheless, certain degradation by-products of DCF can
increase toxicity by up to sixfold. Moreover, the complexes of
DCF and Hg (II), Pb (II), and Sn (IT) ions present antimicrobial
activity whose effects on biological treatment remain
incompletely understood [4].

The review published by Zhang et al. [7] reports the DCF
removal efficiency of various biological treatment approaches,
including conventional activated sludge processes, membrane
reactors, and sequencing batch reactors. The removal rates
were up to 80%, with a more common range between 21 and
40%. Alternative processes have been studied to improve these
rates, such as the non-conventional techniques of pressure-
driven membrane processes and adsorption [9, 10].

Membrane separation processes stand out for their
compacity, stability, and satisfactory performance [10].
Regarding DCF removal from aqueous media, reverse osmosis
laboratory-scale studies have reported removal rates exceeding
98% [11]. Additionally, adsorption has emerged as a superior
alternative to conventional wastewater treatment methods due
to its low energy consumption, ease of operation, and high
efficiency [12, 13]. From an environmental perspective,
adsorption is an interesting alternative as the solid residues
generated are limited compared to flocculation and coagulation
processes, which produce sludge [12]. The possibility of
regenerating and reusing the adsorbent also contributes to
operational cost reduction, even though final disposal might be
challenging [14].

Another promising technology involves integrating
adsorption and membrane processes for micropollutant
removal. The adsorptive membranes offer several advantages,
including high removal rates and efficiency, high permeate
flux, low operation pressure, regeneration, and reusability. For
this purpose, materials with adsorptive capabilities are
incorporated into the membrane, aiming to overcome
drawbacks associated with both processes when applied
separately. The fillers can be organic, inorganic, or
biomaterials, and there are several preparation techniques to
incorporate them into the membrane polymer matrix [1].

This technology has not been widely studied for the
removal of pharmaceuticals from water, though it shows
potential [15]. For example, Raicopol et al [16] have

developed cellulose acetate membranes with layered double
hydroxides (LDHs) to increase adsorption capacity and
permeability. The membrane with 4% (w/w) Mg-Al LDHs
showed a remarkable tenfold increase in DCF adsorption
capacity compared to pristine cellulose acetate membranes and
exhibited higher water flux.

Poly(vinyl alcohol) (PVA) is a fossil-based synthetic
polymer known for its outstanding hydrophilicity, which arises
from the presence of hydroxyl groups in its structure.
Additionally, it is biodegradable, nontoxic, and well-suited to
film formation [17, 18]. Consequently, studies have been
exploring its potential applications in water treatment,
including membrane separation processes and adsorption for
removing contaminants, such as dyes [19] and pharmaceuticals
[20]. In alignment with eco-friendly approaches, PVA serves as
a polymer adsorbent that offers structural diversity and tunable
physicochemical properties [21]. Furthermore, adsorptive films
made from PVA can be more easily prepared, applied, and
recovered compared to conventional adsorbents [12].

In this context, Raota ef al. [22] produced a green PVA-
based membrane crosslinked with citric acid, containing
glycerol and green synthesized silver nanoparticles (AgNPs)
for DCF removal. Besides the membrane performance
comparable to loose nanofiltration commercial membranes
(44% of DCF removal at 3 bar, with 2.2 L m™? h' of permeate
flux), the authors hypothesized a combined rejection and
adsorption of DCF by the membrane. A subsequent work [23]
demonstrated that the membrane has adsorptive capacity for
DCF removal through batch adsorption experiments. However,
better comprehension of the membrane’s adsorptive behavior
still requires deeper investigations.

In light of these considerations, this study aimed to
investigate the DCF adsorptive capacity of the referred PVA-
based membrane through batch adsorption experiments. Since
the selective capacity of the membrane was not evaluated, it
will be referred to as “film” throughout this work. The effects
of contact time, initial DCF concentration, and initial pH of the
media on the film’s adsorptive performance were examined,
and adjustments to equilibrium and kinetic models were also
performed.

Experimental Section

Chemicals and materials

The high-purity DCF (> 98%) and PVA (My of 85,000-
124,000 kDa, degree of hydrolysis > 99%) were acquired from
Sigma-Aldrich (Brazil). Glycerol (propane-1,2,3-triol) and
ethanol (95%) were purchased from Vetec Quimica Fina Ltda.
(Brazil).  Anhydrous  citric  acid  (2-hydroxy-1,2,3-
propanetricarboxylic acid, analytical grade) was obtained from
Cinética Ltda. (Brazil), and silver nitrate (= 99%) from Merck
(Brazil). Distilled water for solution preparation was produced
using a Pilsen distiller (Quimis, model Q341-210). pH
adjustments were performed by adding small quantities of HCI
and NaOH aqueous solutions (0.1 mol L") prepared from
commercial chemicals NaOH 98-100% and HCI 37-38%
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(Merck Brazil). The resulting pH was monitored using a pH
meter (MS Tecnopon, model mPA-210).

According to a previous study [24], the AgNPs were
synthesized using a green synthesis approach. Briefly, an
aqueous solution of AgNO5 (2.5 mmol L") was combined with
an equal volume of hydroalcoholic grape pomace extract
(50 gL™", pH = 10.0) at room temperature, yielding an AgNP
solution with a final concentration of 1.25 mmol L™,

Preparation of the PVA-based films

The films were fabricated using the casting and solvent
evaporation method, as outlined in our previous work [22].
Initially, PVA was dissolved in distilled water at 80 °C (heated
bath, VEB MLW, model U2C) under stirring (Velp Scientifica,
model ARE) for 24 h to obtain a 10% (w/v) solution.

The film solution was prepared by combining 32 mL of the
PVA solution with 0.32 g of citric acid and 1.6 g of glycerol,
and the mixture was stirred for 30 min at 50 °C. Subsequently,
8,0 mL of an AgNP solution was added, and the mixture was
stirred for additional 5 min. Any bubbles were eliminated using
an ultrasonic bath (Unique, model USC-1400A) for 30 min.

Later, 40 mL of the resulting mixture was poured and
spread onto a glass plate (~1.0 mm, wet thickness), and left to
dry at room temperature (23 °C) for 24 h. The films were
carefully removed from the plates and went through a heat
treatment (110 °C, 110 min) in an air circulation oven (DeLeo,
model AGSEDT). Finally, the films were stored at room
temperature until they were used in the experiments.

These films have been also characterized in our previous
work [22], regarding their morphology, chemical, and physical
properties, as well as their performance in filtration
experiments. The relevant characterization results will be
highlighted in the Results section to improve the quality of the
discussion.

Batch adsorption experiments

For the batch adsorption experiments, the films are
precisely cut into 1.0 cm? squares. Hereafter, the films were
also referred to as “adsorbent”. A specific mass of the
adsorbent was added into Erlenmeyer flasks containing 50 mL
of a DCF aqueous solution. Then, the experiments were
conducted in a refrigerated incubator shaker (Novatécnica,
model NT-715) set to 25 °C with stirring frequency of 240 rpm.

At the end of each experiment, a solution sample was
collected to determine the DCF concentration using ultraviolet-
visible (UV-Vis) spectroscopy with a Beckman Coulter
spectrophotometer (model DU-530). The absorbance was
recorded at 274 nm [25], and the concentration was determined
using an equation derived from linear regression based on a
calibration curve prepared in distilled water, ranging from 1.0
to 30.0 mg L.

The film adsorptive performance was assessed using
adsorption capacity (¢(t), mg g’') and removal percentage (%R,
%), using Equations (1) and (2), respectively:

_[C,-Cw]-V
at)= ———— (1)
oer = 150" COL 15004 )

0

where, C, and C(t) represent, respectively, the DCF
concentrations (mg L) at the initial conditions ( = 0) and at
time ¢, m is the mass of adsorbent (g), and V is the volume of
DCEF solution (L).

Considering the lack of information regarding the
performance of PVA-based films in adsorption, a preliminary
investigation was conducted to elucidate the material behavior
and establish initial experimental conditions. The experimental
conditions explored at this stage are detailed in Table 1. The
mass of the adsorbent (50 and 500 mg, corresponding to 6.0
and 60.0 cm’, respectively) and contact time (from 240 to
360 min) were evaluated at the initial DCF concentration of
10mg L', using the natural solution pH (pH ~35.75). The
glassware washing procedures (see in Glassware washing
section) are also specified for each experiment in Table 1. The
conditions yielding the most favorable adsorbent performance
were employed in the subsequent experiments.

Table 1. Preliminary adsorption experiments for understanding the
DCF adsorption behavior using the PVA-based film.

Mass of Maximum
. a . Glassware
Experiment adsorbent  contact time .
R washing procedure
(mg) (min)

M500T240E 500 240 Extran®
MS500T360E 500 360 Extran®
M500T360N 500 360 Neutral detergent
M50T240N 50 240 Neutral detergent

* Experiment coding: the number preceded by the letter “M” indicates the mass
of adsorbent, while the number preceded by “T” indicates the contact time; the
letters “E” and “N” refer to the glassware washing procedure applied (Extran®
and neutral detergent, respectively).

Additionally, blank experiments were conducted using
flasks representative of each washing procedure to ascertain the
presence of contaminants and interferers. In these experiments,
the DCF solution was substituted with distilled water, no
adsorbent was used, and all other conditions (stirring frequency,
temperature, and volume) were consistent with the main
experiments.

Glassware washing

The first glassware washing method involved washing with
tap water, immersion in alkaline Extran® (5% v/) for at least
24 h, rinsing with tap water, and air drying at room
temperature. It was replaced due to interference in the UV-Vis
analysis, as indicated by results from the blank samples
(Section 2, Supplementary Material). For the second procedure,
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the flasks were washed with tap water and neutral detergent,
followed by vigorously rinsing with tap water, and dried
overnight in an oven at 80 °C.

Film characterization by UV-Vis spectroscopy

The film was characterized using UV-Vis spectroscopy to
assess its characteristic absorbance and identify potential
interferences in the DCF quantification method, as discussed
previously (see Preliminary adsorption experiments section).
The spectrum was obtained using a spectrophotometer (DUS530,
Beckman, Indianapolis, IN, USA) over a wavelength range of
200 to 690 nm, with a resolution of 1.0 nm. The film was
pinned onto the sample holder and positioned within the light
beam for analysis.

Effect of experimental conditions in batch adsorption
experiments

Contact time (minimum interval for attaining equilibrium)
was optimized in the preliminary experiments (see Batch
adsorption experiments section), and employed for optimizing
the initial pH and concentration of DCF solution. The effect of
initial pH was examined by conducting experiments at pH
levels of 4.0, 5.0, 7.0, 8.0, and 9.0. The other experimental
conditions remained constant, including a contact time of
240 min, a mass of adsorbent of 50 mg, and an initial DCF
concentration of approximately 10 mg L™

Subsequently, the initial DCF concentration was varied (2.5,
5.0, 8.5, 10.0, and 15.0 mg L") using the previously optimized
conditions. At this stage, experiments with progressively longer
contact times (up to 360 min) were also performed to evaluate
the adsorption kinetics until equilibrium.

Evaluation of equilibrium and Kkinetics of the adsorption
process

For the construction of the isotherms, the DCF equilibrium
concentration (C,) was calculated as the arithmetic mean of the
last two concentrations measured during the equilibrium
(between 60 and 90 min) for initial concentrations ranging from
2.5 to 10.0 mg L. Then, the adsorption capacity at equilibrium
(g.) was calculated using Equation (1). The experimental data
were then correlated with Langmuir, Freundlich, Temkin, Sips,
and Redlich-Peterson models, as well as the pseudo-first (PFO)
and pseudo-second order (PSO) kinetic models (Section 1,
Supplementary Material).

The parameters for both isotherm and kinetic adjustments
were obtained using the Microsoft Excel Solver function, with
the objective set as the minimum mean square error between
the experimental data and the calculated values of ¢, and ¢(?)
[26]. The mean square error (used as the objective function,
OF) was calculated according to Equation (3), where EP
represents the number of experimental points, and ¢; ., and
qi cac denote, respectively, the experimentally obtained
adsorption capacity and the calculated adsorption capacity:

EP
1
OF = Eglv(q' exp qi, ca\lc)2 (3)

In addition to the OF values, the correlations between
models and experimental values were assessed using the
coefficient of determination (R?), as defined in Equation (4):

2
R2 =1 2 (q exp qcalc)

=1- (4)
2
2 (9 exp = A ea)
where, g.., corresponds to the experimental values for
adsorption capacity, g... represents the calculated adsorption
capacity, and ¢,,.s is the mean value of the experimentally
obtained adsorption capacities.

Results and Discussion

Preliminary adsorption experiments

Figure 1 shows the (A) adsorption capacity and (B) DCF
removal as a function of contact time for the preliminary
experiments. The adsorption capacity of M500T240E increased
rapidly at the initial contact time followed by a trend towards
equilibrium. Consequently, the contact time was extended to
360 min in the subsequent experiment (MS500T360E).
However, the results diverged significantly compared to
M500T240E. Some interferent might have caused the
instability observed. The results from blank experiments (Table
S2, Supplementary Material) characterize Extran” residues as
sources of interference.

After adjusting the glassware cleaning protocol, the
experiment MS500T360E was repeated (MS00T360N in
Figure 1). The observed pronounced evolution followed by the
establishment of equilibrium at 240 min was considerably
similar to the results reported for M500T240E. As an attempt to
observe a more gradual evolution at the initial time intervals,
the mass of the adsorbent was reduced to 50 mg (M50T240N).
For that experiment, the ¢(#) increased more gradually in the
early stages, although some instability persisted. Furthermore,
the adsorption performance did not suffer significant variation
with the tenfold mass reduction. Consequently, the removal
percentage decreased drastically, as shown in Figure 1B.

The performance drop at the end of contact time for
MS500T360N and M50T240N is another unexpected result,
attributed to some interferent released by the film during the
experiment, which might absorb the wavelengths within the
UV region. The film UV-Vis spectrum (Figure SI,
Supplementary Material) reveals a peak at 288 nm
(considerably close to 274 nm, the wavelength used in DCF
quantification), which might be related to residual acetate
groups and non-crosslinked citric acid. Due to the PVA
synthetic route (hydrolysis of poly(vinyl acetate)), residual
acetate groups remain in the final polymer, allowing electronic
transitions associated with absorption at 280-335 and
282-327 nm [27, 28]. However, the FTIR spectrum of the pure
PVA used to prepare the films did not display the characteristic
bands associated with residual acetate (C—O and C=O stretching,
at approximately 1020 and 1700 cm’, respectively), [23].

Sci. cum Ind. 2024, 13(1), €241305. DOI: 10.18226/23185279.e241305

| c241305| 4of 10


https://doi.org/10.18226/23185279.e241305

l.ﬁ T T T T T T
14k (A) |
12 -.II = [] [ . ]
—- I n
wy 1.0F R
E‘n n
= 08k e . . ¢ :
= ve v
=
06F v E
v’ A
0.4 o . A A 4
A
02 = 4
.
0'0 ﬁ; 1 . Il Il h 4 1 1
100 (B)
80 tu"® ® . . = -
L ] ¢ ¢ -
g 60} @ * 2 n |
(=4
A
40 - A A .
A e MS500T240E
20 k A A MS500T360E |
. MS5S00T360N
v v v v MS50T240N
0 H‘ Y i L i 1 e 1 1
0 60 120 180 240 300 360
t (min)

Figure 1. (A) Adsorption capacity and (B) DCF removal as a
function of time for the preliminary experiments. Experimental
conditions: 25 °C, 240 rpm, 50 mL initial adsorbate solution volume,
pH ~ 5.75, DCF initial concentration of 10.0 mg L™,

This absence may be attributed to the high degree of hydrolysis
(> 99%), although highly hydrolyzed PVA can still exhibit
residual acetate FTIR vibrations [29].

Therefore, there is insufficient evidence to rule out the
possible influence of these groups. Additionally, citric acid has
three carboxyl groups that absorb within the same ultraviolet
region. Krishnaswamy et al. [30] observed a peak at 282 nm in
a commercial citric acid spectrum, while Mohan et al. [31]
identified a peak at 230 nm in a lemon juice spectrum, both
associated with the presence of this carboxylic acid.

For the subsequent experiments, the mass of adsorbent was
set at 50 mg, since the reduction from 500 to 50 mg did not
significantly diminish adsorptive performance (from 1.266 to
0.721 mg g'). A 240 min contact time was chosen as the
equilibrium could be achieved within this timeframe.
Furthermore, the presence of Extran™ was shown to interfere
negatively with adsorbent performance, thus the glassware
cleaning protocol was changed. Within the initial conditions
defined, the effect of pH on the film adsorptive behavior was
subsequently assessed.

Effect of DCF solution initial pH in the film adsorption
performance

The adsorption capacity and removal percentage at the
different pH values are presented in Figure 2. The best
performance was obtained at pH = 4.15, though the presence of
precipitate suggested that the DCF solubility had been affected.

7 100
[ ] qe

R

q. (mggh
(%) d

4.15

5.18 7.06

pH

8.18 9.11

Figure 2. Effect of initial pH over adsorption capacity and DCF
removal using the PVA-based film. Experimental conditions: 25 °C,
240 rpm, initial adsorbate solution volume of 50 mL, initial DCF
concentration of 10 mg L™, contact time of 240 min.

As a weak acid (pK, = 4.0), DCF solubility is strongly
influenced by the pH of the medium. At pH below 4.0, the
protonated form (less soluble) prevails. Conversely, at pH
values above the pK, of DCF, the predominant form is
dissociated, resulting in a negative charge molecule [12].
Precipitation was identified within the initial pH range from
4.15 to 7.06, suggesting the film likely altered the solution pH
closer to the pK, of DCF during the experiment.

To investigate that behavior, the final pH of every sample
was measured, and the pH variation (4pH) could be calculated
(Table S3, Supplementary Material). Despite the initial value,
the final pH of all samples decreased, approaching 4.0.
Additionally, the plot of pH variation as a function of initial pH
(Figure S2, Supplementary Material) shows a linear increase of
ApH with increasing initial pH.

Using a linear regression analysis, the initial pH value that
would not cause a pH variation (4pH= 0) occurs at 4.05,
within the range of reduced DCF solubility (from 1.2 to
3.6mgL" between pH 1.0 and 4.5) [32]. Consequently,
precipitation is anticipated for DCF concentrations exceeding
the solubility limit. The film’s point of zero charge (pHpzc), as
determined by Raota ef al. (2024) [23], is 3.88, which is close
to the estimated value of 4.05. Thus, the film surface would be
negatively charged at superior pH values. As deprotonated DCF
is also negatively charged, an electrostatic repulsion would
occur between the drug and the film, leading to reversible
adsorption [33].

The initial pH of 8.0 was determined as the optimized
condition, since it yielded relatively favorable results
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concerning ¢, and %R (5.37 mg g’ and 65.3%, respectively),
also ensuring a final pH farthest from pK, of DCF (4.30).

Effect of DCF solution initial concentration in the film
adsorption performance

Figure 3 presents the adsorption capacity and removal
percentage as a function of time for the evaluated initial DCF
concentrations. The results from 2.5 to 10.0 mg L™ were
notably similar, whereas the performance at 15.0 mg L™ is at a
higher range (Figure 3A). The lower concentrations reached
equilibrium within 60-90 min, with the best results at
2.5mgL" (g.=0.511 mg g"). The g, values for 5.0, 8.5, and
10.0 mg L™ were 0.246, 0.202, and 0.206 mg g”', respectively.
Despite the increase in initial DCF concentration, the film
maintained consistent performance (Figure 3B), which led to
the decline in removal percentage: 23.4, 6.6, 2.6, and 3.0% for
2.5,5.0,8.5,and 10.0 mg L respectively.

For conventional adsorbents, an increase in adsorption
capacity is expected when enhancing initial adsorbate
concentration, due to intensifying concentration gradient
between the solid surface and the media [12, 25]. The
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Figure 3. (A) Adsorption capacity and (B) DCF removal as a
function of time for the studied initial DCF concentrations in the
solution. Experimental conditions: 25 °C, 240 rpm, initial adsorbate
solution volume of 50 mL, initial pH ~ 8.0.

contrary is observed for the PVA-based film, which could relate
to the dense film’s characteristics [22], restricting the
availability of adsorption sites. Hence, less adsorbate might be
sufficient to cause saturation. Additionally, at lower
concentrations, the ratio between DCF and the available film
sites is reduced, resulting in more available adsorption sites
compared to higher adsorbate concentrations [34].

At 15.0 mg L™, equilibrium was reached in 90 min, yielding
ge = 7.997 mg g and %R = 76.5%. However, precipitation
occurred due to DCF concentration exceeding the drug
solubility limit (3.6 mg L), mirroring observations from the
pH experiments. Consequently, it is not possible to distinguish
between adsorption and precipitation in the overall removal of
DCFE. Therefore, these results were not considered for
equilibrium and kinetics evaluation.

No precipitation was observed for the other concentrations
(2.5-10.0 mg L") even though the solubility limit had been
transcended above 5.0 mg L. Thus, precipitation could have
occurred although not visually identified. The concentration of
2.5 mg L' was the only one below the DCF solubility limit
Consequently, removal at this condition was most likely due to
adsorption.

Adsorption equilibrium

Figure 4 illustrates the fitting of the adsorption capacity at
equilibrium as a function of DCF equilibrium concentration for
the isotherm models tested. Most adjustments do not correlate
well with the experimental data, which may be attributed to the
unusual adsorption behavior: g, drops from 2.5 to 5.0 mg L™,
followed by a tendency to stabilize above 8.5mg L. The
parameters obtained for each isotherm equation tested are
presented in Table S4 (Supplementary Material).

Overall, the Redlich-Peterson model exhibited the lowest
OF value (7.748 x 10™) and the R? closest to unity (0.9767),
Moreover, it was the only model that adequately represented

T T T T T T T T T T T T T T T T T
.
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- L h el
02} L. --\"‘--L._H_ °o
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Figure 4. Adsorption capacity of the PVA-based film at equilibrium

as a function of the DCF equilibrium concentration, along with the
adjustments for the isotherm models.
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the unusual decreasing behavior of ¢. Additionally, the
Redlich-Peterson exponential constant obtained SRP = 1.800
(see Table S4 in Supplementary Material) exceeds the interval
of 0-1, where the model would typically indicate a type I
isotherm curve [35], raising questions about its validity in this
context. Tran et al. [26] assert that if £ lies outside this range,
the equation may fail to sufficiently explain the experimental
data. Conversely, Chu et al [35] suggest disregarding
constraints on f, arguing that the equation is empirical and
lacks a defined physical foundation, which renders the constant
physically insignificant.

The other models are represented by increasing curves
(Langmuir, Freundlich, and Sips) and a nearly constant line
(Temkin), indicating that the solution obtained did not
accurately depict a decreasing ¢, curve. Consequently the
adjustment may have been affected by the reduced magnitude
of the ¢, experimental values, resulting in a small error between
calculated and experimental values, which reduces OF and
creates a misleading impression that the adjustments were
adequate.

The Langmuir model assumes a homogeneous adsorbent
surface with energetically equivalent sites, where each one
accommodates a single adsorbate molecule, leading to
monolayer adsorption. It also predicts adsorbent saturation,
which corresponds to a plateau in the g, as a function of
C.curve. In contrast, the Freundlich model represents
heterogeneous surface adsorbents, allowing for multilayer
adsorption without predicting saturation. These two models
have been combined to develop new empirical isotherm
equations, such as Sips and Redlich-Peterson, which exhibit
behaviors that approach either Langmuir or Freundlich
characteristics based on their exponential constants.
Specifically, the equations converge to the Langmuir model
when S approaches to 1 and exhibit Freundlich behavior as the
constant approaches zero [36].

As previously mentioned, the responses for the Langmuir,
Freundlich, and Sips models were quite similar (as shown in
Figure 4). However, Redlich-Peterson adjustment was able to
predict the unusual adsorptive behavior, primarily due to the
p value falling outside the 0-1 interval, indicating a possible
deviation from both the Langmuir and Freundlich models.

Although the Redlich-Peterson fit was the most satisfactory,
the observed behavior remains unusual and may be attributed to
competition between DCF and other compounds for adsorption
sites. Hilbrantd et al. [37] investigated adsorption in a
multicomponent system containing phosphate and silicate,
using ferric hydroxide as the adsorbent. They observed a
mutual interference among ions during adsorption, obtaining a
negative slope in the silicate adsorption isotherms, induced by
phosphate presence.

Indeed, various potential interferents could contribute to the
observed phenomenon, such as sodium ions naturally present in
DCEF, other ions from the pH adjustment solutions, or remnants
in distilled water. However, identifying the interferent and
comprehending the intensity of its effects might need further
studies.

Adsorption kinetics

The adjustments to the PFO and PSO equations for the
initial DCF concentrations are presented in Figure 5. Contrary
to the graphs in Figure 3A, certain outliers were excluded
from the curve to enhance the fitting to kinetic models.

For both models, the adjusted ¢(?) values are similar, as the
two curves practically overlap at all concentrations.
Furthermore, the models predict a rapid establishment of
equilibrium, as evidenced by the ¢(#) for time intervals
exceeding 5 min, which showed minimal variations and
remained close to the estimated g.. Additionally, the models
correlate better with experimental data at the concentration of
2.5mgL".

The trends observed in Figure 5 are consistent with the
parameters obtained for kinetic models. The ones considered
relevant to the discussion are presented in the text, and all the
obtained parameters are presented in Table S5 (Supplementary
Material). The lowest OF and R? values closer to unity for
PFO (OF =0.00033, R?=0.9909) and PSO (OF = 0.00037,
R?=0.9897) models were obtained at 2.5 mg L. However,
other concentrations did not exhibit appropriate adjustments
for any kinetic model.

0.6 25mgL! 5.0mgL’
.
[ P SR
- .
0.5 ) .
0.4 ‘;
0341 ¢ °
i i
~ 2 Pt
‘e 0.1l i
on ! |
E 0o + t
£ 061 o Experimental 8.5mgL" 10.0mg L
05k T Pseudo-first order
B ST Pseudo-second order
0.4
03} e o °
O e e P
i i
0.2 / . / .
0.1 4
/ 1
0.0%
0 30 60 90 0 30 60 90
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Figure 5. Experimental values of the adsorption capacity

as a function of time and the fittings for the kinetic models at
different initial DCF concentrations.

According to the PFO model, higher %; values are associated
with smaller variations in g¢(¢) over time, resulting in ¢
approaching ¢, more rapidly. Moreover, k; can also reflect the
speed at which the process reaches equilibrium, with higher
values indicating a faster attainment of equilibrium [38].
Interestingly, for initial concentrations of 5.0 and 8.5 mg L™,
which exhibited the highest k; values (3.5640 and
5.0536 min", respectively), the calculated g() at 5 min
remained unchanged and equal to ¢, In contrast, for
concentrations of 2.5 and 10.0 mg L'l, with smaller k; values
(0.6738 and 0.8921 min™, respectively), ¢(?) slightly increased
until 10 min before stabilizing at g.. Thus, k; did not
demonstrate a clear dependency on the initial adsorbate
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concentration. Furthermore, the equilibrium showed minimal
variations across the different concentrations, regardless of the
calculated k; values.

The calculated &, constants for the PSO model exhibited a
higher magnitude compared to other equation parameters.
Consequently, g(#) approaches ¢, for all the time intervals
starting from zero. This occurred across all initial
concentrations, with the lowest k, value at 2.5mg L!
(61.136 gmg ™ min™"), suggesting a more significant variation
of g(t) over time. While it was expected for the constant to
decrease as the initial adsorbate concentration increased, the
exact opposite occurred.

The decrease of k; and k, with rising initial concentration
would indicate a slower establishment of equilibrium at higher
initial adsorbate concentrations [38]. However, the film’s
divergent behavior could be attributed to the instability of
results at concentrations exceeding 2.5 mg L. It is plausible
that precipitation might have occurred concomitantly with
adsorption, interfering with the results, and limiting a more
accurate analysis. Despite the instability, equilibrium time did
not vary significantly across the concentrations, reiterating the
film might possess a reduced adsorption capacity, which may
lead to saturation at low adsorbate concentrations.

Additionally, the results of the experiments conducted at
25mg L' (g. = 0.5108 mg g"') are comparable to those
reported by Rizzi et al. [34], who developed a chitosan
adsorbent film for DCF removal. At an initial concentration of
7.5 x 10°mol L™ (~2.38 mg L"), an initial pH of 5.0, and
50 mg of the film, they achieved a ¢, of 0.55 mg g”', reaching
equilibrium in 120 min. Although the adsorption performance
appears adequate for a film configuration, the process still
presents unidentified interferent factors. Therefore, a more
comprehensive understanding of kinetics still requires further
investigation, involving time intervals shorter than 5 min and at
initial DCF concentrations lower than 2.5 mg L™

Conclusion

Through this study, it was possible to access the film
adsorptive performance for removing DCF from water.
Moreover, possible interferences in the process were identified.
The immersion in Extran® for glassware washing was linked to
interference by the blank experiment results, and the film UV-
Vis spectrum points to the feasibility of the film components
release into the DCF solution. The contact with the film
affected the DCF solution pH, reducing DCF solubility. The
final pH was slightly higher than 4.0 (aligning with DCF pK,),
causing DCF precipitation for initial pH values below 8.0.
Thus, the optimized initial pH was 8.0, associating better
adsorptive performance with a higher final pH, to avoid
precipitation. The initial concentration of 2.5mgL™ (the
lowest value among those evaluated) led to the best
performance (q.=0.511mgg', %R = 23.4%), reaching
equilibrium within 90 min.

An increase in initial concentration did not enhance the
adsorption capacity; instead, the results were similar across the

higher concentrations. Consequently, the Redlich-Peterson
model provided a better representation of equilibrium
(R?=0.9767), while the other models failed to predict the
decrease in ¢.. Regarding kinetics, for the initial concentration
of 2.5 mg L™, adsorption could be adequately described by both
PFO and PSO models, as indicated by R? values close to unit
and low OF values. Conversely, other concentrations exhibited
more instability and did not yield adequate adjustments.

Although the performance is comparable to other film
adsorbents, the lower adsorption capacity might be attributed to
the dense film's reduced specific surface area, resulting in
saturation at low adsorbate concentrations. A deeper
understanding of the adsorptive behavior might involve
investigating initial concentrations lower than 2.5 mg L. This
approach may allow for the observation of a more gradual
evolution of the process and mitigate the effects of precipitation
by working with DCF concentrations safely within the
solubility limit.

Finally, this study provides important insights into the
adsorptive characteristics of the film, despite its limited
efficiency, contributing to a better understanding of its
performance in membrane separation processes. To enhance its
suitability for real water treatment applications, further
improvements are needed, potentially through the incorporation
of additives such as lignocellulosic biomass. Additionally,
focusing on regeneration, reusability, and performance under
actual wastewater treatment conditions will aid in developing a
viable environmental remediation solution.
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