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ABSTRACT

The removal of the widely used drug (paracetamol) from water using Jordanian olivine was
investigated. The olivine was characterized using the scanning electron microscopy-energy dis-
persive spectroscopy and the Fourier-transform infrared spectroscopy (FT-IR) analyses. The effect
of the temperature, contact time, and ultrasonic waves at an ultrasonic frequency of 37 kHz on
the removal of paracetamol was considered. The concentration of paracetamol was measured
using the FT-IR analysis method. Thermodynamic parameters of adsorption were determined.
The kinetics data were obtained under normal conditions and with ultrasonic waves. The per-
centage of paracetamol removed was increased with increased time in the presence of the ultra-
sonic waves (with maximum removal of 97.12% at 60 min) using 0.5 g of olivine. The adsorption
of paracetamol was found to be unfavorable/non-spontaneous (with AG® 2.272-5.075 k] mol™),
exothermic (AH® = -2.674 k] mol™) and physisorption in nature. From the kinetics studies, the
amount of paracetamol adsorbed (Q) was improved due to the combined effects of adsorption
with ultrasonic waves. Jordanian olivine can be utilized with great efficiency for the treatment
of paracetamol-containing water and wastewater.

Keywords: Paracetamol; Adsorption; Wastewater treatment; Ultrasound; Kinetics.

1. Introduction problems. The production of pharmaceutical substances
has increased rapidly in the last decades since they are used
for the health of humans and animals. A large amount of
these pharmaceutical products are discharged into the
environment (water and soil) continually through diverse

The frequent contamination of water resources with
pharmaceuticals is one of the most significant environmental
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sources including human activities, pharmaceutical indus-
tries, and hospitals [1]. Pharmaceutical products have
been detected in wastewater and surface water as micro-
pollutants at ng L™ to ug L™ levels [2]. The first report about
the pharmaceutical products in the environment was given
by Fielding et al. [3] who discovered some pharmaceuticals
and other related compounds in a river and drinking water.
In 1983, Watts et al. [4] reported the presence of tetracycline
and theophylline in the same river. Enormous attention has
been received on the contamination of water with different
types of pharmaceutical compounds such as antibiotics,
hormones, analgesics, psychotropics, antipyretics, and anti-
inflammatories [5,6] due to their environmental impacts
and potential adverse effects on human health and aquatic
life [7].

Great efforts have been made in the past to improve
water treatment processes. Therefore many effective tech-
niques have been developed for the removal of pharmaceu-
tical micro-pollutants from polluted water. Such methods
include filtration, advanced oxidation, coagulation, filtra-
tion, precipitation, reverse osmosis, ozonation, ion exchange,
biodegradation, and adsorption processes [8,9]. It has been
demonstrated that most of the conventional wastewater
treatment methods are not so effective to eliminate or at
least degrading most of the pharmaceutical compounds.
Therefore, residual quantities remain in treated water and
these have been accumulating in drinking water [10]. At
times, the combination of two techniques, for example, the
adsorption and advanced oxidation process is more benefi-
cial and effective. Adsorption is one of the most important
and widespread processes for water treatment.

Adsorption using porous materials is a very promising
technique for the removal of organic and inorganic pollut-
ants [11,12]. Adsorption has a good potential for removing
a wide range of contaminants with rapid process kinetics
[13]. Another significant benefit of the adsorption process is
its simplicity and inexpensive cost of operation/equipment
[14,15]. Different types of adsorbent materials have been
used for adsorption purposes including activated carbon,
charcoal, clay, activated sludge, and graphite [16]. Such
adsorbents possess great adsorption capacities for organic
and non-organic chemicals in liquid or gaseous phases, so
they are usually the first and the best choice of researchers
for the purification of water containing harmful chemicals.
Activated carbon is the most commonly studied sorbent
for the removal of pharmaceuticals from water mainly due
to its high surface area and availability in the market [8].
Many promising bio-sorbent materials have also been used
for the effective removal of some pharmaceutical prod-
ucts from aqueous environments including black tea resi-
due [17], sugar cane bagasse [18], peach stones [19], olive
stones [20], mango peels [21], cork powder [19], and coconut
mesocarp [22].

Paracetamol (also known as acetaminophen) is one of the
pharmaceuticals of common use worldwide due to its effec-
tiveness in the relief of pain and fever. Paracetamol is easily
accumulated in the aquatic environment due to its relatively
high solubility and hydrophilicity. Moreover, it has been
confirmed that 58%—68% of paracetamol and its metabolites
are excreted from the body during therapeutic use [23,24].
Paracetamol is not a biodegradable pharmaceutical product,

hence it does not decompose easily in the environment [1].
Paracetamol is a relatively safe drug but toxic side effects have
been observed with high doses greater than 10-15 g. This tox-
icity is due to the chemical structure of the compound and
the way the human body breaks it down. It is metabolized to
a reactive intermediate at high doses [25]. Paracetamol stands
out for being highly toxic to the liver [26,27], with a potential
risk of hepatitis development [27]. In order to avoid serious
disturbances in aquatic life, efficient and economically viable
procedures should be developed for removing common pol-
lutants, like paracetamol.

Ribeiro et al. [28] evaluated the efficiency of two natural
adsorbents (vegetable sponge and sugarcane bagasse) for the
removal of paracetamol dispersed in aqueous solutions. In
this study, a glass column was used to conduct the experi-
ments at a pH of 7 and the adsorption isotherm parameters
were calculated for both adsorbent materials. Sugarcane
bagasse gave more attractive results than vegetable sponges
in terms of price and efficiency of removal. Also, sugarcane
bagasse has a larger number of pores than vegetable sponges.
Mohd et al. [29] investigated the performance of activated car-
bon and modified cellulose on the adsorption of paracetamol
from an aqueous solution using the batch method. Higher
percentage removal was achieved at the acidic range and
higher temperature (that is, spontaneous and favorable); the
equilibrium data fitted well with the Langmuir model with
a correlation coefficient, R? of 0.9522. Mashayekh-Salehi and
Moussavi [30] investigated the efficiency of NH,Cl-induced
activated carbon on the removal of paracetamol; the adsorp-
tion kinetic data followed the pseudo-second-order kinetic
model. These studies showed that the choice of adsorbent
material influences the adsorption of paracetamol.

Olivine is a naturally abundant mineral rich in magne-
sium, silica, and iron with the chemical formula: (Fe Mg, ),
SiO, [31]. Olivine is recognized as a mineral group with the
forsterite (Mg,SiO,) and fayalite (Fe,SiO,) end members.
Fayalite and forsterite create a solid solution series, and most
specimens identified as olivine fall somewhere in between
this series. Olivine incorporates only minor amounts of
elements other than oxygen, silicon, magnesium, and iron.
Manganese and nickel are the commonly additional elements
present in the highest concentrations. Olivine is named
for its typically olive-green color (thought to be a result
of traces of nickel), though it may alter to a reddish color
from the oxidation of iron. This sandy material is mechani-
cally hard and attrition resistant, which made it acceptable
as a potential support material in the field of catalysis [32].
Olivine has several industrial uses; it is used as a flux for
steel production and is also an important ore of the mag-
nesium metal. The application of olivine to water treatment
has not been explored so far. It was used to treat synthetic
acidic mine water because olivine is a basic mineral and
can bind more acid per unit volume [33]. Olivine was also
utilized for the removal of arsenic from water [34].

The goal of this study is to determine the effectiveness
of the adsorbent material, olivine for the removal of parac-
etamol from water in the presence and absence of ultrasonic
waves. To the best of our literature search, this adsorbent
material has never been utilized for this particular pollut-
ant (paracetamol). Even the Fourier-transform infrared
spectroscopy (FT-IR) detection technique has not been used
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to determine the concentration of pollutants after olivine
utilization for the treatment of polluted water. Therefore,
this research tends to fill this gap, hence, the novelty of
the present study. The thermodynamics of the process was
considered. The effect of ultrasonic waves on the adsorp-
tive removal of paracetamol was investigated. Also, the
kinetics of the removal process was demonstrated with and
without ultrasonic waves.

2. Experimental
2.1. Materials

The olivine with the crystal structure shown in Fig. 1
[29] was collected from Tafila, South Jordan. It was crushed,
milled, dried overnight, and then taken for scanning elec-
tron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDX) analysis. This was done through SEM equip-
ment (QUANTA INSPECT F50, FEI Company, Eindhoven,
The Netherlands). The particles of olivine that passed
through the 150 mm sieve and were retained on the 45 mm
sieve were used. Paracetamol (99% purity) (Fig. 2) was
obtained from a local pharmaceutical company in South
Jordan. The wastewater was prepared by dissolving 10 g of
paracetamol in 2 L of distilled water.

2.2. Batch experiments

Batch sorption experiments were conducted in a series
of 250-mL glass beakers containing 100 mL of 5.0 x 10° ppm
paracetamol solution. 0.5 g of olivine (<0.05 pm) was mixed
with the paracetamol solutions and continuously stirred
with magnetic stirrers for a specified time at a particu-
lar temperature with (at a constant ultrasonic frequency
of 37 kHz) or without ultra-sonication. After the comple-
tion of the experiments, the samples were filtered and
the percentage of paracetamol removed was determined.
The olivine was washed with distilled water and dried

Fig. 1. Crystal structure of olivine.

overnight for infrared (IR) analysis. The FT-IR analysis
(4,000-400 cm™, 4 cm™ spectral resolution, KBr pellets)
was done using a Thermo Nicolt NEXUS 670 FT-IR spec-
trometer (Massachusetts, United States). The standard cal-
ibration curve for paracetamol analysis was established
based on IR measurements by mixing a precisely weighed
amount of paracetamol (0.0, 0.01, and 0.05 g) with 0.5 g
of olivine. The concentration of paracetamol was calcu-
lated using a calibration curve that was plotted based on
IR measurements. The removal percentage of paracetamol
was calculated using the following equation [35]:

Removal(%) = C“g C. %100 1)

0

where C, and C, are the initial and final concentrations
(mg L) of paracetamol in solution, respectively. These con-
centrations of paracetamol were measured through the IR
analysis by taking measurements of the IR band height of
the transmitted bands and calculating the final concentra-
tion of paracetamol solution using a regression equation
obtained from the plot of IR band height vs. the concen-
tration of paracetamol (calibration plot). The band height/
transmittance was plotted against the wavelength (FT-IR
spectra) at paracetamol amounts of 0.0, 0.01, and 0.05 g
to determine if the IR analysis can be used as a method
for the determination of paracetamol concentration in
water. All experiments were done twice.

2.3. Thermodynamics analysis

Thermodynamic parameters such as change in free
energy (AG®), enthalpy (AH®), and entropy (AS°) were calcu-
lated from the variation of the thermodynamic equilibrium
constant (K) with the temperature (T). Gibb’s free energy
(AG®) can be calculated from the thermodynamic equilib-
rium constant (K). The adsorption standard free energy
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changes (AG®) can be calculated according to the following
equation [36]:

AG®=-RTInK @)

where R is the universal gas constant (8.314 x 10~ k] K mol™)
and T is the temperature in Kelvin.

The enthalpy (AH®) and entropy (AS®) of the adsorption
process were calculated using the following Van't Hoff’s
equation [37]:

_AS®AHP
2.303R  2.303RT

PK 6)

The value of enthalpy (AH°) was calculated from the
slope, and the value of entropy (AS°) was obtained from the
intercept of the plot of pK (=logK) vs. 1/T.

3. Results and discussions
3.1. Characterization of olivine

The SEM-EDX spectrum is presented in Fig. 3. The
scanning electron microscopy (SEM) was carried out to

WD
X | 9.5 mm 15

Fig. 3. SEM-EDX spectrum of olivine.

determine the surface morphology of the olivine under
an acceleration voltage of 15 kV. Very rough surface and
sharp edges can be observed on the SEM image of oliv-
ine (at 400X) (Fig. 3). The pores observed on the adsorbent
material (Fig. 3) will lead to significant adsorption sites
for the adsorbate, paracetamol. The presence of silicon
and oxygen confirms the high purity of the material [38];
these elements can also be confirmed in the structure of
olivine displayed in Fig. 1.

HO NH

CH,

Fig. 2. Paracetamol chemical structure.
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3.2. Adsorption studies
3.2.1. Removal of paracetamol

IR spectrum was obtained for three different amounts
of paracetamol (0.0, 0.01, and 0.05 g) with 0.5 g of oliv-
ine (Fig. 4). The height of the transmitted bands was plot-
ted vs. the amount of paracetamol as seen in Fig. 4. The
spectra at 0.0 g paracetamol are that of the pure olivine
(Fig. 4a). It is obvious that the height of all transmittance
bands increased as the amount of paracetamol in the solu-
tion was increased to 0.01 and 0.05 g, which means that IR
is one of the methods that can be used for the determina-
tion of paracetamol concentration. Based on Fig. 4b and c,
the broad transmittance bands at 3,600 and 3,438 cm™ are
assigned to the OH and NH stretching vibrations in parac-
etamol, which also can be seen in the structure of parac-
etamol (Fig. 2). Paracetamol is known to have functional
groups of hydroxyl, amide groups, and aromatic groups
[39]. The OH vibration was also observed on the pure oliv-
ine (Fig. 4a), that is at 0.0 g paracetamol. The bands above
2,511 cm™ are attributed to the stretching vibrations of the
methyl group (Fig. 4a—c). The vibrations in the range of
1,682-1,530 cm™ are due to the stretching vibrations of the
phenyl ring. The intense 1,683 and 1,753 cm™ band of a
paracetamol solution (Fig. 4b and c) corresponds to the
first band of the amide group, reflecting the state of the
C=0 bond; which is also present in Fig. 4a. The vibrations
in the range of 1,291-950 cm™ (Fig. 4a—c) are in-plane
deformation vibrations of the C-H bonds of the phenyl
ring, which are mixed with the stretching and deforma-
tion vibrations of the amide fragment [40]. Another exist-
ing bond is the C-C stretch of aromatics (625 cm™) [41].
Paracetamol’s OH and NH groups can operate as strong
electron donors, causing the aromatic ring to increase elec-
tron density [9]. The amide group in ACT, in particular,
is an aromatic ring activating group in which molecule
electrons interact with delocalized adsorbent electrons
[42]. The primary mechanism controlling paracetamol
adsorption, according to several researchers, is the m-m
interactions [9]. The spectra (Fig. 4) revealed that the
olivine containing paracetamol particles (Fig. 4b and c)
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contained more functional groups than the pure olivine
with 0.0 g paracetamol particles (Fig. 4a), owing to the
addition of more functional groups present in the parac-
etamol. Some functional groups were common to all, with
the exception that the height of all transmittance bands
for pure olivine was raised when paracetamol was added.

Fig. 5 illustrates the constructed calibration curve (IR
band height vs. paracetamol concentration) for measuring
the concentration of paracetamol based on the height of
IR transmittance bands.

In order to investigate the effect of ultrasonic waves on
the removal process of paracetamol on olivine, the concen-
tration of paracetamol was determined with time using IR
spectroscopy. The change in IR spectra of paracetamol with
time was considered with ultrasonic waves and without
ultrasonic waves (Fig. 6). As time increases, the height of
the band increases which indicates the increasing amount
of paracetamol introduced to the system. Ultrasonic waves
also caused a shift in the peak at 1,750 cm™ for the spectra
in Fig. 6. Also, the height of the transmittance at 1,500 cm™
was increased in the presence of ultrasound. Fig. 7 shows
the change in paracetamol amount in grams with time
under the condition of ultrasonic waves compared to with-
out ultrasonic waves. The rate of change in concentration
with time increased in the absence of ultrasonic waves
but decreased steeply in the presence of ultrasonic waves.

A similar trend is shown in Table 1 which illustrates
the paracetamol percentage removal with time consid-
ering the effect of ultrasonic waves on the adsorption
process. From Table 1, it is obvious that the paracetamol
removal percentage was increased with ultrasonic waves
at the same time. The combined effects of adsorption and
sonolytic degradation enhanced the rate of change in
paracetamol concentration in the presence of ultrasonic
waves [43]. Ultrasound waves enhanced the mass trans-
port in the pores of the olivine adsorbent [44]. Also, the
removal of paracetamol was increased simultaneously
as the adsorption time was increased in the presence of
ultrasonic waves. This phenomenon is due to enough time
allowed for the process to take place [45]. However, in the
absence of ultrasonic waves, the elimination of paracetamol

—0 g paracetamol
—0.01 g paracetamol
—0.05 g paracetamol

3438

Transmittance | -|

Peanu

1682-1530

1733

4000 3500 3000 2500

2000 1500 1000 500

Wavenumbers [em™]

Fig. 4. IR spectra of paracetamol at three different amounts (0, 0.01, and 0.05 g) with 0.5 g of olivine.
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reduced concurrently as the reaction time rose; this means
that desorption happened [46].

3.2.2. Thermodynamics of adsorption

Fig. 8 is the plot of pK (=—logK) vs. 1/T. The calculated
values of thermodynamic parameters for paracetamol
removal using olivine are presented in Table 2. The exo-
thermic nature of adsorption was clearly shown by the

1.0

negative value of AH® (-2.674 k] mol™) which is also gov-
erned by the possibility of chemical adsorption. The pos-
itive values of AG® (2.272 to 2.075 kJ mol™) indicate the
non-spontaneity and the unfavorability of the removal of
paracetamol on olivine; this also implies that the process of
paracetamol adsorption on olivine does not require higher
temperatures and denotes random feasibility [47]. Similar
non-spontaneous behavior was observed by Ferreira et al.
[1] and Ismael et al. [48] for paracetamol removal. Also,

0.9 -
0.8
0.7 A
0.6
0.5 A
0.4

IR band height [cm]

0.3 4
02 e
0.1 4

y =11.429x + 0.2381
R*=0.9796

0.0 T T
0 0.01 0.02

0.03 0.04 0.05

Paracetamol conc. [g]

Fig. 5. Calibration curve of paracetamol.

No shift
— 10 min_
— 20 min_
= 30 min.
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— 60 min.
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1400
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2000 1200

1700

1200 1400

Wavenumbers [ cnl':]

Fig. 6. IR spectra of paracetamol with time with no ultrasonic waves and with ultrasonic waves.
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external influence/force is required to navigate this process
[14]. The existence of chemical bonds is suggested when
AG°® (the free energy) >40 kJ mol™ and it is physisorption
when AG® < 40 kJ mol™ [9]. For this study, the prevailing
process is physisorption (Van der Waal’s forces and hydro-
gen bonding) since AG® <40 k] mol™. This also implies that
organic solvents or distilled water may elute paracetamol
from the olivine sorption surface. The negative value of

Table 1
Percentage of removal of paracetamol from the solution under
the condition of ultrasonic waves

Removal (%)

Time

(min) No ultrasonic With ultrasonic
10 - -

20 28.56 +0.99 30.05 +1.07

30 19.99+1.13 79.98 +1.41

40 11.42+£1.26 88.55+1.16

60 - 97.12+0.28
Table 2

Thermodynamic parameters of paracetamol removal by olivine

A.E. Al-Rawajfeh et al. / Desalination and Water Treatment 269 (2022) 152-162

AS° (-0.0969 k] mol™) shows the decreased disorderliness
adsorbent [49].

3.2.3. Kinetics of adsorption

Kinetic studies were conducted to determine the mech-
anism of the adsorption of paracetamol on olivine. The
rate of paracetamol adsorption on olivine was studied
by measuring the change in concentration as a function
of time. The volume of solution, mass of adsorbent, and
initial concentration were kept constant. The removal rate
of paracetamol by olivine can be evaluated by studying
adsorption kinetics. The optimum contact time for an
adsorption process can also be obtained from such studies.
At the beginning of the adsorption process, the rate of
removal was high due to the availability of adsorption sites
on the adsorbent surface. The nature, surface area, and
amount of adsorbent affect the kinetics of the adsorption
process. The kinetics of paracetamol adsorption on olivine
were analyzed by calculating the amount of paracetamol
adsorbed with time. The uptake of paracetamol molecules
was calculated from the mass balance, which was stated

Temperature (°C) Removal (%) K (mol dm=) AG® (k] mol™) AH° (k] mol™) AS° (k] mol™ K1)
25 28.5 0.400 2.272
40 21.7 0.277 3.179 —2.674 —0.0969
48 16.6 0.198 4.006
60 11.4 0.129 5.075
0.060
0.050
0.040
ﬁ 0.030 ¥ = -3E-06x* ~ 0.0006x ~ 0.0245
= R2=0.9993
0.020
0.010
0.000 y ; ; ‘ . .
0 10 20 30 40 50 60 70
Time [min.]
0.060
0.050 |
v = 3E-05x” - 0.0029x ~ 0.0768
0:040 R* =0.9619
? 0.030
0.020 |
0.010 -
0.000 . . . : ——
o 10 20 30 40 50 60 70

Time [min.]

Fig. 7. Change in paracetamol amount in grams with and without ultrasonic waves.
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as the amount of solute adsorbed onto the solid. It is
equal to the amount of solute removed from the solution.
For the kinetic studies, paracetamol concentration was cal-
culated every 10 min for 1 h. The adsorbed amount (Q)
per unit adsorbent mass (mg g™) was calculated according
to Eq. (4) [50]:

(C,-C )V
m

Q= )

where C is the initial concentration of adsorbate, C, is the
concentration of the substrate at equilibrium (mg dm=), m

159

is the adsorbent mass (mg) and V is the solution volume
(dm?®). Such calculations were performed with- and with-
out the condition of ultrasonic waves. The intraparticle
diffusion kinetic model (Eq. (5)) [36,51] is shown below as
used to make the plots.
Q =Kt +¢, )
where K, is the intra-particle diffusion rate constant
(mg (g min)™) and ¢, is the intercept (mg g™') which may be
evaluated from the plots of Q, vs. 2.

Fig. 9 shows the plot of Q, vs. t*°. Based on Fig. 9, it is
clearly obvious that the amount of paracetamol adsorbed

y =-1.3964x + 5.0595
R?*=0.978

0.0 T T T
295 3 3.05 3.1

Fig. 8. Plot of pK vs. 1,000/T for paracetamol removal by olivine.

3.15

T

32 325 33 335 34

1000/T [K]
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No Ultrasonic

(I

0.0800 -

0.0600 -

Q, [mefg]

0.0400 -

[SHE

%% [min.]

Fig. 9. Plot of Q, (concentration of the paracetamol at equilibrium) vs. > with and without ultrasonic waves.
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Fig. 10. Change of paracetamol concentration with time with and without ultrasonic waves.

was significantly improved in the presence of ultrasonic
waves at all studied times of contact. When pore diffusion
restricts adsorption, the rate of adsorption will not be lin-
ear [52]. Since the results reveal multi-linear plots (Fig. 9)
as predicted by Weber and Morris, the adsorption process
must entail two or more stages [53,54]. Two (no ultrasonic)
or three (with ultrasonic) stages are depicted in the plots
(Fig. 9). All of the stages were rapid and demonstrated
decreased or increased adsorption respectively for no
ultrasonic and with ultrasonic, respectively as a result of
the boundary layer diffusion [54,55].

Change in paracetamol concentration in solution was
also recorded with time and plotted as shown in Fig. 10.
Fig. 10 depicts that the adsorption rate (change in concen-
tration with time) was increased in the presence of ultra-
sonic waves. The rate of adsorption decreased when the
process was carried out in the absence of ultrasonic. The
increase in the rate of adsorption in presence of ultra-
sonic waves is owing to the combined effects of adsorp-
tion improvement and sonolytic degradation [43] whereby
ultrasound waves enhanced the mass transport/adsorption
velocity in the pores of the olivine adsorbent [44].

4. Conclusion

Natural olivine from Jordan is capable of removing
paracetamol from aqueous solutions. The influence of
temperature, contact duration, and ultrasonic waves at
a frequency of 37 kHz on paracetamol removal was stud-
ied. The kinetics data were collected under normal and
ultrasonic circumstances. The percentage of paracetamol
eliminated increased as the time spent in the presence of
ultrasonic waves increased (with maximum removal of

97.12% at 60 min and 0.5 g of olivine). Paracetamol adsorp-
tion was found to be unfavorable and non-spontaneous
(with AG® ranging from 2.272 to 5.075 k] mol™), and as
well as exothermic (AH® = -2.674 kJ mol™). The process
was also observed to be physisorption in nature the com-
bined effects of adsorption with ultrasonic waves enhanced
the quantity of paracetamol adsorbed (Q) in the kinet-
ics investigations. Ultrasound waves enhanced the mass
transport in the pores of the olivine adsorbent.

Acknowledgment

Tafila Technical University and The University of Jordan
are acknowledged for funding this research project.

References

[1] R.C. Ferreira, O.M. Couto Junior, K. Carvalho, P.A. Arroyo,
M.ASD. Barros, Effect of solution pH on the removal of
paracetamol by activated carbon of dende coconut mesocarp,
Chem. Biochem. Eng. Q., 29 (2015) 47-53.

[2] A. Jelicc M. Gros, A. Ginebreda, R. Cespedes-Sanchez,
F. Ventura, M. Petrovic, D. Barceld, Occurrence, partition and
removal of pharmaceuticals in sewage water and sludge during
wastewater treatment, Water Res., 45 (2011) 1165-1176.

[3] M. Fielding, T.M. Gibson, H.A. James, K. McLoughlin,
C.P. Steel, Organic Micropollutants in Drinking Water, WRC-
Water Research Centre Technical Report TR 159, February
1981.

[4] C.D. Watts, B. Crathorne, M. Fielding, C.P. Steel, Identification
of Non-Volatile Organics in Water Using Field Desorption Mass
Spectrometry and High Performance Liquid Chromatography,
G. Angeletti, A. Bjerseth, Eds., Analysis of Organic Micro-
pollutants in Water, Springer, Dordrecht, 1984, pp. 120-131.
Available at: https://doi.org/10.1007/978-94-009-6345-0_13

[5] B. Senthil Rathi, P. Senthil Kumar, P.-L. Show, A review on
effective removal of emerging contaminants from aquatic



(6]

(7]

8]

(%1

(10]

(11]

(12]

(13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

A.E. Al-Rawajfeh et al. / Desalination and Water Treatment 269 (2022) 152-162

systems: current trends and scope for further research, J. Hazard.
Mater., 409 (2021) 124413, doi: 10.1016/j.jhazmat.2020.124413.
A.D.N’diaye, M.A. Bollahi, M. Kankou, Sorption of paracetamol
from aqueous solution using groundnut shell as a low cost
sorbent, J. Mater. Environ. Sci., 10 (2019) 553-562.

A. Bielen, A. Simatovi¢, J. Kosi¢-Vuksié, 1. Senta, M. Ahel,
S. Babi¢, T. Jurina, J.J.G. Plaza, M. Milakovi¢, N. Udikovié-Koli¢,
Negative environmental impacts of antibiotic-contaminated
effluents from pharmaceutical industries, Water Res., 126 (2017)
79-87.

J. Akhtar, N.A.S. Amin, K. Shahzad, A review on removal of
pharmaceuticals from water by adsorption, Desal. Water Treat.,
57 (2016) 12842-12860.

C.A. Igwegbe, C.O. Aniagor, S.N. Oba, P-S. Yap, FU. Iwu-
chukwu, T. Liu, E.C. de Souza, J.O. Ighalo, Environmental
protection by the adsorptive elimination of Acetaminophen
from water: a comprehensive review, J. Ind. Eng. Chem.,
104 (2021) 117-135.

P. Verlicchi, M. Al Aukidy, E. Zambello, Occurrence of
pharmaceutical compounds in urban wastewater: removal,
mass load and environmental risk after a secondary
treatment—a review, Sci. Total Environ., 429 (2012) 123-155.

T. Ambaye, M. Vaccari, E.D. van Hullebusch, A. Amrane,
S. Rtimi, Mechanisms and adsorption capacities of biochar for
the removal of organic and inorganic pollutants from industrial
wastewater, Int. J. Environ. Sci. Technol., 18 (2021) 3273-3294.
X. Zhao, X. Yu, X. Wang, S. Lai, Y. Sun, D. Yang, Recent
advances in metal-organic frameworks for the removal of heavy
metal oxoanions from water, Chem. Eng. J., 407 (2021) 127221,
doi: 10.1016/j.cej.2020.127221.

G. Crini, E. Lichtfouse, Advantages and disadvantages of
techniques used for wastewater treatment, Environ. Chem.
Lett., 17 (2019) 145-155.

S.N. Oba, J.O. Ighalo, C.O. Aniagor, C.A. Igwegbe, Removal of
ibuprofen from aqueous media by adsorption: a comprehensive
review, Sci. Total Environ., 780 (2021) 146608, doi: 10.1016/j.
scitotenv.2021.146608.

C.A.Igwegbe, S.N. Oba, C.O. Aniagor, A.G. Adeniyi, ].O. Ighalo,
Adsorption of ciprofloxacin from water: a comprehensive
review, J. Ind. Eng. Chem., 93 (2021) 57-77.

CJ. Umembamalu, C.A. Igwegbe, E.U. Osuagwu, J.T. Nwa-
banne, Packed bed column adsorption of oil and grease from
refinery desalter effluent, using rice husks derived carbon as the
adsorbent: Influence of process parameters and Bohart-Adams
kinetics study, World News Nat. Sci., 31 (2020) 155-174.
M.AM. Abdallah, The potential of different bio adsorbents
for removing phenol from its aqueous solution, Environ.
Monit. Assess., 185 (2013) 6495-6503.

E.M. Soliman, S.A. Ahmed, A.A. Fadl, Removal of calcium
ions from aqueous solutions by sugar cane bagasse modified
with carboxylic acids using microwave-assisted solvent-free
synthesis, Desalination, 278 (2011) 18-25.

I. Cabrita, B. Ruiz, A.S. Mestre, M. Fonseca, A.P. Carvalho,
C.O. Ania, Removal of an analgesic using activated carbons
prepared from urban and industrial residues, Chem. Eng. J.,
163 (2010) 249-255.

C. Kiitahyali, M. Eral, Sorption studies of uranium and thorium
on activated carbon prepared from olive stones: kinetic
and thermodynamic aspects, J. Nucl. Mater., 396 (2010) 251-256.
K.Y. Foo, B.H. Hameed, Factors affecting the carbon yield and
adsorption capability of the mangosteen peel activated carbon
prepared by microwave assisted K,CO, activation, Chem. Eng.
J., 180 (2012) 66-74.

A.P. Vieira, S.A. Santana, C.W. Bezerra, H.A. Silva, J.A. Chaves,
J.C. de Melo, E.C. da Silva Filho, C. Airoldi, Kinetics and
thermodynamics of textile dye adsorption from aqueous
solutions using babassu coconut mesocarp, J. Hazard. Mater.,
166 (2009) 1272-1278.

I. Altaf, R. Azmat, IR study of degradation of acetaminophen
by iron nano-structured catalyst, Pak. J. Pharm. Sci., 34 (2021)
171-175.

O.ES. Khasawneh, P. Palaniandy, M. Ahmadipour, H. Moham-
madi, M.R.B. Hamdan, Removal of acetaminophen using

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

[33]

[34]

(35]

[36]

[37]

[38]

[39]

(40]

[41]

[42]

161

Fe,O,-TiO, nanocomposites by photocatalysis under simulated
solar irradiation: optimization study, J. Environ. Chem. Eng.,
9 (2021) 104921, doi: 10.1016/j.jece.2020.104921.

P.Mazraati, M. Minaiyan, Hepatoprotective effect of metadoxine
on acetaminophen-induced liver toxicity in mice, Adv. Biomed.
Res., 7 (2018) 67, doi: 10.4103/abr.abr_142_17.

S. Gong, T. Lan, L. Zeng, H. Luo, X. Yang, N. Li, X. Chen,
Z. Liu, R. Li, S. Win, Gut microbiota mediates diurnal
variation of acetaminophen induced acute liver injury in mice,
J. Hepatol., 69 (2018) 51-59.

T. Lérincz, V. Dedk, K. Makk-Merczel, D. Varga, P. Hajdinak,
A. Szarka, The performance of HepG2 and HepaRG systems
through the glass of acetaminophen-induced toxicity, Life
(Basel), 11 (2021) 856, doi: 10.3390/1ife11080856.

A.V. Flores Nardy Ribeiro, M. Belisario, R. Moretto Galazzi,
D. Cazoni Balthazar, M. de Godoi Pereira, ]J. Nardy Ribeiro,
Evaluation of two bioadsorbents for removing paracetamol
from aqueous media, Electron. ]J. Biotechnol, 14 (2011),
doi: 10.2225/vol14-issue6-fulltext-8.

N. Mohd, M.EA.E. Sudirman, S.F.S. Draman, Isotherm and
thermodynamic study of paracetamol removal in aqueous
solution by activated carbon, ARPN J. Eng. Appl. Sci., 10 (2015)
9516-9520.

A. Mashayekh-Salehi, G. Moussavi, Removal of acetaminophen
from the contaminated water using adsorption onto carbon
activated with NH,Cl, Desal. Water Treat., 57 (2016) 12861-12873.
D. Swierczynski, C. Courson, L. Bedel, A. Kiennemann,
S. Vilminot, Oxidation reduction behavior of iron-bearing
olivines (Fe Mg, ),SiO, used as catalysts for biomass
gasification, Chem. Mater., 18 (2006) 897-905.

Z. Zhao, N. Lakshminarayanan, S.L. Swartz, G.B. Arkenberg,
L.G. Felix, R.B. Slimane, C.C. Choi, U.S. Ozkan, Characterization
of olivine-supported nickel silicate as potential catalysts
for tar removal from biomass gasification, Appl. Catal., A,
489 (2015) 42-50.

R.A. Kleiv, M. Thornhill, Adsorptive retention of copper from
acidic mine water at the disused sulphide mine at Lokken,
central Norway—initial experiments using olivine, Miner. Eng.,
17 (2004) 195-203.

PS. Ghosal, K.V. Kattil, M.K. Yadav, A.K. Gupta, Adsorptive
removal of arsenic by novel iron/olivine composite: insights
into preparation and adsorption process by response surface
methodology and artificial neural network, J. Environ. Manage.,
209 (2018) 176-187.

C.A. Igwegbe, ].O. Ighalo, K.K. Onyechi, O.D. Onukwuli,
Adsorption of Congo red and malachite green using H,PO,
and NaCl-modified activated carbon from rubber (Hevea
brasiliensis) seed shells, Sustainable Water Resour. Manage.,
7 (2021) 63, doi: 10.1007/540899-021-00544-6.

C.A. Igwegbe, A.E. Al-Rawajfeh, HI. Al-Itawi, S. Sharadqah,
S. Al-Qazaqi, E.A. Hashish, M. Al-Qatatsheh, M. Sillanpaa,
Utilization of calcined gypsum in water and wastewater
treatment: removal of phenol, J. Ecol. Eng., 20 (2019) 1-10.

M. Megat Hanafiah, M. Yahya, H. Zakaria, S. Ibrahim,
Adsorption of Cd(Il) ions from aqueous solutions by Lalang
(Imperata cylindrica) leaf powder: effect of physicochemical
environment, J. Appl. Sci., 7 (2007) 489-493.

N. Raza, W. Raza, S. Madeddu, H. Agbe, R.V. Kumar,
K.-H. Kim, Synthesis and characterization of amorphous
precipitated silica from alkaline dissolution of olivine, RSC
Ady.,, 8 (2018) 32651-32658.

M.A. Lépez Zavala, C.R. Jaber Lara, Degradation of paracetamol
and its oxidation products in surface water by electrochemical
oxidation, Environ. Eng. Sci., 35 (2018) 1248-1254.

EB. Burgina, V.P. Baltakhinov, E.V. Boldyreva, T.P. Shakht-
schneider, IR spectra of paracetamol and phenacetin. 1. Theo-
retical and experimental studies, J. Struct. Chem., 45 (2004) 64-73.
N.G. Telkapalliwar, V.M. Shivankar, Data of characterization
and adsorption of fluoride from aqueous solution by using
modified Azadirachta indica bark, Data Brief, 26 (2019) 104509,
doi: 10.1016/j.dib.2019.104509.

V. Bernal, A. Erto, L. Giraldo, J.C. Moreno-Pirajan, Effect of
solution pH on the adsorption of paracetamol on chemically



162

[43]

[44]

[45]

[46]

[47]

[48]

[49]

A.E. Al-Rawajfeh et al. / Desalination and Water Treatment 269 (2022) 152-162

modified activated carbons, Molecules,
doi: 10.3390/molecules22071032.

M.E.N. Secondes, V. Naddeo, F.C. Ballesteros Jr., V. Belgiorno,
Adsorption of emerging contaminants enhanced by ultrasound
irradiation, Sustainable Environ. Res., 24 (2014) 349-355.

G. Jing, Z. Zhou, L. Song, M. Dong, Ultrasound enhanced
adsorption and desorption of chromium(VI) on activated
carbon and polymeric resin, Desalination, 279 (2011) 423-427.
A. Sharma, K.G. Bhattacharyya, Adsorption of chromium(VI)
on Azadirachta indica (Neem) leaf powder, Adsorption, 10 (2005)
327-338.

S. Rahdar, S. Ahmadi, Removal of phenol and aniline
from aqueous solutions by using adsorption on to Pistacia
terebinthus: study of adsorption isotherm and kinetics, J. Health
Res. Commun. Winter, 2 (2017) 35-45.

S. Ahmadi, A. Rahdar, S. Rahdar, C.A. Igwegbe, Removal
of Remazol Black B from aqueous solution using P-y-Fe,O,
nanoparticles: synthesis, physical characterization, isotherm,
kinetic and thermodynamic studies, Desal. Water Treat.,
152 (2019) 401-410.

H.A. Ismael, L.H. Khdum, A.]. Lafta, Use of Iraqi cherry
seeds in the removal of paracetamol and atenolol medicines
from their aqueous solutions, Int. J. Sci. Res. (IJSR), 3 (2014)
2290-2295.

J.O. Ighalo, C.A. Igwegbe, A.G. Adeniyi, C.A. Adeyanju,
S. Ogunniyi, Mitigation of Metronidazole (Flagyl) pollution in
aqueous media by adsorption: a review, Environ. Technol. Rev.,
9 (2020) 137-148.

22 (2017) 1032,

[50]

[51]

[52]

[53]

[54]

[55]

S. Ahmadi, C.A. Igwegbe, Removal of methylene blue on zinc
oxide nanoparticles: nonlinear and linear adsorption isotherms
and kinetics study, Sigma: J. Eng. Nat. Sci./Miihendislik ve Fen
Bilimleri Dergisi, 38 (2020) 289-303.

S. Chatterjee, M.W. Lee, S.H. Woo, Adsorption of congo red by
chitosan hydrogel beads impregnated with carbon nanotubes,
Bioresour. Technol., 101 (2010) 1800-1806.

M.H. Kalavathy, T. Karthikeyan, S. Rajgopal, L.R. Miranda,
Kinetic and isotherm studies of Cu(II) adsorption onto H,PO,-
activated rubber wood sawdust, J. Colloid Interface Sci.,
292 (2005) 354-362.

T. Tarawou, D. Wankasi, M. Horsfall Jnr, Equilibrium sorption
studies of Basic Blue-9 dye from aqueous medium using
activated carbon produced from water hyacinth (Eichornia
crassipes), ]. Nepal Chem. Soc., 29 (2012) 67-74.

D. Balarak, M. Zafariyan, C.A. Igwegbe, K.K. Onyechi,
J.O. Ighalo, Adsorption of Acid Blue 92 dye from aqueous
solutions by single-walled carbon nanotubes: isothermal,
kinetic, and thermodynamic studies, Environ. Processes,
8 (2021) 869-888.

S. Nethaji, A. Sivasamy, A. Mandal, Adsorption isotherms,
kinetics and mechanism for the adsorption of cationic and
anionic dyes onto carbonaceous particles prepared from Juglans
regia shell biomass, Int. J. Environ. Sci. Technol., 10 (2013)
231-242.



	_ENREF_1
	_ENREF_2
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_31
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_36
	_ENREF_37
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_ENREF_44
	_ENREF_45
	_ENREF_46
	_ENREF_47
	_ENREF_48
	_ENREF_49
	_ENREF_50
	_ENREF_51
	_ENREF_52
	_ENREF_53
	_ENREF_54
	_ENREF_55

