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a b s t r a c t

This study was aimed at the synthesis and characterization of (δ-FeOOH)/MWCNTs
nanocomposite as the catalyst for Ciprofloxacin (CIP) removal through a heterogeneous
Fenton-like process. The proposed experimental design applies the central composite
design (CCD) as a response surface methodology (RSM). The effect of influential pa-
rameters, including initial CIP concentration, catalyst dose, H2O2 concentration, initial
pH, and reaction time on removal, were investigated. (δ-FeOOH)/MWCNTs nanocom-
posite was synthesized using a single-step co-precipitation technique. Besides, nano-
feroxyhyte and nanocomposite properties were characterized by transmission electron
microscopy(TEM), Fourier-transform infrared spectroscopy (FTIR), energy dispersive X-
ray analysis (EDX), particle size analysis (PSA), X-ray diffraction (XRD), vibrating sample
magnetometer (VSM) and field emission scanning electron microscopy (FESEM). The
inhibitory hale experiment was performed by Escherichia coli (E. coli) to evaluate
the antibacterial activity. The optimal CIP removal efficiency (86.9%) was achieved by
131.6 min reaction time, CIP concentration of 10.0 mg/L, catalyst dosage of 23.5 mg,
H2O2 concentration of 20.6 mM, and initial pH of 5.3, with a biodegradability index
(BOD5/COD) of 0.35 Based on the results, (δ-FeOOH)/MWCNTs showed a significant
catalytic activity for CIP removal, which can be attributed to the simultaneous effects of
advanced oxidation and absorption.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Pharmaceuticals are classified as priority risk pollutants considered a widespread environmental issue (Hernando
t al., 2006; Watkinson et al., 2007; De Lima Perini et al., 2014). Among these, antibiotics may cause antimicrobial
esistance among microorganisms in wastewaters and increase the bacterial resistance (Levy, 1998; Kümmerer, 2004,
009; Haddad and Kümmerer, 2014). Ciprofloxacin (CIP) belongs to the second generation of Fluoroquinolones (FQs)
roadly implemented for the treatment of humans and animals (De Lima Perini et al., 2014). Improper consumption of
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these drugs can pose serious threats to the ecosystem and human health (Golovko et al., 2014; Lima et al., 2017). Due to
high solubility in aqueous media and high stability in soil and sewage environments, CIP removal from water sources is
an essential task in wastewater treatment (Zhuang et al., 2015; Rakhshandehroo et al., 2018; Salari et al., 2018a,b, 2019).

Among different water treatment techniques, advanced oxidation based on Fenton’s chemistry is proved very successful
or degradation of various contaminants (Chen et al., 2015; Asghar et al., 2014; Giri and Golder, 2015; Gupta and Garg,
018). Homogeneous Fenton process is performed via activating OH

◦

radicals as highly oxidative agents as an economical
and environmentally friendly treatment technique. However, the typical homogeneous Fenton process operates only
within a strictly optimal pH range (usually pH < 3.5) and produces a huge amount of lead sludge that increases the
treatment cost. To solve these limitations, a heterogeneous Fenton process is used in the solid phase utilizing a porous
substrate (Shukla et al., 2010; Maa et al., 2015), to prevent iron sludge production and extend the effective pH range.
Besides, reuse capability increases the process benefits (Garrido-Ramírez et al., 2010).

Therefore, a broad range of materials such as zeolites (Kasiri et al., 2008), activated carbon (Shahidi et al., 2018), oxide
minerals (Yeh et al., 2008), graphene oxide (Yao et al., 2014), and clays (Iurascu et al., 2009) have been used as the
solid substrate. Recently, heterogeneous Fenton-like catalysts are produced with a high specific surface area and used
to effectively degrade the organic pollutants (Nie et al., 2015; Chen et al., 2009). Carbon nanotubes (CNTs), with unique
characteristics and great advantages such as being inexpensive, non-toxic, and fairly stable while having a huge specific
surface area (Zhang et al., 2010; Cui et al., 2013) are widely utilized as the Fenton catalytic support. CNTs have excellent
mechanical (Chen et al., 2003), electrical conductivity (Xu et al., 1999), magnetic (Zhan et al., 2003), corrosion resistance
(Dhinakaran et al., 2013; Chen et al., 2005), and unique electronic and thermal stability properties (Kuzumaki et al., 1998;
Andrews et al., 1999) which make them a great alternative as the support material in heterogeneous Fenton catalysis.
Also, the large surface area and stability suggest CNTs as the ideal material for hosting other nanoparticles (Kaur et al.,
2015). CNTs could be decorated with nanoparticles due to their extensive potential for adsorption and catalysis (Gul
et al., 2010; Wan et al., 2015). In particular, multi-walled Carbon nanotubes (MWCNTs) have been used as the carrier for
nanoparticles to increase the catalytic activity via heterogeneous reactions (e.g., Fenton in organic pollutants’ degradation).
Among heterogeneous Fenton-like catalysts, iron nanoparticles such as magnetite (Fe3O4), goethite (α-FeOOH), and pyrite
FeS2) are broadly used due to relatively extensive affinity for soils and simple operating conditions (Cui et al., 2013).

The novelty of this study lies in determining the synthesis and characterization of (δ-FeOOH)/MWCNTs nanocomposite
nd optimization of heterogeneous Fenton-like process for removal of CIP antibiotic using central composite design
CCD) under response surface methodology (RSM). At optimal conditions, the biodegradability index (BOD5/COD) of the
IP solution before and after the removal process was calculated. Also, the inhibitory hale experiment was performed
y Escherichia coli (E. coli) to evaluate the antibacterial activity. A simple synthetic route was proposed to prepare
δ-FeOOH)/MWCNTs nanocomposite through the co-precipitation technique.

Moreover, properties of this nanocomposite were investigated using various characterization techniques such as
article size analysis (PSA), field emission scanning electron microscopy (FESEM), Fourier-transform infrared spectroscopy
FTIR), transmission electron microscopy (TEM), X-ray diffraction (XRD), vibrating sample magnetometer (VSM) and
nergy dispersive X-ray analysis (EDX). Based on the literature, the as-prepared nanocomposite has never been used
s a Fenton-like catalyst previously.

. Materials and methods

The proposed methodology for synthesis and optimization of (δ-FeOOH)/MWCNTs nanocomposite for CIP removal
consists of 3 main steps (Fig. 1), including the synthesis and characterization of feroxyhyte (δ-FeOOH) nanoparticles
(step1), optimization of heterogeneous Fenton-like experiments using RSM (step 2), and optimization of parameters
to synthesize feroxyhyte (δ-FeOOH) nanoparticles (step 3). A simple synthetic route was proposed to prepare (δ-
FeOOH)/MWCNTs nanocomposite through the co-precipitation technique. Each main section was divided into sub-sections
according to Fig. 1.

The applied reagents in this research, including CIP (C17H18FN3O3, 98%) and MWCNTs (> 95%), ferrous chloride
(FeCl2.4H2O, 99.5%), sulfuric acid (H2SO4, 95%–97%), sodium hydroxide (NaOH, 97%), potassium hydroxide (KOH, 85%),
Ethylene glycol (EG, 99.5%), Nitric Acid (HNO3, 70%) and hydrogen peroxide (H2O2, 30%) were supplied by Merck Co.
(Germany) and used as received without further purification.

2.1. Synthesis and characterization of (δ -FeOOH)/MWCNTs nanocomposite

2.1.1. MWCNTs functionalization
First, MWCNTs were functionalized via the reflux technique to activate the attachment of the metal on the surface.

Accordingly, 2 g of MWCNTs were dispersed in 110 ml of HNO3, and 75 ml of deionized water was added to the acidic
olution to achieve the desired molarity. The mixture was refluxed at 200 ◦C under magnetic stirring for 6 h. Then,
WCNTs were washed with deionized water several times to remove residues and reduce the pH values below 7. The
urified samples were collected by centrifugation at 4000 rpm, and the samples were dried in the oven (Aboutalebi et al.,

011; Kaur et al., 2015).
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Fig. 1. The proposed method for CIP removal using feroxyhyte (δ-FeOOH)/MWCNTs nanocomposite.

.1.2. Synthesis of (δ-FeOOH)/MWCNTs nanocomposite
Preparation of (δ-FeOOH)/MWCNTs nanocomposite was performed using the co-precipitation technique (Carlson

nd Schwertmann, 1980). The agglomeration tendency of pristine MWCNTs in various solvents leads to non-uniform
3
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dispersion. To solve this problem, the functionalization of MWCNTs using nitric acid has been widely reported (Carlson
and Schwertmann, 1980). In this study, MWCNTs were functionalized using nitric acid at the first step, and δ-FeOOH
anoparticles were attached to MWCNTs at the next step. Then, 0.2 g of the functionalized MWCNTs and 0.5 g of
eCl2.4H2O were added to 200 mL of deionized water, and the suspension was ultrasonicated for 20 min. Meanwhile,
mL of ethylene glycol (EG) was added to the suspension. Upon complete dissolution of FeCl2.4H2O, the suspension was

ransferred to an oil bath and heated up to 95 ◦C under severe mechanical stirring. Then, 5 M of KOH was added dropwise
nder constant stirring to obtain pH of 8, where oxidation is completed within a few seconds after the addition of excess
2O2. In the next step, 15 mL of H2O2(30%) was added quickly, and flocculation was improved by dropwise addition of 5
KOH to obtain pH of 8. pH not only affects the adsorbent surface properties but also determines various ionic forms of

IP (Peng et al., 2015). The prepared suspension was maintained at 95 ◦C for 2 h and cooled down to room temperature.
inally, the precipitate was dried at 45 ◦C in vacuum oven for 18 h, and (δ-FeOOH)/MWCNTs nanocomposite was analyzed

using various characterization techniques.

2.1.3. Characterization of δ-FeOOH nanoparticles and (δ-FeOOH)/MWCNTs nanocomposite
X-ray diffraction (XRD) pattern of functionalized MWCNTs, feroxyhite nanoparticles, and feroxyhite/MWCNT nanocom-

posite was prepared to determine the crystalline phases, and experiments were conducted to investigate the structural
phases using an XPertpro X-ray diffractometer (Cu Ka radiation, k = 1.5406) over the 2θ=20–800 range at 30 mA and 40
V, with a scanning rate of 1/min and 0.02 step size. Crystallite size (ξ ) was determined using Scherer formula and full
idth at half maximum (FWHM) method (Eq. (1)), from the width of the most intensive XRD peak at 2θ=35◦ (Alexander
nd Klug, 1950):

ξ =
kλ

β cos θ
(1)

The X-ray spectrum consists of a continuous distribution, on which the characteristic line spectrum of copper (k) was
uperimposed (k = 0.94). In Eq. (1), X-ray wavelength (λ) is mainly 0.154 nm, Crystallite size (β) = 0.00549 A, and the
idth of the most intensive XRD peak occurs at 2θ = 35 ◦C.
FTIR was performed using a Nicolet Nexus infrared spectrometer to determine the functional groups in the prepared

amples. Also, Field Emission Scanning Electron Microscopy (FE-SEM) was implemented to observe the morphology and
ize of the nanocomposite. The morphology and size of the as-prepared sample were investigated by transmission electron
icroscopy (TEM). Also, each peak appearing on the EDX graph is related to a particular atom, where higher altitudes
how higher concentrations of the element in the sample (Khodadadi et al., 2017). TEM observation with a line resolution
f 3 A◦ and an operating voltage of 120 kV was carried out using a TEM LEO 912 AB.2.3 device. Magnetic properties of
he synthesized nanoparticles were investigated using a Vibrating Sample Magnetometer (VSM). The point of zero charge
PZC) of MWCNT and the nanocomposite were determined according to previous studies (Fayazi et al., 2015).

.2. Optimization of heterogeneous Fenton-like experiments using RSM

.2.1. Analytical procedure
Batch experiments were conducted to evaluate CIP removal by the nanocomposite. For this purpose, 500 mg of CIP

as dissolved in 1 L of distilled water to obtain the stock solution with a concentration of 500 mg/L. The stock solution
as diluted using distilled water to obtain the required concentrations. During the experiment, sampling was performed
ccording to the CCD design. Solution pH was adjusted using NaOH and H2SO4 (1 M). A defined amount of nanocomposite
as then put in a 100 ml solution with the required CIP concentration. Heterogeneous Fenton-like experiments were
erformed under a shaker upon addition of hydrogen peroxide (H2O2, 30% (w/w)).
Next, nanoparticles were sedimented in the specimens, and the specimens were filtered using a syringe equipped

ith a 0.45 µm filter. Then, CIP concentration was determined using UV–Vis spectrophotometer (DR 5000) at a 277 nm
avelength. Also, the concentration of residual CIP at optimal conditions was determined using high-performance liquid
hromatography equipped with a UV lamp detector (HPLC-UV). The mobile phase contained a mixture of acetic acid and
cetonitrile with a 80:20 volume ratio. An injection flow rate of 1.0 mL.min−1 and a total injection volume of 15 µL were
tilized. CIP degradation ratio (Dr) was calculated by Eq. (2):

Dr(%) = (
C0 − Cf

C0
) × 100 (2)

here, C0 and Cf are initial and final CIP concentrations (mg/L), respectively. The nanocomposite from outlet solutions
as separated by centrifugation for 8 min at 3900 rpm and then filtration with the 0.22 µm polytetra fluoroethylene
yringe filter.
4
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2.3. Optimization of heterogeneous Fenton-like experiments using RSM

Response surface methodology (RSM) includes a group of mathematical and statistical techniques for the design of
xperiments. For this purpose, Design-Expert software (DX10) was implemented as a reliable tool. It is used for modeling
nd analyzing where a process response is influenced by several input variables, as well as optimization of this specific
esponse (Amiri and Sabour, 2014). RSM with CCD is designed by fitting an empirical model to the experimental data
APHP, 2005; Zubir et al., 2015; Khataee et al., 2012).

In this study, experimental results were analyzed using a response surface regression procedure in experimental
esign and also by applying statistical analysis. Usually, a first- or second-order model was used to find an appropriate
pproximation for the functional relationship between the independent variables and the objective function based on
q. (3) (APHP, 2005; Khataee et al., 2012):

Y = β0 +

k∑
i=1

βiXi +

k∑
i=1

βii X2
ii +

∑
i<j

βij Xi Xj + e(X1.X2, . . . , Xk) (3)

Where, Y is the predicted response, Xi and Xj are coded variables for independent variables, β0 is an intercept, βi is the
linear coefficient, βii shows the quadratic coefficient, and βij indicates the interaction coefficient (APHP, 2005; Khataee
et al., 2012).

In this work, five factors were selected as independent variables, including initial CIP concentration (A, mg/L), catalyst
dose (B, mg), H2O2 concentration (C , mM), initial pH (D) and the reaction time (E, min). Forty-five experiments were
designed with five variables, each with five levels (Table S1). Among these 45 experiments, three experiments were
repeated at the central point (runs # 11, 39, and 44). Matching responses for these three experiments were considered
as a sign of accuracy for the experimental procedure (Azami et al., 2012).

CIP removal was selected as the response variable (see Table S1 in Electronic Supplementary Material (ESM)).
Operational ranges for experimental parameters were determined based on the results of preliminary experiments and
previous reports (Lak et al., 2012; Maa et al., 2015). CCD has the maximum efficiency for an RSM problem involving
five variables and five levels. The proposed CCD requires 45 runs to model a response surface. Furthermore, analysis of
variance (ANOVA) was utilized for statistical analysis of the experiments.

2.4. Antibacterial activity

The inhibitory hale experiment was performed to evaluate the antibacterial activity. In various studies, Escherichia
coli (E. coli) has been used as an indicator for the estimation of antibacterial activity residues (Gupta and Garg, 2018;
Ye et al., 2016; DeBel et al., 2009). On the other hand, E. coli bacterium from the Enterobacteriaceae family is the most
common cause of urinary tract infections. In this study, E. coli was cultured in sterile conditions, firstly using a calibrated
loop (0.1 ml) on Blood Agar (BA) and Eosin Methylene Blue Agar (EMBA). Afterward, 10 µl of the untreated and refined
antibiotics were dispersed at different times in the plates containing the bacterial culture. The plates were then cultured
in an incubator at 37 ◦C for 24 h. Finally, the antibacterial activity of the CIP antibiotic was evaluated qualitatively through
inhibitory hale.

3. Results and discussion

3.1. Characterization of (δ-FeOOH)/MWCNTs nanocomposite

Characterization of (δ-FeOOH)/MWCNTs nanocomposite is presented in Fig. S1, in which Fig. S1.a illustrates the XRD
patterns, and Fig. S1b shows the FTIR spectra for pure MWCNTs, HNO3-treated MWCNTs, feroxyhyte nanoparticles, and
the nanocomposite. For MWCNTs functionalized with nitric acid, the characteristic CNT peaks at 26.46◦ and 44.97◦, are
ascribed to (011) and (021) crystalline planes, respectively. This shows that the MWCNTs structure was not destroyed upon
acid treatment (Kuzumaki et al., 1998). For the hexagonal feroxyhyte crystalline structure (JCPDS 65-3107), six peaks were
found at 2θ values, including 35◦, 39◦, 40◦, 53◦, 63◦, and 72◦, corresponding to (010), (002), (011), (012), (110), and (103)
crystalline planes, respectively. As calculated by Scherer’s formula (Eq. (1)), the average crystallite sizes were ∼22 and
31 nm for feroxyhyte nanoparticles and the nanocomposite, respectively. Upon attachment of feroxyhyte onto MWCNTs,
six XRD peaks of the feroxyhyte phase remained unchanged, and no other peak corresponding to impurities was detected.
It should be noted that the minimum dose of the required nanocomposite as the initiator/agent of degradation is among
the main parameters in the process design.

FTIR is used for investigating the functional groups on the surface of adsorbent particles (Khataee et al., 2012). It was
used to investigate the chemical bonds and functional groups on the surface of CNTs functionalized using nitric acid. FTIR
spectra shows the interactions during adsorption onto the nanotubes, nanoparticles, and nanocomposite (Khataee et al.,
2012). Fig. S2b indicates the unchanged structure of MWCNTs upon functionalization by nitric acid. The wavenumber
3447 cm−1 was attributed to either OH bond in carboxylic groups or water adsorption. Lower wavenumbers indicate
stronger hydrogen bonds between -OH groups (DeBel et al., 2009; Lak et al., 2012; Ye et al., 2016; Kakavandi et al., 2016).
5
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Fig. 2. FESEM images for (a) pure MWCNTs, (b) acid-treated MWCNTs, (c) (δ-FeOOH) Nanoparticles and (d) (δ-FeOOH)/MWCNTs Nanocomposite.

eaks in the 2846–2856 cm −1 range, may be attributed to the symmetric and asymmetric -CH tensile vibration modes (Lak
t al., 2012). The absorption peak at wavenumber 1169–1629 cm −1 was attributed to MWCNTs bound to the carboxylic
roup (-COOH) bonded to the carbonyl group of the quinine, or the ring structure. Apparently, the formation of such
unctional groups during MWCNTs synthesis would provide conditions for easier bonding of feroxyhyte onto MWCNTs
hrough the hydrogen bond. Absorption peaks for MWCNTs functionalized by nitric acid at 1690 cm−1 and 1629 cm −1

wavenumbers were attributed to the carboxylic group (-COOH) bonded to the carbonyl group of the quinine, or the ring
structure (Gul et al., 2010). However, such peaks are weakened, or in some areas disappeared, in the (δ-FeOOH)/MWCNTs
spectrum. Apparently, such functional groups are disappeared during synthesis. Wavenumbers in the 1000–1350 cm−1

range were attributed to C–F stretching bonds under various chemical environments (Khodadadi et al., 2017). Finally, the
infrared spectrum shows Fe–O bonds at wavenumbers lower than 700 cm −1. Peaks at 1628.25, 1383.51, and 1174.46 cm−1

were attributed to C=O, n (CH2), and C–O functional groups, respectively. It was concluded that the presence of feroxyhyte
and MWCNTs in the composite specimen was approved.

Fig. 2 displays the FESEM images for pure MWCNTs, MWCNTs+HNO3, feroxyhyte, and (δ-FeOOH)/MWCNTs nanocom-
posite. As shown, MWCNTs diameter and length were 20–30 nm and 10-20 µm, respectively.

TEM images for feroxyhyte nanoparticles and (δ-FeOOH)/MWCNTs nanocomposite are given in Fig. 3. For TEM test,
samples were prepared under ultrasonication in ethanol for a certain period. Fig. 3a reveals that feroxyhyte nanoparticles
have a hexagonal structure, a similar conclusion to that of other reports (e.g., Carlson and Schwertmann, 1980; Sestu
6
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Fig. 3. TEM images for (a) feroxyhyte nanoparticles and (b) (δ-FeOOH)/MWCNTs nanocomposite.

t al., 2015). Fig. 3b illustrates that feroxyhyte nanoparticles were attached to the surface of functionalized MWCNTs. It
as concluded that almost all nanoparticles were placed on the surface of functionalized MWCNTs, suggesting a bond
etween nanoparticles and MWCNTs.
Particle size analysis (PSA) for feroxyhyte nanoparticles and the fitted Gaussians equation are presented in Fig. S2.

ased on Fig. S2, the average diameter of the nanoparticles was 17.17 nm.
Magnetic properties of pure feroxyhyte nanoparticle (δ-FeOOH) and (δ-FeOOH)/MWCNTs nanocomposite were mea-

ured using VSM in a ±10 kOe field at room temperature (Fig. S3). Based on the results, both samples were paramagnetic
t room temperature with no hysteresis. The saturation magnetization (Ms) for the nanocomposite was 42 emu/g;
ignificantly less than that of the feroxyhyte nanoparticle (60 emu/g). However, (δ-FeOOH)/MWCNTs were paramagnetic
ith a lower saturation magnetization. The reduction in the saturation of nanocomposite was ascribed to size effect, lower

ron content in the nanocomposite, and the presence of non-magnetic materials. The lower saturation magnetization and
ow coercivity indicate that (δ-FeOOH)/MWCNTs might be separated from the treated solution easily by implementing an
xternal magnetic field.
Chemical purity of samples and stoichiometry of pristine MWCNTs, functionalized MWCNTs, feroxyhyte nanoparticles,

nd nanocomposite were examined by EDX analysis. The elemental analysis from the highlighted area is shown in Fig. 4
inset). The standard EDX range recorded on the samples is also shown in Fig. 4. The spectrum for feroxyhyte nanoparticles
nd nanocomposite clearly shows five peaks between 0.2 and 9 keV (Fig. 4). As shown in Fig. 4c, most peaks are related
o iron and carbon elements with characteristic lines L and K. Also, in Fig. 4d, the maximum peak at 0.2 keV located
n the left is related to carbon. The oxygen characteristic line, which is hardly visible, is located at 0.3 keV. Carbon and
xygen points in samples confirm the presence of stabilizers consisting of alkyl chains. Chemical analysis performed by
DX revealed that the nanocomposite contains ∼51.38% carbon, 30.43% oxygen, and 18.19% iron. Finding strong peaks
orresponding to C and Fe in the spectrum reflects the presence of carbon and iron in the nanocomposite structure.
After producing the nanocomposite, the surface charge is determined by pH pzc measurement test. Based on Fig. S4,

H pzc of MWCNTs, and (δ-FeOOH)/MWCNTs nanocomposites were 3.92 and 4.36, respectively.

.2. Effects of various parameters on CIP degradation

Results obtained by the CCD experimental design for degradation of CIP by (δ-FeOOH)/MWCNTs in a Fenton-like process
re presented in Table 1. In order to predict the optimal values for CIP removal at the laboratory conditions, a second-
rder polynomial was fitted to the experimental data. Eq. (4) is a quadratic polynomial showing the relation between CIP
emoval rate and independent input variables:

Y = +60.54 − 2.43A + 1.00B + 1.18C + 2.58D − 3.41E + 4.63A2
+ 1.44C2

− 4.19D2
+ 2.31E2 (4)

In Eq (4), the positive (negative) sign for this purpose is that the variable is directly (inverse) proportional to the
esponse. It should be noted that only significant terms (with a P-value < 0.05 for Y) were selected to be included in the
educed quadratic equation, where A, B, C, D, E and Y are CIP concentration (mg/L), the dose of (δ-FeOOH)/MWCNTs (mg),
2O2 concentration (mM), initial pH, time and CIP removal (%), respectively. The performance of the quadratic equation
roposed by ANOVA was evaluated to assess the accuracy of the model. CIP reduction model (Y) based on F test was
ignificant at 95% confidence level (Table 2).
As observed in Table 2, the determination coefficient (R2) was acceptable, and P-values for model variables were all

0.05, indicating compatibility between the predicted and observed data. Also, the lack of fit F-value was > 0.05, meaning
7
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Fig. 4. EDX characterizations of samples (a) Pure MWCNTs, (b) Functional MWCNTs (c) Feroxyhyte Nanoparticles, and (d) (δ-FeOOH)/MWCNTs
anocomposite.

hat the proposed quadratic model was statistically reasonable. Since the coefficient of variance (CV) (5.30%) was < 10%, the
odel is acceptable. Furthermore, Adequate Precision (AP), defined as a measure of predicted response domain associated
ith its related error (or a signal-to-noise ratio), should be four or more (Amiri and Sabour, 2014; Salari et al., 2018a,b,
019). Since, in this model, AP value (28.20) was more than 4, model performance is satisfactory. Fig. S5 depicts the
redicted and normal plots for CIP removal, which match well with the experimental results, confirming the accuracy
8
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Table 1
Design matrix of central composite design (CCD) and CIP degradation results using (δ-FeOOH)/MWCNTs in a Fenton-like process.
Run
number

A: CIP
Conc., mg/L

B: Nanocomposite
dose, mg

C: H2O2
Conc, mM

D: pH E: Time,
min

Response: CIP removal (%)

Actual value Predicted value

1 33.0 12.5 10.0 6.5 90.0 72.3 71.0
2 79.0 27.5 20.0 3.5 150.0 60.0 58.5
3 79.0 12.5 10.0 6.5 150.0 59.5 59.3
4 79.0 12.5 20.0 6.5 150.0 62.8 61.7
5 79.0 12.5 20.0 6.5 90.0 71.3 68.5
6 33.0 27.5 10.0 3.5 90.0 70.5 67.8
7 33.0 27.5 10.0 6.5 150.0 67.6 66.2
8 79.0 27.5 20.0 3.5 90.0 62.7 65.3
9 33.0 27.5 20.0 3.5 150.0 65.0 63.4
10 56.0 20.0 5.0 5.0 120.0 64.0 63.9
11 56.0 20.0 15.0 5.0 120.0 58.0 60.5
12 33.0 12.5 20.0 3.5 90.0 69.1 68.2
13 79.0 12.5 10.0 3.5 150.0 54.0 54.1
14 33.0 12.5 10.0 3.5 150.0 58.2 59.0
15 33.0 27.5 10.0 6.5 90.0 67.7 73.0
16 79.0 27.5 10.0 3.5 90.0 63.0 62.9
17 79.0 27.5 10.0 6.5 150.0 58.0 61.3
18 56.0 5.0 15.0 5.0 120.0 54.0 58.6
19 56.0 20.0 15.0 2.0 120.0 38.0 38.6
20 33.0 12.5 20.0 6.5 150.0 68.0 66.5
21 79.0 27.5 20.0 6.5 150.0 66.6 63.7
22 56.0 20.0 25.0 5.0 120.0 62.0 68.7
23 79.0 27.5 20.0 6.5 90.0 75.1 70.5
24 33.0 27.5 10.0 3.5 150.0 62.0 61.0
25 33.0 27.5 20.0 6.5 90.0 79.4 75.3
26 56.0 20.0 15.0 8.0 120.0 43.0 49.0
27 56.0 20.0 15.0 5.0 180.0 62.0 63.0
28 79.0 12.5 10.0 3.5 90.0 62.4 60.9
29 79.0 27.5 10.0 3.5 150.0 57.7 56.1
30 33.0 12.5 20.0 6.5 90.0 75.6 73.3
31 56.0 20.0 15.0 5.0 60.0 71.0 76.6
32 79.0 12.5 10.0 6.5 90.0 68.0 66.1
33 33.0 27.5 20.0 6.5 150.0 68.0 68.5
34 33.0 12.5 10.0 3.5 90.0 66.7 65.8
35 102.0 20.0 15.0 5.0 120.0 68.0 74.2
36 79.0 12.5 20.0 3.5 150.0 57.1 56.5
37 33.0 12.5 20.0 3.5 150.0 61.4 61.4
38 79.0 12.5 20.0 3.5 90.0 65.7 63.3
39 56.0 20.0 15.0 5.0 120.0 68.0 60.5
40 33.0 27.5 20.0 3.5 90.0 66.7 70.2
41 33.0 12.5 10.0 6.5 150.0 63.8 64.2
42 56.0 35.0 15.0 5.0 120.0 61.0 62.5
43 10.0 20.0 15.0 5.0 120.0 83.5 83.9
44 56.0 20.0 15.0 5.0 120.0 61.7 60.5
45 79.0 27.5 10.0 6.5 90.0 71.8 68.1

of the model. However, a perturbation plot is required to examine the response performance (CIP removal %) within the
selected range of input parameters and the effect of each parameter on the response (Fig. 5).

3.2.1. Effect of initial CIP concentration
In Fig. 5, parameter A (CIP concentration) has a negative effect on the response performance. It was concluded that

n increase in CIP and H2O2 concentrations lead to a slight reduction in CIP removal. Table 1 (run #43) shows that the
eterogeneous Fenton-like process has the highest removal efficiency (83.5%) for the initial CIP concentration of 10.0
g/L. It can be argued that higher pollutant concentrations entail higher nanocomposite amounts with a longer required

ime for treatment.

.2.2. Effect of nanocomposite dose
In this study, an increase in the nanocomposite dose from 5 to 20 mg, leads to an increase in the effectiveness of CIP

emoval from 54 to 83.5%, and a further increase in nanocomposite dose up to 35 mg does not significantly change the
fficiency. Therefore, 20 mg was selected as the optimal value. As shown in Fig. 5, B (catalyst dosage, mg) has a positive
ffect on the response since at higher nanocomposite doses, Fe is more available, which increases the decomposition of
2O2 and reacts with iron ions. These reactions eventually increase the production of OH0 radicals in the solution and,
onsequently, better decomposition of the contaminants (Hu et al., 2011; Xu et al., 2016). Therefore, the optimal amount
9
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Table 2
The ANOVA results for the adequacy of the quadratic model.
Source Sum of squares Degree of freedom Mean square F value P-value Prob > F

Model 2484.25 9 276.03 23.80 < 0.0001 significant
A-Initial CIP (mg/L) 236.68 1 236.68 20.41 < 0.0001
B-Nanocomposite (mg) 39.80 1 39.80 3.43 0.0724
C-H2O2 Concentration 55.93 1 55.93 4.82 0.0348
D-Initial pH 266.77 1 266.77 23.00 < 0.0001
E-Time 464.44 1 464.44 40.05 < 0.0001
A2 570.57 1 570.57 49.20 < 0.0001
C2 55.15 1 55.15 4.76 0.0360
D2 467.46 1 467.46 40.31 < 0.0001
E2 142.68 1 142.68 12.30 0.0013

Residual 405.91 35 11.60
Lack of Fit 354.79 33 10.75 0.42 0.8915 not significant
Pure Error 51.13 2 25.56

Std Dev = 3.41, CV% = 5.30, PRESS = 983.1, R2
= 0.85, Adj. R2

= 0.82, Adequate precisions = 28.2.

Fig. 5. Perturbation plot of variables for CIP removal in the Fenton-like process.

of nanocomposite is sufficient to increase CIP degradation. Also, significant removal efficiency results in the reduction of
process cost at the optimal value (Li et al., 2014).

3.2.3. Effect of initial pH on CIP degradation
The ionized CIP molecule contains two proton binding sites, including the carboxylic acid (pKa1 = 5.9 ± 0.15) and

amine (pKa2 = 8.89 ± 0.11) groups (Fig. S6). Thus, its dominant forms at pH <5.9 ± 0.15 are cationic (CIP +) due to
the protonation of the secondary amine in piperazine, and the leading forms at pH > 8.89 ± 0.11 are anionic (CIP−)
due to proton loss from the carboxylic group. Additionally, at pH = 6.1–8.7, the dominant form is zwitterionic or neutral
(CIP±/CIP0) (Peng et al., 2015). Fig. S6 shows various ionic forms of CIP.

Based on Fig. S4, PZC of MWCNTs is ∼3.92 since surface charge at pH values < pHpzc is positive (Peng et al., 2015). At
pH < 5.9 ± 0.15, CIP and adsorbent surface have opposite charges, and thus due to similar charge repellence, adsorption
is expected to be diminished. At pH values in the 5–6 range, due to the opposite charge of CIP molecules and nanotubes,
inductive electrostatic absorption results in absorption rate enhancement.

pH pzc of the nanocomposite was ∼4.36. At pH < 4.36, due to a positive charge, the electrostatic repulsion force will
reduce the adsorption rate of CIP. At pH values between 6–8, electrostatic induction force increases adsorption due to the
opposite surface charge of MWCNT and CIP molecule. Therefore, electrostatic interaction between CIP and the adsorbent
is considered one of the major factors influencing the adsorption. Also, at pH > 8, electrostatic repulsion between negative
charges reduces the adsorption rate of CIP (Chen and Huang, 2010). Overall, the highest removal efficiency was obtained
at pH = 5.
10
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3.2.4. Effect of reaction time
Reaction time is considered as one of the most important variables for the design and management of the treatment

rocess. Due to a large number of adsorption sites in the early stages of the reaction, the adsorption rate is high (Li
t al., 2014). The most effective CIP antibiotic removal (83.5%) was achieved over 120 min, after which the adsorption
s gradually decreased (Table 1, run#43). Based on the CCD model prediction, optimal conditions for CIP removal were
etermined in an initial CIP concentration of 10.0 mg/L, a catalyst dose of 23.5 mg, H2O2 concentration of 20.6 mM, initial
H of 5.3, and 131.6 min for reaction time. Under these conditions, the maximum predicted value for CIP removal was
4.5%, while the corresponding experimental value was 86.9%, which is very close to the predicted value with a 2.7%
bsolute deviation (Table S2).
Before treatment, the BOD5 value of the solution was very low and close to zero, which confirms the difficulty of

astewater treatment by traditional techniques such as biological treatment. Upon treatment, the biodegradability index
as calculated to be 0.35, which shows the suitable function of the proposed process and reducing the toxicity by

ncreasing the biocompatibility of CIP solution, enabling the process to be combined with a biological process. Overlapped
PLC chromatograms at 277 nm show CIP degradation efficiency using Fenton-like removal under optimal conditions
Fig. S7). According to Fig. S7, the highest peak in CIP adsorption is reduced with reaction time, which indicates the
ecomposition of CIP and transformation into other compounds.

.2.5. Evaluation of antibacterial activity
As shown in Fig. S8, E. coli grew continuously over time, and 180 min after bacterial growth, it appeared in most parts

f the plate. As a result, there was a significant inhibitor in the plate, and antibiotics were removed. In other words, the
ffect of antibacterial control, especially on the plates (e), was very low in both growth environments (BA and EMBA).
herefore, antibacterial activity was very low after treatment.

. Summary and conclusion

This study investigates an optimized heterogeneous Fenton-like process for CIP removal , in which (δ-FeOOH)/MWCNTs
anocomposite was synthesized and characterized using a single-step co-precipitation technique without toxic, organic,
r expensive precursors. The effect of influential variables was also assessed throughout the process optimization. A
otable point in this study was using cheap and affordable raw materials and the relatively simple nanocomposite that
ay be considered a suitable high-performance catalyst for the degradation of organic compounds. Also, RSM based on
entral composite design (CCD) was successfully applied, and experiments were designed based on five input variables
i.e., initial CIP concentration, catalyst dose, H2O2 concentration, initial pH, and reaction time). The mechanism of catalyst
erformance was the synergistic effect of both advanced oxidation processes (Fenton-like) and adsorption. The proposed
ethodology not only increases the efficiency of advanced oxidation but also reduces the cost by decreasing the required
oncentration of hydrogen peroxide. CCD method predicted CIP removal effectively (R2 = 0.85). Moreover, the optimal
IP removal efficiency (86.9%) was achieved at a 131.6 min reaction time, CIP concentration of 10.0 mg/l, catalyst dose
f 23.5 mg, H2O2 concentration of 20.6 mM, and initial pH of 5.3. In order to validate the optimization results, two
onfirmatory experiments were conducted at the optimal operating conditions (Table S2). To verify model prediction,
iodegradability index (BOD5/COD) was determined (0.35), which showed that the effluent could be treated by a biological
rocess. Experimental results showed that a uniform distribution of iron oxide nanostructures on MWCNTs was achieved.
herefore, according to the inhibitory hale experiment by Escherichia coli (E. coli), antibacterial activity after treatment
as very low in both growth environments (BA and EMBA). Based on the results, (δ-FeOOH)/MWCNTs showed an
fficient catalytic activity for CIP removal, which may be attributed to the simultaneous effect of advanced oxidation
nd adsorption. Low cost and simple preparation procedure encourage future investigations on the design of new types
f composites like (δ-FeOOH)/MWCNT.
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