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Abstract

The aim of the present work was to evaluate the morphologic and chemical
characteristics of Isabel grape (Vitis labrusca x Vitis vinifera) bagasse and to describe
the adsorption of diclofenac sodium (DCF) from aqueous solutions by this biomass.
Grape bagasse was constituted mainly of particles with heterogeneous shapes and sizes,

and it exhibited a macroporous structure and a low specific surface area (~ 2 m2 g).
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The adsorbent material was also rich in oxygenated functional groups, especially —OH,
and required an acidic pH to neutralize its surface. With respect to the adsorption of
DCF, the percentage removal did not appear to depend on the initial concentration of
the pharmaceutical. A pseudo-second-order kinetic model described the rate-controlling
step, and the adsorption isotherms were well fitted by the Freundlich model. Concerning
the thermodynamic data, the results showed that the adsorption of DCF onto grape
bagasse occurred via an exothermic process accompanied by a decrease in the
randomness at the solid/solution interface. Furthermore, the removal percentages of

DCF ranged from 16.4 to 22.8%.

Keywords: Adsorption; Diclofenac sodium; Isabel grape bagasse.

1. Introduction

The presence of pharmaceuticals in water bodies has received the attention of many
researchers over the past 20 years, mainly due to their incomplete removal during
conventional wastewater treatment. The focus on pharmaceuticals has been reflected by
the exponential increase in the number of studies of this class of compounds, especially
since the 1990s [1-3]. Such studies are related to the detection of these substances in
environmental matrices, ecotoxicity tests and processes involving their removal from
aqueous media. Thus, pharmaceuticals are currently being considered ubiquitous
contaminants in waters, soils and sediments and can be prejudicial to both aquatic biota

[4] and to human health [5].



Diclofenac sodium (DCF) stands out among the pharmaceuticals that are commonly
found in aquatic environments. This substance is a non-steroidal pharmaceutical with
anti-inflammatory effects that is commonly used to treat rheumatoid arthritis. The
removal percentage of DCF during wastewater treatment processes typically ranges
from 21 to 40% [6], which explains their presence in surface water, groundwater and
even in drinking water of different countries [4,7]. DCF is, together with the synthetic
hormone 17a-ethinylestradiol, one of the few pharmaceutical compounds that has been

proven to be ecotoxic, and it affects both aquatic and terrestrial ecosystems [8-10].

In this context, different methods involving membrane filtration, advanced oxidation
processes and adsorption with activated carbon [11] have been proposed for the removal
of DCF and other pharmaceuticals that are present in aqueous media. However, the
implementation of these processes is still not feasible in Brazil due to the high costs
associated with them [12]. A promising alternative for the treatment of effluents that
contain pharmaceuticals concerns the adsorption processes that utilize agro-industrial

wastes as adsorbents as a substitute for activated carbon.

These processes have certain advantages from both economic and environmental points
of view, such as availability, abundance, the renewable nature of the adsorbent material,
their low cost and easy operation of the treatment plant [13]. However, studies
involving the use of this type of biomass in natura for the adsorption of pharmaceuticals
are still scarce in the literature. One of the few examples is the recent work of
Villaescusa et al. [14] in which grape stalks were used without prior chemical treatment

for removing paracetamol from aqueous solutions.



In the State of Rio Grande do Sul (Brazil), which represents 60.2% of the total
viticulture cultivation area of the country, grape bagasse, a byproduct of the wine
industry, is produced on a large scale. In general, this waste is disposed of directly onto
the soil of vineyards, mostly by small wineries, instead of adequately treating the waste.
This can result in environmental damage, such as a reduction of soil productivity [15]
and/or decreasing the concentration of dissolved oxygen in water bodies that receive
slurry from the decomposition of the material. Thus, the reuse of grape bagasse in

adsorption processes can be a way to help manage solid wastes from wineries.

Therefore, this study aimed to evaluate the morphological and chemical characteristics
of Isabel grape (Vitis labrusca x Vitis vinifera) bagasse and to describe the kinetics,
equilibrium and thermodynamics of the adsorption process of DCF using this biomass

as an alternative adsorbent.

2. Materials and methods

2.1. Reagents and materials

Isabel grape bagasse that was generated from the wine production process was collected
from the Waldemar Milani Winery (Rio Grande do Sul State, Brazil). The sample was
then freeze-dried at — 45°C before being crushed and sieved to a particle size less than
150 pm. After this procedure, the adsorbent was stored in glass bottles and was used
without any physical or chemical pre-treatment. All chemicals used in this study were
of analytical grade. DCF (Figure 1) (CAS number = 15307-79-6; molecular weight =

318.1 g mol™; chemical formula = C14H1,Cl.NNaO,; pK, = 4.2; log Koy = 0.57) was



purchased from Sigma-Aldrich, and it was used without further purification. All

solutions were prepared in Milli-Q water.

2.2. Characterization of grape bagasse

The grape bagasse sample was sputter-coated with a thin layer of carbon for a few
minutes, and the morphology of the biomass was examined by scanning electron
microscopy (SEM) using a Philips XL-30 microscope under a 5 kV electron
acceleration voltage. Nitrogen adsorption-desorption experiments were performed to
obtain information on the grape bagasse specific surface area. They were performed at
77 K using a Quantachrome Nova Surface Area Analyzer instrument. Approximately
120 mg of sample was outgassed at 378 K for 24 h under a residual pressure of 0.1 Pa.
The data were recorded for relative vapor pressures from 0.013 to 0.0973 Pa. The
specific surface area was determined using the Brunauer-Emmett-Teller (BET) equation

based on the cross-sectional area of nitrogen (0.162 nm?) at 77 K [16].

Relative quantities of C, H, N and S were measured directly with a Carlo Erba 1100
CHNS elemental analyzer. The O contribution was estimated as the difference between
the summed C, H, N and S concentrations and 100%. The semi-quantification of the
different types of carbon in the structure of the grape bagasse was performed by
integrating the resonance peaks that were present in a solid-state **C NMR spectrum
[17]. The spectrum was obtained with a Bruker AMX 500 MHz Avance spectrometer
operating at 11.74 T and using approximately 100 mg of sample in a 4 mm rotor. The
time between two consecutive pulses was 5 s, and the acquisition was 15 ms. Sample

spinning at the magic angle was conducted at a frequency of 9 kHz, and a 90° pulse



width (4 us) was applied to the protons. The techniques of cross-polarization/magic
angle spinning (CP-MAS) were used in all sequences. Each spectrum contained

approximately 20,000 transients. The reference at 0 ppm was set using Si(CHj3)s.

The determination of the pH at which the surface of the grape bagasse was electrically
neutral (pHpzc) was performed using the equilibrium method in a batch system that was
adapted by Montanher [18]. The experiment consisted of the addition of 20 mL of a
0.10 mol L™ solution of NaCl to 200 mg of sample, with pH values adjusted between
2.0 and 11.0. These adjustments were performed by adding of 0.10 mol L™ solutions of
NaOH or HCI. The suspensions were shaken for 1 h at ~ 25°C and then filtered; the

final pH was determined with a DM-20 Digimed pH meter.

2.3. Adsorption procedure

The experimental conditions for the adsorption tests were previously optimized by
varying the mass of grape bagasse from 2.5 to 10 mg, the volume of solution of DCF
from 25 to 50 mL, and the stirring speed of the system from 50 to 500 rpm. After
optimization of these parameters, the adsorption studies were conducted using 5 mg of

grape bagasse, 25 mL of DCF and a stirring speed of 50 rpm.

The DCF solutions were used without pH adjustment (pH = 5.0) and were shielded from
light. A blank (grape bagasse and Milli-Q water) was used to eliminate the effect of
interferents in the analysis. Aliquots of DCF in mechanical agitation with the grape
bagasse were analyzed by molecular absorption spectroscopy in the ultraviolet (UV)
region with a Thermo Scientific Evolution 60 spectrophotometer, using a nominal

wavelength of 276 nm. The concentration of DCF was obtained between 1 and



30 mg L™ by means of an analytical calibration curve by the method of external

standards (rz2 = 0.9999).

The adsorption capacity of the grape bagasse in a given contact time (s, in mg g™*) and
the percentage removal of DCF (% R) were calculated using Equation (1) and (2),

respectively:

g = &GN Eq. (1)
m
%R = HCCC }00}—100 Eg. (2)

where C;, Ciand C. represent, respectively, the concentrations of DCF (mg L™) at the
beginning of the experiment, at time t (min) of the adsorption, and the remaining in
solution after equilibrium has been reached; V is the volume of the solution to be

remedied (L); and m is the mass of grape bagasse (g).

The kinetics and equilibrium of the adsorption process were evaluated using DCF
solutions at concentrations of 5, 10, 15, 20 and 30 mg L. The tests were performed at
22°C and were followed by a period of up to 72 h. The thermodynamic adsorption
process, however, was evaluated using DCF solutions with initial concentrations of
10.0 mg L. The temperatures of the systems (22, 30, 42 and 50°C) were maintained
using a Quimis Q214M ultra-thermostatic bath. These tests were performed for up to

35h.

3. Results and discussion



3.1. Morphology and surface area of grape bagasse

The SEM micrograph of the grape bagasse revealed the presence of particles with very
heterogeneous shapes and sizes. In addition, the adsorbent was rough and porous. The
heterogeneity of the surfaces of these particles may be related to the fact that the
material is composed of different parts of the fruit [18]. Moreover, the better
visualization of the roughness and porosity of the material in some particles (more than
others) was also related to the manner in which it was sampled. The location of the cut
from the milling process of the grape bagasse can also influence the view of the
roughness of the material because the surface of the particle observed by SEM may

represent a cross or longitudinal section of a fiber [19].

The adsorption and desorption isotherms of N, gas are shown in Figure 2. The
behaviors of these isotherms were type Il according to the classification of the
International Union of Pure and Applied Chemistry (IUPAC) [16] and show an

unrestricted monolayer-multilayer adsorption.

In the range of the P/Py studied, the profiles of the isotherms were characteristic of non-
porous or macroporous adsorbents (pores with diameters greater than 50 nm) [16].
Based on the porosity that was observed in the SEM micrograph, the material was
considered macroporous [20]. According to Cuerda-Correa et al. [21], the macropores
act as transporter pores that allow the adsorbate to diffuse into the adsorbent particles
because, in general, organic chemical species such as DCF are barely accessible to

micropores.

The specific surface area for the grape bagasse that was determined by the BET method

was approximately 2 m2 g%, which did not allow the quantification of the volume



occupied by macropores. This surface area is small compared to other adsorbent
materials, such as carbon black (224-1443 m2 g*) [21] and activated carbon (659—
950 m2 g) [22], that have been used to remove pharmaceuticals present in aqueous
medium. However, it is superior to other biomass materials, such as rice husk and rice

bran (0.69 and 0.46 m2 g%, respectively) [23,24].

3.2. Chemical characterization of grape bagasse

Similar to other vegetable biomass [25], the grape bagasse showed high levels of carbon
(47.70%) and oxygen (42.70%) and to a lesser extent hydrogen (6.80%) and nitrogen
(2.80%). The solid-state *C NMR spectrum (result not shown here) was similar to that

achieved by Farinella et al. [26].

Concerning the semi-quantification of the main types of carbon that were present in the
structure of the adsorbent (Table 1), the material contained a large number of alkyl
groups that were substituted with oxygen or nitrogen (67.08%) (region between 47 and
110 ppm), which corroborated the results that were obtained in the elemental analysis.
In addition, the fraction of carbons that were bound to hydroxyl groups in the grape
bagasse (region between 60 and 95 ppm) surpassed the others groups, which suggested

a predominance of carbohydrates, such as cellulose and hemicellulose, in the biomass.

The percentage of phenolic structures was lower than that of benzene rings, which
indicated that aromatic hydrocarbons predominated over tannins and lignins. Finally,
the presence of carbonyl groups (region between 165 and 215 ppm) was due almost

exclusively to the structures of carboxylic acids, esters and amides.



With respect to the pHpzc, the results showed that between an initial pH of 4.0 and 10.0,
the grape bagasse behaved as a buffer, maintaining the final pH approximately 3.59 in
all cases. This pH was considered to be the pH at which the surface of the adsorbent was

electrically neutral [18].

According to the results that were obtained from the characterization analysis, it was
possible to infer about the possible functional groups that were present in the grape
bagasse that could be influenced by the pH of the medium [27]: carboxyl (pK, = 1.7—
4.7), hydroxyl (pK, = 9.5-13.0), and amino groups (pK, = 8.0-11.0). Table 2 presents
the equations that represent the possible chemical reactions that occur on the surface of
the material that may affect the adsorption of pharmaceuticals, depending on the pH of

the medium.

The influence of pH on the adsorption of pharmaceuticals with acidic character was
evaluated in the work of Cuerda-Correa et al. [21] and Bui and Choi [28]. In both
studies, the authors observed that, using a pH greater than the pHpzc values of the
adsorbent materials (mesoporous silica SBA-15 and carbon black BP-1300) and the pK,
values of the drugs that were evaluated (clofibric acid, DCF, ibuprofen, ketoprofen and
naproxen), both the adsorbents and the adsorbates had negatively charged surfaces. This
resulted in an electrostatic repulsion that hindered the adsorption because the
interactions between the solute species and the active sites of the adsorbent under these

conditions were weakened, making the adsorption process more reversible.

In the case of grape bagasse, the optimal pH for the adsorption of pharmaceuticals in its
anionic form would be a solution pH lower than 3.59 because the adsorbent surface

would be positively charged and could interact with DCF through electrostatic forces.

10



However, at pH values less than 3.59 and therefore less than the pK, of the
pharmaceutical (pKa = 4.20), DCF is in its neutral form, and its solubility in water
decreases [29]. Therefore, we chose to work with the solution of the pharmaceutical in
its natural pH in Milli-Q water (approximately 5.0) during the adsorption tests. At this
pH, the negative surface charges in grape bagasse were due mainly to the presence of

carboxylate anions.

3.3. Adsorption procedure

3.3.1. Effect of contact time and initial concentration of pharmaceutical

The adsorption of DCF from aqueous solutions onto grape bagasse was performed with
five initial concentrations (5, 10, 15, 20 and 30 mg L) using different contact times. In
general, the process was faster at the beginning of the experiment, and the maximum
adsorption capacity was achieved after several hours of contact time (Figure 3).
Equilibrium was reached after 500 min for the 5 mg L™ solution and after 1,400 min for
the 10 mg L™ solution (Figure 3a). For concentrations of 15, 20 and 30 mg L™,
equilibrium was reached after 100, 90 and 80 min, respectively (Figure 3b). Moreover,
as DCF was transferred to the grape bagasse, the stabilization of the DCF in the solution
tended to increase. As a result, it became more difficult to remove the pharmaceutical,

possibly due to an increase in the interaction between the DCF and the solvent.

The removal percentages ranged from 16.4 to 22.8%. Thus, the percentage of DCF
removal did not appear to depend on the initial concentration of the pharmaceutical

because an increase in its concentration did not significantly increase the electrostatic

11



repulsion between the anions of DCF and the negatively charged surface of grape
bagasse. Similar behavior was obtained by Rossner et al. [30] for the adsorption of
sulfamethoxazole onto an Ambersorb 563 resin and a coconut shell-based granular
activated carbon. These authors observed that even though the initial concentrations
varied by 2.5 orders of magnitude (426 ng L™ and 100 pg L), the removal percentage
was similar. This was not expected because of the anionic character of the
pharmaceutical (i.e., the pK; of the sulfonamide group in the structure of the

pharmaceutical was 5.60).

3.3.2. Kinetics of adsorption process

The adsorption kinetics of DCF onto grape bagasse was evaluated using the linearized

pseudo-first-order (Eq. 3) and pseudo-second-order (Eq. 4) equations, represented

below [31]:
log(g, —q,) =logq, — Ky t Eqg. (3)
g qe qt - gqe 2,303 '
r_o o1y Eq. (4)
qt que qe

where g. (mg g™ represent the amount of DCF adsorbed at equilibrium and k; (min™)
and ko (mg g™ min™) are the pseudo-first- and pseudo-second-order rate constants,

respectively.

The adsorption process followed pseudo-second-order kinetics for all of the
concentrations that were tested because the coefficient of determination (r?) for this

model was closest to unity, and, in addition, the theoretical values of g, were similar to

12



those that were obtained experimentally (Table 3). This kinetic model assumes that the
rate-controlling step depends on the physico-chemical interactions between the

adsorbate and the adsorbent surface groups [32].

Moreover, the initial rate (h = h,qe?) for the adsorption increased with increasing initial
concentrations of DCF. This possibly occurs because as the initial concentration of DCF
increased, the driving force that caused it to interact with the active sites of the grape

bagasse also increased [29].

The values of g. were much higher than those that were reported by Bui and Choi [28],
who evaluated the adsorption of DCF by mesoporous silica SBA-15. They found that
the highest value of ge was approximately 0.125 mg g™. This result demonstrated that

the grape bagasse exhibits a higher removal capacity of DCF than the ceramic material.

3.3.3. Diffusion mechanisms

The kinetic models applied in this study did not permit the identification of the diffusion
mechanism involved in the adsorption process. As a result, the external diffusion and
the intraparticle diffusion models were tested with the experimental data. The external
diffusion process is associated with the initial adsorption rate and can be expressed in its
linear form, according to the model proposed by Spahn and Schlunder [29]:

In—+

C._ .S
= ﬂvt Eq. (5)

where £ is the external mass transfer coefficient (m min™) and S is the specific surface

area of the adsorbent material (m? g*) estimated by the BET method. In the case of the

13



intraparticle diffusion model, the intraparticle diffusion rate constant (ki) can be

obtained from the equation proposed by Weber and Morris [23]:

g =k t'2+C Eq. (6)

int

where C represents the thickness of the boundary layer [33]. When the intraparticle

172

diffusion is the limiting stage of the adsorption the graph of g, versus t™“ is a straight

line which passes through the origin [34].

With regard to the external diffusion mechanism, it was verified that this model does
not provide a satisfactory fit with the experimental data as the coefficient of
determination was less than 0.60 for all of the evaluated concentrations and, therefore,
these results were not shown here. With respect to the intraparticle diffusion, on the
other hand, it was found that the adsorption process presented linear portions that can be
assigned to this mechanism (Figure 4). It was evidenced that as the concentration of
DCF increases there is an increase in the boundary layer thickness. This is possibly due
to the fact that a higher quantity of the pharmaceutical compound dissolved in the water
increases the resistance to mass transfer from the adsorbent surroundings [33], because
there are more chemical species competing for the macropores of the grape bagasse.
None of the intraparticle diffusion plots passed through the origin, indicating that this

mechanism is not the limiting step of adsorption.

All of these aspects seem to indicate that the low stirring speed of the system (50 rpm)
is the factor that may limit the overall rate of adsorption. However, this stirring speed
was required in order to monitor the adsorption process since the interaction between
the grape bagasse and the DCF is weak and thus easily broken if the system is

vigorously agitated. Moreover, the irregularity in the distribution of macropores in
14



grape bagasse, as well as their low specific surface area (2 m2 g*) compared with
activated carbon (659-950 m2 g*) [22], are also factors that may hinder the system from

reaching equilibrium more rapidly.

3.3.4. Desorption process and adsorbent disposal

The desorption of the DCF was investigated through applying continuous agitation of
the system after it reached equilibrium. It was observed that the pharmaceutical
compound was completely desorbed from the grape bagasse after 72 h of contact time
for all concentrations studied. This indicates that the process of DCF adsorption by
grape bagasse is completely reversible, which increases the lifetime of the adsorbent

[21].

The regeneration of bagasse, aimed at its reuse in the adsorption process with a
consequent reduction in solid waste generation, can be achieved by washing the grape
bagasse under stirring [35]. However, after its reuse in repeated cycles of adsorption /
desorption the adsorption capacity of the grape bagasse is expected to decrease. When
this occurs, a new sample should be installed and the spent adsorbent can be used as a
fertilizer after going through a composting process. In cases where the washing water is
rich in DCF, the pharmaceutical compound can be eliminated by applying an advanced
oxidation process. In this case, the cost of the oxidation will be reduced as there will be

a lower volume of effluent to be treated.

3.3.5. Equilibrium of adsorption process

15



The equilibrium of the adsorption process for the DCF removal using grape bagasse was
evaluated applying the linearized equations of the Langmuir (Eq. 7) and Freundlich (Eq.
8) models [31]. The Sips isotherm, also known as the Langmuir-Freundlich, was also

tested (Eq. 9) [19]:

C 1 1

—= +—C, Eq. (7)
qe qmaxKL qmax
1
logq, =logK. +Hlog C. Eqg. (8)
K C 1
d. :qmax—SEy Eq. (9)
1+ K,.C

where K. (L mg), K.(L g-) and K.(L mg-) are the Langmuir, Freundlich and Sips
constants, respectively; gmax (Mg g-) is a parameter related to the maximum amount of
adsorbate required for monolayer formation; and n is a parameter related to the intensity

of adsorption and to the system heterogeneity.

In order to identify the model that best describes the actual behavior of the adsorption
equilibrium, besides the coefficient of determination, the error function (Ferror) (EQ. 10)
was used, which compares point by point the experimental data with those obtained

applying the model [19]:

]

i qi,exp

error = Eq (10)
P

16



where @;m and iexp represent the adsorption capacity obtained applying the theoretical
model and the experimental data, respectively; and p is the number of data points

considered.

On comparing the three models tested (Table 4 and Figure 5) it was found that the
Freundlich and Sips isotherms presented similar correlation coefficients (close to unity).
However, in relation to the error function it was observed that the experimental data
were well fitted by the Freundlich model. Thus, the adsorption process most likely
occurs in more than one layer. Additionally, there was no saturation of the adsorbent,
that is, the value of the adsorption capacity increased as the pharmaceutical
concentration increased; however, the removal percentage remained at approximately
20%. A value of n greater than 1.0 indicated that the process of DCF adsorption onto

the grape bagasse was favorable [36].

In terms of Kg, the adsorption capacity was compared with other studies and showed
that the grape bagasse was more efficient with regard to the removal of DCF present in
an aqueous medium than mesoporous silica [28]. In the case of grape bagasse, 1.0 g of
this material allowed approximately 1.72 L of effluent to be treated, while the same

mass of mesoporous silica SBA-15 could treat only 0.72 L.

Although the adsorption capacity of the grape bagasse was lower than that of the
granular activated carbon (Kg = 141 g L™ and n = 0.19) [37], the DCF removal
efficiency was very close to values reported in the literature (21-40%) [6]. Furthermore,
the time required for the system to reach equilibrium was much shorter using the grape
bagasse as an adsorbent (maximum of 24 hours) compared to the granular activated

carbon (48 h) [33,38]. This verifies that the grape bagasse has potential to be used as an

17



adsorbent of substances of pharmacological origin. In addition, the process of DCF
adsorption onto grape bagasse was more efficient than other conventional wastewater
treatments, such as biological filtration (removal of 9%) [7] and coagulation-

flocculation processes (removal of less than 1%) [39].

3.3.6. Thermodynamics of the adsorption process

The variation of Gibbs free energy (AG°,4s) was estimated according to the following
expression [31]: 4G°,4s=— RT In K. The K equilibrium constant, which represents the
ratio between the concentration of solute that is adsorbed and the concentration of solute
remaining in solution, can be calculated using the expression: K = (C; — C,)/Ce.
According to Onal et al. [31], the variation of enthalpy (AH%gs) and entropy (AS°,qs) of
adsorption can be estimated, respectively, from the angular and linear coefficients of the

plot In K versus 1/T, i.e., the van't Hoff equation, which is expressed by Equation (11):

~AHC,, | AS°
InK = ads | —— ads Eg. (11)
RT R

where R is the universal gas constant (8.314 J mol™® K™), and T is the absolute

temperature (K) of the system.

According to the results presented in Table 5, the increase in temperature caused a
decrease in the amount of the pharmaceutical that was adsorbed onto the grape bagasse
under equilibrium conditions. Similar results were obtained by Cuerda-Correa et al. [21]
while assessing the effect of temperature on the adsorption of naproxen and ketoprofen

18



by carbon black. These authors attributed the decrease in adsorption capacity to two
factors: the solubility of the pharmaceuticals in water and the energy exchange that

occurred during the process.

Thus, the temperature increase possibly caused an increase in the solubility of the DCF,
which hindered its adsorption because the pharmaceutical would have more affinity
with the solvent than with the adsorbent. The force of the attraction between the DCF
and the grape bagasse decreased as a function of increasing temperature because the
increasing temperature caused an increase in the agitation of the dissolved chemical

species, reducing its interaction with the adsorbent.

Moreover, the adsorption process was exothermic, which confirmed the decrease in
adsorption capacity with increasing temperature because as heat is released to the
system, the equilibrium shifted to the opposite direction of the reaction. Additionally,

the AHC,qs was less than 40 kJ mol™, suggesting a physisorption process [31].

Concerning the change in free energy, the adsorption process of the DCF onto grape
bagasse was not spontaneous, independent of temperature. Similar behavior was
obtained by Ozcan and Ozcan [40], who evaluated the adsorption of acid dyes onto
activated bentonite. According to these authors, positive values of AG°,4s indicated the
presence of an energy barrier during the adsorption process. In the case of the
adsorption of DCF, this energy barrier possibly originated due to the repulsion between
the negative charges that were present both on the surface of the adsorbent and the DCF

ion structures in the evaluated pH condition.

Additionally, the change in the AS°,4s Of the process was negative, indicating that the

randomness in the solid-solution interface decreased as DCF was adsorbed onto the

19



grape bagasse [40]. This possibly occurred due to the formation of more than one layer
of adsorption, which would organize the system and hence reduce the randomness. No
thermodynamic data exist for the adsorption of DCF by other materials, which

prevented us from making comparisons with other studies.

One of the few works in which the values of 4G °ags, 4H gs and 4S5°,¢s Were calculated
for the adsorption of anti-inflammatory drugs was that published by Onal et al. [31],
who evaluated the adsorption of naproxen by activated carbon that was produced from
apricot waste. These authors observed an opposite behavior to that obtained in this
study. In the case of naproxen adsorption by activated carbon, the process was

spontaneous, endothermic and increased entropy.

4. Conclusions

The characterization results revealed that grape bagasse presents particles with
heterogeneous shape and size with a macroporous structure, rich in hydroxyl groups.
With respect to the adsorption process, the rate-controlling step was described using a
pseudo-second-order kinetic model, and the adsorption isotherms were well fitted by the
Freundlich model. Concerning the thermodynamic data, the results showed that the
DCF adsorption occurred via an exothermic process accompanied by a decrease in the
randomness at the solid/solution interface.

It can be concluded that the reuse of grape bagasse for the adsorption of pharmaceutical
compounds has some advantages over granular activated carbon, such as insignificant
commercial value, due to the fact that they are waste products of productive processes.

This residue, having regionalized origin, can be used in wastewater treatment plants
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located in the same region, resulting in reduced transportation costs. Moreover, the
generation of waste in the adsorption process is minimal, since the grape bagasse can be
used as an adsorbent without prior chemical treatment and can be reused after
desorption of the pharmaceutical compound. However, the practical application of grape
bagasse as an adsorbent in a batch system should take into consideration the cost of
drying the material and the mechanical stirring necessary for the homogenization of the

system.
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Table 1. Integrated areas of the main peaks that were observed in the solid-state *C

NMR spectrum of the grape bagasse.

Chemical shift (ppm)? Area (%) Assignments
0-47 16.69 Alkyl C
47-60 7.51 Methoxyl
60-95 49.24 O-alkyl C
95-110 10.33 di-O-alkyl
110-140 7.95 Aromatic C
140-165 3.22 Phenolic C
165-190 4.59 Carboxyl C
190-215 0.46 Carbonyl C

& According to Sacco [17].
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Table 2. Change in surface charge of grape bagasse as a function of pH.

pH < 3.59 pH > 3.59

R - COOH(S) + H30+(aq) — R - COOH2+(S) + H20(|) R - COOH(S) + OH-(aq) — R - COO-(S) + H20(|)
R - OH(S) + H30+(aq) — R - OH2+(5) + H20(|) R - OH(S) + OH-(aq) — R - O-(S) + HZO(|)

R- NHz(S) + H3O+(aq) «— R - NH3+(S) + H20(|) R - NHz(S) + OH_(aq) «— R - NH_(S) + H20(|)

Adsorption of anionic pharmaceuticals®  Adsorption of cationic pharmaceuticals®

R = carbon chain; ® Dependent on the pK, of the pharmaceutical.
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Table 3. Kinetic parameters for the adsorption of DCF onto grape bagasse.

Concentration of DCF

(mg LY 5 10 15 20 30
Qeexp (M ™) 5.12 11.06 12.73 18.75 23.77
Pseudo-second-order

ge (Mg g™t) 4.96 11.15 13.15 19.42 24,53
ko x 10% (g mg™ min™) 11.28 2.10 16.21 9.28 6.65
h (mg g™ min™) 0.28 0.26 2.80 3.50 4.0
2 0.9961  0.9951  0.9948  0.9952  0.9960
Pseudo-first-order

ge (Mg g™t) 1.23 4.89 3.83 4.60 13.12
ki x 10% (min™) 1.80 2.58 22.87 20.04 37.82
2 0.2882 07751  0.7808  0.3366  0.9106

29



Table 4. Equilibrium parameters for the adsorption of DCF onto grape bagasse.

Parameters r2 Ferror (%)
Ky (L mg™) Gmax (MG G7)
Langmuir - e 0.5044 10.24
0.02 76.98
Ke(Lg™) n
Freundlich 0.9544 10.06
1.72 1.18
Ks (L mg™ mgg- n
Sips smas) e A 9) 0.9449 43.77
0.10 68.27 4.24
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Table 5. Thermodynamic parameters for the adsorption of DCF onto grape bagasse at

different temperatures at an initial concentration of DCF of 10 mg L™,

T qe Removal A Goads AHoads ASoadS
K
(°C)  (mgg?) (%) (kamol™)  (kImol™) (I mol* K™Y
22 11.15 22.80 0.30 2.99
30 6.92 14.02 0.16 4.57
-36.86 -135.85
42 4.32 8.89 0.10 6.10
50 3.62 7.34 0.08 6.81

31



Figure Captions

Figure 1. DCF structure.

Figure 2. Isotherms of adsorption/desorption of N, by grape bagasse at 77 K.
Figure 3. Adsorption capacity of DCF onto grape bagasse as a function of time.
Figure 4. Linear portions of the intraparticle diffusion model.

Figure 5. Isotherms of DCF adsorption onto grape bagasse at 22°C: (a) Langmuir

model; (b) Freundlich model; (c) Sips model.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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