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ABSTRACT

Recently, emerging contaminants have been studied with greater attention due to their growing
presence in aquatic environments, medications being one of the major pollutants owing to their
global consumption. Among the main pharmaceuticals detected, the anti-inflammatory diclofenac
sodium (DS) is considered the most ecotoxic and features on the European list of priority substances
for monitoring as part of Water Framework Directive 39/2013. Among the water treatment processes
available, adsorption is a highly effective technical and economic alternative. As such, this study
aimed to assess DS removal efficiency using graphene oxide (GO) as an adsorbent. DS was ana-
lyzed using a central composite design, with four factors: diclofenac sodium concentration (DS_ of
50 to 450 mg L), adsorbent concentration (ADS_ of 0.2 to 5 g L), contact time (C, of 5 to 45 min)
and pH (5 to 9). The results confirmed the modeling of adsorption capacity, adsorbate removal,
pseudo-first-order and pseudo-second-order kinetics, intraparticle diffusion, and Langmuir and
Freundlich isotherms. DS demonstrated an affinity for adsorption onto GO nanosheets. Maximum
adsorption capacity for GO was 669.50 mg g™ (DS, of 450 mg L, ADS_ of 0.2 g L, C, of 34.3 min
and pH 5) obtained by duplicate identification batches. The data also supported the creation of
an equation that indicates the adsorbent dose needed for total DS removal (100%) from a solution.
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1. Introduction

In the field of health, pharmaceuticals are active sub-
stances used to explore or modify the physiological system
or pathological state of humans or animals, and widely
prescribed in the diagnosis, treatment, relief and preven-
tion of diseases [1]. However, although these substances are
used for their beneficial effect on patient health, they have
become a global environmental problem. Since the mid-
1980s, advances in analytical techniques and equipment
and research conducted worldwide have detected trace con-
centrations of pharmaceutical substances such as synthetic
hormones, nonsteroidal anti-inflammatory drugs (NSAIDs),
B-blockers, analgesics, lipid metabolism regulators, antide-
pressants and antiepileptics in surface and groundwater,
sewage and the public water supply [2-8].

These substances are currently classified as emerging
contaminants (ECs), chemicals of natural (hormones, algal
toxins and microorganisms) or synthetic origin (medications,
personal care products, pesticides, illicit drugs, chlorination
by-products, additives and microplastics), not yet covered by
specific legislation (monitoring). Although ECs are a large
class of substances, they consist largely of pharmaceutical
active compounds (PACs).

Of these, nonsteroidal anti-inflammatory drugs (NSAIDs)
are sold without a prescription, which directly increases the
chances of their consumption by the population. Diclofenac
sodium (DS) is one of the world’s most widely consumed
drugs and accounts for around one third of the NSAID mar-
ket in 15 countries, with a market share close to that of the
three most popular anti-inflammatories combined, namely
ibuprofen (11%), naproxen (9.4%) and mefenamic acid
(9.1%) [9,10].

Beek et al. [3] compiled data from 1166 academic arti-
cles that identified 631 different pharmaceutical substances
in environmental matrices in 71 countries. DS was the most
recurring substance, found in 50 countries and often at con-
centrations above 0.1 pug L™, considered a potential ecotox-
icological risk for non-target organisms based on predicted
no-effect concentrations (PNECs) [3].

DS is considered the most ecotoxic NSAID, with litera-
ture reports of problems such as reduced reproductivity,
oxidative stress, hepatoxicity and mitochondrial (cardiac)
alterations in laboratory tests with animals under chronic
DS exposure [11,12]. Clinical trials in humans also correlated
DS use with the onset of gastrointestinal bleeding, cardiac
changes and greater risk of death from heart disease [13].
It was also responsible for declining vulture populations
in Africa (>62%) and South Asia (>95%) through poisoning
after the birds fed on contaminated cattle carcasses [14-16].
These events prompted the inclusion of DS on the first list
of potentially hazardous substances under European Union
Directive 39/2013, which stipulates a strategic approach to
monitoring the compound and cites one of its objectives as
fostering the development of new water treatment technolo-
gies for the removal of pharmaceutical substances [17].

Praveenkumarreddy et al. [18] studied NSAID removal
at wastewater treatment plants (with activated sludge and
upflow anaerobic sludge blanket reactor technologies) in
southeast India and recorded average removal efficiencies
of approximately 99% for aspirin, 72% for naproxen, 62% for

ketoprofen, 52% for ibuprofen and only 40% for DS, from
initial concentrations (C,) of 125-184, 11-217, 2-22, 12-68 and
3-41 pg L7, respectively. In a pilot study, McKie et al. [19]
analyzed the removal of the anti-inflammatories naproxen
(C, = 150-390 ng L), acetaminophen (C, = 60-260 ng L™),
ketoprofen (C, = 140-630 ng L) and diclofenac (C, = 180-
290 ng L) from natural water and obtained respective
removal efficiencies of 52%, 46%, 38% and 36% via conven-
tional water treatment methods (coagulation, flocculation,
settling and sand filtration) with a contact time of 15 min,
and 78%, 68%, 29% and 8.7% using 3-5 mg Al** L™ of alumi-
num sulfate as coagulant in direct biofiltration with a con-
tact time of 10 min and 0.2 mg AI** L. Rigobello et al. [20]
analyzed laboratory-scale diclofenac removal in a conven-
tional water treatment process (coagulation, flocculation,
settling and sand filtration) using 3.47 mg AI** L, followed
or not by preoxidation with chlorine dioxide, and reported
respective efficiencies of 0% and 15% with and without pre-
oxidation, both at an initial concentration of 1 mg L™ of DS,
pH 6.5, 70 NTU and 20 uH. These results demonstrate that
conventional processes used at water (WTPs) and wastewa-
ter treatment plants (WWTPs) are not completely efficient
at removing pharmaceutical products, especially diclofenac.

The growing problem of pharmaceuticals and updated
environmental legislation have prompted the development
of end-of-pipe technologies to remove pharmaceuticals
from the public water supply, such as catalytic ozonation,
photocatalytic oxidation, ultrafiltration, nanofiltration and
adsorption, among others [21-31]. A comparative anal-
ysis by Boer et al. [32] indicated that ozonation (0.068-
0.56 € m®), photocatalysis (0.76-1.39 € m?), UV radiation
(0.208-0.248 € m®) and membrane filtration (0.044-0.8 € m®)
involve higher operating costs than those of adsorption
(0.035-0.31 € m?® for micropollutant removal, depending
on the configuration of the treatment system. Additionally,
with the exception of adsorption, the technologies men-
tioned are dependent on electrical energy and their com-
plex technology makes them subject to electricity shortages
and/or equipment failure, requiring specialized manpower
for maintenance. Ozonation, UV radiation and photoca-
talysis generate by-products and can transform NSAIDs
into more toxic compounds, such as monochlorinated
compounds and hydroquinone, with as yet unknown
effects [28-31,33]. Adsorption is therefore a promising
alternative removal technique for pharmaceuticals due to
its low technological complexity and cost, the possibility
of recovering the adsorbent material and the fact that it
does not generate by-products [34].

Although adsorbents such as wood, polymers, clay and
resins can be used to remove pharmaceutical compounds
dissolved in water, carbon-based adsorbents are the most
effective [21,22,25-27,34-37]. With the development of
nanotechnology, synthetic carbon compounds are being
used in advanced water treatment processes because their
characteristics (porosity, hydrophobicity, surface functional
groups) make them suitable for the adsorption of micro-
pollutants dissolved in water. One of these materials is
graphene oxide, which has attracted the interest of scientists
worldwide because the nanometric size and bidimensional
structure of graphene results in a larger specific surface area
and electrical properties that favor chemical adsorption,
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providing high adsorption kinetics, rapid equilibrium rates
in solution, greater adsorption capacity, and effectiveness
across broad pH and temperature ranges [34,36,37].

As such, the present study aimed to analyze DS removal
from an aqueous solution by graphene oxide (GO) adsorp-
tion using a central composite design, and simultaneously
assess the main variables that influence adsorption and
removal capacity, namely adsorbate and adsorbent concen-
tration, contact time and pH, in addition to analyzing adsorp-
tion efficiency via Langmuir and Freundlich isotherms and
kinetics via pseudo-first-order, pseudo-second-order and
intraparticle diffusion models.

2. Materials and methods
2.1. Graphene oxide synthesis

Graphene oxide (GO) was synthesized from purified
graphite (Vonder®, Grupo OVD, Brazil) according to the
modified Hummers and Offeman method [38], which con-
sists of chemical oxidation of the graphite and the addition
of a strong acid solution. For every 1 g of graphite, 0.5 g of
sodium nitrate (NaNo® P.A., ISOFAR, Brazil) and 23 mL of
sulfuric acid (H,SO, P.A., Sigma Aldrich — Merck, Brazil)
were added. The mixture was submitted to mechanical
agitation for 1 h, at 500 RPM and 20°C, and then slowly
added with 3 g of solid potassium permanganate (KMnO,
P.A., Sciavicco, Brazil) to ensure the temperature does not
exceed 20°C. Next, the mixture was mechanically agitated
for 12 h at the same speed, increasing the temperature to
35°C, and the oxidated graphene paste was then diluted in
500 mL of water. The resulting solution was treated with
hydrogen peroxide (H,O, 30%, ISOFAR, Brazil) to con-
sume any excess reagents and oxidize the structure, and the
synthesized products were then washed with a 5% hydro-
chloric acid solution (37% HCI, Labsynth, Brazil) to remove
metal ions and possible impurities. Next, it was filtered,
rinsed with water and dried in an oven at 80°C for 6 h.

2.2. Graphene oxide characterization

The morphological and microstructural properties of
GO were obtained by scanning electron microscopy with
a field emission gun (SEM-FEG) and high-resolution trans-
mission electron microscopy (HRTEM) on an FEI TECNAI
G2 F20 microscope operating at 200 kV. The functional
groups present in GO were analyzed by Fourier transform
infrared spectroscopy in a Shimadzu IRTracer-100 spectro-
photometer in the 400 to 4,000 cm™ wavelength range, oper-
ating in transmittance mode with an attenuated total reflec-
tance (ATR) detector. The X-ray diffraction (XRD) spectra
were obtained under CuKa radiation (A = 0.15418 nm) at
40 kV and 30 mA, angle range of 5° <20 < 80, 0.02° step size
and speed of 1°/min™". The lattice effect of the adsorbent was
determined by Raman spectroscopy in a Renishaw inVia
Raman microscope (United Kingdom). Raman measure-
ments were obtained at an excitation wavelength of 514 nm.
The point of zero charge was determined using a poten-
tiometer and adsorbent-to-solution ratio of 1 mg:1 mL,
whereby adsorbent fractions were placed in flasks contain-
ing aqueous solution at ambient temperature and under

different pH conditions (1-6, 8-12), with a contact time of
24 h. The surface area was assessed using the Brunauer—
Emmett-Teller (BET) method.

2.3. Batch adsorption study

2.3.1. Solution preparation, experimental procedures and
analysis methodology

Batch adsorption experiments were conducted in line with
the following protocol: (a) a stock solution (500 mg L) was
prepared by diluting 0.5035 g of DS (99.3%, Farmaférmula,
Brazil) in 1 L of deionized water; (b) adsorption tests were
performed in Erlenmeyer flasks containing 20 mL of the
solution under different adsorbate and adsorbent concen-
trations, pH conditions and contact times (Table 1); (c) solu-
tions with different DS concentrations (50, 150, 250, 350 and
450 mg L) were obtained by diluting the stock solution;
(d) pH was adjusted by adding hydrochloric acid (37%
HCI, Labsynth, Brazil) or sodium hydroxide (NaOH PA.,
ISOFAR, Brazil) in a solution with 0.025 N deionized water;
(e) tests were carried out under ambient temperature on an
orbital shaker at 200 RPM and (f) at the end of each test, the
sample was filtered through a 40 pm white ribbon qualita-
tive filter (Qualy, Brazil). Residual DS concentration was
determined by UV spectrometry at a wavelength of 274 nm.
Readings were performed in triplicate.

2.3.2. Study design and model development

A central composite design was used for this phase
of the study. This empirical model is based on an iterative
method that assesses the individual effects of each variable in
order to optimize the process. The central composite design
(CCD) used here consisted of four factors: initial adsorbate
concentration (mg L), adsorbent concentration (g L™), con-
tact time (min) and pH; with five levels and one response,
namely adsorption capacity g (mg g™). The intervals of
each factor and randomized run order are shown in Table 1.

The g response was calculated using the following
equation:

(Cz’ _Ce)

Y @

q =
where g is the amount of adsorbate adsorbed in the solid
phase (mg g™), C, the initial adsorbate concentration (mg L™),
C, the final adsorbate concentration (mg L), M adsorbent
mass (g) and V solution volume (L).

The mathematical ratios between the factors and
response were established by fitting the experimental data to
a second-degree polynomial equation, as follows:

k k Kk k
Y=B,+YBX,+DBX + Y SBXX +e @)
i=1 i=1

i=1 j=1

where Yis the predicted response (mg g™), X, are the individ-
ual factors and Xf the quadratic effects, XiX]. the interaction
between factors, (3 the linear, quadratic and interactive effects
and ¢ the randomization error.

The significance of the model developed and of each
term was assessed by analysis of variance (ANOVA) based
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Table 1

Data matrix
Factors Levels

2 -1 0 +1 +2
DS. (mgL™) 50 150 250 350 450
ADS_ (gL 02 14 26 38 5
C, (min) 5 15 25 35 45
pH 5 6 7 8 9
Run Factors
DS.(mgL") ADS.(gL") C,(min) pH

1 250 2.6 25 7
2 150 1.4 15 8
3 450 2.6 25 7
4 350 1.4 15 6
5 250 2.6 25 9
6 150 3.8 35 6
7 350 1.4 35 6
8 250 0.2 25 7
9 250 2.6 25 7
10 350 1.4 15 8
11 250 5.0 25 7
12 150 3.8 15 8
13 350 3.8 35 6
14 250 2.6 25 5
15 250 2.6 25 7
16 150 1.4 35 6
17 250 2.6 25 7
18 150 3.8 15 6
19 150 14 15 6
20 250 2.6 5 7
21 350 1.4 35 8
22 350 3.8 15 8
23 250 2.6 25 7
24 350 3.8 35 8
25 150 3.8 35 8
26 250 2.6 45 7
27 250 2.6 25 7
28 350 3.8 15 6
29 50 2.6 25 7
30 150 1.4 35 8

DS.. - diclofenac sodium concentration; ADS_. - adsorbent concentra-
tion; C, - contact time; pH - potential of hydrogen.

on the probability value (p-value) and Fisher’s test (F-value)
at a confidence level of p < 0.05. The precision and predict-
ability of the model were measured using the lack of fit cri-
terion, coefficient of correlation (R?), adjusted R? predicted
R? adequate precision and residual normalization.

2.3.3. Kinetics and adsorption isotherms

The experimental data were fit to the kinetic models
and adsorption isotherms using non-linear regression.

2.3.3.1. Kinetic models

The pseudo-first-order model assumes that the reaction
is reversible, and equilibrium is established between the solid
and liquid phase of the solution [39], Eq. (3).

g, =q.(1-¢™) 3)

where g, is the amount of adsorbate adsorbed in time
t (mg g7), q, the amount of adsorbate adsorbed in equilib-
rium (mg g7), k, the pseudo-first-order rate/speed (min™),
and t the contact time (min).
The pseudo-second-order model states that the rate-
limiting step is chemisorption [40], Eq. (4).
gekyt

"1 gkt @
wherek, is the pseudo-second-order rate/speed (g mg™ min™).

The intraparticle diffusion model establishes that the
intercept C, is equal to zero, intra-pore adsorption plays a
decisive role in the process and adsorption varies according
to the square root of time [41], Eq. (5).

q, =kt +C, (5)

where k, is the intraparticle diffusion rate (mol g™ min™?)
and C, the intercept value on the g, axis in intraparticle
diffusion kinetics (mg g™).

2.3.3.2. Isotherm models

The Langmuir model is based on the formation of a
single adsorption layer and assumes that adsorption sites
have equal energy and are finite, meaning that adsorption
peaks when the layer is formed [42], Eq. (6).

qe = ZmaXKLCF (6)
+K,C,

where g, is the amount of adsorbate adsorbed in equilibrium

(mg g™), g, the maximum amount of adsorbate adsorbed

(mg g'), K, the Langmuir adsorption constant (L mg™),

and C, adsorbate concentration at equilibrium (mg L™).

The Freundlich model assumes that adsorption sites
have different energies and that the amount adsorbed never
peaks due to interactions between adsorbed molecules and
heterogeneous surfaces. The closer the value n is to 1, the
more favorable the process [43], Eq. (7).

q,=K.C" @)

where K, is the Freundlich constant (mg" g™ L" mg/) and
n the correction factor.

The models obtained will be evaluated using the coeffi-
cient of determination (R?) and chi-squared test (x?).

2.3.4. Confirmation runs

The data optimized by function d, were fit using SRM
based on the following search criteria: maximum DS,
minimum ADS_, minimum pH and varying contact time
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within the ranges tested. These data were confirmed by new
adsorption assays performed in duplicate. The responses
obtained in the confirmation runs were compared with those
of the two-sided student’s f-test determined at a confidence
interval of p < 0.05.

2.3.5. Assessment of diclofenac sodium removal

The results of g were interpreted as % removal using Eq. (8).

C
%Removal = —=x 100 (8)
C.

i

where C, is the amount of adsorbate adsorbed in the solid
phase (mg g”') and C, the initial adsorbate concentration
(mg L.

Database searches were conducted for total removal
(100%) of DS in solution at concentrations of 50, 100, 150,
200, 250, 300, 350, 400 and 450 mg L™ and the respective
necessary GO concentrations. The results were compiled
and converted into adsorbent/adsorbate dose (g mg™).
Finally, the dose needed for total DS removal was modeled
by linear regression and analyzed using ANOVA, Pearson’s
r and the coefficient of determination.

3. Results and discussion
3.1. Graphene oxide characterization
3.1.1. X-ray diffraction

The diffractograms obtained for graphite and GO are
shown in Fig. 1, with high-intensity peaks at 0 0 2 and
20 =10.64° (0 0 1), respectively. This difference is due to the
oxidative process and insertion of functional groups such
as hydroxyl, epoxy and carboxyl between GO sheets, par-
ticularly in the basal planes of the sheets during synthesis.
This behavior results in wider peaks and the emergence
of interplanar spacing in the direction of d002, character-
istic of GO synthesis from graphite via a chemical path-
way. Additionally, low-intensity peaks were observed in
the 20 = 26° region, related to the presence of impurities
in the graphite [44,45].

3.1.2. Fourier-transform infrared spectroscopy with
attenuated total reflectance

The Fourier-transform infrared spectroscopy with
attenuated total reflectance spectra of the materials are
shown in Fig. 2. The absorption spectra show similar
bands for graphite powder (GP) and GO between 3,550
and 3,200 cm™, corresponding to the hydroxyl group.
However, chemical oxidation deepened the peak in the
corresponding region, confirming the incorporation of
oxygen into structure and increased O-H concentration.
Wave numbers between 3,000 and 2,840 cm™ are associ-
ated with sp3-hybridized C-H bonds. The presence of
CO, was confirmed by bands at 2,400 and 2,300 cm™. GO
contains carboxyl groups at 1,720 cm™ attributed to C=O
bonding, epoxy groups at 1,377 and 1,029 cm™ related
to CO bonding, and aromatic rings at 1,616 and 702 cm™
corresponding to C=C and CH bonding, respectively [46].

Thus, both XRD and FTI-ATR analysis confirmed that
GO can be obtained using a modified Hummer’s method.
Raman, HRTEM and SEM-FEG characterizations were
performed to ensure better GO analysis.

3.1.3. Raman, HRTEM and SEM-FEG

Fig. 3 shows the Raman spectrum obtained for GO
and used to study DS adsorption, with peaks at bands D

Intensity (a.u.)

10 20 30 40 50 60 70 80
20.,,.kq(degrees)
—GO —GP

Fig. 1. X-ray diffractions for graphite powder (GP) and graphene
oxide (GO).

3550
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T 2840
2400
2300

Transmittance (a.u.)

T T T T T T T

S —
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™')

—GO —GP

Fig. 2. Fourier-transform infrared spectroscopy with attenu-
ated total reflectance of graphite powder (GP) and graphene
oxide (GO).
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Fig. 3. Raman spectroscopy of graphene oxide (GO).
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Fig. 4. SEM-FEG of graphene oxide (GO) samples at 40,000x
magnification.

(~1,345 cm™) and G (~1,587 cm™). The G band is attributed
to first-order scattering of E2g phonons by sp*bonded
carbon and the D band to defects associated with vacan-
cies and grain boundaries. The D to G band intensity ratio
makes it possible to determine the number of defects pres-
ent in the carbon structure, with a value of approximately
0.86 for the GO obtained via synthesis. The same val-
ues were also reported by Kim et al. [47].

Microstructural assessment of GO obtained by SEM-
FEG is illustrated in Fig. 4. The image shows a microstruc-
ture composed of several wrinkled, folded layers, with the
wrinkling attributed to the oxidation that occurs during
synthesis, enabling the entry of hydroxyl and epoxy
groups and transforming the hybridized sp* carbons (pla-
nar geometry) of graphite into GO sp® carbons (tetrahedral
geometry). The formation of these oxygen-bearing func-
tional groups in the basal planes causes structural defects
in GO and the greater the degree of oxidation, the larger
the spaces between the layers. Although GO obtained from

graphite via chemical oxidation generally exhibits a rela-
tively good yield, these spaces/defects typically lead to the
formation of irregular defective structures when compared
to the bottom-up method, which is based on graphene
formation from gases with a high carbon concentration,
as occurs in CVD (chemical vapor deposition) [48,49].

Fig. 5a shows an HRTEM image that confirms the
presence of sheets. The GO material shows a good level
of transparency, indicating a high degree of graphite
powder exfoliation. The dark regions are related to the
stacked layers of GO, which also displays an amorphous
unorganized morphology [50]. The scattered area elec-
tron diffraction (SAED) pattern of GO (Fig. 5b) shows
only diffraction rings and the diffraction points are not
defined, confirming that the GO sheets are amorphous.
This finding is corroborated by XRD analysis. The electron
diffraction rings obtained by SAED show an interplanar
distance d of approximately 1.2 A and 2.1 A corresponding
to d in graphene and suggesting the presence of graphitic
regions within graphene oxide [51].

3.1.4. Point of zero charge

The point of zero charge (PZC) is the pH at which the
net charge on the surface of the adsorbent is zero, that is, the
surface has the same affinity for anions and cations. When
solution pH is above the PZC, the surface of the material is
negatively charged and shows greater affinity for cations,
becoming positively charged with higher anion affinity when
pH falls below zero.

The PZC obtained for GO was 1.65 (Fig. 6), demonstrat-
ing acidity according to the FTI-ATR results and the predom-
inance of carboxyls over hydroxyls in GO. Additionally, GO
remained ionized under all the pH conditions in the batch
tests (PZC_, 1.65 < pH 5-9).

solution

3.1.5. Brunauer—Emmett-Teller

Nitrogen adsorption onto GO and GP is shown in Fig. 7
and its parameters in Table 2. Chemical oxidation was
effective and increased the surface area by around 255.92%.
The BET method estimated the surface area of GP and
GO at 45.92 and 117.58 m? g7, respectively. Although the
values obtained in the present study partially corrobo-
rate those reported in the literature of 70-1,000 m? g for
synthesized GO, several studies argue that GO is not suf-
ficiently porous to adsorb nitrogen and/or that residual
reagents (acids) interfere in the outcome, and/or the water
present in the sample acts as a solvent for nitrogen until
saturation is reached, preventing contact with the GO sur-
face for adsorption and resulting in surfaces that do not
reflect reality [52-54].

3.2. Batch adsorption study
3.2.1. Adsorption capacity response (q)

The data predicted by the model developed for GO
are satisfactory in relation to actual data, with the resid-
ual model varying from approximately 0.02 to 40.62 mg g™
(Table 3) and homogeneous distribution for actual vs.
predicted data, as shown in Fig. 8.
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(b)

Fig. 5. (a) High-resolution microscopy and (b) scattered area electron diffraction of the graphene oxide (GO) sample.

Table 2

BET summary
Material Slope Intercept r C Sper (M g7)
GP 59.50 1.64E+01 0.9981 4.64 45.92
GO 19.61 1.00E+01 0.9945 2.96 117.58

r—Pearson’s r; C— S
13
12
11
10 4
9.
g
7]
6
5]
4]
3]
2] p2c1.65
1]

PHinal

o+

0 1 2 3 4 5 6 7 8 9
PHinitial
—=—GO

—TT

T
10 11

1

—
12 13
PZC

Fig. 6. Point of zero charge (PZC) determination for graphene
oxide (GO).

The experimental data (q,,.,), responses predicted by the
model (g7 _....) and their respective residuals are presented
in Table 3.

The real and actual data were analyzed using the lack-
of-fit test, with an F-value of 6080.10 and significance
(p-value) < 0.0001 for GO, indicating the presence of outliers

— specific surface area; GP — graphite powder; GO — graphene oxide.

and nonlinear unbalanced actual values (Fig. 8, Table 4).
There was a difference between actual and predicted g val-
ues in runs 8 and 11, with a smaller (0.2 g L) and larger
(5.0 g L") amount of adsorbent, respectively.

The coefficient of determination (R* obtained by mul-
tiple linear regression was 0.9910, considered satisfactory
to validate the model used. The adjusted R? for oxide was
0.9827, close to the predicted value of 0.9484, indicating that
the model can be used to describe DS adsorption by GO with
no mathematical reduction, considering a predicted R? <20%
of the adjusted R? [55].

The model developed for response g was submitted to
analysis of variance (ANOVA), with the results presented in
Table 4. In general, p <0.05 indicates statistical significance for
a 95% confidence interval. Based on this reference, the data
demonstrate that the model is statistically significant, with
p < 0.0001. Individual factorial analysis suggests significance
for DS_-ADS_-DS_-ADS_-DS >ADS ? for the values tested.

Using the maximum coefficient of variation (CV) of 10%
as a relative measure to valid repeatability, the model for
q was adequate, with a CV of 4.40% [56]. In terms of preci-
sion, values greater than 4 are considered adequate [56],
indicating a better signal-to-noise ratio response. Model
precision was deemed satisfactory at 46.62. The F-value
of 118.41 corroborates model validation, with p < 0.0001.

3.2.2. Perturbation analysis

The influence of adsorbate concentration, adsorbent
mass, contact time and pH in relation to the central point in
the experimental models is shown in Fig. 9.
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Fig. 7. Nitrogen adsorption onto (a) graphene oxide (GO) and (b) graphite powder (GP).
Table 3
Data matrix, experimental data, predicted data and residuals
Run A B C D Tactual Tpredicted R R%
1 250 2.6 25 7 95.30 95.27 0.03 99.12
2 150 1.4 15 8 104.86 110.26 -5.40 97.87
3 450 2.6 25 7 172.60 172.52 0.08 99.73
4 350 14 15 6 248.42 256.75 -8.33 99.37
5 250 2.6 25 9 94.78 94.66 0.12 98.57
6 150 3.8 35 6 39.31 36.36 2.95 99.59
7 350 14 35 6 249.74 257.74 -8.00 99.90
8 250 0.2 25 7 412.89 372.27 40.62 33.03
9 250 2.6 25 7 95.26 95.27 -0.02 99.07
10 350 14 15 8 247.98 255.80 -7.82 99.19
11 250 5.0 25 7 49.75 64.93 -15.17 99.51
12 150 3.8 15 8 38.70 35.71 2.99 98.03
13 350 3.8 35 6 91.91 87.27 4.64 99.79
14 250 2.6 25 5 95.68 95.38 0.30 99.51
15 250 2.6 25 7 95.11 95.27 -0.16 98.92
16 150 14 35 6 106.09 111.68 -5.60 99.02
17 250 2.6 25 7 95.11 95.27 -0.16 98.92
18 150 3.8 15 6 38.89 35.79 3.10 98.53
19 150 14 15 6 105.30 110.68 -5.39 98.28
20 250 2.6 5 7 93.84 93.79 0.04 97.59
21 350 14 35 8 248.24 256.79 -8.54 99.30
22 350 3.8 15 8 91.17 86.40 4.77 98.98
23 250 2.6 25 7 95.44 95.27 0.17 99.26
24 350 3.8 35 8 91.75 86.97 478 99.61
25 150 3.8 35 8 39.31 36.28 3.04 99.59
26 250 2.6 45 7 95.68 95.31 0.37 99.95
27 250 2.6 25 7 95.40 95.27 0.13 99.21
28 350 3.8 15 6 91.43 86.71 472 99.26
29 50 2.6 25 7 18.90 18.74 0.16 98.28
30 150 14 35 8 105.91 111.25 -5.34 98.85

A - diclofenac sodium concentration; B — adsorbent concentration; C — contact time; D — pH; g
— predicted adsorption capacity (mg g™'); R — residue; R% — removal rate.

Tpredicted

actual

— actual adsorption capacity (mg g7);
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Fig. 8. Predicted vs. actual adsorption capacity for graphene
oxide (GO).

Table 4

As indicated by ANOVA, adsorbate concentration and
adsorbent mass influenced the response, with steep slopes
indicating that g is highly sensitive to these factors. By
contrast, pH and contact time did not significantly affect
the efficiency of the process, DS. and C, are considered
synergistic factors and ADS_ are pH antagonist.

3.2.3. Response surfaces for diclofenac sodium absorption
onto graphene oxide

Response surfaces (RS) for DS absorption capacity onto
GO are presented in Fig. 10.

Adsorption capacity increased at SD and GO concen-
trations above 350 mg L™ and 1.4 g L7, respectively, contact
time >25 min and pH < 6. However, ANOVA, perturba-
tion analysis and the 3D graph demonstrated that pH and
contact time did not significantly influence adsorption.

By contrast, a lower adsorbent dose increased adsorption
capacity, exhibiting greater efficiency in the region below
1.4 g L7, converging with 0.2 g L' (Fig. 10a). This antago-
nistic effect is likely due to the fact that low concentrations
of powdered absorbents disperse more homogeneously
in the liquid column and do not aggregate [57].

Longer contact times resulted in increased adsorption
capacity, which can be explained by structural arrange-
ment of GO in stacked layers (Fig. 10b and f). Under

ANOVA for the adsorption capacity of diclofenac sodium (DS) onto graphene oxide (GO)

Source df Sum of squares Mean square F-value p-value
Model 14 341.61 24.40 118.41 <0.0001
DS, 1 116.31 116.31 564.41 <0.0001
ADS, 1 189.40 189.40 919.07 <0.0001
C, 1 0.0091 0.0091 0.0443 0.8362
pH 1 0.0020 0.0020 0.0099 0.9222
DS.-ADS. 1 4.73 4.73 22.93 0.0002
DS.-C, 1 0.0003 0.0003 0.0013 0.9712
DS.pH 1 0.0001 0.0001 0.0004 0.9837
ADS.-C, 1 9.338E-08 9.338E-08 4.531E-07 0.9995
ADS..pH 1 0.0002 0.0002 0.0009 0.9768
C,pH 1 2.626E-09 2.626E-09 1.274E-08 0.9999
DS? 1 1.81 1.81 8.80 0.0096
ADS? 1 26.28 26.28 127.52 <0.0001
C? 1 0.0024 0.0024 0.0114 0.9163
pH? 1 0.0003 0.0003 0.0013 0.9712
Residual 15 3.09 0.2061
Lack of fit 10 3.09 0.3091 6,080.10 <0.0001
Pure error 5 0.0003 0.0001
Cor. total 29 344.68
R? 0.9910

Std. dev. 0.4540 Adjusted R* 0.9827
Fit statistics Mean 10.33 Predicted R? 0.9484

CV.% 4.40 Adeq. precision 46.6216

DS_. - diclofenac sodium concentration; ADS_ — adsorbent concentration; C, — contact time; pH — potential of hydrogen.
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these conditions, a longer contact time may favor inter-
nal diffusion between the layers and optimize adsorp-
tion [58]. In regard to pH, the acid medium (pH < 7) may
have favored the desolubilization of DS, whose pKa of
4.15 causes the adsorbate to precipitate on the surface
of the adsorbent composed of oxygenated functional
groups. Fig. 10c [37]. DS (pH_ ,, 5-9 > DS 4.15) and
GO (pH_, 4. 59 > PZC_, 1.65) were ionized at all the
pH tested, demonstrating adsorbate—adsorbent repulsion
in the liquid, meaningthat SD adsorption onto GO is not

200 |
160

120

cb DC

80 _|
B

40 |

-1,000 -0.500 -0,000

Coded Units
A — diclofenac sodium concentration; B — adsorbent concentration; C — contact time; D — pH.

0,500 1.000

Fig. 9. Perturbation plot.

185

explained by electrostatic mechanisms [59], but rather
nt-1t bonds, hydrogen bonds and van der Waals forces, as
observed in other studies [45,60].

3.2.4. Optimizing diclofenac sodium adsorption onto
graphene oxide and confirmation runs

The results of maximum adsorption capacity and
experimental confirmation runs are presented in Table 5.

The maximum adsorption capacity obtained for the
model was 618.81 mg g™, corresponding to d, =1.00. In order
to reproduce this result, a combination of factors was tested
in duplicate, resulting in an average capacity of 669.50 mg g™,
8.19% higher than that predicted by the model.

3.2.5. Kinetic models

The adsorption kinetics for different DS concentrations
on GO are shown in Fig. 11.

Fig. 11 indicates that adsorption capacity () remains
stable over time for all the concentrations tested. As such,
there is evidence that DS adsorption onto GO occurs
instantaneously, as observed in other adsorption studies
with different micropollutants, such as aspirin — analge-
sic, caffeine — thermogenic, acetaminophen — paracetamol,
tetracycline — antibiotic and methylene blue — organic dye
[34,58,61]. The goodness of fit of the kinetic models to the
data demonstrated that the pseudo-second-order model
exhibited a better fit to the kinetics of DS adsorption onto

Central points
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Fig. 10. Response surfaces for diclofenac sodium (DS) adsorption capacity onto graphene oxide (GO).
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Fig. 11. Comparison of experimental data with pseudo-first-
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Table 5
Maximum adsorption capacity, factor levels and confirmation
runs

Factors Conditions

DS, 450 mg L*

ADS, 02gL?

C, 34.3 min

pH 5

T 618.81 mg g™

d, 1.00

Confirmation runs

q, 671.64 mg g™

q, 667.35 mg g™

Student’s t-test

Limit, 504.79 mg g™

D ean 669.50 mg g™

Limit 743.97 mg g™
upp

DS, - diclofenac sodium concentration; ADS. — adsorbent concen-

tration; C, — contact time; q__ - maximum adsorption capacity; d, —

Derringers desirability; Limit_ - lower limit; Limit - upper limit;
ow upp

—mean of runs.

Tinean

GO, since it obtained a lower x? and higher R? in rela-
tion to the other conditions tested, as shown in Table 6.
For pseudo-first-order, the adsorption rate represented
by k, and the R?® value increased as the DS concentra-
tion rose, as observed by Azizian [62]. The k, rate of the
pseudo-second-order model varied at the levels tested, but
its higher R? values in relation to the pseudo-first-order
model indicated greater adaptation, since pseudo-second-
order is based on an empirical model [40].

In order to investigate the adsorption mechanisms, the
intraparticle diffusion model was also fit to the adsorption
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Fig. 12. Comparison of experimental data with pseudo-first-
order and pseudo-second-order kinetic models.

data of different DS concentrations on GO, with the results
displayed in Fig. 12.

The adjustment parameters for the intraparticle dif-
fusion model revealed that more than one mechanism
(intraparticle and intrafilm diffusion) controls the adsorp-
tion process, since the straight line does not intercept the
origin in the g, vs. t? graph, as shown in Fig. 12 [41,63].
However, the C, and g, values are very similar (Table 6.
pseudo-first-order) and indicate that 98.19% to 99.16% of
DS was adsorbed onto the GO surface via intrafilm diffu-
sion, meaning that this mechanism predominates, which,
when combined with the physical and chemical character-
istics of GO and adsorption characteristics of DS, demon-
strates the occurrence of chemisorption [41,64].

3.2.6. Equilibrium isotherms

Fig. 13 shows the equilibrium isotherms for DS adsorp-
tion onto GO.

The linear-concave shape of the isotherm shows a con-
stant partition between the solute and solution and does
not indicate maximum adsorption capacity [65]. The GO
data exhibited a satisfactory fit to both models, with R,
and 1/n < 1, indicating an excellent adsorbate—adsorbent
ratio and low liquid-adsorbate ratio [42]. The equilib-
rium ratio is best described by the Freundlich model with
R?*=0.9913 and low x2. The Freundlich model is based on
surface heterogeneity and assumes an unlimited number
of active sites [43]. Thus, the equation is consistent with
the linear shape of the isotherm, with no maximum abso-
lute adsorption capacity.

The Langmuir g, _value for maximum adsorption capac-
ity was 1,704.94 mg g™, far higher than those of 618.81 mg g
(model) and 669.50 mg g™ (confirmation run), Table 5 and 7.
Separation factor R, in this isotherm indicates that the greater
the initial concentration, the better the affinity between DS
and GO, since the value is greater than 1 (Table 7). In the
Freundlich isotherm, the value of 1/n is close to 1, denoting a
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Table 6
Kinetic model parameters for different concentrations

Models 25 mg L™ 50 mg L* 100 mg L™ 150 mg L™ 250 mg L™ 450 mg L*
Pseudo-first-order
q,(mg g™) 112.99 137.67 191.14 249.29 373.71 618.80
k, (Lmg™) 3.6553 3.7172 3.9465 4.1479 4.4954 5.0749
X2 1.6628 2.3059 2.7444 3.0460 3.2715 2.8836
R? 0.9978 0.9979 0.9987 0.9992 0.9996 0.9999
Pseudo-second-order
q,(mg g™) 112.44 136.87 190.27 248.38 372.74 617.78
k,(Lgh 0.2990 0.2808 0.2560 0.2415 0.2320 0.2747
X2 0.6551 0.7374 0.8693 0.9521 0.9792 0.8066
R? 0.9992 0.9993 0.9995 0.9998 0.9999 1.0000
Intraparticle diffusion
K, (mol g min™7?) 2.0505 2.1794 2.3731 2.4859 2.4913 1.7771
C,(mgg™) 107.71 131.84 184.79 242.62 366.95 613.57
X 0.0566 0.0703 0.1037 0.1466 0.2698 0.7179
R? 0.9559 0.9517 0.9406 0.9246 0.8695 0.5496

g, — amount of adsorbate adsorbed in equilibrium; k, — pseudo-first-order rate/speed (min™); k, — pseudo-second-order rate/speed (g mg™ min™);
K, — diffusion rate (mol g~ min™?); C, — value of the intersection with the g, axis in intraparticle diffusion kinetics (mg g'); x> — chi-squared;

R? - coefficient of determination.
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Fig. 13. Comparison of experimental data with Langmuir and
Freundlich models.

linear mode [43] and corroborating our observations, which,
when combined with the absence of an absorption resis-
tance curve for DS onto GO, demonstrate greater adsorption
capacities than those recorded here can be achieved at con-
centrations >450 mg g™

3.2.7. Comparison of adsorption capacity with the literature

The maximum adsorption capacity obtained for GO in
the present study and that of different materials found in the
literature are presented in Table 8.

Table 7
Isotherm model parameters for equilibrium capacity

Models

Langmuir

T (MG 87) 1,704.94
K, (Lmg™) 0.0012
R, (25 mg L") 0.9709
R, (450 mg L) 0.6494
X 716.90
R? 0.9814
Freundlich

K, (mg" g™ L" mg™""") 6.0294
n 1.3263
1n 0.7540
X 337.58
R2 0.9913

9. — Maximum amount of adsorbate adsorbed (mg g7); K, —
Langmuir adsorption constant (L mg™); K, — Freundlich constant
(mg" g™ L" mg™"); 1/n — constant associated with surface heteroge-
neity; x* — chi-squared; R? - coefficient of determination.

As shown in Table 8, GO is among the materials with
the highest adsorption capacity and its adsorbate—adsorbent
ratio (g mg™) of 0.0004 is among the three lowest, simi-
lar to the results for reduced graphene oxide (RGO), with
0.0003 and maximum capacity of 59.67 mg g, and those of
porous graphitic biochar (PGB) at 0.0005 and 123.45 mg g
This demonstrates that these materials may exhibit better
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Table 8
Comparison of maximum diclofenac sodium adsorption capacity onto different adsorbents reported in the literature

Adsorbent 9. (mgg") DS.(mgL") ADS.(gL") Dose(gmg’) T (min) pH Reference

Cocoa pod husks 5.53 30 5 0.1667 45 7 [67]

Reduced graphene oxide 59.67 200 0.6 0.0003 200 10 [68]

Porous graphitic biochar 123.45 20 0.1 0.0005 1440 6.5 [69]

Cationic polymeric nanoparticles 334.20 500 1.2 0.0024 7 7 [70]

Porous polyethyleneimine microspheres 572.67 1000 1.5 0.0015 242 5 [71]

Our study 669.50 450 0.2 0.0004 40 5
dispersion in the liquid column, thereby providing a larger 1.6 - - 0.010
available surface area than the other materials. In regard -
to contact time, RGO, PGB and porous polyethyleneimine 1.4+ LN P 0009
microspheres (PPM) achieved maximum absorption capacity \\ " | 0.008
at longer times than those of the other materials. Although 1.2 -/ =~
the morphology of RGO is similar to that of GO, its reduction ~ _ N\ L 0.007 £
with basic compounds resulted in its deoxygenation, that is, F;', 1.0 1 \.\ %
the loss of functional groups responsible for the absorption o " AN r0.006 g
mechanisms observed in our study. As such, its maximum 2 %81 \a [ 0,005 E
absorption capacity is lower and contact time longer than \ ' 'g;
those of GO. The porous structure of PGB and PPM is the 06 g | 0.004
main cause of the increased contact time needed to achieve . ~
saturation, since intraparticle diffusion is secondary to intra- 04 " - 0.003
film diffusion. In terms of pH, RGO is the only material 02 0,002
that indicates the basic medium (10) as optimal, which can o 100 200 300 400 500
be explained by the fact that ionized DS is electrostatically SD, (mg.L")

attracted to its positively charged surface.

3.2.8. Assessment of diclofenac sodium removal by adsorption
onto graphene oxide

The optimal GO doses and masses needed for total
removal (100%) of different DS concentrations by adsorption
are shown in Fig. 14.

The predicted 100% removal of DS from aqueous solu-
tion was obtained for all the adsorbate concentrations
tested (50 to 450 mg L™). The masses and doses needed
to achieve maximum removal efficiency are presented in
Table 9.

Fig. 14 shows that the mass required to achieve
100% removal remains relatively stable between 200 and
400 mg L, which may be because the higher DS concen-
tration (increased solution saturation) acts as a “catalyst”,
forcing contact with the surface of the adsorbent, which
promotes chemisorption. Additionally, the actual removal
percentages recorded for all the adsorbate concentrations
and masses between 1.4 and 5 g L ranged from 97.59% to
99.95%, with a median of 99.15% for the dataset. The high
efficiencies (close to 100%) found in the present study for GO
were also reported by Al-Khateeb et al. [34] for caffeine, aspi-
rin and paracetamol removal and Duru et al. [72] for heavy
metals.

In addition to these data, linear regression and correla-
tion of the concentrations with the adsorbent doses needed
for total DS removal by adsorption onto GO in aqueous
solution are presented below (Table 10). The dose-concen-
tration ratio is negative and displays a strong linear cor-
relation, with Pearson’s r = -0.9794 and R? = 0.9592.

—B—GO —®— GO dose per SD concentration

Fig. 14. Masses and doses for total diclofenac sodium (DS)
removal by adsorption onto graphene oxide (GO).

The DS concentration in solution (mg L) is input into
the dose equation [Eq. (9)] to calculate the GO dose in grams
needed for every milligram of DS (g mg™). This dose is
then used to calculate the adsorbent concentration (g L)
to be added to the solution in order to achieve the expected
100% removal.

SO .01005-1.71262x 10°DS, )

dose

4. Conclusions

The physical and chemical characteristics of GO (struc-
tural arrangement sheets, nanometric size, hydrophobicity,
oxygenated functional groups) enable strong adsorbent-
adsorbate bonds via adsorption mechanisms based on elec-
tron sharing, mainly nt-rt and hydrogen bonds.

The CCD used in the batch adsorption study proved
to be an excellent optimization tool, demonstrating that a
pH between 5 and 9 and contact time of 5 to 45 min did
not significantly influence adsorption capacity for DS con-
centrations of 50 to 450 mg L™ and 0.2 to 5 g L™ of GO.
Removal efficiency was close to 100% for all the concentra-
tions tested (50 to 450 mg L), with 0.46 and 1.38 g L of GO
needed to completely remove 50 and 450 mg L' of DS in
aqueous solution.
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Table 9

Masses and doses for total (100%) diclofenac sodium removal by adsorption onto graphene oxide

Parameters Diclofenac sodium (mg L)

50 100 150 200 250 300 350 400 450
ADS_ (g L™) 0.46 0.88 1.18 1.28 0.29 1.30 1.30 1.32 1.38
GO/SD,, (g mg™) 0.0092 0.0088 0.0079 0.0064 0.0052 0.0043 0.0037 0.0033 0.0031

ADS_. - adsorbent concentration; GO/SD,, — required graphene oxide dose per milligram of diclofenac sodium.

Table 10

ANOVA parameters and statistics for total (100%) diclofenac sodium removal

ANOVA

Source of variation df Sum of squares Mean square F-value p-value
Model 1 4.39961E-5 4.39961E-5 164.70758 4.04593E-6
Error 7 1.86981E-6 2.67116E-7

Total 8 4.58659E-5

Linear regression

Source Coefficients Standard error t-value p-value
Intercept 0.01005 3.75471E-4 26.76278 2.60564E-8
Slope -1.71262E-5 1.33446E-6 -12.83385 4.04593E-6
Model statistics Values

Number of points 9

Degrees of freedom 7

Residual sum of squares 1.86981E-6

Pearson’s r -0.9794

R? 0.9592

Adj. R 0.95341

ANOVA - analysis of variance; R? — coefficient of determination; df — degrees of freedom.

The pseudo-second-order kinetic model exhibited the
best fit to the data, with an R? value of 0.9992. The intrapar-
ticle diffusion model revealed that intrafilm diffusion pre-
dominates in the adsorption process, with around 98.19%
to 99.16% of DS adsorbed on the surface. Adsorption equi-
librium was best explained by the Freundlich model, with
R?=0.9913. The maximum capacity of 669.50 mg g™ demon-
strated that adsorption can be improved by DS concentra-
tions greater than 450 mg L7, since the Langmuir model
(R?*=0.9814) predicted a maximum of 1,704.94 mg g™

In conclusion, GO shows excellent characteristics for
application in possible advanced water treatment cells
because of the short contact time needed, its ability to adapt
to different pH and pollutant concentrations without yield
loss and the fact that its chemisorption mechanism ensures
better safety with no micropollutant desorption.
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