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pathogenic contaminants removal: from design to
application†

Mohammad Neaz Morshed,*abcd Nemeshwaree Behary,bc Nabil Bouazizi, *e

Julien Vieillard, e Jinping Guan,d Franck Le Derfe and Vincent Nierstrasz a

In this study, a flexible multifunctional fibrousmembrane for heterogeneous Fenton-like removal of organic

and pathogenic contaminants from wastewater was developed by immobilizing zerovalent iron

nanoparticles (Fe-NPs) on an amine/thiol grafted polyester membrane. Full characterization of the

resulting polyester membranes allowed validation of successful grafting of amine/thiol (NH2 or SH)

functional groups and immobilization of Fe-NPs (50–150 nm). The Fenton-like functionality of iron

immobilized fibrous membranes (PET–Fe, PET–Si–NH2–Fe, PET–NH2–Fe, and PET–SH–Fe) in the

presence of hydrogen peroxide (H2O2) was comparatively studied in the removal of crystal violet dye

(50 mg L�1). The effect of pH, amount of iron and H2O2 concentration on dye removal was

systematically investigated. The highest dye removal yield reached 98.87% in 22 min at a rate constant

0.1919 min�1 (R2 ¼ 95.36) for PET–SH–Fe providing 78% toxicity reduction assessed by COD analysis.

These membranes could be reused for up to seven repeated cycles. Kinetics and postulated mechanism

of colour removal were proposed by examining the above results. In addition, the resultant membranes

showed substantial antibacterial activity against pathogenic bacteria (Staphylococcus epidermidis,

Escherichia coli) strains studied through disc diffusion-zone inhibitory and optical density analysis. These

findings are of great importance because they provide a prospect of textile-based flexible catalysts in

heterogeneous Fenton-like systems for environmental and green chemistry applications.
1. Introduction

With the decrease of freshwater resources, the recovery of water
from wastewater is increasingly important for the sustainable
development of the world. Extensive industrialization and
a continuous discharge of massive amount of wastewater cause
the utmost distress for biodiversity as well as public health.1–4

Among different types of toxicants (such as-dyes, phenols,
bacteria, and nitro-aromatic compounds), aromatic dyes and
pathogenic bacteria receive the highest concern due to their
availability, high toxic nature, bioaccumulation, chemical
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stability and resistance to conventional treatment methods.1,5,6

Among various water remediation technologies, advanced
oxidation processes (AOPs), which are based on the generation
of reactive oxygen species (ROS), are regarded as an effective
technology for the degradation of hazardous organic pollutants
in wastewater.7–13 Fenton and Fenton-like treatments are best
due to their high degradation ability, range of applicability and
cost-effectiveness.14–17 However, homogeneous Fenton-like
degradation processes containing free reagents (iron ions and
hydrogen peroxide) have some critical disadvantages, which is
unacceptable for commercial applications such as selective
reaction conditions (acidic pH), generation of iron sludge and
single-use reagent is a costly and counterproductive procedure.
Therefore, much effort has been invested to improve the treat-
ment efficiency of the Fenton reaction process as well as
extending their working conditions and cutting down on
secondary pollution.

Heterogeneous Fenton reaction using solid immobilized
iron (zerovalent iron nanoparticles) has gained attention for
degradation of various types of complex pollutants providing
the prospects of reducing the consumption of iron and reus-
ability of iron as well as functioning reactor in a commercially
operable reaction condition. Our previous studies reported the
effectiveness of zerovalent iron nanoparticles towards
RSC Adv., 2020, 10, 13155–13173 | 13155
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View Article Online
detoxication of water containing aromatic dyes,12,18,19 phenolic
compounds,20,21 and bacteria strains.18 However, considerable
improvement is still necessary due to unsatisfactory activity in
terms of leaching and easy oxidation of iron nanoparticles as
well as in using fatal reducing agents (sodium borohydride) and
discount in total detoxication of the pollutants.

Unlike other support materials, very few works of literature
have been found where exible material such as textile bres or
membranes were used to immobilize iron nanoparticles aiming
at heterogeneous catalytic applications. Iron immobilized on
PAA,12,22 starch,23 and polyglycol24 reported in different literature
to treat contaminants. However, to avoid secondary water
contamination, the immobilization of zerovalent iron nano-
particles onto solid supports (for example, polymeric
membranes25 and activated carbon,26) could be ideal.

Polyester membrane-PET (a exible, porous, recyclable, non-
toxic, biocompatible material with resistance to most chemical
substances and microorganism) has successfully described as
a feasible support material to immobilize various organic and
inorganic catalyst and it demonstrated to have increased
stability and to allow mobility of materials.27 Since the polyester
surface is hydrophobic and non-interactive to most organic–
inorganic substances, surface activation of the PET membrane
is necessary. Among many surface activation processes28–30 of
polyester, plasma treatment is more desirable due to their cost-
effectiveness and eco-friendliness (no harmful solvent, no
chemical waste and less destruction of the specimen).
Frédéric L. et al. (2009)31 reported that surface activation of
polyester by air atmospheric plasma treatment introduces
hydrophilic surface functional groups such as –OH, –COOH.
While Alenka V. et al. (2008)32 earlier reported the formation of
amine and amide functional groups on polyester surface treated
by nitrogen plasma. Our previous study reported the insight of
air-atmospheric plasma treatment for surface activation of the
polyester membrane33 and the loading of iron nanoparticles on
amine/thiol graed polyester membrane for catalytic reduction
of methylene blue and 4-nitrophenol in water.

Although several studies reported the realization of immo-
bilized catalysts for Fenton-like removal of toxic pollutants,34–36

to our best knowledge, no study has reported the heterogeneous
Fenton like (oxidative) removal of organic and pathogenic
contaminants using exible brous membrane prepared by
immobilizing of Fe-NPs on amine/thiol graed polyester
membrane. Herein, this study reports heterogeneous Fenton-
like (oxidative) removal of crystal violet dye and inhibition of
Fig. 1 Chemical structure of (a) 3-(aminopropyl)-triethoxysilane, (b)
dendrimer.

13156 | RSC Adv., 2020, 10, 13155–13173
the growth of Gram-positive Staphylococcus epidermidis (ATCC
12228) and Gram-negative Escherichia coli (ATCC 25922)
bacteria strains by using such modied brous membrane. For
that, the polyester surface was activated by air atmospheric
plasma treatment followed by chemical graing of polyamido-
amine dendrimer or 3-(aminopropyl)-triethoxysilane or 1-thio-
glycerol before in situ reduction-immobilization of Fe-NPs. The
resultant brous membranes were characterized by using SEM,
FT-IR spectroscopy, TGA, DSC, wettability and optical micros-
copy. The mechanism of the catalytic properties, inuencing
factors as well as reusability of the membrane has been dis-
cussed. The antibacterial activity of prepared membranes was
evaluated through disc diffusion and zone inhibitory as well as
optical density analysis towards both bacteria strains individ-
ually and mixed.

2. Experimental
2.1. Chemicals

3-(Aminopropyl)-triethoxysilane (APTES); poly-(amidoamine)–
(NH2)4 dendrimer (PAMAM); 1-thioglycerol (SH); absolute
ethanol (Et–OH); hydrogen peroxide (H2O2); Fe(NO)3 and
sodium tetrahydroborate (NaBH4) were purchased from Sigma
Aldrich Ltd and used as received without any further purica-
tion (Fig. 1). Deionized water from a water purication system
provided by GFL-Gesellscha für Labortechnik mbH (Germany)
was used throughout all the experiments. PET nonwoven of
thickness- 950 mm, an areal density of 230 g m�2, a porosity of
93%, and an air-permeability of 645 mm s�1 was spun in
European nonwoven platform, CENT (France) based on web of
bres (avg. diameter 12 mm) formed by carding and consoli-
dated by hydro-entanglement (entangling with water jets).

2.2. Plasma treatment and chemical graing of PAMAM,
APTES, and SH on polyester membrane

Surface impurities in polyester membranes such as dust, spin-
ning oil and contaminants were extracted by using a Soxhlet
extraction method as described in our previous studies.37,38 The
removal of impurities was assessed by the water break test
where surface tension of sample water (from PET rinsing bath)
was compared with freshwater (72.6 mN m�1).39 Aer that, two-
steps surface modication of polyester membranes was con-
ducted before the immobilization of iron particles. In the rst
step, air atmospheric plasma treatment was used to activate the
hydrophobic surface of polyester and in a second step,
1-thioglycerol and (c) repeating unit of poly-(amidoamine)–(NH2)4

This journal is © The Royal Society of Chemistry 2020
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incorporation of PAMAM, APTES, and SH on plasma-treated
membranes as explained below;

(i) Air atmospheric plasma treatment was carried in plasma
treatment setup at École Nationale supérieure des arts et
industries textiles (ENSAIT) provided by Ahlbrandt System
(Germany). The device is equipped with a roll-shaped electrode
along with two other counter electrodes (inter-electrode
distance is 1.5 mm) in an atmospheric air condition having
a glow discharge instigated by the potential difference termed
the DBD-Dielectric Barrier Discharge as described in our
previous reports.37,40 The treatment was done continuously on
both sides at a constant speed of 2 m min�1 under 750w elec-
trical power. Plasma treatment modies the hydrophobic
surface of polyester into hydrophilic by introducing hydroxyl
and carboxylic terminal groups as illustrated in Fig. 2a.

(ii) Secondly, the freshly activated polyester membrane was
prone to chemical graing of PAMAM, APTES and SH using
ethanol/water (3 : 1 v/v) as the solvent. PAMAM and APTES
(0.3 wt%) was graed under constantly stirring for 4 h at 70 �C
in atmospheric air and nitrogen (N2) chamber, respectively.
Following the same protocol, SH was also graed in a separate
plasma-treated membrane in an N2 chamber under constant
stirring for 12 h. The resulting materials denoted PET–
Fig. 2 Schematic illustration of (a) plasma treatment of PET, chemical gra
polyester and in situ reduction-immobilization of zerovalent Fe-NPs on

This journal is © The Royal Society of Chemistry 2020
NH2|PET–Si–NH2|PET–SH (see Fig. 2b–d), were washed ltrated
and then dried at 60 �C overnight.
2.3. Immobilization of Fe-NPs on polyester membrane

Zerovalent iron nanoparticles (Fe-NPs) was immobilized on PET
(plasma treated)|PET–NH2|PET–Si–NH2|PET–SH through the in
situ reduction-immobilization method. Typically, Fe(NO)3
(0.6 wt%) was dispersed in H2O along with 1.0 wt% function-
alized membrane and stirred for 1 h at room temperature to
create complex between Fe-ions and terminal functional groups
of each functionalized membrane. Aer that, NaBH4 (0.9 mM)
as a reducing agent was added and allowed the reduction of iron
ions into zerovalent iron nanoparticles during 4 h under
constant stirring. Obtained PET–Fe, PET–NH2–Fe, PET–Si–NH2–

Fe, and PET–SH–Fe (see Fig. 2e–g) was vacuum dried (at 60 �C)
and stored in O2-free desiccator.
2.4. Material characterizations

Surface morphology of treated and untreated polyester
membranes was observed by scanning electron microscope
(SEM) using ZEISS EVO15 and MEB HR ZEISS Sigma 300 elec-
tron microscope. Before imaging, all samples were metalized by
fting of (b) APTES, (c) PAMAM, (d) 1-thioglycerol (SH) on plasma-treated
(e) APTES, (f) PAMAM, (g) SH grafted PET.

RSC Adv., 2020, 10, 13155–13173 | 13157
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conductive materials (gold) using Biorad E5200 device. Average
bre diameter and particle size of materials were investigated
from HR-SEM images using image analysis soware (ImageJ
1.40G), as described in our previous studies12 and obtained
standard deviation and corresponding size distribution histo-
grams. Triplicate static contact angle measurements of poly-
ester nonwovens before and aer surface modications were
carried out through sessile droplet goniometry using Attension
Theta Optical Tensiometer (Biolin Scientic) according to the
method explained in Section 1.1 of ESI.† Changes of surface
functional groups aer APTES, PAMAM and SH incorporation
were identied by Fourier transform infrared spectroscopy
(FTIR) analysis using Thermo Scientic™ Nicolet™ iS™ 10
FTIR Spectrometer. The spectra were measured between the
wavenumber 4000–400 cm�1 where background spectra were
measured in air. The functional groups' identication was
carried out by using OMNIC Specta Soware. Comparative
thermal behaviour and quantitative iron content on iron-
immobilized membranes were studied by differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA),
respectively using TG-DTA, A6300R instrument under nitrogen
(N2) medium.
2.5. Heterogeneous Fenton-like removal of crystal violet dye

Performance of polyester brous membranes (PET–Fe|PET–Si–
NH2–Fe|PET–NH2–Fe|PET–SH–Fe) in oxidative (heterogeneous
Fenton-like) removal of crystal violet dye in the presence of
hydrogen peroxide (H2O2) was studied. The effect of pH,
amount of Fe and H2O2 concentration on the removal of dye was
systematically investigated. The quantitative analysis was
recorded by using UV-visible spectrophotometer.

In a typical removal reaction, a 3.0 mL dye solution
(50 mg.L�1) in a quartz cuvette was treated by using 1 cm2 iron
immobilized polyester membrane (�30 mg) and 500 mL H2O2

(0.3 M) at pH 5 (temperature T ¼ 25 �C). The presence of Fe and
H2O2 immediately initiated the Fenton reaction that produces
high oxidation potential radicles ($HO). In a secondary rapid
and exothermic reaction, $HO oxidizes crystal violet dye into
primarily carbon dioxide and water (colourless). The instant-to-
initial absorbance ratio of dye solution (At/A0) was measured at
different time intervals. The changes in absorption indicate the
removal of dye, which later calculated using eqn (1).

Removalð%Þ ¼ C0 � Ct

C0

� 100 (1)

Here, C0 is the initial concentration of crystal violet, and Ct

represents the concentration of crystal violet at different time
intervals during removal.

Aer complete removal of the dyes, the nonwoven brous
membrane was removed from the solution, rinsed through
a continuous ow of distilled water before reuse for another
cycle application. The consecutive reuse of the membranes was
studied under identical experimental conditions.

2.5.1. Effect of pH on dye removal performance. The effect
of pH (3, 5, 7, and 9) on dye removal performance as a function
of time were studied. All removal experiments were carried out
13158 | RSC Adv., 2020, 10, 13155–13173
for 3.0 mL (50mg. L�1) dye solutionmounted in a quartz cuvette
where 1 cm2 iron-immobilized polyester membrane and 500 mL
H2O2 (0.3 M) were used.

2.5.2. Effect of amount iron on dye removal performance.
The effect of the amount of iron on removal efficiency using
iron-immobilized polyester membrane was examined. All the
experiments were carried out at room temperature and in pH 5
for 3.0 mL dye solution mounted in a quartz cuvette where 1
cm2 iron-immobilized polyester membrane and 500 mL H2O2

(0.3 M) were used.
2.5.3. Effect of H2O2 concentration on dye removal

performance. Different concentration of H2O2 (100, 300, 500
and 700 mL) on dye removal performance was investigated. All the
experiments were carried out at room temperature and in pH 5
where 1 cm2 iron-immobilized polyester membrane and 3 mL
(50 mg L�1) dye solution mounted in a quartz cuvette was used.

2.5.4. Toxicity reduction study. Decoloration of dye doesn't
guarantee the detoxication of polluted water. Therefore, we
studied the detoxication of water aer the removal process in
terms of chemical oxygen demand (COD) analysis. Typically, the
chemical oxygen demand of treated and untreated water studied
as per “ASTM D1252-06-chemical oxygen demand (dichromate
oxygen demand) of water” test method B using COD vials provided
by CHEMetrics, Inc. (USA) where the nal COD was calculated
using eqn (2) as similar to the method reported earlier18,40

COD (mg L�1) ¼ (23 010 � D620) � 3 (2)

Here, D620 represents the absorption difference (at l620nm) of
the vials aer the digestion of water sample at 150 �C for 2 h.

The result stated as parts per million (mg L�1). COD reduc-
tion was studied over time until maximum decolouration was
achieved.

2.6. Antibacterial activity study

The antibacterial activity of iron-immobilized polyester
membranes was evaluated through disc diffusion and zone
inhibitory as well as optical density analysis towards Gram-
positive Staphylococcus epidermidis (ATCC 12228) and Gram-
negative Escherichia coli (ATCC 25922) bacteria strains accord-
ing to the method explained elsewhere18. The antibacterial
behaviour was measured on individual bacteria as well as in
a bacteria mixture solution.

Mueller Hinton agar plates were used for diffusion and zone
inhibition analysis. The test is a semi-quantitative method
where the antibacterial activity was assessed by examining the
absence or presence of microbial growth in the contact zone
between agar and specimen and on the eventual appearance of
an inhibition zone according to ISO 20645. The membrane with
1 cm2 was placed on the surface of nutrient agar medium, which
was swabbed with the bacterial (106 cfu cm�3) culture. The
plates were incubated at 37 �C for 24 h to measure the zone of
inhibition in millimetres formed around the membrane. The
results were expressed as the width of the inhibition zone (mm).

The inhibition of E. coli and S. epidermidis bacteria mix were
also calculated by measuring the optical density at 630 nm
using a UV-visible spectrophotometer at room temperature.18
This journal is © The Royal Society of Chemistry 2020
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Kinetics of antibacterial property of the membranes towards the
mixture of Gram-positive and Gram-negative bacteria strains
were studied as well.
3. Results and discussions

The results were presented and discussed in two separate parts
where the rst part focuses on the analysis of polyester
Table 1 Sample terminology

Sample terminology

Untreated PET
PET
PET–NH2

PET–Si–NH2

PET–SH
PET–Fe
PET–NH2–Fe
PET–Si–NH2–Fe
PET–SH–Fe

Fig. 3 Water contact angle analysis of (a) untreated and (b) plasma-treat
and fitting semicircle).

Fig. 4 SEM images of (a) untreated PET, (b) PET–NH2, (c) PET–Si–NH2

This journal is © The Royal Society of Chemistry 2020
membranes before and aer PAMAM, APTES and SH graing
and iron immobilization. The second part confers the catalytic
behaviour of prepared iron-immobilized polyester membrane
towards the removal of toxic dye (crystal violet) and inhibition of
Gram-positive (Staphylococcus epidermidis) and Gram-negative
(Escherichia coli) bacteria strains. Table 1 describes the sample
terminology and their corresponding treatment used in this
study.
Treatments

Raw polyester nonwoven membrane (without any treatment)
Plasma treatment
Plasma treatment + PAMAM dendrimer graing
Plasma treatment + APTES graing
Plasma treatment + 1-thioglycerol graing
Plasma treatment + Fe immobilization
Plasma treatment + PAMAM dendrimer graing + Fe immobilization
Plasma treatment + APTES graing + Fe immobilization
Plasma treatment + 1-thioglycerol graing + Fe immobilization

ed polyester membrane using sessile droplet goniometry (digital image

and (d) PET–SH polyester membranes.

RSC Adv., 2020, 10, 13155–13173 | 13159
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3.1. Part 1: analysis of polyester nonwoven membrane before
and aer PAMAM, APTES and SH graing and iron
immobilization.

3.1.1. Analysis of plasma treatment of polyester
membrane. The behaviour of a sessile water droplet deposited
at the nonwoven surface was studied to measure the water
contact angle (qH2O) of the polyester surface before and aer
plasma treatment. The water contact angle was as high as 137�

at the surface of the untreated polyester membrane (see Fig. 3a),
which is higher than that of standard polyester bre surface
(qH2O ¼ 80�). The high surface roughness due to irregularities of
the membrane surface would account for such a high water
contact angle. However, it is further found that, upon plasma
Fig. 5 FTIR spectra of amine/thiol grafted polyester membranes (a)
PET, (b) PET–NH2, (c) PET–Si–NH2 and (d) PET–SH.

Fig. 6 HR-SEM images of (a) PET–Fe; (b) PET–NH2–Fe; (c) PET–Si–NH

13160 | RSC Adv., 2020, 10, 13155–13173
treatment, the droplet was immediately absorbed (see Fig. 3b),
and qH2O was found at 0�. Our previous studies explained the
formation of hydroxyl and carboxylic groups on the polyester
surface aer plasma treatment using the same set-up through
various analysis techniques includes; capillary uptake, Fourier
transform infrared spectroscopy, energy dispersive spectros-
copy and X-ray photoelectron spectroscopy.37,39,40 All the results
clearly correlated to the analysis of sessile water droplet test.

3.1.2. Analysis of chemical graing of PAMAM, APTES and
SH on polyester membrane. Plasma treated polyester
membrane were prone to chemical graing of polyamidoamine
(PAMAM) dendrimer, 3-(aminopropyl)-triethoxysilane (APTES)
or 1-thioglycerol (SH). SEM images in Fig. 4 shows a random
network of polyester bres, where a fairly smooth surface
morphology of bres was observed in untreated PET (see
Fig. 4a) but a distribution of white-like grains on other samples
has been observed, that can be due to graing of PAMAM,
APTES and SH on the bres of nonwoven (see Fig. 4b–d). Since
SEM analysis does not conclusively validate the claim of the
surface modication, Fourier transform infrared spectroscopy
has been carried out to identify the chemical changes due to
graing of PAMAM. APTES and SH on the polyester membrane.

FTIR spectra of all samples are shown in Fig. 5. Strong peaks
of ether (712–1242 cm �1), carboxyl and carbonyl groups (1650–
1712 cm�1) were observed on spectra for all samples. Peak
present in all samples at 1712 cm�1 is the stretching vibration of
C]O of the carbonyl group in ester.41 The band at 1410 cm�1

and 1577 cm�1 is represented to the C–C and C–H bond
stretching vibration of the phenyl ring. The band at 1239 cm�1

and 1095 cm�1 is due to C–O stretching.42 Asymmetrical and
symmetrical stretching of CH2 and CH3 appeared at 2951 cm�1

and 2848 cm�1 respectively. The characteristics peak near
2–Fe and (d) PET–SH–Fe.

This journal is © The Royal Society of Chemistry 2020
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3428 cm�1 in all samples can be due to O–H stretching vibration
due to the presence of hydrophilic groups (resulting during
plasma treatment).

Aer surface modication of the polyester with PAMAM,
APTES or Thiol, new peaks appeared around 3100 cm�1 to
3700 cm�1 region. The high intensity and clear peaks around
3400–3200 cm�1 corresponds to the primary amino groups
(–NH2)43 (see spectra b, c) is absent in the FTIR spectrum of
polyester (spectra a) conrms the presence of PAMAM and
APTES. On the other hand, the prominent broad band around
3600–3000 cm�1 (see spectra d) and a minuscule vibration band
at 2535 cm�1 corresponds to O–H and S–H of 1-thioglycerol44

which was not observed in any other sample. This conrms the
successful graing of amine/thiol groups on the polyester
membrane.

3.1.3. Analysis of immobilization of Fe-NPs on polyester
membrane. Surface morphologies of polyester membranes aer
immobilization of Fe-NPs has been investigated through scan-
ning electron microscopy (SEM). Changes in bre diameter,
particles size of iron has been studied from SEM images
through image processing soware (ImageJ). SEM images in
Fig. 6 shows the presence of iron particle dispersed over the
surface of all polyester membranes (PET–Fe; PET–NH2–Fe; PET–
Si–NH2–Fe; PET–SH–Fe). This visual evidence provides the
proof of successful immobilization of iron nanoparticles on the
bre surface. However, a close look at images reveals that
Fig. 7 Particle size distribution histogram of immobilized iron on (a0) PE

This journal is © The Royal Society of Chemistry 2020
individual pre-treatment of polyester fabric before iron immo-
bilization resulted in variation in dispersion, size and stability
of the iron particles. The size distribution histogram of the iron
particles (see Fig. 7) shows an irregular distribution of iron
particles with an average size ranges from 50–150 nm. Given the
inverse relationship between size and the dispersion of the
particles, aggregation of several small particles into one big
particle can be the cause for bigger particle size in samples.
Aggregation of particles indicates the stability of the particles.
Analysis of individual samples reveals that nest 49 � 17 nm
size of iron particles were deposited on PET–SH–Fe sample,
indicates less agglomeration of nanoparticles and better
stability compared to others, such as PET–Fe (96 � 23 nm),
PET–Si–NH2–Fe (57 � 23 nm) and PET–NH2–Fe (134 � 58 nm).

On the other hand, studies to investigate the changes in bre
diameter due to the immobilization of the iron particles reveals
that there was a momentous increase in bre diameter due to
the deposition of the iron particles. A swipe 9.6% (135 nm)
increase in bre diameter was observed in PET–NH2–Fe (see
Fig. S3a–d of ESI†). Since the amount of catalysts plays
a signicant role in catalytic performance. Along with qualita-
tive validation of iron immobilization, a quantitative analysis of
the amount of Fe-NPs deposited on PET–Fe, PET–Si–NH2–Fe,
PET–NH2–Fe, and PET–SH–Fe were studied through thermog-
ravimetric analysis (see Fig. S4 of ESI†).
T–Fe; (b0) PET–NH2–Fe; (c0) PET–Si–NH2–Fe and (d0) PET–SH–Fe.

RSC Adv., 2020, 10, 13155–13173 | 13161
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Fig. 8 DSC analysis of iron-immobilized polyester membranes.
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Results summarized in Table 2 shows that all of them were
effective on immobilizing and stabilizing Fe-NPs on the poly-
ester membrane at a considerable amount starting from 18.96
(wt%) to 26.10 (wt%). This suggests a predominantly physical
and non-stoichiometric condensation of Fe nanoparticles
through interaction with the organic entanglement. This can be
explained by the interaction between the bres : amine/thiol
function groups as well as between amine/thiol : Fe. Combine
effort of hydroxyl and thiol groups in 1-thioglycerol found to
adhere the most effective interactions to immobilize and
stabilize iron nanoparticles; can be due to the electrostatic
interactions of OH groups and possible Lewis acid–base bond
between thiol and ester derivatives reported by Joel Mart́ınez
et al. (2013).40,45 The highest 26.10% loading of Fe-NPs was
observed in PET–SH–Fe followed by PET-Si–NH2–Fe (24.12%),
PET–NH2–Fe (19.02%) and PET–Fe (18.94%) which added
support to the claim of the effectiveness of 1-thioglycerol over
PAMAM and APTES towards stabilization of Fe-NPs on polyester
surface.

In our previous study,40 we discussed the well-dened X-ray
diffraction analysis of Fe-NPs immobilized polyester
membranes prepared by the same approaches. Results showed
an apparent peak at the 2q of 44.90� and 36.8� corresponds to
both zero-valent iron and iron oxide, which can be due to the
rapid oxidation of the surface of the zerovalent iron and form
a thin oxide layer as reported by Yi Mu et al. (2017).46 Earlier
Mauricio A. V. Ramos et al. (2009)47 reported that the compo-
nent proportion of oxide shell to the iron metal core of zer-
ovalent iron nanoparticles can play a vital role in various
contaminant removal processes where adsorption of inorganic/
organic species by zerovalent iron nanoparticles can be
predominantly mediated by the oxide shells.

Possible changes in thermal properties due to the immobi-
lization of iron was studied by thermogravimetric (TG) and
differential scanning calorimetry (DSC) analysis. TGA analysis
(see Fig. S4 of ESI†) revealed a two common mass loss region at
80–100 �C and between 260–500 �C is the Tg and Tm of PET
respectively.48 A slight shi in mass loss region of the iron-
loaded polyester membrane has been noticed can be due to
the increases in the stability of polyester membrane due to the
presence of iron particles. In DSC analysis (see Fig. 8), high
intensity of heat ow as a result of the increase in heat
conduction due to the presence of Fe-NPs was observed in all
iron-immobilized polyester membrane over untreated
membrane; provide evidence of thermal property improvement
of functionalized nonwovens.
Table 2 Summary of particle size and wt% of Fe-NPs immobilized on
the polyester membrane

Sample
The particle size
of Fe-NPs (nm)

mg% of
Fe-NPs immobilized

PET–Fe 96 � 48 18.94
PET–NH2–Fe 134 � 58 19.02
PET–Si–NH2–Fe 57 � 23 24.12
PET–SH–Fe 49 � 17 26.10

13162 | RSC Adv., 2020, 10, 13155–13173
3.2. Part 2: analysis of heterogeneous Fenton-like removal of
crystal violet dye.

Crystal violet dye and pathogenic bacteria strain (S. Epidermidis
and E. coli) were studied and analyzed for oxidative heteroge-
neous Fenton-like removal of toxic water pollutants. Crystal
violet is a triphenylmethane dye regarded as a biohazard
substance as it is poisonous and carcinogenic.49,50 Crystal violet
dye is being extensively used in textiles, medicine as well as in
paints and printing ink. Staphylococcus epidermidis and Escher-
ichia coli a severe concern for many communities are intimi-
dating pathogenic infections. S. epidermidis is an etiological
infection agent, which in contact causes substantial heights of
mortality. On the other hand, E. coli is also one of the most
common nosocomial pathogens can cause several disorders. It
has been reported by several researchers that, these pollutants
can persist in the environment over a signicant amount of
time releasing toxic effects in the environment, needs imme-
diate attention.51,52

3.2.1. Removal of dye as a function of time. Fenton-like
removal of crystal violet dye as a function of time was studied
by UV-vis spectrophotometer and plotted as shown in Fig. 9. The
removal reactions of crystal violet dye using different
membranes (PET–Fe, PET–NH2–Fe, PET–Si–NH2–Fe, and PET–
SH–Fe) were carried out under the same conditions (method
explained in Section 2.5). The Fenton-like reaction involves the
combined use of ferrous ions (Fe2+) and hydrogen peroxide
(H2O2) to produce highly oxidation potential active oxygen
species (such as hydroxyl free radicals) capable of degrading
crystal violet dye. The characteristic absorption peak observed
at l590 nm attributed to the intensity of crystal violet.53

As shown in Fig. 9a–d, the intensity of the absorbance at l590
nm rapidly decreased, while exposed to an iron-immobilized
polyester membrane (that ultimately provides Fe2+) and
hydrogen peroxide, suggesting rapid generation of hydroxyl free
radical that oxidized crystal violet dye into colourless degraded
intermediates. All samples found to be effective towards the
removal of crystal violet dye in a heterogeneous Fenton-like
environment providing complete degradation by 22–68 min. A
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 UV-visible spectroscopy of heterogeneous Fenton-like removal of crystal violet dye using iron-immobilized fibrous membrane; (a) PET–
Fe/H2O2, (b) PET–NH2–Fe/H2O2, (c) PET–Si–NH2–Fe/H2O2, and (d) PET–SH–Fe/H2O2 [Conditions: crystal violet dye ¼ 3 mL (50 mg L�1), iron-
immobilized fibrous membrane ¼ 1 cm2, H2O2 ¼ 500 mL (0.3 M), pH ¼ 5, T ¼ 25 �C].
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close look at the colour removal performance of the individual
sample shows that signicantly fast removal (98.87% in 22 min)
performance was achieved by PET–SH–Fe compare to other
samples (98.56% in 35 min, 98.35% in 52 min, 94.77% in
68 min for PET–Si–NH2–Fe, PET–NH2–Fe and PET–SH–Fe,
respectively). Fast removal of might be attributed to the
stability, disparity and quantity of iron nanoparticles that
strongly immobilized on the polyester surface, ensuring the
maximum exposure of reagent, vigorous presence of ferrous
ions (Fe2+) thus the efficiency of producing striking hydroxyl
free radicals for oxidation of dye.

3.2.1.1. Kinetics of colour removal of crystal violet dye.
Degradation kinetics is one of the most important characteris-
tics that represent the catalytic efficiency of the membrane and,
therefore, largely illustrate the potential applications of the
membrane.54 Herein, the kinetic experiments of heterogeneous
Fenton-like removal of crystal violet dye with the use of iron-
immobilized polyester nonwoven in presence of hydrogen
peroxide were conducted by investigating the degradation rate
versus the degradation time the results are shown in Table 3.
The [instant/initial] absorbance ratio of the crystal violet band
at l590 nm (At/A0), which accounts for the corresponding
concentration ratio (Ct/C0), allows plotting of ln (Ct/C0) as
This journal is © The Royal Society of Chemistry 2020
a function of time according to eqn (3) as shown in Fig. 10a and
b. The removal performance of the membranes has been pre-
sented in Fig. 10c.

ln
Ct

C0

¼ ln
At

A0

� kt (3)

Model validation of reaction kinetics for crystal violet dye
removal using iron-immobilized brous membrane is obtained
by linear evolution in time of ln(Ct/C0), as supported by R2

values 95.84, 89.77, 95.34, 95.36 for PET–Fe/H2O2, PET–NH2–Fe/
H2O2, PET–Si–NH2–Fe/H2O2, and PET–SH–Fe/H2O2 respec-
tively. Plots summarized in Table 3 shows that all membranes
exhibited good linear relationships of ln (Ct/C0) versus reaction
time following pseudo-second-order, pseudo-rst-order, and
rst-order reaction kinetics with respect to complete removal of
crystal violet dye. It is evident that among all membranes the
rate constant and removal performance of PET–SH–Fe/H2O2 is
the highest (0.1922 min�1, 98.87%). Thus, it is of great interest
that our result demonstrates fast and complete removal of dye
as supported previously.

3.2.1.2. The postulated mechanism of dye removal. Charac-
teristics property of zerovalent iron (immobilized in the
RSC Adv., 2020, 10, 13155–13173 | 13163
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Table 3 Pseudo-second-order, pseudo-first-order, and first-order reaction kinetics studies for heterogeneous Fenton-like removal of crystal
violet dye

Sample Pollutant conc. (mg L�1) aTime (min) bk (min�1) c(R2) Removal%

PET–Fe/H2O2 50 68 0.0494 95.84 94.77
PET–NH2–Fe/H2O2 50 52 0.0789 89.77 98.35
PET–Si–NH2–Fe/H2O2 50 35 0.1208 95.34 98.56
PET–SH–Fe/H2O2 50 22 0.1922 95.36 98.87

a Reaction time required for complete colour removal. b k: rate constant for the 1st order kinetics, and is expressed in min�1. c R2: correlation
coefficient of the linear regression.
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polyester membrane) to produce iron ions followed by partici-
pation in Fenton-like reaction in presence of hydrogen peroxide
generates high oxidation potential of hydroxyl free radical (The
hydroxyl radical ($OH) has a standard oxidation-reduction
potential of 2.8 V) (see Fig. 11 and reaction (4)–(7)). Based on
the mechanism of Fenton-like reaction and previous
reports43,55,56 an initial mineralization pathway has also been
proposed (see Fig. 12). It can see that there are number conduits
for mineralization of crystal violet dye as a function of
Fig. 10 Evolution of (a) Ct/C0, (b) ln(Ct/C0) and (c) the removal yield in re
immobilized fibrous membrane ¼ 1 cm2, H2O2 ¼ 500 mL (0.3 M), pH ¼

13164 | RSC Adv., 2020, 10, 13155–13173
interaction with oxidizing species such as hydroxyl free radicals,
generated through Fenton reaction.

The removal of crystal violet dye was attributed to the
synergistic effect caused by free radicals and other reactive
species on the central carbon portion of crystal violet dye
structure (see Fig. 12A).39 As found in the results (discussed in
Section 3.2.1) upon oxidation, the dye becomes colourless,
indicating the removal of the color bearing group and possible
conversion into degraded intermediates. In the initial
spect to time [Conditions: crystal violet dye ¼ 3 mL (50 mg L�1), iron-
5, T ¼ 25 �C].

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Schematic postulated mechanism of removal of crystal violet dye as a potential organic pollutant.

Fig. 12 Initial mineralization pathway of crystal violet dye. (A) Crystal violet; (B) 4-(N,N-dimethylamino)-40-(N0,N0-dimethylamino)benzophe-
none; (C) 4-(N,N-dimethylamino)-40-(N0,N0-dimethylamino)diphenylmethane; (D) 4-(N,N-dimethylamino)-40-(N0,N0-dimethylamino)
dimethylaniline.
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assumption, R. E. Palma-Goyes et al. (2010)56 and F. Guzman-
Duque et al. (2011)57 suggested that due to oxidation crystal
violet may degrade into 4-(N,N-dimethylamino)-40-(N0,N'-dime-
thylamino) benzophenone (see Fig. 12B) or 4-(N,N-dimethyla-
mino)-40-(N0,N'-dimethylamino) diphenylmethane (see
Fig. 12C).

However, a secondary degradation of these degraded inter-
mediates occurs due to constant interaction with hydroxyl free
radicals in the reaction bath and further degradation into 4-
(N,N-dimethylamino)-40-(N0,N'-dimethylamino) dimethylaniline
(see Fig. 12D).55 Finally, the gradual cleavage of the aromatic
degraded intermediates would lead to mineralize into carbox-
ylic acids prior to dissociate into H20 and CO2 as illustrated in
reaction (8) and (9).

The postulates reaction mechanism involves three steps as
follows;

(i) The process of producing iron ions and reactive species

Fe0 + 2H+ / Fe2+ + H2 (4)

Fe0 + 2Fe3+ / 3Fe2+ (5)
This journal is © The Royal Society of Chemistry 2020
Fe0 + H2O2 + 2H+ / Fe2+ + 2H2O (6)

Fe2+ + H2O2 / Fe3+ + HO�+ $OH (7)

(ii) The process of colour removal

Crystal violet + $OH / degraded intermediates (8)

(iii) The process of mineralization

Degraded intermediates + $OH / CO2 + H2O (9)

3.2.1.3. Analysis of toxicity reduction. Toxicity reduction is an
important parameter in any pollutant removal process. Reduc-
tion of chemical oxygen demand (COD) due to the heteroge-
neous Fenton-like removal of crystal violet dye from water has
been systematically investigated according to the method
explained in Section 2.5.4. Fig. 13 showed the evolution of COD
concentration aer removal of crystal violet dye using various
membranes ((a) PET–Fe/H2O2; (b) PET–NH2–Fe/H2O2; (c) PET–
RSC Adv., 2020, 10, 13155–13173 | 13165
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Fig. 13 Toxicity reduction analysis (a) PET–Fe/H2O2; (b) PET–NH2–
Fe/H2O2; (c) PET–Si–NH2–Fe/H2O2; (d) PET–SH–Fe/H2O2 [Condi-
tions: crystal violet dye ¼ 3 mL (50 mg L�1), iron-immobilized fibrous
membrane ¼ 1 cm2, pH ¼ 5, T ¼ 25 �C].

Fig. 14 Recyclability and repeatability analysis of iron-immobilized fibro
NH2–Fe/H2O2, and (d) PET–SH–Fe/H2O2 [Conditions: crystal violet dye¼
¼ 500 mL (0.3 M), pH ¼ 5, T ¼ 25 �C].

13166 | RSC Adv., 2020, 10, 13155–13173
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Si–NH2–Fe/H2O2; (d) PET–SH–Fe/H2O2). The samples were
analyzed for COD reduction immediately aer complete decol-
ouration. Results indicates a considerable reduction (78%) of
COD by PET–SH–Fe/H2O2 treatment followed by PET–Si–NH2–

Fe/H2O2 (72%), PET–NH2–Fe/H2O2 (58%) and PET–Fe/H2O2

(32%). Reduction of COD attributed to the removal of dye
molecules and their intermediates.

However, the incomplete reduction of COD of all samples
aer complete colour removal can be due to the remaining
degraded intermediates (discussed in Section 3.2.1.2). From the
results, it was further concluded that iron immobilized on
polyester nonwoven membrane mediated by thiol groups
adhere to the superior catalytic property by mineralizing
maximum degraded intermediates of crystal violet into
nontoxic elements can be due to the stabilization, uniform
dispersion and strong binding of Fe-NPs as supported by SEM,
TGA and DSC analysis. Nevertheless, in all samples a longer
reaction between degraded intermediates and radicals may
enhance the COD reduction performance as suggested by J. Liu
et al. (2019),58 hence a longer treatment aer colour removal is
recommended for complete toxicity reduction through the
designed treatment process.
us membrane; (a) PET–Fe/H2O2, (b) PET–NH2–Fe/H2O2, (c) PET–Si–
3 mL (50 mg L�1), iron-immobilized fibrous membrane¼ 1 cm2, H2O2

This journal is © The Royal Society of Chemistry 2020
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Table 4 Comparison of the studies focused on the removal of crystal violet dye through different AOPs

Sample
Conc. of
pollutant Time

Rate constant,
k (min�1)

No. of
reusability cycles

Toxicity reduction%
(TOC/COD) Reference

MMT-Fe (Fenton) 0.060 mM 120 min 0.2220 — 41.5b 59
N–TiO2/UV-lamps 10 mg L�1 120 min 0.0326 — 86b 60
GO/PbBiO2Br-UV 10 mg L�1 12h 0.1278 6 — 61
Fe loaded ZSM-5 zeolite (Fenton) 3 mM 120 min 0.1811 3 76a 62
TiO2/clinoptilolites-UV 12 mg L�1 100 min 0.019 5 — 63
PM–Fe/Ni–/H2O2 200 mg L�1 120 min 0.0135 6 — 58
PET–Fe/H2O2 50 mg L�1 68 min 0.0716 4 32a This work
PET–NH2–Fe/H2O2 50 mg L�1 52 min 0.0816 6 58a This work
PET-Si–NH2–Fe/H2O2 50 mg L�1 36 min 0.1187 6 72a This work
PET–SH–Fe/H2O2 50 mg L�1 22 min 0.1919 7 78a This work

a Toxicity reduction analyzed by chemical oxygen demand analysis. b Toxicity reduction analyzed by total organic carbon analysis.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 5

/1
/2

02
6 

8:
28

:5
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
3.2.1.4. Analysis of reusability studies. One of the great
advantages of brous heterogeneous catalysts is the possibility
to be recovered/recycled and reused in consecutive degradation/
removal cycles. To study the durability and stability of the iron-
immobilized polyester membrane catalysts, the catalyst was
repeatedly used for removal of crystal violet dye in the same
experimental condition (as per the method stated in Section
2.5). The results are reported in Fig. 14, indicating that all
catalysts can be recovered and reused for four (PET–Fe), six
(PET–NH2–Fe and PET–Si–NH2–Fe) and seven (PET–SH–Fe)
consecutive cycles with or without a signicant decline in
removal performance. A substantial decline in removal perfor-
mance aer three/four repeated use for PET–Fe catalyst could
be due to the loosely attached iron nanoparticles on the
membrane, which may leach to the solution (causing secondary
pollutants) during preceding removal reaction. On the other,
iron immobilized on PAMAM, APTES and SH graed samples
shows more robust and stable characteristics of iron nano-
particles providing at least above 90% removal even aer six
reuse. This can be explained by the key role of amine/thiol
functional groups that bind and shielded the zerovalent iron
nanoparticles and prevent leaching, which results in high
durability. Overall, the resultant catalyst exhibited excellent
repetitive-use performance, which was of great interest as
compared with recently introducing AOP systems reported in
the literature as summarized in Table 4.

3.2.1.5. Role of amine/thiol and hydrophilic groups. Amine
and thiol groups with terminal NH2 and SH groups graed on
polyester membranes demonstrated a key role in xation and
stabilization of zerovalent iron nanoparticles and adsorption of
the pollutants over the surface of brous membranes. As
observed in Table 2 (see Section 3.1.3), adequate loading of Fe-
NPs was achieved by using PAMAM, APTES or thioglycerol in
comparison with original polyester membranes. This may be
ascribed to the gradual protonation of the amine group and
thus improve the xation of the nanoparticles followed by better
catalytic performance. Here, amine ends of APTES and PAMAN
immobilize and interact with the iron nanoparticle, involving
an electrostatic interaction. However, in the case of thioglycerol,
the terminal groups were hydroxyls ($OH) that exposed for
This journal is © The Royal Society of Chemistry 2020
attachment to the Fe-NPs surface. Herein, during the contact of
thiol or amines with the iron particles, the weakest part of the
bridge structure broke resulted in a rupture. The resulting
rupture force can be explained the difference between thiol and
amines. According to the SEM and catalytic activities, it was
found that thiol graing evidence high dispersion of Fe nano-
particles and the good removal of crystal violet dye. Conse-
quently, the interaction force of thiol is stronger than those of
amines, indicating the causes of most probable rupture with
iron nanoparticles. This was in good agreement with previously
published work.38,64,65 On the other hand, strong interactions
between thiol groups and Fe explain the lower particles size on
PET-SH, in agreement with previous data.66 This was accom-
panied by the high density of Fe for PET–SH–Fe as compared to
APTES and PAMAM graed nonwoven, due to the high affinity
of S atoms towards Fe nanoparticles. The evidence of the
uniform and high density of iron nanoparticles is provided by
SEM analysis (see Section 3.1.3 and Fig. S3 of ESI†).

Additionally, by analyzing the contact angle of each polyester
membrane aer iron incorporation results in increased hydro-
philic character (see Fig. S5 of ESI†), provides better stability of
the materials, thus improved removal of crystal violet dye. The
wettability of the bres appeared to be developed uniformly for
all connected bre. This result has an interesting role for the
continuous adsorption of crystal violet dye molecules, which
further reveals the chemical moiety behind the high removal
performance of as-prepared membranes.

3.2.1.6. Effect of pH, iron concentration, and H2O2 concen-
tration on colour removal. The initial pH of the adsorption
medium, the concentration of dye and reagents is a very
signicant parameter affecting the adsorption process in
heterogeneous catalysis system.67 The effect of pH on the
oxidation of crystal violet dye showed an interesting trend on all
samples due to stabilization and immobilization of solid zer-
ovalent ion nanoparticles on amine/thiol graed polyester
membranes. The removal performance of the membranes as
summarized in Fig. 15 reveals that even though homogeneous
Fenton reaction best operates in pH 3–4 (very acidic) whereas as
prepared heterogeneous catalysts (PET–SH–Fe, PET–Si–NH2–Fe,
and PET–NH2–Fe) gives best removal efficiency at pH-5, which is
RSC Adv., 2020, 10, 13155–13173 | 13167
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Fig. 15 Effect of different pH (3, 5, 7, and 9) on heterogeneous oxidative Fenton-like color removal; (a) PET–NH2–Fe/H2O2; (b) PET–Si–NH2–Fe/
H2O2; (c) PET–SH–Fe/H2O2 [Conditions: crystal violet dye¼ 3mL (50mg L�1), iron-immobilized fibrousmembrane¼ 1 cm2, H2O2¼ 500 mL (0.3
M), T ¼ 25 �C].

Fig. 16 Effect of hydrogen peroxide dossing (100 mL to 700 mL) on heterogeneous oxidative Fenton-like color removal; (a) PET–NH2–Fe/H2O2;
(b) PET-Si–NH2–Fe/H2O2; (c) PET–SH–Fe/H2O2 [Conditions: crystal violet dye¼ 3mL (50mg.L�1), iron-immobilized fibrousmembrane¼ 1 cm2,
pH ¼ 5, T ¼ 25 �C].
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due to the characteristic advantage of the solid iron particles
(zerovalent iron nanoparticles).40

This will considerably solve the unsatisfactory action (acid-
ication to reach pH 3) needed on the wastewater before or
during Fenton like detoxication. However, in the case of basic
pH, the results showed very low catalytic activities, because of
net negative surface charges on the catalyst surface cancelling
the efficiency of reactive species responsible for the removal of
crystal violet dye.

Measurement of the catalytic activities for different concen-
tration of iron present in each catalysts [PET–SH–Fe (26.10%),
PET–Si–NH2–Fe (24.12%) and PET–NH2–Fe (19.02%)] as availed
by TGA analysis (see Table 2 of Section 3.1.3) demonstrates
appreciable changes in removal performance as a function of
time as observed in Fig. 9. This phenomenon indicates that the
number of iron nanoparticles present in the as brous
membrane can inuence the oxidative removal of pollutants.

As of characteristics behaviour of Fenton reaction, the reac-
tion performance and production of reactive species greatly
inuenced by the quantity and ratio of the reagents used. The
13168 | RSC Adv., 2020, 10, 13155–13173
effect of different extent of hydrogen peroxide on removal
performance has been studied for all samples. A range of
capacity starting from 100 to 700 mL (0.3 M) was studied. The
evaluation of colour removal in terms Ct/C0 as shown in Fig. 16
shows that H2O2 concentration bellow 300 mL showed poor or
insufficient dye removal. This is because the low concentration
of H2O2 is too concentrated to react with the mineralized iron to
form sufficient hydroxyl radicals to fully oxidize crystal violet.
However, 400 mL to 500 mL showed complete removal of dye in
similar experimental condition although the efficiency of the
reaction was also quite different. When the concentration of
H2O2 was gradually increased, the nal removal rate reached
nearly 97% to 99%. 500 mL H2O2 on the reactor provides the
fastest removal is also the point where the reaction is saturated.
Aer the saturation point, the reaction efficiency even if for
a high amount of H2O2 is negative. This phenomenon indicates
that high and imbalance ratio of reagents cannot increase the
degradation rate as linear regression rather showed no
improvement aer saturation.
This journal is © The Royal Society of Chemistry 2020
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Fig. 17 Diffusivity and zone inhibitory test of differently iron-immobilized fibrous membranes; (a) untreated PET, (b) PET – PET–Si–NH2–Fe (c)
PET–NH2–Fe and (d) PET–SH–Fe.
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3.2.2. Analysis of antibacterial activities. The catalytic
behaviour of the membranes (PET–Si–NH2–Fe, PET–SH–Fe, and
PET–NH2–Fe) was studied under natural conditions through
diffusivity and zone inhibitory analysis against both Gram-
positive and Gram-negative bacteria (S. epidermidis and E. coli)
strains as per the method described in Section 2.6. A blank
experiment was conducted using an untreated polyester
membrane showed no inhibition zone, which means the poly-
ester membrane does not possess antibacterial behaviour if not
treated with additional antibacterial agents. However, upon
immobilizing iron nanoparticles, polyester membranes effec-
tively inhibited the bacterial growth starting showing the inhi-
bition zone diameter from 21 mm to 38 mm (see Fig. 17)
(According to ISO 20645 standard, the outspreading up to 1 mm
inhibition zone and no growth under specimen or no inhibition
zone is accepted as effective).68,69

This result is of great importance and can be explained by
the strong capacity of the iron nanoparticle immobilized on
polyester membrane to alter the membrane of E. coli and S.
Table 5 The zone of inhibitiona (mm) analysis of membranes
according to test method ISO 20645

Sample
Staphylococcus
epidermidis

Escherichia
coli

PET — —
PET – PET–Si–NH2–Fe 26 mm 21 mm
PET–NH2–Fe 35 mm 26 mm
PET–SH–Fe 35 mm 38 mm

a Mean values were given in the table aer performing three tests of
each analysis.

This journal is © The Royal Society of Chemistry 2020
epidermidis, inducing cell wall rupture. This synergistic anti-
bacterial effect iron nanoparticle is consistent with the mech-
anism explained elsewhere.18,70,71 The zone inhibition diameter
(see Table 5) reveals that the PET–SH–Fe and PET–NH2–Fe
membranes were more robust compared to PET–Si–NH2–Fe.
This can be due to the presence of a considerable amount of
stability, the mass of iron nanoparticles, ner particles size and
with high surface area72 and antibacterial behaviour of PAMAM
dendrimer.18
Fig. 18 Optical density analysis of antibacterial property of the
membrane towards the mixture of Gram-positive and Gram-negative
bacteria strains.
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Table 6 Kinetics analysis of antibacterial property of the membrane
towards the mixture of Gram-positive and Gram-negative bacteria
strains

Sample aTime (h) bk (min�1) cR2

PET-Si–NH2–Fe 30 1.604 � 10�2 0.74699
PET–NH2–Fe 30 2.376� 10�2 0.84931
PET–SH–Fe 30 2.398� 10�2 0.86305

a Time provided for maximum inhibition. b k is the rate constant and
expressed in min�1. c R2 is the correlation coefficient of the linear
regression.
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Optical density analysis was also carried out to investigate
the bacteria removal effectiveness of the membranes showed
a precise and auspicious conclusion as reported in Fig. 18. The
results showed that membranes prepared by both amine and
thiol based cross-linkers can remove the bacteria from the
solution. The removal efficiency was studied by calculating the
kinetics obtained by UV-vis spectroscopic data (see Table 6).

It was found that the thiol (SH) based PET–SH–Fe membrane
removed the maximum (average. 86%) bacteria at 2.398 �
10�2 min�1 which can reach up to 99.97% depending on the
time and amount of catalyst used. The reason behind the higher
effectiveness of the PET–SH–Fe membrane towards the catalytic
activity (antibacterial effect) is due to the higher stability of the
zerovalent iron nanoparticles evaluated by morphological,
quantitative, thermal and size distribution analysis as dis-
cussed above.
4. Conclusions

This study set out to develop exible multifunctional brous
membrane for heterogeneous Fenton-like removal of organic
and pathogenic contaminants from wastewater by immobiliz-
ing zerovalent iron nanoparticles (Fe-NPs) on PAMAM, APTES or
1-thioglycerol graed polyester membranes. At initial activa-
tion, the eco-friendly plasma activation process of polyester was
chosen. Wettability analysis through contact angle goniometry
analysis revealed the successful activation of the polyester
membrane. The contact angle reduced from 137� to 0� proved
the integration of hydrophilic groups on the polyester surface
due to plasma treatment.

SEM and FTIR analysis conrmed the graing of PAMAM,
APTES and SH and immobilization of iron nanoparticle on
polyester membranes. Results revealed the effectiveness of the
amine/thiol groups towards immobilization and stabilization of
iron nanoparticles. Quantitative loading analysis of iron nano-
particles by using TGA analysis revealed the potentiality of the
prepared material as a catalyst in Fenton-like reaction. The
catalytic property studied for removal of crystal violet dye and
inhibit the growth of S. epidermidis and E. coli bacteria strains
reveal the effectiveness of the membranes as summarized
below;

(a) The prepared catalyst showed signicant 94–99% removal
of crystal violet dye in 22–68 min depending on the type of
membranes used (based on functionalization treatment). All
catalysts showed signicant reusability of 4–7 cycles during
13170 | RSC Adv., 2020, 10, 13155–13173
crystal violet removal without signicant decrease in perfor-
mance. Denite inuences of pH, amount of Fe and concen-
tration of hydrogen peroxide has been concluded.

(b) The resulting materials PET–Si–NH2–Fe|PET–SH–

Fe|PET–NH2–Fe and PET–Fe turned out to have strong bacte-
ricidal activity against S. epidermidis and E. coli observed
through disc diffusion and optical density analysis. Highest
86% inhibition of bacterial mix solution was observed for PET–
SH–Fe in 30 hours of observation which are expected to be up to
99.99% respect to time and concentration of the catalysts.

The overall results conrm the potential of exible multi-
functional brous membranes in bioremediation and green
chemistry applications through rational design of robust cata-
lyst capable of effective removal of organic and pathogenic
contaminants in various environment.
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