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Abstract
In this study, activated carbon (AC) obtained from biomass waste materials (sunflower seed shells -SSS) was synthesized 
by combining chemical (H3PO4 80% wt.) and thermal activation (at 544 °C). Synthesized AC exhibited a BET surface area 
of 1531 m2 g−1, and pore volume of 0.98 cm3 g−1. The material exhibited various surface functional groups, such as P2O7, 
C-O-P and -COOH, O = C, as well as a moderate graphitization degree (ID/IG < 1) and acidity caused by H3PO4 treatment. 
Moreover, its morphology and physicochemical features were evaluated by SEM–EDS, TGA, XPS, Raman, and FT-IR tech-
niques. The material was used to study the adsorption of anti-inflammatory pharmaceutical compounds such as ibuprofen 
(IBF) and diclofenac (DIF) present in natural groundwater samples. The effects of parameters such as pH, activated carbon 
dose, temperature, and IBF or DIF initial concentration were optimized by using a central composite design (CCD). The 
results revealed that optimum conditions to remove DIF and IBF from natural groundwater samples were pH of 8.0 and 7.0, 
an AC dose of 0.79 and 1.0 g L−1, and a contact time of 60 min for DIF and IBF, respectively. A successful procedure to 
desorb both pollutants from adsorbent by using acetonitrile solutions was achieved, allowing the reuse study whose main 
results were that after four reusing cycles AC reduced its efficiency to remove DIF and IBF in 28 and 34%, respectively. 
Finally, the effect of ions, such as nitrate, bicarbonate, and sulfate at concentrations commonly found in natural groundwater 
on the adsorption of both pollutants onto AC was studied using deionized water. As a result, this study suggests consider-
able interest of AC in real applications due to its versatility and prolonged reuse to effectively remove anti-inflammatory 
compounds from natural aqueous solution.
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Highlights

•	 Optimal conditions for the pollutants adsorption were found by an experimental design
•	 Adsorption of pollutants on activated carbon was studied in groundwater samples
•	 Good adsorbent properties of activated carbon remained even after 4 reusing cycles
•	 Activated carbon exhibited several functional groups and high specific surface area
•	 The effect of ions present in groundwater on pollutants adsorption was studied
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1  Introduction

Due to their bioactive properties, pharmaceutical and personal 
care products (PPCPs) in the environment are considered con-
taminants of emerging concern (CECs) and have been fre-
quently detected in soils and groundwater [11]. The primary 
sources of PCPPs in groundwater include domestic, hospi-
tal, and industrial effluents, animal wastes, landfill leachates, 
and rivers that may infiltrate groundwater through hydraulic 
exchange [24, 37]. In this context, the PCPPs found more fre-
quently in natural waters around the world are carbamazepine, 
sulfamethoxazole, ibuprofen, and caffeine while diclofenac 
has been found in European groundwater samples [16].

Ibuprofen (IBF) and diclofenac (DIF) are members of 
non-steroidal anti-inflammatory drugs (NSAIDs) and 

constitute a group of pharmaceuticals with analgesic, anti-
pyretic and inflammatory effects. However, IBF presents, 
slight solubility (21 mg L−1), and high mobility in the water 
while DIF has high water solubility (5000 mg L−1). Because 
DIF and IBF has an excessive consumption, they have been 
detected in natural water and wastewater resources around 
the world [1, 6]. In addition, it has been reported that only 
62% and 18% are eliminated by conventional treatment sys-
tems in wastewater treatment plants (WWTP) for DI and 
IB [8, 20]. Therefore, different technologies such as oxida-
tion processes [44, 46], electrochemical degradation [10], 
photo-degradation [44, 46], and membrane ultrafiltration 
[9, 45], have been explored to remove NSAIDs from water. 
Unfortunately, these technologies exhibit some drawbacks 
related to high operational costs, the generation of toxic 
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byproducts, and the possible leaching of chemicals. How-
ever, the adsorption processes using low-cost materials such 
as activated carbon or biochar from agro-industrial wastes 
seem to be promising for removing pharmaceuticals from 
water [32]. Carbonaceous materials such as activated carbon 
(AC) exhibit an amorphous arrangement of bonded carbon 
atoms that form a porous structure with pore sizes ranging 
from the molecular level to visible cracks and crevices. AC, 
pore structures, surface area, and surface chemistry vary 
with feedstock and activation conditions [32].

Several agro-industrial wastes such as olive stone, tea waste, 
rice husk, cocoa shell, cork powder, and peach stone have 
been used as precursors to synthesize carbonaceous materials 
and have been evaluated in the adsorption of pharmaceuti-
cals dissolved in water. For instance, several papers reported 
diclofenac removal by carbonaceous adsorbents synthesized 
from tea wastes [25], cocoa shells [34], olive wastes [5], and 
peach stones [41] obtaining values of maximum adsorption 
capacity (Qmax) of 62 mg g−1, 63.5 mg g−1, 56.2 mg g−1, and 
200 mg g−1, respectively. Regarding ibuprofen adsorption, it 
was found that AC synthesized from rice husk [2], cork powder 
[28], and agave sisalana [27] were able to remove it from water 
obtaining values of Qmax around 239.8 mg g−1, 320 mg g−1, 
325 mg g−1, respectively. Previous work reported by us [3] 
assessed to the optimal experimental conditions to synthesize 
activated carbon from sunflower seed shells (using H3PO4 as 
activating agent, at concentrations of 80% (wt./wt.), and a car-
bonizing temperature of 544 ○C). This material was evaluated 
in the removal of methylene blue, diclofenac, and ibuprofen 
obtaining Qmax adsorption values of 546, 692, and 105 mg g−1, 
respectively. Activated carbon was deeply characterized 
through different techniques allowing to suggest the possible 
adsorption mechanisms. However, it is necessary to study the 
adsorption of both contaminants in natural water samples to 
optimize the experimental parameters for the removal of DIF 
and IBF in a complex aqueous matrix, and to study desorption 
and regeneration treatments to improve the recycling of ACs. 
The novelty of this work lies in the fact that, unlike other stud-
ies, we focus on evaluating the adsorption efficiency by using 
robust statistical methods using different initial concentrations 
of the contaminants added to real groundwater samples.

Herein, the optimal adsorption processes of DIF and IBF 
in synthetic and natural groundwater samples using activated 
carbon from sunflower seed shells (SSS) was studied. We 
evaluated the adsorption capacity of both pharmaceuticals 
considering key parameters such as initial pH solution, DIF 
or IBF initial concentration, AC dosage, and temperature. 
Furthermore, DIF and IBF adsorption process was optimized 
using a response surface methodology (RSM) of type cen-
tral composite experimental design (CCD) – 23 in 3 blocks. 
Finally, the effect of ions typically found in natural ground-
water samples, such as nitrate, carbonate species, and sulfate 

at environmental concentrations, on DIF and IBF adsorption 
was studied in deionized water.

2 � Materials and methods

2.1 � Chemicals

Phosphoric acid (H3PO4) 85% (Anedra®), sodium hydrox-
ide (NaOH) 94% (Anedra®), hydrochloric acid (HCl) 37% 
(Anedra®), acetonitrile (CH3CN) (PanReac-AppliChem), 
sodium sulfate (Na2SO4) 99% (Sigma-Aldrich), sodium 
nitrate (NaNO3) 99% (Sigma-Aldrich), sodium bicarbonate 
(NaHCO3) 99.7% (Sigma-Aldrich), diclofenac sodium (Par-
afarm-Saporiti), R/S-ibuprofen (Parafarm-Saporiti) with a 
purity of 99.3% and 99.5%, respectively.

2.2 � Characterization of activated carbon adsorbent

Synthesis of AC was performed using a methodology pre-
viously reported by us [3]. Briefly, 100 g of sunflower seed 
shell (SSS) was washed with deionized water and dried at 
100 °C for 12 h. The SSS samples were screened through 
the ASTM sieve size # 40—170 to produce particle sizes 
between 0.42 and 0.09 mm. Then, 10–20 g of SSS samples 
were treated with phosphoric acid (80%wt.) (as an activat-
ing agent) and heated at 75 °C, for 1 h with constant stirring 
at 350 rpm. Finally, The sample was carbonized at 544 °C 
for 1 h (5 °C min−1 heating rate) under nitrogen atmosphere 
using an oven Estigia ® (Argentina).

2.3 � Characterization of activated carbon adsorbent

The characterization of the materials was performed by scan-
ning electron microscopy (SEM Phillips 505) equipped with 
an X-ray energy dispersive analyzer (EDAX-9100). Textural 
properties were evaluated by N2 adsorption–desorption at 
77 K using an equipment (Micromeritics ASAP 2010).

For its part, Fourier-transform infrared spectroscopy 
(FT-IR) measurements were performed in a FT-IR spec-
trometer using Bruker IFS 66 equipment and spectra were 
recorded using 1024 scans having a resolution of 4 cm−1. 
Raman spectra were collected using a Raman microspec-
trometer (Raman, Horiba Jobin Yvon T64000) with Ar laser 
at 514.5 nm. Thermogravimetricanalysis (TGA) was realized 
in an equipment Shimadzu DT-50 thermal analyzer while the 
X-ray photoelectron spectroscopy (XPS) measurements were 
carried out in a Kratos Axis Ultra Analyzer where all bind-
ing energies were referred to the C 1 s signal at 284.0 eV.
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2.4 � Batch adsorption test

To study the effect of several operational conditions on the 
DIF and IBF adsorption onto AC, batch adsorption tests 
were performed with 50 mL of deionized water (0.056 
µS cm−1 Milli-Q) containing DIF or IBF at concentra-
tions of 50 mg L−1 for 5 h and under constant agitation at 
250 rpm. Initial pH of the solution was adjusted by using 
NaOH or HCl solutions (1 mol L−1) until reach values of 
3.0, 6.0, 9.0, and 12.0, at 25 ± 1 ºC and with an AC con-
centration of 1 g L−1. The effect of the initial concentra-
tion of pollutants was carried out using values of 5, 15, 
25, and 50 mg L−1 of either DIF or IBF with initial AC 
concentrations of 1 g L−1, adjusting the initial pH accord-
ing to the previous experiments. The effect of AC amount 
was evaluated by variating its concentration at 0.05, 0.25, 
0.5, 0.75, and 1.0 g L−1, adjusting the pH according to 
the previous experiments and keeping the temperature at 
25 ± 1 ºC. The effect of temperature on pollutants adsorp-
tion was evaluated at 25, 35, 45, and 55 ± 1 ºC using the 
best conditions of pH, initial pollutant, and AC concen-
tration. All the experiments were carried out in triplicate. 
The variation of IBF and DIF concentration in an aqueous 
solution was followed using the methodology reported by 
us employing a Perkin Elmer Lambda 35 UV–Vis spec-
trophotometer, USA [3]. The thermodynamic parameters 
for DIF and IBF adsorption on AC were evaluated using 
a range of adsorbate concentrations (i.e., from 5 mg L−1 
to 100 mg L−1) and different temperatures (i.e., 25 °C, 
35 °C, 45 °C and 55 ± 1 °C) following Eqs. 1–3 where the 
thermodynamic equilibrium constant (KC; dimensionless) 
was derived from the isotherm constant of Langmuir with 
linearized forms of Lineweaver–Burk [42, 43]. In order to 
evaluate the fitting of each isotherm model, the R-squared 
coefficient (R2), nonlinear chi-square test (χ2) and normal-
ized standard deviation Δq (%) were calculated:

where the factor 55.5 is the number of moles of pure 
water per liter and term 55.5 × 1000 x KL is dimension-
less. ΔGº, ΔHº, ΔSº are the Gibbs free energy (kJ mol−1), 
enthalpy (kJ mol−1), and entropy (J mol−1 K−1), respec-
tively. The ideal gas constant (8.314 J mol-1 K−1) and the 
absolute temperature (K) is R and T values, respectively. 
ΔSº and ΔHº were determinate from the intercept and 
the slope of the thermodynamic graph plot between ln 
(Kc) and 1/T.
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2.5 � Desorption and recycling experiments

The recycling of AC was assessed through the four adsorp-
tion–desorption cycles in controlled pH conditions, initial 
concentration of IBF or DIF, activated carbon dose, and tem-
perature according to optimization batch experiment (agita-
tion time of 1 h and magnetic agitation 250 rpm). After each 
adsorption cycle, 3 different solvents (acetonitrile, ethanol, 
and NaOH at concentrations of 5, 10, 15, 25, and 40% v.%) 
were used to achieve the pollutants desorption. Desorption 
experiments were carried out by washing the AC three times 
followed by rinsing with deionized water and drying at 80 
ºC for 24 h.

2.6 � Optimal adsorption conditions of DIF and IBF 
onto activated carbon in natural groundwater 
samples

Natural groundwater samples were obtained from a well 
located in a peri-urban community near to the city of La 
Plata (Argentina). The physicochemical features of natural 
groundwater are summarized in Table 1. Optimization of 
adsorption processes was studied by using a response surface 
methodology (RSM) of type central composite experimental 
design (CCD) – 23 in 3 blocks with triplicates generating 
seventeen experimental runs for each pollutant. The CCD 
was performed employing Statgraphics Centurion XVI soft-
ware (version 16.1.03) as shown in Table 2 where amounts 
of AC (0.3 – 1 g L−1), initial pH values (4 – 10), and initial 
concentration of IB or DI (6.5 – 25 mg L−1) were chosen 
as experimental factors and evaluated at contact times of 
90 min. The optimal conditions were employed to carry out 
the recycling adsorption experiments. Finally, the effect of 
ions such as nitrate (at concentrations ranging from 10 to 
40 mg L−1), bicarbonate (at concentrations ranging from 
300 to 600 mg L−1) and sulfates (at concentrations ranging 

Table 1   Physicochemical characterization of natural groundwater 
samples

Parameters Results Units

Alkalinity 409.2 mg L−1 CaCO3

Arsenic 0.04 mg L−1

Electric conductivity 961 µS cm−1

pH 8.0
Calcium 7.90 mg L−1

Total hardness 37.4 mg L−1 CaCO3

Fluoride 1.03 mg L−1

Total phosphorus 0.11 mg L−1

Nitrate 17.69 mg NO3
− L−1

Nitrite  < 0.030 mg NO2
− L−1

Sulfate 4.73 mg L−1



787Adsorption (2024) 30:783–800	

from 4 to 10 mg L−1) which are often present in natural 
groundwater samples, on the DIF and IBF adsorption was 
studied in deionized water.

3 � Results and discussion

3.1 � Characterization of activated carbon from raw 
seed shell

Physicochemical characterization of synthesized AC was 
performed by SEM–EDS, TGA/DTG, FT-IR, Raman-FT, 
and XPS (Fig. 1). SEM micrographs (Fig. 1a) revealed well-
defined porous and channel structures while EDS measure-
ments showed the elemental composition of the activated 
carbon surface detecting the presence of C, O, Si, and P. On 
the other hand, the FT-IR spectrum (Fig. 1b) exhibited bands 
at 1185 cm−1 probably assigned to the stretching of P = O 
bond in a phosphate ester or HO-P = O bond due to the for-
mation of phosphate and pyrophosphates coming from the 
activating agent [3, 50]. Additionally, bands at 468 cm−1 are 
probably associated with symmetric stretching of PO4

3− and 
C = O groups [17]. The presence of several signals corre-
sponding to carbonaceous species was also observed. For 
instance, bands in the region between 3000–2850 and 

3500–3200 cm−1 could be assigned to the C-H stretching of 
alkanes and O–H of alcohols/phenols, respectively. Those 
bands at 1600 cm−1 could be associated with the stretching 
vibration of aromatic groups (C = O, C = C) [3, 12, 13, 21]. 
This inclusion of oxygenated groups (O–H, C = O, and phos-
phorus-containing) on the surface of the activated carbon has 
been linked to possible adsorption sites of DIF and IBF, i.e., 
the O–H groups can function as H-bonders, and the O atoms 
of the organic contaminants act as promoters, which facili-
tates adsorbent-drug interaction through H-bonding. [31, 
47]. Deconvoluted XPS spectrum of P2p (Fig. 1c) revealed 
two peaks at BE of 134.2 ± 0.3  eV and 133.4 ± 0.3  eV 
assigned to the presence of functional groups C-O-P (such 
as (CO)3-PO, (CO)2-PO(OH) and (CO)—PO(OH)2) and 
C-PO(OH)2 or C2-PO(OH) groups, respectively [40, 48]. 
The C1s spectrum (Fig. 1d) of this material exhibited peaks 
related to O-C = O, C = O, C-O–O, and π-π* shake-up of 
carbonaceous species [3]. The C = O, π-π*, and P = O groups 
can be associated as common π-π and n-π (donor–acceptor) 
active interaction sites that can interact with the drugs [31]. 
Similarly, the presence of aromatic groups -CO = , -P = O, 
C = C (electron-rich) and carboxyl groups (COO-) (as con-
firmed by FTIR and XPS). These functionalities can act as π 
and n electron donor sites to form π-π interactions between 
these π electron donor sites and the pollutants, which act 

Table 2   Experimental design of central composite design (CCD) 23 in 3 blocks for the optimal adsorption of ibuprofen and diclofenac under 
natural groundwater

Factors Levels
Axial point (-α) Low (-) Central point (0) High ( +) Axial point (+ α)

 × 1: amount of AC (g L−1) 0.064 0.3 0.65 1 1.23
 × 2: pH 1.98 4 7 10 12
 × 3: initial concentration of DIF/IBF (mg 

L−1)
0.271 6.5 15.75 25 31.22

Run  × 1  × 2  × 3 Response variables Units
1  +  -  + 
2 - - -
3  +   +  -
4 -  +   +  R(DIF / IBF) %
5 0 0 0
6  +   +   + 
7 - -  + 
8 -  +  -
9  +  - -
10 0 0 0
11  + α 0 0
12 -α 0 0
13 0  + α 0
14 0 0 0
15 0 0 -α
16 0 -α 0
17 0 0  + α
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as π electron acceptors (benzene ring) at adsorbate–adsorb-
ate interface [14]. The Raman spectrum (Fig. 1e) shows the 
characteristic peaks at approximately 1360 and 1600 cm−1 
associated with the D and G bands characteristic of disor-
dered structural vibrations and vibration in sp2 graphitized 
carbon [49]. In addition, the ID/IG intensity ratio of 0.76 

indicates a partially graphitized activated carbon surface, 
which would indicate possible sites conformed by aromatic 
structures available for π-π interactions [47].

The XPS and FT-IR characterization would confirm that 
AC exhibits surfaces highly functionalized with the pres-
ence of functional groups attributed to quinones, phenols, 
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Fig. 1   Multi-technique characterization of activated carbon from 
SSS, a) scanning electron microscopy with energy dispersive X-ray 
spectroscopy—SEM/EDX, b) Fourier transform infrared spectros-

copy—FTIR, c) X-ray photoelectron spectroscopy—XPS spectrum P 
2p, d) spectrum XPS C 1 s, e) Raman-FT spectrum, and f) differential 
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aromatic compounds, and graphitic species coming from the 
partial degradation of lignin [3]. This could be confirmed 
for the thermogravimetric analysis (TGA) and its deriva-
tive thermogravimetry (DTG) curves for the SSS pre-treated 
with H3PO4 (Fig. 1f). These figures exhibited three thermal 
decomposition zones, which may be associated with the 
removal of moisture (< 150 ○C); thermal hemicellulose and 
cellulose degradation between (150 to 500 ○C), and lignin 
thermal decomposition (from 500 to 700 ○C). At the car-
bonization temperature where the AC was synthesized (544 
○C), TGA analysis revealed that lignin (Wloss of 4.4%) could 
be partially degraded in this material.

Textural characterization realized by N2 adsorption–des-
orption isotherms revealed that AC shows a specific sur-
face area of 1531 m2 g−1, a pore volume of 0.98 cm3 g−1, 
and a pore size of 5.5 nm. In our previous study [3], AC 
shown a type IV isotherm and H3 hysteresis, suggesting 
a mesoporous structure. This highly porous, phosphorus-
modified structure promotes the arrangement of more 
active sites (P and O) on the surface of the AC. We found 
by titration with n-butylamine the presence of strong acid 
sites (Ei = 458 mV see the acid site classification in [3], and 
through Z-potential measurements, a point of zero charge 
(ZPC) value of 4.2. These results also indicated acid func-
tionality at the surface of AC.

3.2 � Adsorption experiments and the effect 
of parameters such as initial pH, temperature, 
initial concentration of pollutant, and AC dose

To study the adsorbent capacity of synthesized activated car-
bon, several parameters affecting the DIF and IBF adsorp-
tion, such as the initial pH of the solution, initial concentra-
tion of pollutants, AC dose, and temperature, were evaluated 
(Fig. 2).

Figure 2(a and b) shows the change in the normalized 
concentration (C/C0) of DIF and IBF at pH in the range 
3.0 -12.0 for an C0 = 50 mg L−1 for both pollutants and a 
solution temperature of 25 ± 2 ○C. Removal efficiencies 
at pH 3.0, 6.0, 9.0, and 12.0 was of 0.86, 0.7, 0.48, and 
0.25% for DIF and 0.98, 0.7, 0.53, and 0.26% for IBF, 
respectively. It was also found that the removal efficiency 
of both molecules strongly decreased with pH increas-
ing. The physicochemical properties of both pharmaceu-
ticals (diclofenac (Sw = 2.37 mg L−1; LogKow = 4.51 and 
pKa = 4.15) and ibuprofen (Sw = 21 mg L−1; LogKow = 3.79 
and pKa = 4.91)) suggest that at pH values of 6.0, 9.0, and 
12.0, the prevalence of the anionic or deprotonated spe-
cies (DIF− and IBF−) (pH > pKa) and negatively charged 
AC surfaces (PZC 4.2) would promote repulsive electro-
static interactions [22, 30] negatively affecting the adsorp-
tion of both pollutants. Furthermore, at acidic pH values 
(3.0), other interactions between contaminants and carbon 

surface such as π-π and hydrophobic interactions could 
be promoted. The above mentioned was also observed by 
Bhadra et al., where the diclofenac adsorption on com-
mercial activated carbon was evaluated at low pH values. 
Authors suggested that under these experimental condi-
tions, the surface of AC is protonated or positively charged 
while DIF molecule is also protonated (pH < pKa) [7]. 
Since both IBF and DIF molecules possess carbon oxy-
genated functional groups hydrogen bonding as could be 
a possible mechanism explaining its adsorption on AC [7] 
(Scheme 1).

The influence of DIF and IBF concentration (5–50 mg 
L−1) on the pollutants adsorption at pH 3.0 and 25 ± 2 
○C was presented in Fig. 2(c and d). The removal curves 
dropped sharply in the initial stage (about 30 min), indicat-
ing that AC offers readily accessible sites for the substrate 
adsorption. It was also found that at low initial concentra-
tions (5 mg L−1), the time required for the complete adsorp-
tion of both pollutants was the lowest (60 min). The effect of 
the adsorbent dose on DIF and IBF removal was also evalu-
ated at pH 3.0, pollutants initial concentration of 5.0 mg 
L−1, and 25 ± 2 ○C. Results revealed that by lowering the 
AC concentration, the pollutants adsorption strongly drops 
(Fig. 2e and f). However, in spite that AC concentrations 
of 1.0 g L−1 showed high effectiveness in the removal of 
both molecules, it was found that 0.5 g L−1 was the optimal 
AC dose considering 60 min of contact time and adsorption 
capacity of 9.35 mg g−1 (QDI) and 9.50 mg g−1 (QIB) as 
shown in the Figure S1(a and b). The adsorption rate does 
not show significant differences when the maximum amount 
of adsorbent was used (1.0 g L−1), however, the amount of 
adsorbed pollutant per unit mass increased. The effect of 
temperature on the adsorption of DIF and IBF is shown in 
Fig. 2g and h. Results indicated that raising the temperature 
to 45 and 55 ○C decreased the AC adsorption efficiency of 
both pollutants. This decrease could be related to the break-
down of weak adsorption interactions (Van der Waals forces 
and hydrogen bonding) due to the rising of the temperature 
[29]. Maximum adsorption efficiency was obtained at 35 
ºC to DIF and IBF since probably, at this temperature there 
would be low aggregation and high diffusion of pharmaceu-
tical compounds [1].

The adsorption isotherms obtained at 25 ○C, 35 °C, 45 °C 
and 55 °C under the optimal adsorbent dose of 0.5 g L−1, 
initial pH 3.0 during 24 h of continuous stirring were fitted 
to Langmuir and Freundlich isotherm model (Fig. 3). The 
Langmuir model presented the best statistical data fit. This 
was proven with the high R2, and low Δq (%) and χ2 val-
ues (Table 3 and S1) with a maximum adsorption capacity 
of 79.4 mg g−1, 90.9 mg g−1, 54 mg g−1, 42.9 mg g−1 and 
60.9 mg g−1, 76.9 mg g−1, 54.9 mg g−1, 46.1 mg g−1, for DIF 
and IBF respectively. The maximum adsorption capacities 
decreased by increasing the temperature.
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The thermodynamic parameters were calculated from 
the experimental data (Table 4). The ΔG○ values of DIF 
and IBF adsorption onto AC gradually decreased with the 
temperature rising. In addition, negative values of ΔG○ 
imply that adsorption of both pollutants under optimized 
conditions proceeded spontaneously [29, 35]. As described 
above, temperature raising has an important effect on the 
adsorption capacity of both pharmaceuticals. The absorption 
capacity (Qeq) decreased from 79.4 mg g−1 at 25 ○C (298 K) 
to 42.9 mg g−1 at 55 ○C (328 K) and from 60.9 mg g−1 at 
25 ○C (298 K) to 46.1 mg  g−1 at 55 ○C (328 K) under 
equilibrium conditions for DI and IB, respectively. Similar 
results were reported for the adsorption of diclofenac and 
other pharmaceutical compounds onto carbon [4, 19, 23]. In 
addition, the calculated ΔH○ values less than 40 kJ mol−1 
could indicate physisorption rather than chemisorption (phy-
sisorption: ΔH○ values < 40 kJ mol−1 and chemisorption: 
ΔH○ values ≥ 40 kJ mol−1) whereas negative values indicate 
that the adsorption phenomenon was exothermic [29, 36]. 
These observations were already described in our previous 
study where different interactions between AC and phar-
maceuticals (DIF and IBF) were discussed suggesting that 
physisorption interactions such as the formation of hydrogen 
bonds, π-π, and hydrophobic interactions may play the main 
role in the adsorption of both pollutants onto the AC [3]. 
Moreover, a positive value of ΔS○ could suggest that the 
randomness at the solid–liquid interface increased during the 
adsorption process which is a consequence of the structural 
changes in the interface [15]. This could be associated with 
the redistribution of DIF and IBF molecules adsorbed on the 
surface of AC, and as a result, the system may gain entropy.

3.3 � Desorption and recycling experiments

The recyclability of activated carbon is an essential parame-
ter for evaluating the material as a potential commercial and 
sustainable adsorbent. DIF and IBF were initially desorbed 
using water solutions containing 5 to 40% (v/v) of ethanol, 
NaOH, or acetonitrile (ACN) and sequential washing steps 
under continuous stirring. The desorption of both pharma-
ceuticals by different solution is presented in Figures S2 and 
S3. Results showed that acetonitrile solutions at 25 and 40% 
(v/v) ensured the most efficient desorption of both pollut-
ants with a recovery percentage of around 85.6 and 89.6% 
for DIF and IBF, respectively. In this manner, the adsorbent 
could be reused for the next cycle. Four recycling tests were 

performed for both pharmaceuticals as shown in Fig. 4(a 
and b) the washing was according to the optimized condi-
tions obtained. Depending on the properties of the adsorb-
ates, regeneration take plane through a chemical reaction 
or pH change in the medium containing the AC [33]. The 
removal of pollutants with NaOH solutions can produce 
soluble salts (i.e., DIF as in Eq. (4) and IBF as in Eq. (5)). 
Also, the adsorbates are removed when the surface of ACs 
are negatively charged due to the high pH of the medium, 
and the intensification of repulsive forces between the ani-
onic molecules adsorbed and the carbon surface breaks the 
adsorbent-adsorbate bonds [33].

Although the greater percentage removal is developed 
at high concentration. These experiments set showed 
that a very high NaOH concentrations, the removal effi-
ciency decrease whit increase the number of reuses due to 
OH− groups could be strongly retained on the active sites 
and hinders the subsequent adsorption step [26].

The effect of organic solvent depends mainly on the val-
ues of polarity that enhance the dipole and hydrogen-bond-
ing interactions with the molecule of DIF or IBF. Although, 
after four reuse adsorption test activated carbon still exhib-
ited high DIF and IBF adsorption (91.5% and 82%, respec-
tively), a slight drop in the removal efficiency was observed 
possibly due to blockage of adsorbent micro-pores that 
decreases available adsorption sites [38]. the specific sur-
face area, as shown in Figure S4, where this item underwent 
a reduction from 1531 m2 g−1 (pristine activated carbon) to 
1335 m2 g−1 after four reusing cycles. This shown a signifi-
cant decrease in the activated carbon surface area producing 
a detrimental effect on its textural features.

3.4 � Optimal adsorption condition on natural 
groundwater matrices

The performance of the activated carbon as adsorbent of 
DIF and IBF in real groundwater samples was evaluated. 
The experiments were carried out using a response sur-
face (RMS) methodology of type central composite design 
(CCD) to determine the optimal conditions for DIF and IBF 
adsorption. Table 1 shows the physicochemical features 
of groundwater samples analyzed according to Standard 
Methods (APHA/AWWA/WEF 2012). The pH (8.0) of the 
groundwater sample indicates slightly alkaline values, while 
alkalinity of 409.2 mg L−1 CaCO3 and electric conductiv-
ity around 961 µS cm−1 suggested an important presence 
of salts and ions (nitrate, calcium, sulfate, and carbonates 
among others).

(4)
C
14
H

10
C
12
NOOH + NaOH → C

14
H

10
C
12
NN

a
O

2
+ H

2
O

(5)C
13
H

17
O

2
Na + NaOH → C

13
H

17
O

2
Na + H

2
O

Fig. 2   Effect of operational condition on DIF and IBF adsorption (a 
and b) the effect of pH, (c and d) the effect of initial concentration, 
(e and f) the effect of the amount of AC, and (g and h) the effect of 
temperature to DIF and IBF, respectively. Experimental condition: 
deionized water (0.056 µS cm−1), volume solution 50  mL, amount 
activated carbon of 1 g L−1, and stirring at 250 rpm

◂



792	 Adsorption (2024) 30:783–800

According to the CCD matrix, experiments were car-
ried out in triplicate presenting the experimental design 
and results in Tables S2 and S3. The analysis of variance 
ANOVA (Tables S4 and S5) showed that the R-squared (R2) 
describing the correlation between experimental data and 
experimental factors (pH, AC dose, and [IBF] or [DIF]) 
were 0.94 and 0.97 for removal of DIF and IBF, respec-
tively confirming that the model was statistically significant. 
Only 8% and 3% of the total variance is not explained by the 
23 CCD model (after 45 min of contact time). Moreover, 
results indicated that the quadratic model exhibited a higher 

determination of coefficient (R2). Figures 4 and 5 show the 
response surface plots at several initial concentrations of 
DIF and IBF.

The effect of initial solution pH and activated carbon dose 
on the adsorption of different initial concentrations of DIF 
was shown in Fig. 5(a–c). The optimal ranges of pH and AC 
dose were around 6.0–9.0 and 0.6–1.0 g L−1, respectively to 
low and medium initial concentrations of pollutant (6.5 and 
15.75 mg L−1) obtaining removals close to 85 and 94%. On 
the other hand, it was observed that DIF removal increased 
with an AC dose in the range of 1.0 – 1.5 mg L−1 and an 
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initial pH solution ranging between 3.0 and 6.0 for values of 
DIF initial concentrations of 25 mg L−1.

The significance of each experimental factor was assessed 
according to the p-value (where the p-value < 0.05 indicated 

that the model was significant). Pareto diagram (Fig. 6a) 
suggests that the factor C: [AC] at a high level, factor A: 
pH at a low level, the combined effect of factors AB, and 
the quadratic effect of pH (AA) had a significant impact on 
the removal of DIF. Figure 6b shows the main effects chart 
such as initial pH, initial DIF concentration, and AC dose 
on the pollutant removal in groundwater samples. This chart 
shows the negative effect of pH raising from 9.0 to 12.0. On 
the other hand, the DIF adsorption was negatively affected 
by the increase of initial pollutant concentration. As was 
described previously, it was observed that DIF adsorption 
was enhanced by increasing the AC dose. This highly prob-
ably could be due to the increasing of available sites on the 
activated carbon surface.

Regarding the IBF adsorption on AC in groundwater sam-
ples, the response surface (Fig. 7a-c) shows that the opti-
mal pH range was around 6.0–9.0 for all the different initial 
concentrations of pollutant. Response surfaces at low and 
medium initial concentrations (6.5 and 15.75 mg L−1) and 
activated carbon doses higher than 0.9 mg L−1 showed values 
of IBF removal between 90 and 80%, respectively. It was also 
observed that the removal of IBF strongly decreased at initial 
pollutant concentrations of 25 mg L−1. The Pareto diagram 

Table 3   Thermodynamic parameters for adsorption of diclofenac 
(DIF) and ibuprofen (IBF) on AC. Experimental condition: deionized 
water (0.056 µS cm−1), volume solution 50 mL, amount of activated 
carbon 0.5 g L−1, contact time 24 h, initial concentration of DIF and 
IBF of 1 -100 mg L−1, pH of 3.0, and stirring at 250 rpm

Isotherms 
Langmuir

Parameters Temperature (°C)

25 35 45 55

DIF Qeq (mg g−1) 79.36 90.90 54.05 42.91
Kb (L mg−1) 0.180 0.116 0.096 0.069
R2 0.99 0.98 0.98 0.97
Δq(%) 2.04 1.74 2.81 3.04
χ2 0.089 0.12 0.87 0.34

IBF Qeq (mg g−1) 60.97 76.92 54.94 46.08
Kb (L mg−1) 0.449 0.356 0.254 0.204
R2 0.98 0.99 0.97 0.99
Δq(%) 1.1 2.7 1.8 2.8
χ2 0.097 0.105 0.52 1.2

Table 4   Thermodynamic 
parameters for DIF and IBF

Pharmaceutical Tempera-
ture (K)

ΔGº (kJ mol−1) ΔHº (kJ mol−1) ΔSº (J 
mol−1 K−1)

Van’t Hoff equation

DIF 298 -36.93 -24.75 40.57 y = 2976.3x + 4.8793
308 -37.04 R2 = 0.98
318 -37.76
328 -38.05

IBF 298 -39.20 -22.02 57.70 y = 2648.6x + 6.9483
308 -39.92 R2 = 0.99
318 -40.33
328 -40.99
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(Fig. 8a) indicates that the factor C: [AC] at a high level posi-
tively affected IBF removal. The combined effect of factors 
B and C showed a significant result in the IBF adsorption 
when experimental values at low levels were used. Further-
more, the AA factor (quadratic effect of pH) presented the 
highest significant value at an experimental low level. The 
main effects chart (Fig. 8b) indicated the pH parameter (7.0) 
exhibited a positive impact on IBF removal at values near the 
central point of the experimental design. A slight negative 
effect was also observed on the IBF removal at high initial 
pollutant concentrations. Finally, AC dose showed a positive 
effect with increasing the activated carbon concentration.

The experimental data were fitted to a second-order 
response surface model [3]. The result exhibited the optimum 
condition for DIF and IBF adsorption in natural groundwater 
samples. Thus, the optimum condition for DIF adsorption 
would be the initial pH of 8.0, initial pollutant concentration 
of 6.5 mg L−1 and AC dose of around 0.79 g L−1. On the 
other hand, IBF adsorption displayed optimal conditions at 
pH values of 7.0, AC dose of 1.0 g L−1, and initial pollut-
ant concentration of 6.5 mg L−1. Reusing experiments were 
evaluated using these optimized experimental conditions.

Fig. 5   Response surface plots of removal % of DIF by AC adsorption 
in natural groundwater (R2 = 0.94), a.) 6.5 mg L−1, b.) 15.75 mg L−1, 
and c.) 25 mg L−1 of DIF initial concentrations. Experimental condi-

tions: Temperature 25 ± 2 ºC, volume solution 50 mL, contact time of 
45 min and stirring at 250 rpm
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The recyclability of activated carbon after desorption 
treatment in natural groundwater samples is shown in 
Fig. 9(a and b). Pollutants desorption was achieved using 
acetonitrile solutions at 25 and 40% (v/v), ensuring the most 
efficient pollutants desorption. Recycled AC showed a high 
adsorption capacity towards DIF and IBF even after four 
reuses, obtaining DIF and IBF removal values of 72% and 
66%, respectively. However, after each adsorption–desorp-
tion cycle, the efficiency was reduced possibly due to the 
pore blockage effect of activated carbon [39]. Moreover, 
it was observed a higher reduction of adsorption capacity 
in natural groundwater samples compared with deionized 
water. This could be attributed to an adsorption competition 
between pollutants and ions in natural samples.

3.5 � Study in deionized water of the effects of ions 
at concentrations typically found in natural 
waters on the adsorption of IBF and DIF 
onto activated carbon

Considering the chemistry of natural groundwater, 
the influence of some ubiquitous ions on DIF and IBF 

Fig. 7   Response surface plots of removal % of IBF by AC adsorption 
in natural groundwater (R2 = 0.96), a.) 6.5 mg L−1, b.) 15.75 mg L−1, 
and c.) 25 mg L−1 of initial concentrations of DIF. Experimental con-

ditions: Temperature 25 ± 2 ºC, volume solution 50 mL, contact time 
of 45 min, and stirring at 250 rpm
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adsorption on AC was investigated in deionized water 
using anions at concentrations commonly found in natu-
ral waters. As shown in Fig. 10(a-f), IBF adsorption was 
strongly affected for the presence of anions (NO3

−, SO4
2−, 

HCO3
−). On the other hand, DIF adsorption was only 

affected by the presence of the bicarbonate ions (HCO3
−). 

The significant impact of these species on the adsorption 
of pharmaceutical compounds could be due to negatively 
charged layers formed by adsorbed anions that increase 
electrostatic repulsion between both DIF or IBF mol-
ecules and AC surface. Moreover, several authors have 
reported that bivalent anions such as SO4

2− could reduce 
the solubility of DIF affecting its adsorption on activated 
carbons in deionized water [18, 39, 51] while hydrolysis 
of HCO3

− anions would lead to a solution pH raising gen-
erating a detrimental effect on the pollutant adsorption as 
it was mentioned in Section 2.2.

4 � Conclusions

Activated carbon synthesized from sunflower seed shells 
and activated with H3PO4 may provide future practi-
cal applications, exhibiting good textural properties 

(SBET:1531 m2 g−1) and chemical surface characteristics 
(O-C = O, C = O, C-O–O, C-O-P, and PO4

3−) to be used as 
an adsorbent in the removal of diclofenac and ibuprofen 
from natural water samples. The desorption methodology 
(ACN:wáter solution of 25% and 40% for DIF and IBF) 
developed in this work allowed studying the regeneration 
of the adsorbent.

The results showed that non-ionized species of con-
taminants had the highest removal efficiencies of 86% 
and 98% (at pH 3) for solutions in deionized water. At 
these pH conditions, electrostatic interactions are unfa-
vorable (AC maintained positively charged pH < pHPZC). 
Thus, dispersive (π-π) interactions would explain the 
adsorption at this low pH. The Langmuir isotherm best 
described the adsorption equilibrium of each contami-
nant at all temperatures analyzed, while the thermody-
namic analysis supported this suggestion since (ΔH°) 
values could indicate the participation of physisorption 
mechanisms (< 40 kJ/mol).

Experimental design methodology found the optimal 
experimental conditions such as activated carbon dose, 
initial concentration of DIF and IBF, and initial pH solu-
tion. Optimal values were 0.9 g L−1, 6.5 mg L−1, and 6.8, 
respectively, for DI adsorption, whereas IB adsorption 

0 60 120 180 240

0.0

0.2

0.4

0.6

0.8

1.0

a
C

/C
0 (

D
IF

)

Time (min)

1st 2nd 3rd 4th

28%
21%19%

6,0%

0 60 120 180 240

0.0

0.2

0.4

0.6

0.8

1.0

b

11%

C
/C

0 (
IB

F)

Time (min)

1st 2nd 3rd 4th

16%
26%

34%

0.0

0.2

0.4

0.6

0.8

1.0

cDt : 89 %

32

D
es

or
pt

io
n 

D
IF

 (C
/C

0)

Recycling Test

D3
D2
D1

1

Dt : 87 % Dt : 85 %

[DIF0]

0.0

0.2

0.4

0.6

0.8

1.0

D
es

or
pt

io
n 

IB
F 

(C
/C

0)

Recycling Test

D3
D2
D1

Dt : 88 % Dt : 90 %
Dt : 84 %

[IBF0]

1 2 3

d

Fig. 9   The adsorption of pharmaceuticals onto activated carbon dur-
ing recycling experiments in natural groundwater, (a) DIF and (b) 
IBF. Desorption procedure of DIF (c) and IBF (d) from activated car-

bon by using acetonitrile.water solutions (25% (v/v) for DIF and 40% 
(v/v) for IBF, respectively)



797Adsorption (2024) 30:783–800	

displayed optimal conditions at 7.5, 1.2  g L−1, and 
6.5 mg L−1, respectively. On the other hand, AC shows 
an interesting potential for practical applications as an 

adsorbent in the treatment of waters polluted with DIF 
and IBF, exhibiting the capacity to be reused at least four 
times without significantly losing its adsorption capacity.
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adsorption. Experiments were  performed in deionized water (0.056 
μS cm−1), pH 8.0 and AC concentration of 0.5 g L−1 at 25 °C
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