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ABSTRACT

The efficacy of ultrasonic technology for the uptake of sodium naproxen (SN) onto oak-based acti-
vated carbon (OAC) was examined in this study. SN is a widely used medication around the globe.
The investigation of the uptake of SN by OAC involved the analysis of Fourier-transform infrared
spectroscopy, X-ray diffraction, and scanning electron microscopy techniques. The rate of SN uptake
by OAC followed the pseudo-second-order kinetic model with a rate constant of 2.78 x 102 g-mg-
Lmin™. A multilayer uptake of 94.8% was found by Freundlich isotherm. The thermodynamic anal-
ysis indicated that the adsorption of SN onto OAC was endothermic in nature with AH® value of
10.88 kJ-mol™. Additionally, OAC was observed to be reusable for up to six regeneration cycles with
a minimal decline of 26.43% in its adsorption capacity compared to the initial performance using
sodium hydroxide as an eluent. Undoubtedly, the ultrasonic technique demonstrated remarkable

efficiency in enhancing the uptake of SN by OAC.
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1. Introduction

Pharmaceuticals that have a wide range of chemi-
cal structures are now recognized as a distinct category of
environmental pollutants because of their widespread use
and increasing utilization in human medicine. Among the
most frequently reported pharmaceuticals in aquatic envi-
ronments include beta-blockers, nonsteroidal anti-inflam-
matory drugs, antibiotics, lipid metabolism regulators, and
antiepileptic drugs [1]. The most prescribed medications

* Corresponding authors.

are analgesics. Among these analgesics is sodium naproxen
(Fig. 1) which is also an anti-inflammatory that belongs to
the nonsteroidal aryl acetic acid group. Sodium naproxen
was found to be associated with water contamination. It
can persist and accumulate in water bodies after entering
through numerous means such as wastewater discharge or
incorrect disposal. This accumulation can result in higher
levels of drugs in water, potentially harmful water quality,
and posing a risk to aquatic organisms and human health
if the water is utilized for drinking or irrigation [2].
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Different approaches for reducing pharmaceutical
micropollutants from contaminated water were developed.
Pollutants are usually removed from water by physical and
chemical methods. Chemical water purification methods
include disinfection, desalination, coagulation, and precip-
itation [3]. Bio- and photo-degradation are additional meth-
ods for reducing pollutants such as dyes [4]. Adsorption is
a frequently used approach for reducing contaminants in
water because of its high efficacy, low toxicity, simplicity,
non-destructiveness, and insignificant cost [5]. One of the
most used materials as an adsorbent is activated carbon
because of its unique properties such as high surface area,
high degree of porosity, and distinctive chemical proper-
ties that support the interaction with numerous chemical
substances [6]. It is feasible to make activated carbon from
a variety of carbonaceous materials, such as wood, coal,
lignin, coconut shells, and sugar [7]. The oak plant is of
natural carbonaceous material that is used for the prepa-
ration of activated carbon. The carbonyl, carboxyl, lactone,
phenol, and quinone functional groups on the surface of
activated carbon are responsible for their unique adsorp-
tion capabilities. The existence of atoms such as nitrogen,
oxygen, and sulfur is contingent upon the precursors and
activation mechanism employed [8]. Activated carbon is
typically produced through a variety of physical and chem-
ical processes. Chemical activation is typically applied to
cellulose-containing biomass raw materials, such as wood
and fruit pits. Chemical activation involves impregnating
the raw material with oxidizing and severely dehydrating
chemicals. Subsequently, the suspended material is dried
and heated for an adequate time at temperatures varying
from 400°C to 900°C. Finally, the produced activated carbon
is repeatedly washed to reach a neutral pH [9]. Generally,
the shaking technique was used for the uptake of pollut-
ants from water including sodium naproxen and some-
times assisted with ultrasounds. Adsorption onto activated
carbon can be enhanced with the use of ultrasonic, which
has recently emerged as a promising approach. Cavitation
bubbles and localized pressure variations are created within
the adsorbent when ultrasonic waves are applied. The tar-
geted pollutants were able to diffuse and mass transfer
will be enhanced. The physicochemical parameters of the
activated carbon surface can also be adjusted with ultra-
sonic assistance. It might promote the growth of new active
sites or improve the accessibility of existing sites, resulting
in increased adsorption capacity. Furthermore, ultrasonic
waves can change the pore structure of activated carbon by
generating new micropores or broadening existing ones,
increasing the surface area accessible for adsorption [10].
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Fig. 1. Sodium naproxen C,,H,.NaO,.
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This research is aimed to investigate the efficacy of using
totally ultrasonic for the uptake of sodium naproxen from
an aqueous solution and fabricated samples by oak-acti-
vated carbon. Parameters of adsorbent dose, starting dye
concentration, sonicating time, and pH, were investigated
for their efficacy. Kinetic and isothermal studies were con-
ducted to investigate the equilibrium and mechanism of the
uptake process.

2. Materials and methods
2.1. Reagents and instruments

Sodium naproxen (Fig. 1), sodium hydroxide 95% purity,
and hydrochloric acid 36% were obtained from Sigma-
Aldrich (USA) and utilized without further processing.
The worker concentrations (10-100 mg-L™) were prepared
from sodium naproxen (SN) stock solutions by dilution.
A RANSON 5800, USA ultrasonic water bath was used to
accomplish batch adsorption experiments. Fourier-transform
infrared spectroscopy (FT-IR; TENSOR from BRUKER,
Germany) was utilized to identify functional groups on acti-
vated carbon surfaces and their consequences on adsorption.
A Zeiss LEO 1550 high-resolution field-emission scanning
electron microscopy (FE-SEM, Germany) was implemented
to take images of the adsorbent surface. X-ray diffraction
patterns were obtained from an XRD D5005 diffractometer
(Siemens, Munich, Germany).

2.2. Adsorbent preparation and characterization

Oak fruit was collected from the north of Jordan.
Subsequently, the cupules of oak were separated, washed,
dried at 80°C for 48 h, ground, impregnated with concen-
trated phosphoric acid, heated to 450°C, and then washed
to neutralization [11]. The prepared oak-based activated car-
bon (OAC) was subjected to a process of milling and siev-
ing, resulting in the attainment of a particle size of 180 um.
The OAC surface morphology was characterized based on
techniques of FT-IR, X-ray diffraction (XRD), and scanning
electron microscopy (SEM).

2.2.1. Adsorption experiment

The experimental procedures were carried out exclu-
sively employing an ultrasonic water bath. A solution of
SN in various concentrations was combined with a specific
amount of OAC and then sonicated for a set amount of time.
The lasting quantity of SN was determined based on absor-
bance measurements. OAC dosage, initial SN concentration,
pH, sonication time, and temperature were evaluated for
adsorption. A UV-6100 PC double-beam spectrophotome-
ter was employed to examine the concentrations of SN at a
wavelength of 237 nm. Egs. (1) and (2) [12] was employed
for the determination of SN amount and percentage of
removal by OAC, respectively.
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where g, articulate the adsorbed amount of SN in mg-g7,
C, articulate the initial concentration of SN in mg-L", C
articulate the equilibrium concentration of SN in mg-L7,
V articulate the volume of solution in L, and finally, m is
OACmassin g.

3. Results and discussion
3.1. Characterization of adsorbent
3.1.1. Fourier-transform infrared spectroscopy

FT-IR analysis results demonstrated the existence of
multiple functional groups onto both OAC adsorbent and
OAC-SN (OAC coated with sodium naproxen after the pro-
cess of adsorption). Table 1 demonstrates the FT-IR analy-
sis [13]. As a result, noticeable changes in absorbance and
intensity confirm SN adsorption onto OAC such as the shift
that is remarkable for the hydroxyl group stretching from
3,323.28 to 3,192.10 cm™, and for the carbonyl group starch-
ing from 1,607.06 to 1,798.52 cm™.

3.1.2. Scanning electron microscopy

The accumulation of SN molecules in aggregates onto
the surface of the OAC adsorbent to form the OAC-SN

Table 1

combination (Fig. 2b) compared to the OAC surface (Fig. 2a)
confirms the occurrence of the adsorption process. Also,
change in the surface porosity and appearance provide
additional evidence for the adsorption experience.

3.1.3. XRD analysis of adsorbent material

The XRD analysis presented in Fig. 3 provides compel-
ling evidence for the binding of SN onto OAC. By juxta-
posing the XRD profiles of OAC-SN (post-adsorption) with
that of OAC (pre-adsorption), it becomes apparent that
new peaks, altered peak intensities, and peak broadening
confirm the successful accrual of SN onto the OAC substrate.

3.2. Batch adsorption
3.2.1. Comparison study

For comparative purposes, two batch adsorption experi-
ments were conducted under identical conditions (50 mg-L™*
initial concentration, pH of 7, 25°C, and contact time of
60 min). Both the first and second experiments were per-
formed in a shaker and an ultrasonic water bath, respec-
tively. Results showed that 88% of SN was adsorbed by
sonicating compared to 79% by shaking, demonstrating the
superiority of ultrasonic SN removal over shaking.

Fourier-transform infrared spectroscopy results of OAC and OAC-SN

OAC (cm™) OAC-SN (cm™)

O-H stretching vibration 3,323.28 3,192.10
Aliphatic C-H group stretching vibrations of the alkyl groups 2,885.00 2,677.71

C=0 stretching vibration of olefins carbonyl groups in conjugated compounds 1,607.06 1,798.52
Hydroxyl (-OH) stretching of the phenol group 1,565.43 1,556.36
Aromatic skeletal stretching vibration 1,505.78 1,133.926
Aromatic C-H bending vibration (out-of-plane) 877.81 894.85

C-C stretching vibrations 459.18 498.19

1 pm* Mag= 500KX EHT=1500kV
WD = 8.0 mm

Activated Carbon
Signal A = InLens

Activated Carbon coated
with Sodium naproxen

10 pm* Mag= 250KX  EHT=1500kV
WD = 81 mm

Signal A= InLens

Fig. 2. Scanning electron microscopy analysis of (a) OAC and (b) OAC-SN.
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3.2.2. Impact of adsorbent dosage

The uptake percentage is impacted by the dose of the
adsorbent. In this study, the dosage of OAC varies from
0.01 to 0.1 g at 25.0°C + 1°C. Fig. 4 shows the optimal OAC
dosage for removing SN, which is found to be 0.06 g. There
is a remarkable rise in SN uptake at the beginning due to
the accessible adsorption active sights which fall when
approaching equilibrium.

3.2.3. Impact of sonication time

This study is based on using sonicating in batch adsorp-
tion experiments. When conducting batch adsorption tests,
0.06 g of OAC was sonicated with 50 mg-L™" SN concentra-
tion for 15-120 min at 25.0°C + 1°C. Fig. 5 shows the vari-
ation in the uptake of SN by the OAC as time increased.
The optimal sonicating time for the uptake of SN by OAC
was found to be 60 min.

3.2.4. Impact of SN initial concentration

The impact of initial concentration on the SN uptake by
OAC was examined at a concentration range of 10-90 mg-L-"!
at 25.0°C + 1°C. Fig. 6 exemplifies the impact of initial con-
centration on the SN uptake by OAC. The optimal uptake
in this experiment was found to be 91.87% by 0.06 g OAC
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Fig. 3. X-ray diffraction analysis of (a) OAC and (b) OAC-SN.
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Fig. 4. Impact of OAC dosage on the uptake of SN, (dose = 0.01-
0.1 g C, =50 mgL”?, pH = 7.0, sonicating time = 1.0 h, and
T=25°C+1°C).

and a concentration of 30.0 mg-L™". The high uptake of SN
at concentrations of 10 and 30 mg-L" might be attributed
to the obtainable sites on the OAC surface. As SN con-
centration increased, the number of occupied sites on the
OAC surface increased, which decreased SN uptake.

3.2.5. Impact of pH

It is important to figure out the pH_ value, which shows
what pH level the surface of the adsorbent is neutral. The
pH ,. value was specified by shaking 0.15 g of OAC with
50.0 mL of 0.1 M NaOH solution at a pH value between 2
and 12 for about 24 h. From Fig. 7 it is found that the OAC
surface is neutral at pH of 6.58 [14].

In this investigation, a 50 mL of SN solution with a con-
centration of 50.0 mg-L™" was sonicated with 0.06 g OAC at
a temperature of 25°C + 1°C for 1 h at a pH ranging from
3-11. As shown in Fig. 8, it was discovered that the uptake
of SN by OAC increased with decreasing pH values. This
result might be attributed to the attraction between the
positive OAC surface and the negative SN adsorbate.

3.3. Kinetic and mechanism

and non-linear models
pseudo-second-order,

Linear
do-first-order,

including pseu-
and intraparticle
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Fig. 5. Impact of sonicating time on SN uptake by OAC,
(dose=0.06g, C=50mg-L™", pH=7.0, sonicating time=15-120 min,
and T =25°C + 1°C).
100.0
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Fig. 6. Impact of initial concentration on the SN uptake by
OAC, (dose = 0.06 g, C, = 10-90 mg-L", pH = 7.0, sonicating
time=1.0 h, and T=25°C + 1°C).
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Fig. 8. Impact of pH on the SN uptake by OAC, (dose = 0.06 g,
C, = 50 mgL?, pH = 3-11, sonicating time = 1.0 h, and
T=25°C £1°C).

diffusion were employed to investigate the kinetics of SN
uptake by OAC. Egs. (3)-(6) [15] were employed to indi-
cate the order of the SN uptake process by OAC. Based
on the results shown in Fig. 9, it is unequivocally evident
that the pseudo-second-order model provides the best
fit for describing the kinetics of SN uptake by OAC. The
observed R? value of 0.9957 and the estimated rate con-
stant (k) of 0.0218 gmg™"-min~" further confirm the validity
and accuracy of the proposed model.

k
1 —g)=1 B i T 3
g, =q,(1-¢™)t (4)
to1 1
e ®)
9, kqa 4,
2
.kt

_ 6

q' gkt +1 ©

where g, is the amount of SN per unit mass of OAC (mg-g™)
at equilibrium, g, is the amount of SN per unit mass of OAC
at time f (mg-g™) at equilibrium, and k,, k, are the rate con-
stant in min™ and g-mg-min, respectively.

The mechanism of the uptake of SN by OAC was indi-
cated by employing the intraparticle diffusion which is

exemplified by Egs. (7) and (8) [16]:

3.50 1.80
(a) v o 1.60
3.00 n 1.40
= * . 1.20
S 2.50 _ ;
o y=0.0041x + 1.1944 1.00 =
= R?=0.8842 | g
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B y=0.0218x +0.2868
150 R?=0.9957 0.40
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b
(b) 60.0
50.0
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Fig. 9. (a) Linear and (b) non-linear kinetic studies of the SN
uptake by OAC, (dose =0.06 g, C,=50 mg-L™, pH =7, sonicating
time = 10-120 min, and T =25°C £ 1°C).

g, =K t"*+C 7)
q,= Kidtuz (8)

where g, is the SN amount (mg-g™'), K, is the rate constant
(mg-g”min®?), and " is the square root of time (min®?).
Based on the intraparticle diffusion model, it is estimated
that if the intercept C = 0, then the intraparticle diffusion
would be the only rate-limiting step. When the constant
C > 0, then the effect of surface adsorption rises in signifi-
cance. Fig. 10 shows strong evidence for the hypothesis
that the rate-limiting stage in the adsorption process is the
surface adsorption step, rather than intraparticle diffusion.

The values of R? and constants for all kinetics models
are summarized in Table 2.

3.4. Adsorption isotherms

Langmuir [Egs. (9) and (10)], Freundlich [Egs. (11)
and (12)], Dubinin-Radushkevich [Eqgs. (13) and (14)],
and Temkin [Eqgs. (15) and (16)] isothermal models were
employed to elucidate the adsorption mechanism of SN
onto OAC [17].

g = L + g (9)
q, kg, 4,
qe — quch (10)
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y =0.3754x + 0.8808
R*=0.9987

0 5 10 15
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Fig. 10: (a) Linear and (b) non-linear intraparticle model for SN uptake by OAC.

Table 2
Results of kinetics studies for the SN uptake by OAC

Linear models

Kinetic model R? Related constants
Pseudo-first-order 0.8842 k, =4.1x107 (min™)
Pseudo-second-order  0.9957 k,=2.18 x 10 (g'mg"-min™)
Intraparticle diffusion  0.8842 K =0.3754 (mg-g™-min™%)

where g, is the equilibrium quantity of the adsorbate
(mg-g™), C, is the equilibrium concentration of the adsorbate
(mg-L7), k,, the constant of Langmuir isotherm that usually
employed to determine adsorbate correspondence to the
adsorbent surface, g, is the adsorption capacity (mg-g™).

logg, =logK, +llogCE (11)
n

9. =K.C" (12)
where K, is the constant of Freundlich isotherm (mg-g™),
and n is the intensity of the adsorption.

g,=BlnA+BInC, (13)

g, =BIn AC, (14)
where A is the binding constant in g™ at equilibrium, and
B is constantly associated with the adsorption heat.

Ing, =InQ, - B,¢* (15)

7.=0,¢"" (16)
where Q_ is the maximum theoretical capacity (mol-g™)
and B, is the Dubinin-Radushkevich constant (mol*k]).
¢ (Polanyi potential) in Dubinin-Radushkevich isotherm
and the mean energy of the adsorption (kJ-mol™) could be
obtained using Egs. (17) and (18), respectively.

e= RTln[1+1] 17)
CB

E=_1

Fig. 11a—d show the results of the linear form of the four
isotherms. Correlation coefficients (R?), dimensional factors,
and associated constants were determined based on plots
and are summarized in Table 3. The SN uptake by OAC
was adequately characterized by the Freundlich isotherm,
as indicated by the high R* value (0.9953), which indicates
multilayer adsorption on heterogeneous sites. The energy
value was found to be 9.4 kJ-mol™ (more than 8.0 kJ-mol™)
based on Dubinin—-Radushkevich isotherm calculations
which indicate a chemical uptake of SN by OAC. The pos-
itive value of Temkin constant, B (Table 3), tells that the
SN uptake by OAC is exothermic [18].

Fig. 12 shows the results of the non-linear form of the
isotherms of Langmuir, Freundlich, and Temkin comparing
to the experimental.

(18)

3.5. Thermodynamics

Thermodynamic experiments were conducted under
optimal conditions at 25°C + 1°C, 35°C + 1°C, and 45°C = 1°C
with 1.0 h of sonication. Thermodynamic considerations
AG®, AH®, and AS° were calculated to estimate the efficacy
of SN uptake by OAC (Table 4). The SN uptake enthalpy
change AH® (kJ'mol™) and entropy change AS° (J-mol™K™)
change were calculated from the slope and intercept of the
plot of In(k,) vs. 1/T (K') Eq. (19), respectively. Free Gibbs
Energy, AG®, was calculated based on Eq. (20).

AS° AH°(1
In(K, )= T (Tj 19)
AG®°=-RTIn(K,) (20)

where K is dimensionless and corresponds to the adsorp-
tion equilibrium constant according to the best-fitted model,
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Fig. 11. Linear isotherms of (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin—-Radushkevich of SN uptake by OAC.

Table 3

Isotherms model constants

Isotherm Related isotherms constants
R/? 0.9268
Langmuir K, 0.035
q,, mgg’ 94.8
R} 0.9953
Freundlich K, mgg?! 1.74
n 1.5
R? 0.7465
Dubinin-Radushkevich B, mol*kJ™ 5.7 x107°
E, kJ-mol”! 9.4
R? 0.9294
Temkin B 12.47
A 0.1909
Table 4

Thermodynamic parameters of SN uptake by OAC

Adsorbent T g,

K) (mgg™ AG®

Thermodynamic parameters

AH° AS°
(kJ-mol™) (k]'-mol™) (kJ-K7-mol™)
298 80.65 11.81
OAC 308 77.45 11.85 10.88 -3.16
318 62.13 11.88

45
40
35
30
25

qe

20
15
10

0 20 40 60 80
Ce (mg. L)

100

¢ Experimental  ® Langmuir Freundlich Temkin

Fig. 12. Non-linear isotherms of (a) Langmuir, (b) Freundlich,
and (c) Temkin of SN uptake by OAC.

Ris the universal constant of ideal gases, 8.314 ]-K™-mol™. The
+ve obtained value of AG® (11.81, 11.85, and 11.88 kJ-mol™)
implies the non-spontaneity of the SN uptake by OAC.
The +ve obtained value of AH® (10.88 k]-mol™) implies the
endothermic nature of the SN uptake by OAC and a phy-
sisorption through van der Waals (less than 20 kJ-mol™)
[19]. The —ve value of AS° implies adsorbate/adsorbent
interface irregularity and adsorbent affinity [20].

3.6. Fabricated sample

A tablet of three commercial SN medications was dis-
solved in tap water and sonicated with 50 mg OAC for
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60.0 min under optimum conditions. The SN uptake was
found to be 85.27%, 81.25%, and 78.12% (Fig. 13), proving
the efficacy of OAC in the uptake of SN by sonication.

4. Comparison with other activated carbon
adsorbents

Other activated carbon adsorbents based on the shak-
ing process were compared to OAC’s maximal SN uptake
capabilities (Table 5). According to the comparison, OAC
has an adsorption capacity of 94.8 mg-g~, which is compara-
ble to several other known adsorbents.

86

Sample

Fig. 13. Uptake of SN by OAC for fabricated samples.

Table 5
Comparison of SN uptake by OAC with other reported
adsorbents

Adsorbent 9o (MggT) References
Waste apricot AC 106.38 [12]
Peanut shells AC 105 [21]
Olive-waste cake AC 95.7 [22]
Spent coffee wastes AC 61.0 [23]
Jaboticaba peels AC 167 [24]
Grape residues AC 176 [24]
Pitaya peels AC 158.81 [24]
Oak cupule AC 94.8 (Present study)
120.0
100.0
g
g 80.0
3
E 600
g
% 40.0
N
20.0
0.0
1 2 3 4 5 6
Cycle

u Adsorption  ® Desorption

Fig. 14. Regeneration of OAC adsorbent.

5. Regeneration of OAC

Based on the impact of the pH experiment, it’s been
found that sodium hydroxide is suitable choice for the
regeneration investigation. SN was eluted from OAC using
1.0 M NaOH. The percentage of desorption was calculated
using Eq. (21) [25,26].

%Desorption = 21)

Cae x 100
C

ad

whereas C,_is SN desorbed concentration and C_; is the SN
adsorbed concentration. Fig. 14 shows that after six cycles,
the uptake of SN declined from 96.68% to 70.25%, indicating
the capability of OAC to be reused about 24 times.

6. Conclusion

The present study demonstrates the efficient uptake of
SN from aqueous solutions and fabricated samples by the
utilization of activated carbon obtained from oak cupule
(OACQ) via ultrasonic treatment. Using ultrasonic waves to
enhance the adsorption process offers several advantages,
including enhanced mass transfer, disruption of diffusion
layers, and the potential for synergistic effects. The experi-
mental results have conclusively determined the optimal
conditions that are best suited for achieving maximum
uptake of SN by OAC. Based on the experimental data, it has
been unequivocally determined that the optimal conditions
for SN uptake by OAC entail a 60-min sonication period,
0.06 g of OAC, a pH of 7.0, and a concentration of 30 mg-L™.
The maximum uptake of SN was found to be a remarkable
94.80% under these conditions. The kinetics and isothermal
studies conducted in this research have demonstrated that
the uptake of SN by OAC conforms well to the pseudo-
second-order kinetic model and the Freundlich isothermal
model. Furthermore, the thermodynamic analysis revealed
that the process of SN uptake by OAC is endothermic and
non-spontaneous. After six cycles, OAC’s effectiveness would
fall by 26.43%, but it would still be functioning.
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