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Efficient Multi-walled Carbon Nanotubes/Iron Oxide
Nanocomposite for the Removal of the Drug Ketoprofen
for Wastewater Treatment Applications

Ismail Badran*™ and Maan Omar Al-Ejli®

Current environmental restrictions, such as the zero liquid
discharge policy, require developing new methods to com-
pletely remove micropollutants from wastewater. Non-steroidal
anti-inflammatory drugs (NSAID) are major component of such
pollutants. The adsorptive removal of ketoprofen (KP), a widely
prescribed NSAID, was studied using a newly synthesized
magnetic adsorbent. The maximum adsorption capacity was
determined to be 39.2 mg/g with almost 98% removal for
50 mg/L KP at neutral pH. The adsorption of KP was found to
be pH dependent and more efficient in acidic media. The

Introduction

The global increase in urbanization, industrialization, and
consumption is posing a huge demand for freshwater
resources.™ Water contamination and overuse of water
resources are two of today’s significant issues.*® New policies,
such as the zero liquid discharge (ZLD) and minimal liquid
discharge (MLD) frameworks, are currently in place to address
such challenges.”® The ZLD and MLD policies aim to maximize
water recycling and limit wastewater discharge to the environ-
ment.

Over the course of last years, a new class of emergent
pollutants have entered the water system due to industrial
expansion and use. Such pollutants include pharmaceutical
and personal care products (PPCP).*'" PPCP were proven to
pose risks to human, animal, and aquatic life if incorrectly
administered or existed in water resources above certain
limits."'2"®¥ Traditionally, several wastewater techniques such
as coagulation and flocculation, centrifugation, advanced
oxidation, aerobic and anaerobic treatments are employed. But
because PPCP cannot be eliminated using conventional
approaches, new technologies are required to satisfy the ZLD
and MLD standards.>''
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isothermal behavior of the adsorbent followed a sigmoidal
behavior and was best fitted to the corresponding-states
equation (CSE). The adsorption was found to follow second-
order kinetics with a half-life of 4.4 min. The adsorption was
also found to be exothermic and therefore it is favorable at low
temperatures. The study also showed that the adsorbent can
be regenerated for several adsorption-desorption cycles. The
adsorption mechanism was also explored by state-of-the-art
periodic quantum theoretical calculations.

Advances in nanotechnology have led to the development
of several types of materials that can remove pollutants from
contaminated water with high efficiency.""'”’ 2D carbon-based
nanomaterials, such as graphene and carbon nanotubes, are
among the most robust and efficient in this filed, due to their
exceptional properties in molecular separation and transport.'®

Non-steroidal anti-inflammatory drugs (NSAID) are consid-
ered a new class of emerging pollutants that harms our
environment."*2" The problem of NSAID is two folds: first, their
complex structure and reactivity that can pose risks on human
as well as aquatic life®?? Second, they are created in
enormous quantities and can accumulate in water resources
due to their persistence. In fact, NSAID have been detected in
municipal and natural water systems across the globe.'®2*%
Although there is no solid evidence on the toxicity of NSAID to
adults, they may very well be toxic to aquatic organisms,
embryos, infants, and vulnerable species In fact, the adverse
effects of NSAID and pharmaceuticals are not very well under-
stood due to their long side effects.”>*® Such adverse effects
might involve cancer, infertility, allergy, antibiotic resistance,
and endocrine disorders.!"**

Ketoprofen (KP), shown in Scheme 1, is an NSAID that was
approved for medical use for the first time in 1980.%” The drug
is commonly prescribed to treat a wide range of acute and
chronic inflammation conditions including, muscle aches, nerve
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Scheme 1. Molecular structure of ketoprofen.
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pain, and osteoarthritis.?>**?% Despite its wide usefulness, KP is

found to have some adverse digestive problems such as
diarrhea, bloating, and constipation.”” Recently, the U.S. Food
and Drug Administration (FDA) required all ketoprofen pack-
ages to be labeled to describe the risk of kidney problems in
unborn babies. The drug is not currently recommended for
pregnant women after their 20 weeks of pregnancy.” KP is
also found to be very toxic to bacteria and some other
microorganisms, which are not necessarily harmful
themselves.” Using KP in veterinary medicine also led to a
detrimental impact on vulture populations and the mortality of
male eider ducks.®"” With these considerations in mind, KP was
chosen as a model NSAID water contaminant in this study.

This work is also motivated by the detection of KP in several
water resources across the globe.'”3?3¥ For instance, the drug
was detected in amounts ranging from 0.2-3.5 mg/L in effluent
water samples in France and other parts of Europe3% In
South Africa, KP, along with aspirin, was the most abundant
drug detected in surface water. Thus, we decided to develop a
method to remove KP, and possibly other NSAID, from aqueous
media for future wastewater treatment technology develop-
ment.

In our quest to develop an efficient adsorbent to remove
ketoprofen, we aimed for a material that is stable, non-toxic,
economical, and easily produced and recycled at industrial
scales. Iron oxides are novel adsorbents that match these
criteria; they can also be functionalized to target certain
pollutants.®’’~*? Therefore, we chose magnetite (Fe;0,) as the
main adsorbent in this study due to its stability and facile
preparation. Although magnetite is cheap and abundant in the
earth’s crust, it suffers low adsorption capacity compared to
some other novel adsorbents. Thus, we used multi-walled
carbon nanotubes (MWCNT) to produce a highly stable nano-
composite of Fe;0,/MWCNT (referred herein by Fe/CNT). The
CNT serves as an excellent adsorbent due to their high surface
area, in addition to their high thermal and chemical
stability.*** By this, the nanocomposite will combine the
benefits of highly efficient CNT with the low cost of Fe;0, and
thus can be produced on a high scale.

Several studies have been published on the adsorptive
removal of KP from aqueous solutions utilizing various natural
and synthetic materials. Kerkhoff etal. have used activated
carbon (AC) for the removal of KP and they reported a good
adsorption capacity of 108.08 mg/g but the removal efficiency
was not complete (~85%), and the adsorption was fairly
slow." Rizzi etal. used natural chitosan solid films and
achieved 90% removal efficiency.”? Madikizela etal. have
developed molecularly imprinted polymer (MIP) to remove KP
from water, but they reported a fairly low adsorption capacity
of 8.2 mg/g.”® In addition, Lawal et al. have combined carbon
nanotubes with ionic liquid and achieved a very high
adsorption capacity of 410 mg/g, but the adsorption was too
slow with a reported equilibrium time of 24 hours.®" Although
these materials (AC, CNT, MIP and chitosan) have demonstrated
good performance in adsorption KP, none of them demon-
strate magnetic properties that allows them to be easily
separated at the end of the adsorption process. Recently, few

ChemistrySelect 2022, 7, €202202976 (2 of 13)

efforts have been made to fabricate magnetic materials capable
to remove KP from aqueous medium, including NiFe,0,/AC,?
Bi,Mo0O,"? and MnFe, 0,5 In these works, the removal
efficiency ranged between 70-85%, indicating that complete
removal was never achieved. In this work, we target a complete
solution for this problem by fabricating an Fe/CNT nano-
composite combines the benefits of the excellent adsorption
capacity of MWCNT, and the ferrimagnetic nature of iron oxide
that facilitates their separation and reuse in real applications.
As we show herein, the adsorbent demonstrated excellent
performance with almost complete removal of the drug. More
importantly, this work aims to comprehend the adsorption of
KP on the adsorbent surface by taking advantage of modern
computational techniques.

In order to optimize the conditions for the adsorptive
removal of KP, the effects of adsorbent dosage, solution pH,
shaking time, and temperature were examined. Also, the
adsorption kinetics were studied by following the adsorption
equilibrium of KP over time. Finally, a regeneration study was
done in an attempt to reuse the adsorbent. To better under-
stand the adsorption mechanism, the interactions of the drug
with either Fe;O, and CNT was explored by periodic DFT
calculations. The results of this work were compared to
previous studies on KP removal to outline the advantages of
the method used in this work.

Results and Discussion
Fe;0,/MWCNT Adsorbent characterization

The aim of this work was to synthesize a highly magnetic
nanoadsorbent that can be easily separated from the bulk
solution. Figure 1 demonstrates how easy it is to separate the
newly synthesized Fe/CNT nanocomposite using a neodymium
magnet. It is noteworthy to mention that the aqueous media
was tested by UV-Vis spectrophotometry after the separation of
the solid, and no contamination was observed. The prepared
Fe/CNT nanocomposite was then characterized by scanning
electron microscopy. The SEM image for the pure MWCNT
(magnified x50,000) is shown in Figure 2-a. The MWCNT were

Figure 1. Separating the Fe/CNT nanocomposite by a neodymium magnet.
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Figure 2. Scanning electron microscope (SEM) images for a) native MWCNT, b) Fe/CNT, c) Fe/CNT (zoom out), and d) Fe/CNT after adsorption with ketoprofen.

determined to be ~10-20 nm in width and 100 nm to a few
um in length, in agreement with our last work.”® Upon the
treatment with maghemite, the Fe/CNT formed a ‘spongy’
structure as seen in Figure 2-b. This indicates an increase in the
crosslinking between the CNT and the iron oxide crystals. The
EDX data (supporting information section, Figure S3-S5) ob-
tained from the samples in Figure 2-b indicated a CNT
percentage of about 25%. Figure 2-c and -d show the SEM
images for the nanocomposite after one adsorption test with
ketoprofen. The presence of the drug is not highly visible from
the images, neither from the EDX data. This is due to the fact
that MWCNT operates by adsorbing organic molecules on the
outside surface as well as inside the tubes.”***>* Nevertheless,
few accumulations of solid can be viewed in Figure 2-d as
white spots, which represent the adsorbed drug’s deposits.
Figure 3-a shows the X-ray powder diffraction (XRD)
patterns for the Fe/CNT nanocomposite along with its pure
precursors. The XRD diffraction pattern for Fe;O, agrees very
well with its recorded miller indices at 202, 311, 400, 242, 511,
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and 404. After treatment with CNT, the XRD pattern and the
degree of crushability of the iron oxide were not affected as
seen from the figure. The spectrum also shows the absence of
any impurities in the sample. Although the CNT exhibits a
broad diffraction peak at around 15°, this peak is not visible in
the Fe/CNT spectrum. This is mostly due to the crosslinking
between the CNT and the Fe,;0, lattice structure.

Figure 3-b shows the FTIR spectrum for the synthesized Fe/
CNT. The spectrum shows a peak at 535 cm™ that is character-
istic of Fe—O bond stretching in Fe;0,°” The band at
1110 cm™" is assigned to C—O bond stretching in alcohols or
carboxylic acids. The fact there is a peak at 1630 cm™'
corresponding to carbonyl (C=0) group suggests the presence
of carboxylic acid groups on the CNT surface, as commonly
known in commercial MWCNT samples.®**® The FTIR peak at
1580 cm™' is assigned to C—C bond stretching in the CNT
structure, while the one at 3350 cm™' (-OH) is mostly due to
the presence of some water in the sample.

© 2022 Wiley-VCH GmbH
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Figure 3. a) X-ray powder diffraction patterns for pure MWCNT, Fe;O,, and
the Fe;0,/MWCNT. b) FTIR spectrum of Fe304/MWCNT composite.

Adsorption of ketoprofen by Fe/CNT nanocomposite

To investigate the adsorptive removal of KP, the drug’s UV-Vis
absorbance spectrum was recorded, and it exhibits strong
absorbance in the UV region with A,,,=260nm, as seen in
Figure S6. A calibration curve was constructed using standard
solutions of KP in deionized water as illustrated in Figure 4. The
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Figure 4. Calibration curve for ketoprofen standard solutions at 25°C, and
pH~7.
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error bars in the curve represent the standard deviation of
three trials. The curve followed a quadratic equation with an R?
of 0.9988. Thus, this fitting was used to determine the KP
concentration for the rest of this work. The effect of shaking
time on the adsorption of KP was studied for up to 60 min and
it is depicted in Figure 5. This part of the study was done using
a fixed concentration KP and Fe/CNT adsorbent. As illustrated,
the adsorption removal of KP reaches its maximum after
20 min. Therefore, this value was selected for the rest of this
work. More information on the reproducibility, selectivity, the
detection limit, and sensitivity of the method used in this work
can be found in the supporting information section.

The adsorption isotherms for KP were studied by varying
the amount of adsorbent at room temperature and using a
fixed concentration of 50 mg/L of the drug. The adsorption was
highly efficient as illustrated in Figure 6-a. The maximum
removal efficiency obtained in this work was 98.3%. This is
higher than what was obtained for the adsorption of KP using
copper nanoparticles (89%)"” or porous carbon (92%)." This
is because of the dual nature of the nano adsorbent and the
high adsorption capacity of CNT employed in the present work.

Three isotherms at different pH values (6.3, 7.7, and 9.5)
were constructed and shown in Figure 6-b. The effect of pH on
the adsorption of KP will be discussed in the next section.
Interestingly, the adsorption isotherms followed a sigmoidal
behavior as seen in Figure 6-b. It is widely agreed that an S-
shaped isotherm is observed when competition between
monolayer and multilayer coverage exists.”’~® In the middle
section of the isotherm, which is almost linear as in the case of
Figure 6-b, the monolayer coverage comes into completion
and multilayer adsorption starts. In other words, an S-shaped
isotherm is mostly regarded as a result of at least two opposite
adsorption mechanisms.”

In our attempt to fit the adsorption data into an S-shaped
adsorption model, we fitted the results into the corresponding-
states equation (CSE) suggested by Radke and Prausnitz:*”

QeZQm[1+k1Ce +k2C§+k3C§] ()]

KP Removal (100%)

-10 0 10 20 30
Shaking Time (min)

70

Figure 5. Effect of shaking time on the adsorption of ketoprofen at 25 °C, and
pH~7. [KP]=50 mg/L, solution volume =25 mL, amount of adsor-
bent=50 mg.
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Applying eq. 1 gives a type-V isotherm for k, >0, k; <0 and
k,> 0. The fitting results for this model are listed at the end of
Table 1. The signs of ki are in agreement with the aforemen-
tioned fact, and the regression coefficient R? was 0.9847. This
infers that the CSE model managed successfully to describe the
KP adsorption on the Fe/CNT surface. This is also in agreement
with the dual mechanism theory, where the adsorption
switches from monolayer coverage on the Fe;O, surface, into
multilayer adsorption on the surface of the carbon
nanotubes.®”

In addition to the CSE model, we also tried the sigmoidal
Langmuir model, as shown in Table 1. A poor fitting was
obtained with an R* value of 0.5937. We also fitted the data to
other models including BET, Langmuir, Freundlich, and Sips.
The fitting graphs are shown in supporting information section
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Figure 6. a) The adsorptive removal of KP (50 mg/L) using different amounts Kk 2.2 1045
of Fe/CNT at pH=7.5. b) Adsorption isotherms of KP onto Fe/CNT with non- S - 4.0x10
linear fitting curves according to the CSE model at different pH values. Adj. R 0.5937
Shaking time =25 min, shaking speed =350 rpm, T=25°C. CSE
Model Ge = qn[1 + ki C, +ky C2 + k3 C)
dm 6.19
. . k, 0.19
where the constants (k) are called the adsorption Vvirial P 59245103
- . . eps 2 —>-
coefficients, C, is the adsorbate concentration at equilibrium, ks 6.03%10°5
and q. is the adsorption capacity at equilibrium and is defined Adj. R? 0.9847

(Figure S7). The fitting results along with the fitting parameters
are all listed in Table 1. It is noteworthy to mention that
Freundlich fitting (R*=0.9135) was better than that of the
Langmuir model (R*=0.8161). This supports the notion that the
adsorption is indeed a multilayer one.

A closer look at Figure 6 indicates that the maximum
adsorption capacity (g.,) of the Fe/CNT adsorbent in our
experiments was between 30-40 mg/g. It is common to
determine the exact value of g, from a Langmuir fitting. In our
case, this value is averaged at 39.2 mg/g for the three pH
isotherms. This value is lower than the one obtained in our
recent work where CNT was used in a fixed-bed column, where
Gm=275.3 mg/g.*¥ It is also higher than the one we obtained
using Fe,0O; nanoparticles where g,,=23.2 mg/g,*” or activated
carbon (7.6 mg/g)."" More correlations with previous studies
on KP are to be discussed at the of this paper.
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Effect of solution pH

It is known that sorption capacity can be affected by the
solution’s pH through the electrostatic attractions or repulsions
within the adsorbent/adsorbate sphere.®’*¥ In addition, the
sorption mechanism can be affected by changes in the polarity
of the functional groups as pH changes. The effect of solution
pH on the adsorptive removal of KP into the Fe/CNT nano-
composite was studied in the range of 3-11. This part of the
study was performed by preparing buffered solutions with
different pH values as described in the experimental section.
Figure 7-a shows the dependence of the KP removal on the
solution pH. As the pH increases, the removal efficiency
decreases. The best removal was obtained at pH=4.7. In order
to explain this finding, the point of zero charge (PZC) of the Fe/
CNT adsorbent was determined as explained in the experimen-
tal section. Figure 7-b shows that the PZC, represented by the
cross point between the initial and final pH, is equal to 5.7. This
means that the Fe/CNT adsorbent would have a net positive
charge below pH=5.7, and a net negative charge above that
value. Meanwhile, the reported pKa value for the KP drug is
4.452% This infers that the drug exists in its protonated form
under pH=4.45, and in its anionic form above that value. Given
these facts, it is expected that the KP bonds strongly with the
MWCNT surface in the lower pH region. This is achieved by
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Figure 7. a) effect of solution pH on the adsorption of 50 mg/L KP onto
100 mg of Fe/CNT. Amount of adsorbent =100 mg, solution volume =25 mL,
T=25°C. b) determining the point of zero charge for the Fe/CNT adsorbent.
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electrostatic interactions and H-bonding between the carbox-
ylic group in the drug (cf. Scheme 1) from one side, and the
polar functional groups on the CNT surface or the oxygen
acidic sites in Fe;0,°*® ¥ At higher pH values, the drug
transforms into its anionic form, and repulsion forces with the
negatively charged surface can hinder the adsorption process,
leading to a notable decrease in the adsorption efficiency. This
observation agrees well with previous studies that utilized
MWCNT as an adsorbent,?***¢%4 including our recent work on
glimepiride.””

Effect of contact time, adsorption kinetics

The adsorption kinetics of KP on the Fe/CNT surface was
studied by following the concentration of the drug in aqueous
media over time. A plot of g. vs. time is shown in Figure 8. The
data were fitted to different adsorption kinetics models. The
pseudo first-order model (PFO) is given by:*>¢

g =q.(1—e™) (13)

and the pseudo second-order (PSO) model is defined by:
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Figure 8. The change of the equilibrium adsorbate concentration (qge) of KP
over time. a) nonlinear fitting for pseudo first-order, and b) second-order
kinetics. KP concentration 45.0 mg/L, amount of adsorbent= 15 mg, shaking
speed 350 rpm, solution pH~7. T=25°C.
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where g. and g, (mg/g) are the adsorption capacities at
equilibrium and time t, respectively, and k; and k, are the rate
constants for the pseudo first- and second order models,
respectively. Nonlinear fittings for the two models are shown in
Figure 8. The best fitting was obtained for the PSO model with
a regression coefficient R?=0.9372. We need here to emphasize
that we attempted to fit other kinetic models, such as the
Elovich, Ritchie, and the mixed order models, but the best
fitting was still obtained for the PSO model. There is an
enormous number of studies where the PSO model was best
describing the adsorption kinetics as recently listed by Wang
and Guo.® In addition, the adsorption of KP itself was reported
to follow second-order kinetics.”*?? At the molecular level,
adsorption with a PSO kinetics suggests that the adsorbent is
abundant with active sites.®™ This agrees very well with the
nature of the adsorbent synthesized in this work, as MWCNT
are known to have a high surface area with plenty of internal
and external active sites. It is noteworthy to mention that some
studies on KP removal have reported first-order kinetics. This is
because such studies have employed single adsorbents such as
copper nanoparticles®™ or porous carbon,™ which might have
fewer active sites than the MWCNT used in this work.

Using the nonlinear fitting of Figure 8-b. the second-order
rate constant for the adsorption of KP was determined to be
57x1072min""'mg™" L. Thus, the half-time of adsorption is
evaluated at 4.4 min. This is close to what was recently
obtained by Ouasfi et al. (8.4 min)."? This also infers that the
adsorptive removal of KP is relatively fast, where half its initial
concentration is removed within less than 5 min.

Effect of temperature and thermodynamical analysis

In the previous sections, we described the effect of different
environmental parameters on the adsorption of KP under
isothermal conditions. In this section, we discuss the effect of
changing the solution’s temperature on the adsorption of KP,
which helps to deduce the thermodynamic parameters needed
to comprehend the adsorption mechanism.

The change in Gibb’s free energy (AG) is related to the
equilibrium constant through the Van't Hoff equation:*’-®

AG = —RTInK (5)

where R is the universal gas constant, and T is the temperature
in K. The fundamentals of thermodynamics states that:

AG = AH —TAS (6)

where AH® and AS° are the changes in standard enthalpy and
entropy, respectively. Eq’s 5 and 6 rearrange to:

ChemistrySelect 2022, 7, e202202976 (7 of 13)

Thus, a plot of InK vs. 1/T (in K') should yield a linear
relationship with a slope=—AH°/R and an intercept =AS°/R.

According to a recent critical review by Lima et al.”
several works were reported to misuse these equations to
obtain the thermal properties through applying a simplified
Arrhenius plot that does contain the equilibrium constant K.
For instance, by plotting the natural logarithm of concentration
vs. 1/T from one single experiment. This was shown to
introduce large errors in determining the thermal parameters.
The authors stated that the correct way to evaluate the value
of K for adsorption systems is to “obtain isotherms of adsorption
at different temperatures and making the nonlinear fitting of the
isotherms” %" Therefore, we have performed a series of
adsorption experiments at four different temperatures in the
range of 10-70°C. At each temperature, an adsorption isotherm
was constructed, and the results are shown in Figure S8. Next,
each adsorption isotherm was fitted to the Langmuir adsorp-
tion isotherm (see Table 1) and K, was determined as seen in
Figure S7. Then, the values of K's were used to construct the
Arrhenius relationship according to eq. 7 and the plot is shown
in Figure 9. An excellent regression coefficient value was
obtained (R?=0.999). As per eq’s 6 and 7, the values of AH°
and AS° are determined to be —38.0kJ/mol and
—158.9 JK "mol™", respectively. This infers that the adsorption
of KP on the Fe/CNT surface is exothermic. The negative value
of AS° implies a decrease in entropy as a result of accumulating
the KP molecules on the surface, which is accompanied by a
decrease in the translational entropy of the system. The
exothermicity of this adsorption and the negative value of AS°
are in concert with previous studies on MWCNT2¢+7 or using
KP as an adsorbate.®?

Using eq. 6, the Gibbs free energy of adsorption (AG°) can
be determined to be 9.4 kJ/mol. This value indicates that
adsorption of KP on the Fe/CNT surface is chemical rather than
physical. This is supported by the fact that adsorption isotherm

y=-19.11 + 4566.24 x
s " R?=0.9993

T T T
0.0032 0.0034 0.0036

1T (K)

T
0.0028 0.0030

Figure 9. Arrhenius plot of In K vs. 1/T to determine the thermodynamic
parameters for the adsorption of KP into the Fe/CNT.
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Table 2. Comparison between the results obtained in this work with previous studies.
Adsorbent Adsorbent Adsorption Concentration Optimum  Equilibrium Removal Isotherm model Ref.
pore size (hnm)  capacity (mg/g)  range (ppm) pH time (min) efficiency (%)
3D graphene-based - 125.4 10-80 6.6 720 - Langmuir 7
material + caffeic acid
Sonicated activated 3-10 79.1 2-100 2.0 300 - Sips 72
carbon
NiFe,0,/activated 76 97.8 2-100 20 240 86.5% Sips 62
carbon magnetic
composite
Carbon - 4105 10-200 >5.0 1440 >80% Freundlich 73
nanotubes/ionic liquids
Activated 1.2 108.8 0-300 6.7 120 84.8% Freundlich and sl
carbon Langmuir
Molecularly imprinted 11.3 8.2 60-70 5.0 45 >90% Langmuir ol
polymer MIP
Chitosan solid - - 1.25-2.5 5.0 120 90% - (el
films
Activated carbon 36 146.5 25-125 3.0 300 - Double-layer 4
model
Fe;0,-MWCNT 10-20 39.2 2-50 4.0 920 98 % Corresponding- This
states equation work

follows a sigmoidal behavior where the process switches from

monolayer to multilayer coverage.

100

Correlations with previous studies

In the previous sections, the adsorption of KP on the newly
synthesized Fe/CNT composite showed an efficient, quick, and
easy process to treat contaminated water from such pharma-
ceuticals. The adsorptive removal of the drug was investigated

80 4
Baseline

60

40

Removal efficiency (%)

20

1 2 3

4

by several groups as shown in Table 2. Interestingly, the
removal efficiency (98%) obtained in this study is the highest
among all other previous studies. Also, the adsorption kinetic
demonstrate a quick adsorption that reaches equilibrium within
90 min. Previous experiments on KP adsorption reported
equilibrium times that exceed this number as shown in Table 2,
except that reported by Madikizela etal. (45 min) where
molecularly imprinted polymer (MIP) was used. Although the
adsorption capacity obtained in this work (39.2 mg/g) was not
much higher than previous studies, the advantage of the
method described herein lies in synthesizing a magnetic

No. of cycles adsorbent that can be easily separated from the bulk solution.

Adsorbents such as activated carbon or pure CNT might

Figure 10. Reusability of the Fe/CNT NPs for adsorption/desorption of KP provide higher adsorption capacities as shown in Table 2, but
during six adsorption-desorption cycles using 0.1 M HNO,. The initial such adsorbents would be more expensive and not easily
conc.entration of KP=55 mg/L, amount 9f adsorbe.nt: 100 mg, pH=4.01, separable as the Fe/CNT.

shaking rate: 350 rpm, shaking-contact time: 10 mins, 25°C.

1.28A f

Figure 11. Optimized geometry of KP adsorption on Fe;0, surface, obtained at PBE-D/DZP level of theory.
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) ) as the HNO; concentration increases, the removal efficiency
a) Adsorption of KP b) Adsorption of KP increases as well. Finally, the number of regeneration cycles
inside the CNT on the surface of CNT

Figure 12. Optimized geometry of KP adsorption a) inside the CNT, and b) on
the surface of CNT, obtained at PBE-D/DZP level of theory.

Regeneration of adsorbent

The results obtained in the previous sections point to a
promising method for removing NSAID, such as KP, from
contaminated water. In order to bring this method to practice
and be environmentally friendly, we analyzed the regeneration
of the adsorbent by chemical etching. First, we attempted to
regenerate the adsorbent by washing the solid residue left
after adsorption by 1.0 M HNO; and 1.0 M NaOH. We found
that HNO; was more efficient in regenerating the Fe/CNT
adsorbent. This finding is in agreement with the nature of this
adsorption being more efficient at low pH, as discussed earlier
in section 3.3. Next, we studied the effect of the amount of
HNO; on the etching process by using 5 different concen-
trations of the acid in the range of 0.1-2.0 M. It turned out that

was investigated as illustrated in Figure 10. In this figure, the
first cycle (no. 1) resembles the removal efficiency before
washing. The successive cycles were obtained by washing the
residue with 0.1 M HNO;. It is clear from Figure 10 that the
removal efficiency of cycle 2 exceeds the original experiment.
Finally, Figure 10 illustrates that the regeneration of KP is
successful up to 5 cycles.

Adsorption mechanism using DFT calculations

The adsorption mechanism of KP on both Fe;O, and CNT was
explored at the PBE-D/DZP level as detailed in the experimental
section. The adsorption on Fe;0, was done by testing different
adsorption sites around the slab. The most stable geometry
was found to be the one parallel to the 110 (xy) direction, as
illustrated in Figure 11. The adsorption energy (E,y) was
calculated to be —50.0 kJ/mol, indicating favorable adsorption
as defined by eq. 8. The optimized geometry in Figure 11 also
shows strong Van der Waals forces between the acidic sites in
KP, the O—H group in particular, and the dangling oxygen
atoms in Fe;0,. The distance between the acidic proton in KP
and the closest O atom in Fe;0, is 1.28 A, which lies in the
range of hydrogen bond.

Figure 12 shows the results of the adsorption study of KP
inside and outside the carbon nanotube model. The average
C—C bond distance between the KP molecule and the adjacent
carbon on the CNT was found to be 3.7-4.2 A, in the inside
geometry (Figure 12-left). In the outside geometry (Figure 12-
right), the bond distance was averaged between 3.0-3.4 A. This
indicates that the KP molecule is closer to the CNT when it is

Figure 13. Different views of the (111) Fe;0, slab model used in this work, optimized at PBE-D/DZP level of theory.

Figure 14. Different views of the (8, 8) carbon nanotube slab model used in this work, optimized at PBE-D/DZP level of theory.
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situated outside the surface. However, It was found that E,q is
equal to —38.8 and —168.5 kJ/mol, for the outside and inside
geometries, respectively. Clearly, the placement of KP inside
the CNT is much more favorable than being on the surface.
When the molecule is encircled by the CNT ring, rather than
being outside, the strong electrostatic interactions between the
drug’s molecule and the -system of the CNT can explain this
discrepancy. The results of our calculations therefore suggests
that adsorption of KP is mostly favorable inside the CNT. Also,
the adsorption on the CNT surface is equally favorable to the
one of Fe;0,, due to the close values of E,,. The computational
results also reinforce the dual adsorption theory that has been
discussed in the previous sections.

Conclusion

The removal of the anti-inflammatory drug ketoprofen (KP) was
examined by a new magnetic adsorbent. The nano adsorbent
was sanitized in situ by impregnating MWCNT into Fe;O, (Fe/
CNT). SEM, XRD, FTIR and EDX analysis showed a highly
crystalline and pure material. The nano adsorbent was also
easy to separate by a magnet. The adsorption of KP on the Fe/
CNT surface was both fast and efficient. The maximum
adsorption capacity was determined to be 39.2 mg/g which
reflects the high efficiency of the new nano adsorbent. The
adsorption was highly pH dependent, and the best removal
efficiency was obtained at pH=4. This dependency was
discussed in terms of the point of zero charge of the adsorbent
and the pKa of the drug. It was evident that electrostatic
attractions between the protonated form of the drug and the
positively charged Fe/CNT surface were strong at low pH,
leading to high adsorption efficiency. On the other hand, the
repulsion forces between the anionic form of KP and the
negatively charged surface have led to weaker adsorption at
higher pH. The adsorption isotherms were following a
sigmoidal behavior and they were best fitted to the corre-
sponding-states equation (CSE), The physical meaning of such
behavior is based on the dual adsorption theory, under which
the adsorption process switches from monolayer to multilayer
coverage. This is because the adsorbent used in this study is a
composite of iron oxides and the highly efficient MWCNT. The
adsorption kinetics was also investigated by following the value
of ge as a function of time, and the adsorption was found to
follow second-order kinetics. This meant that the adsorbent is
abundant with active sites, in support of the sigmoidal model.

The effect of temperature on adsorption was studied and
the values of AH® and AS° were determined to be —38.0 kJ/
mol and —158.9 JK "mol™", respectively. A regeneration study
was made by etching the adsorbent with NaOH and HNO,;. It
was found that the latter is more efficient in regenerating the
adsorbent so it could be recycled and used for further cycles.
This is in concert with the adsorption being more favorable in
acidic medium. The regeneration was shown to be active up to
5 cycles. Periodic DFT calculations revealed that the adsorption
of KP is much more favorable when the drug’s molecule is
placed within the CNT cavity rather than being on the CNT

ChemistrySelect 2022, 7, €202202976 (10 of 13)

surface. Also, the calculations suggested that the adsorption is
equally favorable on the CNT and the Fe;0, surfaces.

Experimental Section
Materials

Ketoprofen (2-[3-Benzoylphenyllpropionic acid, C,¢sH,,0;, 254.3 g/
mol) was purchased from Alfa Aesar, Massachusetts, USA. Iron (Il)
sulfate (FeSO, 99%) and ammonia solution (26% NH;) were
purchased from Riedel-de Haen, Germany. Iron (lll) sulphate
hydrate (Fe,(SO,);.xH,0, 400 g/mol, 99%) was obtained from
Research Lab Fine Chem, India. Multi-walled carbon nanotubes
(MWCNT, outer diameter=5-15nm, length=10-30 um) were
purchased from Nanjing XFNano Material Tech Co. Ltd. China. For
preparing the buffer solutions, nitric acid (HNO,, 69%) and acetic
acid (glacial, 99.55%) were obtained from Loba Chemie Pvt. Ltd,
India. Sodium acetate (CH;.COONa, 99%) was obtained from
Research Lab Fine Chem, India. Ammonium chloride (99.5%) was
purchased from Sigma-Aldrich Chemie GmbH, Taufkirchen, Ger-
many. The neodymium magnets (model DIYMAG F60103 20P) used
in this work were purchased from Amazon.com, Inc. Washington,
USA.

Instruments

For the adsorption experiments, samples were weighed using an
analytical balance (Adam Equipment, UK). Aqueous samples were
shaken using an orbital and linear shaker (model Sk-O180-PRO,
Biobase Ltd. India).

The shaking power was 15W and the shaking speed is shaking
speed =350 rpm, unless it is mentioned otherwise. The pH was
adjusted using a portable pH Meter (mode PH400S, Apera Instru-
ments, Ohio, USA) and mixed using an ultrasonic cleaner (model
2800, Branson Ultrasonics Corporation, Connecticut, USA). For the
temperature study, a 28.0-L analog shaking water bath (model NE5-
28, Nickel-Electro Ltd. UK) was used. The concentrations of KP were
determined by a UV-Vis Spectrophotometer (model UV-2700i,
Shimadzu. Maryland, USA). The scanning electron microscope
(SEM) images for the nano adsorbent were collected using a field
emission instrument (Nova Nano SEM 450) operating at 5 kV and
equipped with an energy dispersive X-ray analyzer (EDX, Bruker).
The crystal structure of the nanocomposite was analyzed using an
X-ray diffractometer (MiniFlex 2, Applied Rigaku Technologies, Inc.,
Texas, USA) equipped with nickel filtered CuKa radiation (k=
0.1564 nm) operated at 30kV and 15 mA. The XRD scans were
done in the range of 10-30° for 2 hr at a scan speed of 1.8°/min.
The Fourier transform infrared (FTIR) spectra were recorded using a
PerkinElmer spectrometer (model Spectrum BX Il). The samples
were dried overnight at 80°C then pressed into pellets with KBr
prior to analysis.

Synthesis of Fe;0,/MWCNT

The Fe;0,/MWCNT nanocomposite, referred by Fe/CNT, was
prepared by mixing 24.055 g of Fe,(SO,);.xH,0 and 4.512 g of FeSO,
in 75 mL of deionized water. The reaction was started immediately
to avoid oxidation of the iron (ll) ions. 1.5 g of MWCNT was added
to the mixture under continuous stirring. This provided 1.4% CNT
to the total iron precursors by mass. 50 mL of concentrated
ammonia solution (26 % NH,) were added dropwise to the mixture
over 5 min. The stirring was continued for 3 hours at 60° C, and the
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mixture pH was kept above 10 by adding ammonia as needed. It is
critical to keep a basic solution in order to obtain the blackish
Fe;0, and avoid further oxidation to Fe,O; (brown). The mixture
was then allowed to cool to room temperature and then washed
with deionized water and ethanol to obtain a clear solution. The
magnetic nanoparticles were then separated using a powerful
neodymium magnet and dried overnight at 80 °C.

Adsorption experiments

To assess the adsorption capacity of the Fe/CNT adsorbent, the
effect of the adsorbent dosage was first studied in batch mode. In
a typical experiment, a specific mass in the range of 1-200 mg of
the freshly synthesized Fe/CNT was weighed and added to 50-mL
Erlenmeyer flasks. Then, 25 mL of 100 mg/L of KP (M =254.3 g/mol)
were added to the flask and the solution was covered and shaken
for a specific time at room temperature. The KP-contaminated NPs
were separated from the solution by using a neodymium magnet
and the supernatant was transferred to a new container. No
filtration was performed to avoid any side adsorption by filter
papers. The concentration of KP after adsorption was determined
by reading its absorbance spectra at Amax =260 nm.

For the pH study, different buffer solutions were prepared at
different pH values using reagent grade deionized water as
previously reported.®® Standard solutions of KP were prepared in
each buffer solution. The final pH of the standard solutions was
adjusted using diluted NaOH or HCl at ambient temperature. As for
determining the point of zero charge (PZC) of the adsorbent, 10
different solutions with the same ionic strength were prepared at
different pH values in the range of 1-12. For each solution, 40.0 mL
of NaNO; (0.1 M) were added to an Erlenmeyer flask and the pH
was adjusted using dilute HNO; (0.1 M) or NaOH (0.1 M). The exact
pH was measured and considered the initial pH. Then, 20 mg of the
freshly prepared Fe/CNT adsorbent were added to each flask and
the mixtures were shaken at speed of 350 rpm for 20 h. Once
equilibrium is established, the pH was measured again and
considered as pH final. A plot of initial pH vs. final pH was
constructed and the PZS was considered to be the cross point
between the two.”*7®

For the temperature study, the adsorption experiments were
performed at isothermal conditions. This was achieved by thermo-
setting all stock solutions at the desired temperature in a water
bath. The adsorption experiments and the UV-Vis spectra were all
done at the same temperature.

In order to measure the reusability of the Fe/CNT nanoadsorbent,
the NPs were separated by a magnet and washed with 0.1 M HNO;.
The supernatant was transferred to a new container and its UV-Vis
spectrum was recorded. The process was repeated for several
cycles until the adsorption efficiency came to an end.

Quantum theoretical calculations

The periodic density functional calculations involved in this work
were performed using the BAND engine in Amsterdam Modeling
Suite (AMS) 2022."778 The magnetite (Fe;0,) crystal structure used
in the calculations was obtained from the reported cif file.” The
structure belongs to the cubic F-43 m space group with reported
parameters of a=b=c=8.3941A. The most stable form of
magnetite is the one lying on the (111) surface.®*®*? so a (111) slab
was sliced, and a supercell of Fe;O, was constructed as shown in
Figure 13.
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As for the CNT model, a (8, 8) nanotube with a length of ten rings
was constructed as shown in Figure 14. The Perdew-Burke-
Ernzerhof (PBE) exchange correlation functional augmented with
Grimme’s dispersion (PBE-D).**® was used to optimize the
structures along with the double-T basis set (DZP). The final single
point energies were computed using the triple-C basis set (TZP).
This level of theory was selected based on its good performance in
similar studies.®®®! Structure optimization was done using the
scalar relativistic effect with the ZORA approach,**®" and the
smallest frozen core approximation.®” All calculations were done
with an energy cut-off of 0.0001 Ha and a gradient convergence of
0.005 Ha/A.

The adsorption of KP on the Fe;O, slab was done by placing the
pre-optimized KP molecule next to the slab surface and allowing
the system to optimize at PBE-D/DZP level of theory. During
optimization, the metal surface slab was fixed in position. The
adsorption energy (E,q) was calculated as:*®

Ead = Eadsorbate/surfacei(Esurface + Eadsorbate) (8)

where E,gomatessutace 15 the total energy of the optimized slab/KP
system, E ... is the total energy of the optimized Fe;0O, slab, and
E.dsomate 1S the energy of optimized KP molecule. The format of eq. 8
implies that a negative E,, value corresponds to stronger
adsorption.”** Similarly, adsorption of KP on CNT was done either
by placing the drug’s molecule on or inside the nanotube. More
details on such calculations can be found in our recent published
work.®?

Supporting Information Summary

The Supporting Information section include information on the
method validation, the method'’s reproducibility and sensitivity,
and the method detection limit (MDL). The UV-Vis spectra of
the blanks and the KP’s solution. EDX spectra of pure MWCNT,
and Fe;0,/MWCNT nanocomposite. Adsorption isotherms of KP
into Fe/CNT with fitting curves according to different adsorp-
tion models at different pH values. Nonlinear fitting for the
adsorption of KP on Fe/CNT.
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