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ABSTRACT: The eﬃciency of adsorption of two photosensitive
ﬂuoroquinolones; Ciproﬂoxacin (CIP) and Moxiﬂoxacin (MOX),
on the surface of synthesized magnetite/pectin nanoparticles
(MPNPs) and magnetite/silica/pectin nanoparticles (MSPNPs)
was studied from aqueous solution under varying experimental
conditions. A validated spectroﬂuorimetric assay was developed for
monitoring of CIP and MOX intact drugs and their photodegraded
molecules concentrations. To optimize the working conditions
which inﬂuence the drugs sorption, a 24 full factorial experimental
design was implemented. The maximum percentage of removal
was attained as 89% (type of sorbent = MSPNPs, pH = 7.0, initial
drug concentration = 5 mg/L, and contact time = 30 min). The
studied factorspH, NPs loading, initial drug concentration, and
contact timewere signiﬁcant for both types of sorbents. The most signiﬁcant variable was pH, and the highest CIP and MOX
adsorption occurred at pH = 7.0. Equilibrium isotherm data were ﬁtted to Langmuir, Freundlich, and Sips equations, and the Sips
model showed the best ﬁt with equilibrium isotherm data. Furthermore, pseudo-ﬁrst- and pseudo-second-order kinetic models
were used to analyze sorption kinetics, and it was found that adsorption of the investigated ﬂuoroquinolones followed pseudosecond-order kinetics. We believe that our synthesized NPs can be used as eﬀective adsorbents for ﬂuoroquinolones and their
photodegraded molecules removal from aqueous solutions.
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INTRODUCTION
Drugs used in both human and veterinary medicine have been
detected in surface water and groundwater in concentrations
ranging from ng/L to mg/L.1 Among these drugs are antibiotics
and their metabolites which can reach the environment through
diﬀerent ways, such as pharmaceutical manufacturing plants
eﬄuents, human or animal wastes, hospital wastewater, and
municipal wastewater treatment plants.2 One group of antibiotics
receiving considerable attention is the ﬂuoroquinolones (FQs).3
FQ antibiotics are the fourth most used medicines for human
beings, and they are useful in treatment of infections after intraocular procedures such as cataract, glaucoma, and corneal surgery.4 Studies reported also that FQ antibiotics may be genotoxic.5 In addition, FQs are incompletely metabolized inside
the human body. 20%−80% of them are excreted in their
pharmacologically active forms; thus, they can cause antibiotic
resistance in certain bacteria.2,6 Several studies have revealed an
increase of the concentration of FQs in the aquatic environment,
up to levels of μg/L.7,8 Consequently, the presence of FQ
pollutants in the environment threatens the safety of drinking
© 2016 American Chemical Society

water and aquatic ecosystems, and they must be either removed
from water or degraded. The elimination of FQs from drinking
water and wastewater by direct photolysis,9 advanced oxidation
processes (AOPs),10 and adsorption11 has been reported.
Photolysis using direct sunlight is one of the most economic
techniques for removal of FQs. However, individual FQs can
undergo spontaneous photolysis to diﬀerent degrees, depending
on their chemical structure.12 A drawback of direct photolysis
is the incomplete conversion of FQs into pharmacologically
inactive moieties, which limits the use of such a technique.3,12
AOPs show a potential to degrade soluble antibiotics eﬀectively
via formation of reactive hydroxyl radical (•OH) species.6 Nevertheless, the cost of AOPs is fairly high, and some techniques require
pretreatment of wastewater to ensure reliable performance.13
One of the most studied techniques nowadays for wastewater
treatment is adsorption. The popularity of such a technique is
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pectin and magnetic nanoparticles has not been previously
reported. Adsorption should provide a novel approach for
removal of FQs along with their closely related photolysis
product, that might be formed spontaneously or via metabolites.
Several analytical methodologies have been reported for
determination of FQs and their degradation products in aqueous
solutions including HPLC,3 spectroﬂuorimetry,24 spectroscopy,25 polarography,26 voltammetry,27 and capillary electrophoresis.28 In particular, spectroﬂuorimetry as an analytical
technique is being utilized with increasing frequency in a wide
variety of research ﬁelds from medicine to physics.29 The main
advantage of spectroﬂuorimetry over HPLC methods is the
speediness of executio,n as the measurements of ﬂuorescence are
instantaneous. Spectroﬂuorimetry can also improve the limit of
detection and possesses good analytical selectivity and higher
capacity against blank interference when compared with other
spectrophotometric methods.24 Moreover, it can be used to
evaluate the adsorption capacity of the synthesized particles
toward not only intact FQs but also their photolysis products
and/or metabolites that retain the same ﬂuorophore.
Our aim in this work was to remove ﬂuoroquinolones and their
photodegraded molecules that are readily formed in aqueous
solution upon exposure to light using the adsorptive power of
two pectin magnetic nanohybrids as an approach to water
treatment. Full factorial design (24) was used to evaluate the
relative signiﬁcance of four experimental factors concerning the
adsorption quantities of two model ﬂuoroquinolones (FQs)
Moxiﬂoxacin (MOX) and Ciproﬂoxacin (CIP) (structures are
shown in Table 1)on the surfaces of pectin modiﬁed magnetic
nanoparticles: magnetite/pectin NPs (MPNPs) and magnetite/
silica/pectin NPs (MSPNPs). The isotherms and kinetics of
adsorption of the model FQs were also calculated. A validated
spectroﬂuorimetric assay has been developed for monitoring the
model FQs throughout the treatment process. The proposed
adsorbents (MSPNPs and MPNPs) were targeted to remove not
only the intact molecules but also their photodegraded molecules
that were naturally present as well as their metabolites.

elaborated from the ability to remove pollutants that are too
stable for other methods and the use of low-cost materials, which
in turn reduces the overall treatment cost.14 Generally, the
adsorption process is aﬀected by many factors, such as the
adsorbent’s surface area, the adsorbent/adsorbate interaction,
pH, contact time, and temperature.14 The adsorption technique
has been applied for the removal of FQs from wastewater
in several studies. Xing et al.11 investigated the eﬃciency of
ciproﬂoxacin adsorption on synthesized birnessite under varying
physicochemical conditions, such as solution pH, contact time,
initial ciproﬂoxacin concentration, and diﬀerent average oxidation states of Mn in birnessite.
Yao et al.4 studied the adsorption of FQs using sludge-derived
biochar made of various wastewater sludges. High adsorption
capacity of sludge-derived biochar was observed with adsorption
capacity up to 19.80 mg/g. The emergence of tailored nanoparticles with magnetic properties and high adsorption competence for a mixture of compounds oﬀers a novel tool to deal with
wastewater puriﬁcation.15,16 In recent years, magnetic nanoparticles (MNPs) have been successfully implemented to remove
or extract FQs. For instance, Wei et al.6 used Fe3O4 magnetic
nanoparticles as a peroxidase mimetic to accelerate levoﬂoxacin
sonodegradation in an ultrasound (US)/H2O2 system. In addition,
Huang et al.17 used poly(vinylimidazole-co-divinylbenzene)
magnetic nanoparticles for the adsorption of FQs from environmental water samples. Ding et al.18 also used ciproﬂoxacin as a
template molecule to prepare a magnetic molecularly imprinted
polymer that is selective to FQs. On the other hand, He et al.19
developed a new technique for the isolation of FQs from egg
samples by molecularly imprinted polymers on the surface of
magnetic carbon nanotubes using oﬂoxacin as a pseudotemplate.
Noticeably, the adsorption eﬃciency of magnetic nanoparticles depends on the type of NPs surface modiﬁcation.
Such modiﬁed surfaces can provide functional groups to MNPs
for interaction with various types of compounds.20 Hybrid
nanomaterials of polysaccharidepectin and magnetite nanoparticleshave been reported.21 Pectin is a valuable byproduct
that is most commonly obtained from wastes of fruits such as
pomelo peel, citrus peel, banana peel, passion fruit rind, and
nutmeg rind.22,23 The adsorptive removal of FQs and their
degradation products from aqueous solutions using hybrids of

■

EXPERIMENTAL SECTION

Instrumentation. A Cary Eclipse Fluorescence spectrophotometer
model FLR-S/W (G9550-64000) (Agilent Technologies, USA) was

Table 1. Model Fluoroquinolones in the Present Study30,31
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used for drugs concentration analysis. FQs samples photodegradation
was conﬁrmed using an HPLC system model 1100 (Agilent Technologies,
USA) with a variable wavelength detector. The system was controlled
using Chemstation software.
Materials. Ferric chloride anhydrous (FeCl3), ferrous sulfate
(FeSO4·7H2O), pectin from the rind of citrus or apple (Galacturonic
acid ≥74.0%), and tetraethoxysilane (TEOS) were purchased from
Fisher Scientiﬁc (USA). Moxiﬂoxacin and Ciproﬂoxacin were supplied
from Bayer, Egypt. HPLC grade acetonitrile was purchased from Fisher
Scientiﬁc (UK). Ammonium acetate was purchased from Sigma-Aldrich
(Germany). All other chemicals and reagents used were of analytical
grade or higher. Deionized water was obtained using a Milli-Q UF-Plus
system (Millipore, Eschborn, Germany).
Synthesis of pectin modiﬁed magnetite nanoparticles,
magnetite/pectin nanoparticles (MPNPs), and magnetite/
silica/pectin nanoparticles (MSPNPs). The synthesis and characterization of core−shell MPNPs and MSPNPs was performed according to
our previous work.32 Fabrication of the core−shell MPNPs involved the
preparation of (0.5% W/V) pectin solution by dissolving the corresponding mass in 250 mL of deionized water. Continuous stirring of the
prepared solution was done for 24 h at room temperature. An aliquot of
50 mL of solution of ferrous and ferric ions (molar ratio = 1:2) was
added dropwise to the pectin solution under vigorous stirring. Magnetite
formation was observed after dropwise addition of ammonia (33% W/W)
to the prepared solution. Stirring was continued for another 30 min, and
the black precipitate was then washed with distilled water and dried in the
oven at 90 ◦C.32
Synthesis of the double shell MSPNPs was performed by dissolving
FeSO4·7H2O and FeCl3 (molar ratio, 1:2) in 20 mL of deionized water
and stirring for 20 min. Dropwise addition of 30 g% NaOH solution with
vigorous stirring was carried out until a black precipitate of magnetite
nanoparticles was formed. The nanoparticles were then separated
and washed with water. A suspension of the prepared magnetite
nanoparticles (≈1.00 g) was diluted with a mixture of deionized water
(18.5 mL) and ethanol (80 mL). Addition of ammonia solution (0.5 mL,
33% W/W) and TEOS (1 mL) to the mixture solution was performed
under mechanical stirring for 16 h. The formed magnetite/silica NPs
were washed with deionized water and ethanol. Pectin solution of
0.5 W/V% was prepared and added dropwise to a 25 mL suspension of
the magnetite/silica NPs (≈1.00 g) and stirred for 24 h. The product
was then collected by magnetic decantation, washed with deionized
water, and dried in the oven at 60 °C.
The synthesized MPNPs had a spherical shape (200−500 nm in
diameter) while the MSPNPs were smaller in size with an average
diameter of 25 ± 5 nm. The magnetic behavior of the MSPNPs and
MPNPs was recorded with magnetic saturation of 29.2 and 34.9 emu/g,
respectively. In addition, the pH of zero point charge of MSPNPs and
MPNPs was recorded as 2.5 and 2.2, respectively.32
Photodegradation of the model FQs. Direct photolysis of CIP
and MOX drugs was achieved by exposing solutions of the intact
drugs (10 μg/mL) to direct sunlight for 6 h to simulate real aquatic
environments.2 The intact and photodegraded samples of CIP and
MOX were checked by spectroﬂuorimetric and HPLC assays. The
HPLC assay was performed at room temperature using a ZORBAX
Eclipse XDB-C18 column (250 × 4.6 mm, 5 μm). The mobile phase
constituted a system of acetonitrile and 10 mM ammonium acetate
buﬀer, pH 3.5 (70:30). Detection was carried out at 280 nm, ﬂow rate
was adjusted at 1 mL/min, and the injection volume was 20 μL.
Spectroﬂuorimetric analysis method. Solutions of both intact
drugs and photodegraded samples (1 μg/mL) were scanned in the range
200−600 nm, and the wavelengths of excitation and emission for each
drug and their photodegraded molecules were determined. Standard
solutions of each CIP and MOX (5 mg/L) were prepared in deionized
water. Accurate volumes of CIP and MOX stock solutions were
transferred separately into a set of 25 mL volumetric ﬂasks and diluted to
volume with phosphate buﬀer (pH 7.0). Calibration curves for both
drugs were obtained by plotting ﬂuorescence intensity at the wavelength
of emission (λem) of each drug against concentration.
Evaluation of adsorption eﬃciency. Initial studies. Studies were
performed on FQs (CIP and MOX) photodegraded samples to evaluate

the capability of the MSP and MPNPs to adsorb the model FQs and
their photodegraded molecules from aqueous solution and to determine
the contact time necessary to reach equilibrium. 0.5 μg/mL of MSPNPs
and MPNPs was added to 25 mL of the CIP and MOX photodegraded
sample solutions of 10 mg/L initial concentration at natural pH and
agitated with a speed of 200 rpm at 25 °C. Experiments were repeated,
and the ﬂuorescence of drugs together with their photodegraded molecules left in the supernatant solutions after separation was determined at
deﬁned time intervals.
Experimental design. Full 24 factorial design was used to understand
the relative signiﬁcance and interactions of the initial FQs concentration,
loading of NPs, pH, and contact time on the amount of drug adsorbed.
Table 2 summarizes the studied factors and their corresponding levels.

Table 2. Actual Factors and Their Levels Used for Two-Level
Full Factorial Design Experiment
Factor name

Factor
code

Low level
(−1)

High level
(+1)

NPs loading (μg/mL)
Initial drug concentration (mg/L)
pH
Contact time (min)

A
B
C
D

0.5
5.0
3.0
15.0

1.0
10.0
7.0
30.0

The adsorptions of the model FQs (CIP and MOX) and their photodegraded molecules were performed by shaking 25 mL of each of the
photodegraded drugs solutions separately at 200 rpm at 25 °C under
conditions as speciﬁed in each experiment (Tables 4 and 5). The pH
values of the solutions were adjusted using 0.1 M NaOH and/or 0.1 M
HCl solutions. After a predetermined contact time, supernatants were
separated and suitably diluted, and the concentrations of the drugs along
with their photodegraded molecules were determined spectroﬂuorimetrically. Results were evaluated in comparison to those obtained from
a photodegraded control sample that has not been subjected to both
types of NPs. Statistical calculations (analysis of variance (ANOVA),
F-tests, normality test, and regression analysis) were implemented
using Minitab. Error functions such as R2 test were performed to ﬁnd out
the proper kinetic models to represent the studied adsorption experiments.
Adsorption isotherms. Equilibrium study was performed by shaking
solutions of diﬀerent initial model FQs concentrations (5 and 25 mg/L)
separately with 1 μg/mL of both types of adsorbents (MSPNPs and
MPNPs) for 30 min at pH 7.0. After equilibrium, the amount of drug
adsorbed (qe, mg/g) was determined and plotted against the equilibrium
concentration (Ce, mg/mL).
Kinetics of adsorption. Kinetic study experiments were conducted
using 10 mg/L model FQs photodegraded solutions. Experimental FQs
solutions were shaken with 0.5 μg/mL of MSPNPs and MPNPs at pH
7.0 for diﬀerent time intervals (15−60 min). The concentration of drugs
and their photodegraded molecules in solutions was determined, and
the amount of drug adsorbed at each time interval (qt, mg/g) was plotted
against time (t, min).
Data analysis. The amounts of drug adsorbed at time t (qt) and at
equilibrium (qe) were calculated using the mass balance equation qt =
(C0 − Ct) (V/m), where C0 and Ct (mg/L) are the initial and ﬁnal drug
concentrations, respectively, V (L) is the volume of the drug solution,
and m (g) is the mass of adsorbent. When t equals the equilibrium time,
then Ct = Ce, qt = qe, and qe can be calculated from the above equation.
Furthermore, the amount of drugs removed is generally expressed in
percentage (R, %) and calculated using the equation R = 100(C0 − Ce)/C0.

■

RESULTS AND DISCUSSION
In this study, pectin modiﬁed magnetic NPsMPNPs and
MSPNPswere investigated for their capability to remove FQs
and their photodegraded molecules from aqueous solutions.
A 24 factorial design was implemented, and the studied factors
(NPs loading, drug concentration, pH, and contact time) and
their levels were chosen accurately to reach the best optimization
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Figure 1. HPLC chromatograms of (A) CIP drug, (B) partially degraded samples of CIP, (C) MOX drug, and (D) partially degraded samples of MOX.

Figure 2. Spectroﬂuorimetric curves of (A) CIP drug, (B) partially degraded samples of CIP, (C) MOX drug, and (D) partially degraded samples of
MOX.

previous literature, it was found that the optimum pH for
adsorption was pH 6−7, where the FQs are in their zwitterionic
form with some cationic amine groups.11,17 Regarding the FQs

of the adsorption process. The studied levels for the pH factor
were (pH = 3 and 7); at such pH values the FQs are found in the
cationic and zwitterionic forms, respectively.11 According to
136
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concentrations, low concentrations were chosen (5−10 μg/mL)
in order to mimic the concentration of FQs in real environmental
waste samples.36 For the factor of contact time, the selected
values for the low and high levels were 15 and 30 min, the time
taken in the preliminary experiments to reach equilibrium.
Photodegradation of FQs. HPLC analysis was done to
conﬁrm the photodegradation of the intact drugs (CIP and
MOX) and formation of their photodegraded molecules. Figure 1
demonstrates the chromatograms of the intact drugs and their
partially degraded samples. We can observe the presence of
single peaks of the intact drugs in Figure 1A and C for CIP
(tR = 2.75 min) and MOX (3.55 min), respectively. Figure 1B
and D illustrate the occurrence of partial degradation of the intact
drugs, CIP and MOX, respectively, with the appearance of
additional peaks at tR = 2.7, 2.91, and 3.63 min for CIP and a
forked prominent peak at 2.76 and 2.87 min. The clear differences between the chromatograms of the intact drugs and the
photodegraded samples conﬁrm the formation of degradation
products in both drugs.
Spectroﬂuorimetric analysis method. Analysis of the
photodegraded samples of the model FQs was carried out using a
spectroﬂuorimetric assay. Figure 2 shows the excitation and
emission spectra of the intact drugs and their photodegraded
samples. The wavelengths of maximum excitation (λex) and
emission (λem) for CIP and its photodegraded molecules were
270 and 415 nm, respectively, while MOX and its photodegraded
molecules showed a wavelength of maximum excitation and
emission at 292 and 475 nm, respectively. Such results indicated
that the photodegraded molecules of the drugs have similar
ﬂuorescence characteristics as their intact drugs because they
contain the same ﬂuorophore (quinolone ring).3 To assess the
eﬃciency of quantitation of the intact drugs and their photodegraded forms using the spectroﬂuorimetric assay, mixtures of
the intact drugs and their photodegraded samples were analyzed
and the ﬂuorescence intensity was determined. It was found that,
upon addition of equal proportions of the intact drug and its
photodegraded sample, the ﬂuorescence intensity increased
proportionally (results not shown). Consequently, a calibration
curve was constructed for each drug using the standards of
intact drugs. Method validation was done according to ICH Q2B
guidelines for validation of analytical assays with respect to
linearity, accuracy, precision (within and between days), limit
of detection (LOD), and limit of quantiﬁcation (LOQ).33−35
Table 3 shows a summary for validation results. The plots
showed good linearity with small intercepts and good correlation
coeﬃcients ranging from 0.9996 to 0.9998.
Evaluation of adsorption eﬃciency. Initial studies. The
adsorption eﬃciency of MSPNPs and MPNPs (0.5 μg/mL,
each) was demonstrated using CIP and MOX control samples
(10 mg/L, natural pH). Such a small concentration was chosen
to somehow simulate the concentrations of FQs in real wastewater samples (ng/L to μg/L36). The eﬀect of contact time on
the adsorption of CIP and MOX together with their photodegraded molecules was also studied to determine the time
required by aliquots of 0.5 μg/mL MSPNPs and MPNPs to
adsorb 10 mg/L of the model FQs from solution at natural pH.
MSPNPs and MPNPs eﬃciencies of removal of CIP and MOX
are shown in Figure 3 (a) and (b), respectively. Within the ﬁrst
15 min, there was a signiﬁcant increase in the percentage of drugs
removal. Upon increasing the contact time, a slow increase in the
removal percentage was observed. After 30 min, the MSPNPs
showed an eﬃciency of removal reaching 73.02% and 65.67% for
CIP and MOX, respectively. On the other hand, the MPNPs had

Table 3. Spectroﬂuorimetric Method Validation for
Determination of Model Fluoroquinolones (MOX and CIP)
Item
Wavelength of
excitation
Wavelength of
emission
Range of linearity
Regression equation
Regression
coeﬃcient (r2)
LOD (ng mL−1)
LOQ (ng mL−1)
Sb (SD of slope)
Sa (SD of intercept)
Accuracy Mean ±
S.D.
Repeatability
(%RSD, n = 6)
Precision
Intraday %RSD
(n = 3)
Interday %RSD
(n = 3)

MOX

CIP

287 nm

270 nm

465 nm

415 nm

100−1200 ng/mL
100−1200 ng/mL
Fl intensity = 0.241Cng/mL + Fl intensity =
5.5433
0.3288Cng/mL + 7.4437
0.9995
0.9998
31.92
96.73
1.695
0.0026
100.66 ± 1.08

21.58
65.39
1.564
0.0024
101.03 ± 1.09

0.395

1.497

0.17−0.52

0.19−0.26

0.42−1.61

2.27−2.47

a removal eﬃciency of 53.38% and 61.21% for CIP and MOX,
respectively. The adsorption of drugs on the NPs reached equilibrium after 15−30 min even after extending the experimental time
to 60 min.
Experimental design. Additional investigations were performed to optimize the studied eﬀects of (A) MP and MSPNPs,
(B) initial FQs concentration, (C) pH, and (D) contact time on
the eﬃciency of FQs adsorption. Such factors were chosen
based upon previously reported studies in the literature.37−39 Full
factorial design was employed to evaluate the interactions
between the studied factors, and each factor level of signiﬁcance,
in addition to the optimum experimental conditions necessary
to optimize the process of model FQs adsorption (Table 1).
Analysis of samples was done using a spectroﬂuorimetric assay,
and percentage of FQs removal was calculated (Table 4 and
Table 5 for MSPNPs and MPNPs, respectively).
Statistical analysis. The 95% conﬁdence level was used to
analyze the full factorial design results, and the percentage of
removal was taken as the response factor. The relative signiﬁcance of the studied factors and the interactions between them
were determined from the Pareto diagram. The direction of
eﬀects is obtained from the normal plot of the standardized
eﬀects. Within the studied range, a positive eﬀect indicates an
increase in the studied response at high levels of the respective
variables, while a negative eﬀect indicates an increase in the
response at low levels of these variables.40
In this study, pH (C), NPs loading (A), and contact time (D)
were found of signiﬁcant impact with a positive eﬀect while initial
FQs concentration (B) was signiﬁcant but with a negative eﬀect
for both types of NPs (Figure 4 and Figure 5 for MSPNPs and
MPNPs, respectively).
The interaction eﬀects were estimated through the analysis of
variance (ANOVA). The ANOVA results for CIP and MOX
adsorption together with their photodegraded molecules on
MSPNPs are shown in Table S2-S1 and Table S3-S2, respectively, while the ANOVA results for CIP and MOX adsorption
together with their photodegraded molecules on MPNPs are
demonstrated in Table S4-S3 and Table S5-S4, respectively.
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Figure 3. Eﬀect of contact time on the removal eﬃciency of (a) CIP drug and its degradation products and (b) MOX drug and its degradation products.
Adsorbent: 0.5 μg/mL, drug: 10 mg/L, temperature: 25 °C, pH: natural pH of drugs, time: 60 min.

Table 4. Design Matrix for 24 for Full Factorial Design Employed for the Model Fluoroquinolones Removal by MSPNPs and
Results Obtained Using the Spectroﬂuorimetric Assay
Spectroﬂuorimetry

Spectroﬂuorimetry

Factor Code

%Removal
a

Run No.

A

B

C

D

MOX conc. (mg/L)

Exp

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

+1
−1
0
−1
+1
+1
−1
+1
−1
+1
−1
−1
+1
+1
−1
−1
+1

−1
−1
0
+1
+1
−1
+1
−1
−1
−1
+1
−1
+1
+1
−1
+1
+1

+1
−1
0
−1
+1
+1
−1
−1
−1
−1
+1
+1
−1
−1
+1
+1
+1

+1
+1
0
−1
−1
−1
+1
−1
−1
+1
−1
+1
−1
+1
−1
+1
+1

0.52
3.33
3.32
8.06
2.50
0.73
7.86
3.11
3.84
2.79
3.94
0.89
7.56
6.55
1.28
3.43
1.53

89.56
33.35
55.70
19.41
74.95
85.48
21.36
37.72
23.24
44.08
60.61
82.18
24.42
34.47
74.34
65.67
84.68

%Removal
b

a

Calb
89.84
30.12
53.82
17.81
78.95
86.33
21.39
31.33
26.77
34.61
69.27
84.77
24.68
28.20
81.19
73.09
82.70

Cal

CIP conc. (mg/L)

Exp

91.42
31.76
53.60
17.39
76.38
83.88
23.65
37.05
25.10
45.02
60.36
81.50
25.79
33.36
75.28
66.18
83.51

0.54
3.46
3.33
8.14
2.15
0.67
7.96
3.42
3.71
3.29
3.09
0.76
7.60
7.13
0.95
2.69
1.71

89.28
30.80
55.57
18.64
78.53
86.67
20.35
31.67
25.86
34.05
69.13
84.77
23.98
28.68
80.97
73.02
82.90

a
Calculated relative to the results of an equivalent control sample that has not been subjected to MSPNPs. bTheoretically calculated by Minitab
software using the regression model.

Figure 6(a) and Figure 6(b), respectively, when MSPNPs are
used as adsorbent, while Figure 7(a) and Figure 7(b) show the
normal probability plots of residual values of CIP and MOX,
respectively, while using MPNPs as adsorbent. The P-values
(P > 0.05) indicate that the experimental points were normally
distributed. The regression equation summarizing the experimental design is given in Table 6 together with the regression
coeﬃcients and P-values.
Mechanism of adsorption. pH played an important role in
the removal of the model FQs together with their photodegraded
molecules from aqueous solution. The extent of CIP and MOX
adsorption onto the surface of NPs is mainly aﬀected by the type
of charge on the surface, which, in turn, is inﬂuenced by the pH of
the solution. The results showed that the maximum adsorption of
MOX and CIP was noted at pH 7.0. At such pH, the MP and
MSPNPs surfaces turned out to be negatively charged while the
MOX and CIP were in their zwitterionic form. Even though
the net charge of the drugs’ molecules was zero, the protonated
amine group was still able to contribute to the adsorption of
MOX and CIP on both types of NPs. However, when the
solution pH was 3.0, the adsorption was lower. This could be
attributed to the decrease in the negative charge on the NPs

Based upon the ANOVA calculations of Fisher’s F-ratios,
P-values, and factors eﬀects, it was predicted that the main
factorspH, NPs loading, initial FQs concentration, and contact
timewere of high signiﬁcance (P < 0.05).
Although the main eﬀects gave a clear idea, the interaction
eﬀects of the signiﬁcant factors (contact time, NPs loading, pH,
and initial drug concentration) were also graphically demonstrated in Figure S6-S1 and Figure S7-S2 for MSPNPs and
MPNPs, respectively, to give a better insight of the process.
Noticeably, parallel lines indicate no interaction while nonparallel lines suggest that an interaction occurs, and the more
nonparallel the lines are, the greater the strength of the
interaction. In most of our interaction plots, (Figure S6-S1 and
Figure S7-S2), the lines are parallel. This indicates that no
interaction occurs between our main eﬀects, and such results
come in accordance with that of an ANOVA test where the
P-values of the interaction eﬀects are >0.05.
Normal probability analysis. The graphical plot of normal
probability is generally used to determine whether the data is
distributed normally or not.41 The data is distributed normally
if all the points fall close to the straight line.38 The normal
probability plots of residual values of CIP and MOX are shown in
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Table 5. Design Matrix for 24 for Full Factorial Design Employed for the Model Fluoroquinolones Removal by MPNPs and Results
Obtained Using the Spectroﬂuorimetric Assay
Spectroﬂuorimetry

Spectroﬂuorimetry

%Removal

Factor Code

%Removal

Run No.

A

B

C

D

MOX conc. (mg/L)

Expa

Calb

CIP conc. (mg/L)

Expa

Calb

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

+1
−1
0
−1
+1
+1
−1
+1
−1
+1
−1
−1
+1
+1
−1
−1
+1

−1
−1
0
+1
+1
−1
+1
−1
−1
−1
+1
−1
+1
+1
−1
+1
+1

+1
−1
0
−1
+1
+1
−1
−1
−1
−1
+1
+1
−1
−1
+1
+1
+1

+1
+1
0
−1
−1
−1
+1
−1
−1
+1
−1
+1
−1
+1
−1
+1
+1

0.63
3.39
3.43
8.28
3.48
1.08
8.05
3.36
3.89
2.99
4.21
1.32
7.21
6.83
1.89
3.88
2.81

87.32
32.29
54.23
17.18
61.50
78.32
19.46
32.76
22.01
40.28
57.93
73.52
27.93
31.66
62.31
61.20
71.92

88.53
31.14
48.69
16.81
63.48
77.31
20.02
32.27
23.36
40.97
56.79
73.16
27.83
31.95
62.85
62.52
70.12

1.29
3.55
3.92
8.51
3.67
1.36
7.92
3.25
3.73
3.07
5.08
1.45
7.69
7.11
1.96
4.66
2.97

74.28
29.08
47.8
14.91
63.28
72.78
20.85
34.93
25.32
38.70
49.22
70.96
23.00
28.87
60.77
53.37
70.33

76.61
29.40
45.20
14.43
64.81
70.77
21.64
30.61
30.61
38.06
48.66
69.60
23.15
29.05
62.45
54.26
69.12

a
Calculated relative to the results of an equivalent control sample that has not been subjected to MPNPs. bTheoretically calculated by Minitab
software using the regression model.

Figure 4. (a) Normal plot of the standardized eﬀect of single and interaction factors on % CIP removal by MSPNPs. (b) Pareto chart of the standardized
eﬀects of single and interaction factors on % CIP removal by MSPNPs. (c) Normal plot of the standardized eﬀect of single and interaction factors on %
MOX removal by MSPNPs. (d) Pareto chart of the standardized eﬀects of single and interaction factors on % MOX removal by MSPNPs. (A = NPs
loading, B = Drug concentration, C = pH, and D = contact time).

the presence of the additional negatively charged silica layer to
the pectin layer on the surface of MSPNPs.
Adsorption isotherms. Diﬀerent initial concentrations of
model FQs (5−25 mg/L) were used to study the equilibrium

surface at low pH leading to repulsion with the positively charged
CIP and MOX. Such results are in agreement with that of the
literature.11,17 It should be noted also that MSPNPs showed
better removal eﬃciency for CIP and MOX than MPNPs due to
139
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Figure 5. (a) Normal plot of the standardized eﬀect of single and interaction factors on % CIP removal by MPNPs. (b) Pareto chart of the standardized
eﬀects of single and interaction factors on % CIP removal by MPNPs. (c) Normal plot of the standardized eﬀect of single and interaction factors on %
MOX removal by MPNPs. (d) Pareto chart of the standardized eﬀects of single and interaction factors on % MOX removal by MPNPs. (A = NPs
loading, B = Drug concentration, C = pH, and D = contact time).

Figure 6. Normal probability plot of residuals for (a) CIP drug and (b) MOX drug, after adsorption on MSPNPs.

where Ce is the drug concentration at equilibrium (mg/mL), qe is
the amount of drug adsorbed at equilibrium per mass of
adsorbent (mg/g), b is the Langmuir equilibrium constant
(mL/mg) that expresses the adsorption energy, and Q0 is the
maximum adsorption capacity (mg/g).
The values of Q0 and b are calculated from the slope and
intercept of the plot of Ce/qe vs Ce for MSPNPs and MPNPs
(Figure 8).
The Freundlich isotherm presumes that the surface of the
adsorbent has heterogeneous surface energies, where the surface
coverage aﬀects the value of b, the energy term in the Langmuir
equation.37,43 The linearized form of the Freundlich adsorption
isotherm equation45 is

isotherms. Experiments were carried out at room temperature
(25 °C) and pH 7.0. Three models were used to analyze the
equilibrium adsorption data: Langmuir,42 Freunlich,43 and Sips.44
Determination of the ideal isotherm to ﬁt the data is based on
calculation of linear regression and the values of correlation
coeﬃcients (R2).37 The Langmuir isotherm presumes that the
adsorption occurs in a monolayer form on a surface containing a
limited number of identical adsorption sites.42,43 The linear form
of the Langmuir isotherm equation is presented in eq 1.
Ce
C
1
=
+ e
qe
bQ 0
Q0

(1)
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Figure 7. Normal probability plot of residuals for (a) CIP drug and (b) MOX drug, after adsorption on MPNPs.

Table 6. Regression Equations Summarizing the Experimental Design for CIP and MOX Adsorption on MSPNPs and MPNPs
NPs type

Regression equation

R2

P-value
(P > 0.05)

Y = −13.8 + 7.1A − 1.52B + 14.7C + 0.201D + 0.25AB − 0.83AC − 0.009AD − 0.260BC + 0.0031BD + 0.0039CD +
0.223ABC
Y = −42.5 + 49.8A + 1.97B + 18.0C + 0.405D − 4.71AB − 7.15AC + 0.175AD − 0.909BC − 0.0053BD − 0.0074CD +
1.10ABC

0.999

0.826

0.997

0.194

0.989

0.68

0.998

0.768

Drug

MSPNPs
CIP
MOX
MPNPs
CIP
MOX

Y = −42.2 + 41.1A + 1.81B + 15.4C + 0.853D − 3.22AB − 5.36AC − 0.174AD − 0.833BC − 0.0205BD − 0.0267CD +
0.908ABC
Y = −4.2 − 11.3A − 2.37B + 5.27C + 0.638D + 3.80AB + 7.71AC + 0.121AD + 0.518BC − 0.0610BD + 0.0421CD −
0.987ABC

Figure 8. Fitting of isotherm data to the Langmuir model for (a) MSPNPs and (b) MPNPs. Adsorbent: 1 μg/mL, drugs: 5−25 mg/L, temperature:
25 °C, pH: 7.0., time: 30 min.

Figure 9. Fitting of isotherm data to the Freundlich model for (a) MSPNPs and (b) MPNPs. Adsorbent: 1 μg/mL, drugs: 5−25 mg/L, temperature:
25 °C, pH: 7.0., time: 30 min.

ln qe = ln K f +

⎛1⎞
⎜ ⎟ ln C
e
⎝n⎠

Freundlich constants depending on the temperature and the
given adsorbent−adsorbate couple, n is related to the adsorption
energy distribution, and Kf indicates the adsorption capacity.
The values of Kf (mL/g) and 1/n are calculated from the intercept and slope of the plot of ln qe vs ln Ce for MSPNPs and
MPNPs (Figure 9).

(2)

where Ce is the drug concentration at equilibrium (mg/mL), qe
is the amount of drug adsorbed at equilibrium per mass of
adsorbent (mg/g), and Kf (mg1−1/n mL1/n g−1) and 1/n are
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Figure 10. Fitting of isotherm data to the SIPs model for (a) MSPNPs and (b) MPNPs. Adsorbent: 1 μg/mL, drugs: 5−25 mg/L, temperature: 25 °C,
pH: 7.0, time: 30 min.

Table 7. Adsorption Isotherm Parameters Calculated by Langmuir, Freundlich, and SIPs Equations for MSP and MPNPs
Freundlich

Langmuir
MSPNPs
CIP
MOX
MPNPs
CIP
MOX

Sips

Q0 (mg/g)

B (mL/mg)

RL

R2

Kf (mL/g)

1/n

R2

Qm (mg/g)

Ks (mL/mg)

1/n

R2

31.55
28.57

634.00
875.00

0.061
0.043

0.9972
0.9986

157.70
100.30

0.368
0.296

0.9836
0.9730

29.91
31.72

0.41
0.40

0.389
0.440

0.9996
0.9997

23.76
24.32

467.70
587.28

0.08
0.06

0.9983
0.9988

115.78
105.88

0.387
0.348

0.9462
0.9477

24.67
27.27

0.30
0.34

0.437
0.391

0.9995
0.9991

Figure 11. Fitting of kinetic data to pseudo-ﬁrst order kinetic model for; [a] MSPNPs and [b] MPNPs. Adsorbent: 0.5 μg/mL, Drugs 10 mg/L,
Temperature: 25◦C, pH: 7.0., Time: 60 min.

(CIP = 29.91 mg/g, MOX = 31.72 mg/g) and (CIP = 24.67 mg/g,
MOX = 27.27 mg/g), respectively. It can be noted that the values
of Qm are small, and this can be attributed to the small range of
initial drug concentrations that we are working on in the present
study.
Kinetics of adsorption. To determine the controlling
mechanism for adsorption, adsorption kinetic models are usually
studied. The most commonly used kinetic models are the pseudoﬁrst-order and pseudo-second-order models.49,50 The pseudo-ﬁrstorder kinetic model of Lagergren51 is presented by the equation:

A more developed model was applied by Sips which is a
combination of Freundlich and Langmuir equations.46 Such a
new isotherm model assumes that the amount of adsorbed drug
increases with the increase in initial concentration, but such an
increase has a ﬁnite limit, especially at high concentration of the
drug.47,48 The Sips44 equation can be described as follows;
qe =

Q mK sCe1/ n
1 + K sCe1/ n

(3)

where Qm is the maximum adsorption capacity (mg/g), Ks is the
Sips constant (mL/mg), and n is the Sips model exponent.
Figure 10 shows the plot of qe vs Ce1/n for MSPNPs and
MPNPs, which represents the Sips isotherm curves of the studied
FQs.
The calculated parameters of the studied adsorption isotherms
are described in Table 7 for MSP and MPNPs. Based on the
calculated correlation coeﬃcient (R2) for the ﬁtting of data to the
studied isotherms, it can be concluded that Sips is the best
isotherm to represent the FQs adsorption on both MSP and
MPNPs. Furthermore, it was indicated from the values of 1/n for
the Sips isotherm that the adsorption of model FQs on the
surface of MSP and MPNPs is favorable (0 < 1/n < 1).32
The Sips isotherm equation was used to calculate the maximum adsorption capacity (Qm) for the model FQs at optimum
pH (∼7) for MSP and MPNPs, and they were estimated to be

log(q1 − qt ) = log qe −

K1t
2.303

(4)

where qt is the amount of drug adsorbed per unit of adsorbent
(mg/g) at time t, and K1 is the pseudo-ﬁrst-order rate constant
(min−1). The adsorption rate constant (K1) was calculated from
the plot of log(qe − qt) against t.
While Ho and McKay52 presented the pseudo-second-order
kinetic as
t
1
t
=
+
2
qt
qe
K 2qe

(5)

where K2 is the pseudo-second-order rate constant (g mg−1
min−1). The qe and K2 can be obtained by a linear plot of t/qt
versus t.
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Table 8. Parameters of Pseudo-First-Order and Pseudo-Second-Order Kinetic Models for the Adsorption of CIP and MOX by
MSP and MPNPs
Pseudo-ﬁrst-order

MSPNPs
MOX
CIP
MPNPs
MOX
CIP

qe (exp)
(mg/g)

Slope

15.688
17.152
14.428
12.688

Pseudo-second-order

intercept

qe (cal)
(mg/g)

K1
(min−1)

R2

slope

intercept

qe (cal)
(mg/g)

K2 (mg/g·
min)

R2

−0.0206
−0.0256

0.9258
0.9978

8.43
9.949

0.047
0.058

0.9391
0.9345

0.0571
0.0527

0.4669
0.3628

17.513
18.975

0.0069
0.0077

0.9950
0.9960

−0.0208
−0.0369

0.8427
1.1232

6.961
13.28

0.0479
0.0849

0.9330
0.8427

0.0631
0.0693

0.4408
0.5641

15.848
14.43

0.009
0.0085

0.9955
0.9942

Figure 12. Fitting of kinetic data to a pseudo-second-order kinetic model for (a) MSPNPs and (b) MPNPs. Adsorbent: 0.5 μg/mL, drugs: 10 mg/L,
temperature: 25 °C, pH: 7.0, time: 60 min.

kinetics was ﬁtted with the pseudo-second-order model, and
adsorption isotherms were best described by the Sips equation.
In conclusion, MSPNPs and MPNPs could be used as an eﬃcient
and promising adsorbent to remove FQs together with their
photodegraded molecules from aqueous solution, and in future
work, it can be a test to remove other drugs and their degradates
from wastewater.

Figure 11(a) and (b) demonstrate the plots of the pseudo-ﬁrstorder kinetics of CIP and MOX adsorption together with their
photodegraded molecules on MSP and MPNPs, respectively.
The calculated kinetic parameters are presented in Table 8 for
MSPNPs and MPNPs, respectively. Noticeably, the calculated qe
values (qe, cal) obtained from the pseudo-ﬁrst-order equation
are not a good match to that of experimental data (qe, exp).
In addition, the values of correlation coeﬃcient for the pseudoﬁrst-order model were quite low. Such results indicate that the
pseudo-ﬁrst-order equation is not well representing the model of
FQs adsorption on MSP and MPNPs.
The plots of pseudo-second-order kinetics of CIP and MOX
adsorption together with their photodegraded molecules on
MSP and MPNPs are presented in Figure 12(a) and (b), respectively. As indicated in Table 8, the values of calculated qe by the
pseudo-second-order equation showed a good agreement with
the experimental data values with a relatively high R2 ≥ 0.99.
Thus, the best ﬁt of the data is to pseudo-second-order kinetics,
and this shows that the adsorption process depends on the
properties of both the model FQs and MSP and MPNPs.
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