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A magnetic nanocomposite (NC), Fe3O4@PPy-MAA, was synthesised via in situ oxidative polymerisation of the
pyrrole monomer in a thioglycolic acid (mercaptoacetic acid) solution (as a dopant), in the presence of iron oxide
(Fe3O4). The newly developed NC was characterised using ATR-FTIR, FE-SEM, HR-TEM, XRD, TGA, BET and VSM.
The performance of the NC for silver ion (Ag+) adsorption was carried out through batch studies as a function of
pH, adsorbent dose, temperature and initial Ag+ concentration. The maximum adsorption capacity of Ag+ was
determined to be 806.4 mg/g at 25 °C using Langmuir adsorption isotherm at a solution pH of 5.6. The kinetics
studies indicated that the Ag+ adsorption onto the Fe3O4@PPy-MAA NC surface was rapid and was well described
by the pseudo-second-order kinetics equation. Also, the present study emphasised the reusability of Ag+-adsorbed
waste material for the disinfection of microorganisms, which was demonstrated through the excellent antimicrobial activity of the NC against Escherichia coli in both synthetic and natural water samples. Therefore, the asprepared Fe3O4@PPy-MAA NC has an excellent ability to successfully remove Ag+ ions from aqueous solutions
and subsequently, the Ag-loaded waste material could be used as a potential candidate disinfectant.
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1. Introduction

consumption of polluted water is the presence of microbial pathogens.
Thus, numerous disinfection processes used such as ultraviolet light
[27], chlorination [28] and membrane filtration [29] have been developed and are still currently being used. However, some of these
methods may produce toxic intermediates leading to health concerns,
and some are also limited by technical issues linked to their use. Many
of these technologies are reported to be stretched to their limits and are
struggling to comply with the increasingly stringent water quality laws
[17,30]. Metallic NPs such as zinc [31], copper [32] and silver [32,33]
NPs, have been applied as antimicrobial agents. However, to achieve
these NPs by directly synthesis or impregnate onto the support materials required many reagents as well as additional synthesis steps.
This study aims to investigate the removal of Ag+ from aqueous
media using a magnetic, mercapto-acetic acid modified PPy nanocomposite (Fe3O4@PPy-MAA). Since Ag is also known to have antimicrobial properties, the spent adsorbent is further applied as a water
disinfectant with the aim to reduce secondary waste and pathogenic
contaminants.

Silver (Ag) is a natural constituent of the earth’s crust and it is an
attractive metal because of its malleability, photosensitivity and excellent thermal properties [1]. Ag is currently added in consumer products such as home appliances, textiles, food supplements and personal
care products because of its bactericidal properties [2,3]. The escalating
use of Ag in basic consumer products, has led to an increase in its release into the environment, particularly water sources [4]. Also, Silver
is usually found in industrial effluent from electroplating, printing and
photo processing industries [5]. Due to the toxicity associated with the
excessive consumption of Ag [6], the United States Environmental
Protection Agency has set the maximum contaminant level of Ag to
0.1 mg/L for drinking water [7]. It is thus, important to ensure that the
amount of Ag released to the environment is within the allowable limit.
In water and wastewater treatment, the conventional methods used
are coagulation [8], sulfide precipitation, pH adjustment and ion exchange [9]. These methods generate large amounts of solid waste in the
form of heavy metal-containing sludge, leading to the requirement of
specialised disposal, thus increasing costs [10]. Furthermore, most of
the current remediation technologies do not remove contaminants efficiently at lower concentrations from water and wastewater [11].
Adsorption is a technique that has been used for years, which forms part
of the current conventional methods employed in water treatment.
Adsorption is a simple and cost-effective technique to employ in water
treatment [12]. The development of efficient adsorbents has taken
priority in recent years. Adsorptive materials that have been identified
to be effective alternatives for the removal of heavy metals, include
clays [13], activated carbon [14], biosorbents [15] and carbon nanotubes [16]. Although the current materials used for adsorption are said
to be inexpensive, large amounts of energy are required to produce
most of them [17].
Recently, several studies have used nanomaterials for Ag+ remediation. For example, Rahil et al. [18] employed an ion-imprinted
polymer to preconcentrate Ag+ and Ansari et al. [19] used synthesised
poly (styrene-alternative-maleic anhydride) nanoparticles and their
derivatives for Ag+ removal. Yun et al. [20] developed thiourea-immobilised polystyrene nanoparticles for adsorption of Ag. It is thus
evident from existing literature, that there is still a rising interest in the
use of polymer-based nanomaterials/nanocomposites for the removal of
Ag ions from aqueous media. The reported adsorbents achieved low
adsorption capacities and were not re-used beyond regeneration upon
and Ag adsorption, which could mean the spent adsorbents were discarded after use.
Polypyrrole (PPy) as one of the most commonly used conducting
polymers, possesses desirable attributes such as low toxicity, plausible
environmental stability, ease of preparation and it is relatively inexpensive [21,22]. PPy has a low density and incorporating iron oxide
(Fe3O4) nanoparticles in the polymer matrix will increase the density of
the nanocomposites making the recovery of the spent adsorbent easier,
as it would only require a magnetic field for separation [22]. Furthermore, to improve the adsorption efficiency and selectivity towards
target metal ions, considerable efforts have been made to introduce
desirable functional properties to the adsorbent materials. The chemical
modification with chelating substrates containing various functional
groups (carboxylic acid, hydroxyl, amine, and thiol), has shown to be
one of the most efficient ways to enhance the adsorption potential of
the adsorbent materials for the removal of toxic metal ions from waterbodies [23,24]. According to hard-soft acid-base principles, sulfur
containing functional groups have an excellent affinity towards binding
of Ag+ [25,26]. Therefore, inserting a thiol-group-containing ligand
(thioglycolic acid) into the PPy matrix could be an effective approach
for the construction of a unique adsorbent with excellent adsorption
capacity and selectivity towards removal of Ag+ from aqueous
medium.
The greatest threat to human health associated with the

2. Materials and methods
2.1. Chemicals
Pyrrole (Py, C4H5N), ammonium persulfate (APS, (NH4)2S2O8), 3mercapto acetic acid (MAA, HSCH₂CO₂H), silver nitrate (AgNO3) and
iron oxide nanoparticles (Fe3O4 NPs), were purchased from Sigma
Aldrich (USA), South Africa. The Py was distilled and stored at 4 °C
before use. Nutrient agar and nutrient broth were purchased from
Merck Millipore, South Africa, and all the microbial strains were obtained from the Microbiology Laboratory of the Natural Resource and
the Environment research group at the Council of Industrial and
Scientific Research (CSIR), South Africa. All other reagents were purchased and used as received unless otherwise stated.
2.2. Synthesis of magnetic PPy-MAA nanocomposites (Fe3O4@PPy-MAA
NC)
Polymerisation of Py occurred via in situ chemical oxidation [33].
Briefly, 0.2 g of Fe3O4 NPs was ultrasonically dispersed in 80 mL ultrapure deionised water for 15 min. Then, 1.6 mL of MAA was added to
the Fe3O4 dispersion, followed by 0.8 mL of the Py at 25 °C. After that,
6.8 g of the oxidising agent (APS) was dissolved in ultrapure deionised
water and added dropwise to the suspension. Polymerisation continued
for 6 h. The resultant Fe3O4@PPy-MAA NC was retrieved through vacuum filtration and washed thoroughly with deionised water and
acetone. The NC was dried at 60 °C under vacuum for 24 h. PPy-MAA
was prepared in the same manner as the Fe3O4@PPy-MAA NC, but
without Fe3O4, and used as a control for comparison purposes.
2.3. Characterisation of nanocomposites (NCs)
The morphology of the Fe3O4@PPy-MAA NC was analysed using
field emission scanning electron microscope (FE-SEM, Auriga Zeiss
SEM, Germany) operated at 3 kV and high-resolution transmission
electron microscope (HR-TEM, JEOL JEM-2100, Japan) with a LaB6
filament operated at 200 kV. The molecular functionality of the Fe3O4@
PPy-MAA NC, before and after adsorption, was obtained using the
Spectrum 100 attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR, Perkin-Elmer, USA). The structural properties
of the NC were determined using X-ray powder diffractometer
(PANalytical Co. X’pert PRO, the Netherlands) operated at 45 kV and
40 mA using Cu K radiation (λ = 1.5406 Å). The specific surface area of
the Fe3O4@PPy-MAA NC was determined by the low-temperature N2
adsorption-desorption technique using a TRISTAR II 3020 BET analyser
(Micromeritics, USA). The point-of-zero charge (PZC) of the Fe3O4@
PPy-MAA NC at various pH was measured using a Zeta-Sizer (Malvern
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Ag+ suspension was stirred in a 1L beaker for 24 h. Aliquot (∼5 mL)
samples were collected and filtered using a 0.45 µm syringe filter at
predetermined time intervals. The filtrate was analysed for residual
Ag+ concentration. Thereafter, the adsorption capacities and removal
percentages were determined.
The amount of contaminant per unit mass of adsorbent at a given
time, (qt) was determined using the following equation:

Ltd, UK). The thermal properties of the Fe3O4@PPy-MAA NC were
determined using a TG-Q500 analyzer (TA Instruments, USA). Samples
weighing approximately 4 mg were heated from room temperature to
900 °C, with a heating rate of 10 °C/min in an air atmosphere. The
extent of leaching was investigated using the ICAP Q Inductively
Coupled Plasma-Mass Spectroscopy (ICP-MS, Thermo Scientific, USA).
2.4. Batch adsorption studies

qt (mg / g ) =

The adsorption performance of the Fe3O4@PPy-MAA NC was investigated in batch equilibrium studies. The effect of the following
parameters was investigated: adsorbent dosage (0.01–0.05 g), pH
(1–5.6), initial Ag+ concentration (50–600 mg/L) and temperature
(25 °C, 35 °C, 45 °C). The Fe3O4@PPy-MAA NC was contacted with
50 mL of Ag+ solutions (silver nitrate was dissolved in deionised water)
in 100 mL glass bottles and placed in a thermostatic water bath shaker
(Separations Scientific, SA) at 200 rpm for 24 h. The experiments were
conducted at room temperature (25 °C) unless otherwise stated. The pH
was adjusted accordingly using sodium hydroxide (aq) and diluted nitric acid. Following optimisation, the adsorbent dose (0.025 mg) was
kept constant throughout the study. The samples (10 mL) were filtered
through 0.45 µm syringe filters and analysed for residual Ag+ ion
concentration using Inductively Coupled Plasma Mass Spectroscopy
(ICP-MS, Thermo Fisher Scientific, USA).
The adsorption efficiency was determined using the following
equation:

adsorption efficiency % =

(C0

Ce )
C0

× 100

(C0

Ce ) V
W

Ct ) V
W

(3)

where Ct is the concentration at a given time t.
Furthermore, to understand the adsorption kinetics of the Fe3O4@
PPy-MAA NC towards Ag+ removal, the experimental data were fitted
to two models, namely: pseudo-first-order (Eq. (4)) and pseudo-secondorder (Eq. (5)) kinetic models [34–35].

log (qe

qt )=logqe

k1
t
2.303

t
1
t
=
+
qt
k2 q 2e
qe

(4)
(5)

where qe (mg/g) and qt (mg/g) is the adsorption at equilibrium and at a
given time t (min), respectively; k1 (1/min) and k2 (g/mg·min) are the
pseudo-first-order and the pseudo-second-order rate constants, respectively.
2.5. Antimicrobial activity of the silver adsorbed Fe3O4@PPy-MAA NC
Aliquots (∼1 mL) of 15% w/v sodium thiosulfate and 0.9 mL of
0.9% saline water were prepared. 10–200 mg of NC was weighed into
50 mL centrifuge tubes containing 20 mL sterile deionised water. The
tubes were inoculated with Escherichia coli (American Type Culture
Collection®; ATCC 25922) at a final concentration of ∼107 CFU/mL.
Two sets of tubes, 1 set with Fe3O4@PPy-MAA NC and another with just
water and bacteria, were used as controls. The experiments were performed in triplicates. The tubes were sampled every 10 min for 60 min
(starting from time 0, the time immediately following inoculation). The
extracted samples were added to the sodium thiosulfate aliquots, to
deactivate the Ag, and further diluted in 0.9% saline water. Then,
0.01 mL of the deactivated samples was plated on nutrient agar using
the drop plate technique [36]. The plates were incubated for 24 h at

(1)

The adsorbed amount (uptake) of the contaminant was determined
using the following equation:

qe (mg / g ) =

(C0

(2)

where qe (mg/g) is the adsorption capacity at equilibrium; C0 and Ce are
the initial and equilibrium concentrations (mg/L) of contaminant, respectively; V is the experimental solution volume (L), and W is the
adsorbent weight (g).
The adsorption kinetics studies were carried out by varying the initial Ag+ ion concentration (50, 100, 150 mg/L). The adsorbent and

Fig. 1. FE-SEM micrographs of Fe3O4@PPy-MAA (a) before and (b) after Ag+ adsorption; EDX spectra of Fe3O4@PPy-MAA (c) before, (d) after adsorption.
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37 °C. The colonies were counted using an aCOLade 2 manual colony
counter (Synbiosis, UK) and the results were recorded in CFU/mL.

demonstrates vibrations of C]O of thioglycolic acid. The peaks at 2919
and 1050 cm−1 are attributed to CeH stretching and deformation vibrations of ring, respectively [29]. The peaks at 1190 and 924 cm−1 are
assigned to typical bands for doped PPy [39]. The FTIR spectrum of
Fe3O4@PPy-MAA NC showed significant changes in the above functional groups after Ag+ adsorption, which was proof that Ag+ adsorption was successful.
The thermal stability of the developed PPy-MAA, Fe3O4@PPy-MAA
and Fe3O4@PPy-MAA/Ag were determined via the TGA analysis under
air with a heating rate of 10 °C/min up to 900 °C (Fig. S3b). The weight
loss region at 100 °C for all the samples was due to the evaporation of
surface adsorbed water molecules [40]. To analyse the thermal stability
of the NCs, T50% values (the temperature at which 50% of the total mass
loss occurs) were considered for all the tested samples. The results (Fig.
S3b) suggest that the T50% value of PPy-MAA composite increased from
345 °C to 367 °C after incorporation of Fe3O4 NPs into the polymer
matrix. Furthermore, after Ag+ adsorption, the Ag-loaded NC (Fe3O4@
PPy-MAA/Ag) showed a higher T50% value (410 °C) than the PPy-MAA
composite and Fe3O4@PPy-MAA NC. Therefore, the thermal decomposition result (Fig. S3b) indicates that the addition of NPs (Fe3O4 and
Ag) to PPy-MAA NC enhances the thermal stability of the NC [41,42]. It
was also observed that the degradation of the NCs started at temperatures above ∼175 °C. Therefore, the synthesized NCs could be subjected to apply for the removal toxic metal ions from aqueous medium
up to experimental temperature at 175 °C without any chemical change
of the NCs.
XRD patterns have been used to clarify the phase and structural
parameters of PPy-MAA, Fe3O4@PPy-MAA and Fe3O4@PPy-MAA/Ag
composites. Fig. 3i(a) indicates the amorphous nature of the PPy-MAA
composite with a broad band at 2θ = 21.84° [43]. The incorporation of
Fe3O4 into the polymer matrix is shown by six strong diffraction peaks
(Fig. 3i(b)) that can be seen in the Fe3O4@PPy-MAA NC. The positions
of the characteristic diffraction peaks are matched with the value of 2θ
at 30.3, 35.5, 43.3, 53.7, 57.1 and 62.5°. The above located diffraction
peaks correspond to (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0)
lattice planes of Fe3O4, respectively [43,44]. The XRD pattern of the
Fe3O4@PPy-MAA/Ag (Fig. 3i(c)) shows a broad peak in the spectrum at
2θ = 15–26° corresponding to the amorphous phase of the PPy matrix.
The other five strong peaks in this spectrum match with the facecentred cubic (fcc) structure of metallic Ag with the crystalline peaks
appearing at 37.8, 44.1, 64.4, 77.3 and 81.4° corresponding to (1 1 1),
(2 0 0), (2 2 0), (3 1 1) and (2 2 2) lattice planes, respectively [45]. The
presence of peaks attributed to the Fe3O4 and Ag NPs in the Fe3O4@
PPy-MAA/Ag spectrum is indicative of their incorporation being successful.
The BET specific surface area, average pore diameter and average
pore volume of the PPy-MAA, Fe3O4@PPy-MAA and Fe3O4@PPy-MAA/
Ag NC were determined using N2 adsorption-desorption isotherms

3. Results and discussion
3.1. Characterisation of the nanocomposites (NCs)
The surface morphology of the Fe3O4@PPy-MAA NC before and
after adsorption was studied using FE-SEM (Fig. 1). The NC appeared as
spherical aggregates with a relatively uniform shape before the addition
of Ag+ (Fig. 1a). However, the surface of the Fe3O4@PPy-MAA NC was
modified after Ag+ adsorption (Fig. 1b). The formation of crystal
clumps along with aggregation of spherical Fe3O4@PPy-MAA NC is an
indication of Ag+ adsorption onto the magnetic NCs surface. The presence of elements on the Fe3O4@PPy-MAA NC before and after Ag+
adsorption experiments was determined through EDX spectra. The existence of C, N, O, S and Fe in the developed magnetic NC was confirmed by EDX spectra (Fig. 1c), and the addition Ag peak (Fig. 1d)
indicated successful adsorption of Ag+ onto Fe3O4@PPy-MAA NC surface. Also, elemental mapping of Fe3O4@PPy-MAA/Ag NC (Fig. S1a)
and the separate distribution of C, O, S, Fe and Ag are shown in Fig.
S1(b–f). The surface modification of the NC with MAA and adsorption
Ag+ were thus confirmed.
The morphology of the Fe3O4@PPy-MAA NC before and after Ag+
adsorption was further examined using the HR-TEM. Fig. 2a displays
the spherical morphology of the as-prepared magnetic NC. In comparison to the Fe3O4@PPy-MAA NC (Fig. 2a), the surface of the NC after Ag
adsorption has a relatively different morphology. The TEM image
(Fig. 2b) shows that Ag NPs were embedded on the surface of the NC.
Lattice fringes were measured to confirm the presence of Fe3O4 and Ag
NPs. The lattice fringes of Fe3O4 and Ag NPs present in the magnetic NC
are shown in Fig. 2c. The interfering distance attributed to the (1 1 1)
plane of the Ag NPs was measured to be 0.22 nm, and that of Fe3O4 was
measured to be 0.49 nm, which has been attributed to the (1 1 1) plane
for both metals [37,38]. A nearly uniform dispersion of Ag NPs onto the
Fe3O4@PPy-MAA NC after adsorption was observed on the HR-TEM,
through STEM-EDS (Fig. S2). Therefore, it was evident that PPy was
successfully doped with MAA and Ag+ was reduced to Ag NPs in the
following adsorption process.
The ATR-FTIR spectra of Fe3O4@PPy-MAA and Fe3O4@PPy-MAA/
Ag showing the functional groups present on the NCs are shown in Fig.
S3a. In the case of the Fe3O4@PPy-MAA NC, the intense peak at 1557
and 1488 cm−1 can be ascribed to the antisymmetric and symmetric
C]C stretching vibration of the PPy backbone [39]. The sharp peaks at
1367 and 1266 cm−1 are assigned to C-N and C-O stretching vibrations,
respectively. The introduction of broad bands around 3135 and
2640 cm−1 reflect the characteristic stretching vibrations OeH and
SeH of MAA [33]. The sharp characteristic peak at 1703 cm−1

Fig. 2. HR-TEM image of the Fe3O4@PPy-MAA NC (a) before and (b) after Ag+ adsorption; (c) lattice fringes of the adsorbed Ag.
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Fig. 3. (i) XRD spectra of (a) PPy/MAA, (b) and (c) Fe3O4@PPy-MAA NC before and after Ag+ adsorption and, (ii) magnetisation curve of Fe3O4@PPy-MAA NC as a
function of applied field.

obtained from the BET method (Fig. S4). The results obtained in Fig. S4
show that the incorporation of Fe3O4 NPs into the polymer matrix led to
an increase in surface area, from 20.67 to 48.48 m2/g. It was also noted
that the surface area decreased after Ag+ adsorption (35.69 m2/g),
which was due to the Ag+ adsorbed on the surface of the Fe3O4@PPyMAA NC, as expected. The same trend was observed with the average
pore volume, and pore diameter (Table S1). These trends further prove
the effective incorporation and adsorption of Fe3O4 and Ag NPs in the
polymer matrix.
The magnetic properties of the Fe3O4@PPy-MAA NC were studied
using a vibrating sample magnetometer, and the magnetization curve is
shown in Fig. 3(ii). Weak ferromagnetic responses were observed in the
hysteresis loop. The saturation magnetization (σs) value was found to be
2.32 emu/g. The σs value was significantly lower compared to the bulk
iron oxide value between 84.00 and 92.00 emu/g. The low σs value is
associated with the low content of iron oxide in the NC [46]. Additionally, the electroconductivity of PPy can lead to shielding of the
magnetization of iron oxide, thus resulting in the lower σs values [47].

solutions was studied. The removal efficiency increased from 33.4 to
97.9% with an increase in pH from 1 to 5.6, respectively (Fig. 4a). The
study was limited to the solution pH 5.6, because Ag+ ions precipitates
at pH higher than 6 [33]. The low removal efficiency at low pH could
be due to the presence of high concentration of H+ ions in solution,
thus creating competition with the active sites [47]. On the other hand,
the increase in Ag+ ions removal efficiency indicates the relation of pH
and the surface charge of the Fe3O4@PPy-MAA NCs (Fig. 4b). The NCs
were negatively charged from pH 3, with an isoelectric point at pH 2.3.
The increase in pH (2–5.6) resulted in an increase in the negative
charge on their surfaces (7.3 to −43.8 mV), which further explains the
gradual increase in the removal efficiency of the Ag+ ions. These observations suggest that an increase in surface charge increases the
likelihood of the electrostatic interactions between the negatively
charged (deprotonated) adsorbent surface and the positively charged
Ag+ ions [48].
3.2.2. Effect of the Fe3O4@PPy-MAA NC dosage
The effect of the Fe3O4@PPy-MAA NC dosage on the removal efficiency of Ag+ ions from aqueous solutions was investigated (Fig. 4c).
To perform this experiment, the adsorbent dosage was varied between 5
and 40 mg, while the initial Ag+ ions concentration was 200 mg/L, at
solution pH 5.63 and an experimental temperature of 298 K. It was

3.2. Investigation of adsorption properties
3.2.1. Effect of initial pH on Ag+ adsorption
The effect of pH on the removal efficiency of Ag+ ions from aqueous

Fig. 4. Influence of pH on (a) absorption efficiency and (b) zeta potential of Fe3O4@PPy-MAA NC; (c) influence of adsorbent dose (mg) on adsorption efficiency.
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observed that the Ag+ ions removal efficiency increased with an increase in adsorbent dosage. The removal efficiency increased from 4.60
to 39.84 and 83.41% for 5 mg, 10 mg and 20 mg, respectively. The
increase in Ag+ ions removal efficiency was due to the increase in
surface active sites as the adsorbent dosage increased. The increase in
adsorbent dosage led to a marginal removal efficiency of 98.3, 98.5 and
99.8% at 25, 30 and 40 mg, respectively. This was a result of limited
exposure of the surface active sites to the volume (50 mL). Since, the
removal efficiency was almost similar between 25 and 40 mg adsorbent
dosages; the dose chosen going further was 25 mg.

phase of the adsorption study. The intraparticle diffusion parameters
(kid and C) were calculated from the slope and intercept of the WeberMorris intraparticle model (Eq. (6)), and the results are summarised in
Table 1. The results (Table 1) indicate that both the linear steps (1st and
2nd) of the Weber-Morris intraparticle model did not pass through the
origin, suggesting that intraparticle diffusion was not the only ratelimiting step of the whole Ag+ adsorption process. Therefore, it can be
concluded that both external diffusion, as well as intraparticle diffusion, are responsible for the adsorption of Ag+ onto Fe3O4@PPy-MAA
NC surface.

3.2.3. The adsorption kinetics of Ag+ removal
The relationship between contact time and adsorbed Ag+ ions at
varying initial concentrations (50, 100, 150 mg/L) is shown in Fig. 5a.
The experimental result showed that the longer time is required for
adsorption equilibrium with increasing the initial Ag+ concentration.
For example, at 50 mg/L Ag+ initial concentration, it took 20 min for
the system to reach equilibrium. However, for 100 and 150 mg/L Ag+
concentration took 180 and 480 min, respectively to reach equilibrium
adsorption condition. The adsorption process was initially rapid and
steadily increased closer to reaching equilibrium condition. The fast
adsorption at initial stage implies the ready availability of active sites
on the Fe3O4@PPy-MAA NC surface. The rate constants k1 and k2 of the
two kinetics equations (pseudo-first-order and pseudo-second-order)
were obtained from the slopes of linear plots of log(qe − qt) versus t
(Fig. S5) and t/qt vs t (Fig. 5b), respectively. Table 1 summarises the
calculated value of kinetics parameters k, qe and associated correlation
coefficient R2 initial Ag+ concentration. The R2 values of the pseudosecond-order rate equation were closer to 1 (0.9983–0.9999) as compared to those of the pseudo-first-order rate equation (0.7936–0.9605)
for all initial Ag+ concentrations. The estimated qe (mg/g) values from
pseudo-second-order kinetics were greater than those obtained from the
pseudo-first-order equation. These experimental outcomes (Table 1)
confirmed the suitability of the pseudo-second-order kinetics for describing the removal of Ag+ ions from an aqueous medium.
The adsorption data were further analysed to determine the ratecontrolling step by Weber-Morris Intraparticle Diffusion model (The
details of the model is given in Supporting Information). It is clear from
Fig. 5c that the Ag+ uptake process followed multilinear plots, suggesting that more than one step were involved in the mechanism of Ag+
adsorption onto Fe3O4@PPy-MAA NC surface. The first rapid step is
characteristic of surface or film diffusion, whereby the Ag+ ions moved
towards the surface of the Fe3O4@PPy-MAA NC. The second region is
attributed to the intraparticle diffusion of the Ag+ ions, where gradual
adsorption was observed. The third step describes the equilibrium

3.2.4. Equilibrium adsorption isotherms of Ag+
The effect of the initial Ag+ concentration towards the adsorption
efficiency and capacity at a fixed adsorbent dosage (0.5 g/L) is shown in
Fig. 6a. The adsorption capacity of the Fe3O4@PPy-MAA NC increased
in proportion to the initial Ag+ concentration and reached a plateau.
On the other hand, adsorption efficiency decreased sharply with increasing initial Ag+ ions concentration. The results (Fig. 6a) indicate
that the adsorption capacity of the magnetic NC was gradually enhanced from 99.5 to 653.7 mg/g with increasing initial Ag+ concentrations of 50–600 mg/L, respectively. The increase in Ag+ ions
increased the driving force to which the ions could be attracted towards
the adsorbent surface.
The effect of temperature on the adsorption of Ag+ ions onto
Fe3O4@PPy-MAA NC was investigated and the results are presented in
Fig. 6b. The adsorption isotherms studied were carried out at three
different temperatures [298 (25 °C), 308 (35 °C) and 318 (45 °C) K],
with the initial Ag+ concertation varied between 50 and 600 mg/L, at a
constant adsorbent dosage of 0.5 g/L. The amounts of the Ag+ taken up
by the Fe3O4@PPy-MAA NC increased with an increase in Ce and finally
reached saturation. It was seen that the increase in temperature resulted
in an increase in Ag+ adsorption by the Fe3O4@PPy-MAA NC, indicating that the process was endothermic. Furthermore, increasing the
temperature could have increased the driving force of the Ag+ ions
towards the surface active sites of the Fe3O4@PPy-MAA NC.
The relationship between the adsorbed Ag+ ions per unit gram of
adsorbent and the equilibrium Ag+ concentration at a fixed temperature was studied using the Langmuir and Freundlich isotherm models
(The details of the model is given in Supporting Information). The favourability of the adsorption process is given by the dimensionless separation factor, RL (Supporting Information). The linear plots of two
adsorption isotherm models (Langmuir and Freundlich) at three different temperatures (298, 308 and 318 K) and their fitting results are
shown in Fig. 6c, Fig. S6a and Table 2, respectively.
The Langmuir isotherm could better describe the adsorption

Fig. 5. Effect of contact time at (a) different initial concentrations, (b) linear plot of pseudo-second-order and, (c) intraparticle diffusion model of Ag+ adsorption
onto Fe3O4@PPy-MAA NC.
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Table 1
Kinetics parameters for Ag+ adsorption onto Fe3O4@PPy-MAA NC.
Initial metal concentration (C0) (mg/L)

Pseudo-first-order kinetic model

50
100
150

Pseudo-second-order kinetics model
2

k1 (1/min)

qe (mg/g)

R

k2 (mg/g·min)

qe (mg/g)

R2

0.9 × 10−2
1.1 × 10−2
5.9 × 10−2

18.5
41.6
100.8

0.7936
0.8724
0.9605

0.3 × 10−3
1.4 × 10−3
33.2 × 10−3

99.9
198.1
264.5

0.9999
0.9998
0.9983

Weber-Morris model (Intraparticle diffusion model)
Initial phase

Secondary phase

Third phase

C0(mg/L)

Kip1

C1

R2

Kip2

C2

R2

Kip3

C3

R2

50
100
200

9.58
17.48
18.32

47.12
106.19
108.57

0.9007
0.8798
0.9831

1.45
3.04
3.63

82.24
157.35
182.88

0.9503
0.9305
0.9859

0.21
0.63
0.68

95.04
184.66
249.19

0.8047
0.9674
0.9577

Fig. 6. (a) effect of initial metal concentration on the adsorption capacity of Ag+ by the NC (b) adsorption equilibrium isotherms for removal of Ag+; (b) Fit of data
to linearized Langmuir isotherm model.
Table 2
Langmuir and Freundlich isotherm constants for Ag+ adsoption onto the Fe3O4@PPy-MAA NC.
Temperature (K)

298
308
318

Langmuir

Freundlich

qm (mg/g)

b (L/mg)

RL

R2

kF (mg/g)

1/n

R2

806.45
975.6
1191.9

1.39
1.07
0.64

0.0035
0.0046
0.0076

0.9997
0.9980
0.9996

480.86
571.60
606.86

0.102
0.121
0.146

0.9428
0.7972
0.7275

Table 3
A comparison of adsorbent performance towards Ag+ sorption.
Adsorbent

qm (mg/g)

Initial pH

Temperature (°C)

Ref

Poly (Styrene-Alternative-Maleic Anhydride) nanoparticles
Verdelodo clay
Sulfoethyl functionalized silica nanoparticle
Magnetic Photocatalytic Ion-Imprinted Polymer
Halloysite nanotubes
Cliptonolite (Zeolite)
4-vinyl pyridine -N,N-ethylene bisacrylamide
1-vinyl imidazole-N,N-ethylene bisacrylamide
Carbon nanospheres
Fe3O4@PPy-MAA

75
55.55
21.9
35.475
109.79
33.23
75.64
74.18
152
833.33

6
–
6
6
6
4
6.5
6.5
–
5.63

25
20
25
25
20
25
25
25
25
25

[19]
[49]
[50]
[51]
[52]
[53]
[54]
[54]
[55]
This study

behaviour with higher correlation coefficients (R2 ≈ 0.9997, 0.9980
and 0.9996) compared to those of the Freundlich isotherm
(R2 ≈ 0.9428, 0.7972, and 0.7275). The Langmuir model assumes that
the adsorption takes place on a homogenous surface of the adsorbent,
with the active sites being uniform [49]. The maximum adsorption

capacities increased from 806.4 to 1191.9 mg/g with an increase in
temperature from 298 to 318 K, respectively. This indicates a better
correlation between the experimental data and the Langmuir model,
thus indicating that the adsorption process was homogenous with the
formation of a monolayer on the surface of the adsorbent. The RL values
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Ag+, which also infers to the increased randomness at the solvent-solute interface [19].

Table 4
Thermodynamic properties of Ag+ adsorption onto Fe3O4@PPy-MAA NC.
Temperature (K)

ΔG (KJ/mol)

ΔH (KJ/mol)

ΔS (KJ/mol·K)

R2

298
308
318

−1.656
−3.469
−6.241

24.54

0.22

0.9839

3.2.6. Effect of co-existing ions
Nickel, cobalt and cupper ions were mixed including silver ions with
same concentration (200 mg/L) in an aqueous solution to test the uptake efficiency of Fe3O4@PPy-MAA NC for different metal ions. The
competiveness of these co-existing ions for the removal of Ag+ ions was
shown in Fig. S7. The experimental results exhibited superior adsorption efficiency (98.7%) of developed magnetic nanocomposite towards
removal of Ag+ ions when comparred to other metal ions (Ni+2, Co+2
and Cu+2). The developed nanocomposite showed very low adsorption
efficiency of 15, 12 and 2% for the removal of Ni+2, Co+2 and Cu+2
ions, respectively. The relative high adsorption efficiency of Fe3O4@
PPy-MAA NC may arise due to the presence of thiol group into the
nanocomposite which has strong affinity towards binding the silver
ions.

also suggested that the adsorption process was favourable, with values
being 0.0035, 0.0046 and 0.0076 for temperatures of 298, 308 and
318 K respectively. It is deduced from Table 3 that the Fe3O4@PPyMAA NC is an effective adsorbent for the removal of Ag+ ions from an
aqueous medium in comparison to most of the reported adsorbents
[19,49–55].
3.2.5. Adsorption thermodynamics
To understand the spontaneity as well as the detailed information
about the internal energy changes during adsorption process, thermodynamic analysis was carried out using Van’t Hoff equation (Supporting
Information). From the thermodynamic study, ΔH and ΔS were obtained from the slop and intercept of the linear Van’t Hoff plots of ln Kc
vs 1/T shown in Fig. S6b. The parameters were calculated using Eqs.
(S7) and (S8) and are presented in Table 4. The positive ΔH (24.54 KJ/
mol) and negative ΔG values (−1.65 to −6.24 KJ/mol) suggest that the
adsorption of the Ag+ onto the Fe3O4@PPy-MAA NC was endothermic
and spontaneous [56]. The gradual decrease in ΔG values with rising
temperatures also indicates that the adsorption spontaneity increased
with increasing temperature (Table 4) [57]. A positive ΔS value
(0.22 kJ/mol·K) means that the Fe3O4@PPy-MAA NC had an affinity for

3.2.7. Adsorption mechanism
According to the above characteristic evidence, the adsorption of
Ag+ onto the Fe3O4@PPy-MAA NC surface generally proceeds through
physical adsorption followed by complex/redox adsorption [57]. At the
initial stage, the physical adsorption occurred through an electrostatic
interaction between positive Ag+, with electron-rich nanocomposite
functionalities (e-SH, COOe, eNH). Heavy metal ions like Ag+, with
high standard reduction potential, could be readily reduced to their
metallic state (Ag0) in the presence of electron rich polymers, followed
by eSH, COOe and eNH groups through the complex/redox adsorption. The effect of pH (Fig. 4a) showed maximum adsorption efficiency
at pH = 5.63, which correlates with the zeta potential value of the NC

Fig. 7. (a) XPS total spectral survey of Fe3O4@PPy-MAA and Fe3O4@PPy-MAA/Ag; high resolution spectra of (b) Ag 3d (c) C 1s (d) S 2p, (e) O 1s and (f) N 1s of (i)
Fe3O4@PPy-MAA, (ii) Fe3O4@PPy-MAA/Ag, respectively.
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Fig. 8. Graphical representation of E. coli disinfection of (a) Fe3O4@PPy-MAA/Ag dose optimization; and E. coli disinfection in different water types: (b) synthetic
water; (c) river water; and (d) ground water.

(Fig. 4b), indicating the maximum physical interaction between the
negative surface charge of the NC and the positive Ag+ ions. To provide
further evidence for the generation of silver nanoparticles through
redox adsorption mechanism, X-ray diffraction and TEM analysis of the
Fe3O4@PPy-MAA NC were carried out after the adsorption of Ag+ ions
from the aqueous solution. Compared with the XRD pattern of the
Fe3O4@PPy-MAA NC, the silver-adsorbed NC (Fe3O4@PPy-MAA/Ag)
exhibited face-centred cubic (FCC) metallic Ag0 crystals having five
sharp diffraction peaks at 37.8, 44.1, 64.4, 77.3 and 81.4°, exactly
belonging to the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) crystal planes
of silver, respectively. In the typical TEM micrograph (Fig. 2b) of the
Fe3O4@PPy-MAA/Ag, the Ag NPs were decorated on the magnetic NC.
The high-resolution TEM image (Fig. 2c) showed the lattice fringes of
Ag0 together with magnetic Fe3O4 NPs on the adsorbent surface, which
was an indication of the formation of metallic Ag0 after surface adsorption. Therefore, it can be concluded from the above results that
silver ions can be successfully removed from an aqueous medium
through surface physical adsorption and subsequent reduction of Ag+
to metallic silver (Ag0) onto the NC is the major adsorption mechanism.
To further explore the adsorption mechanism, the binding energy of
the elements (C 1s, S 2p, O 1s, N 1s and Ag 3d) was calculated from the

XPS analysis. The full survey scan spectra and high resolution XPS
spectra of various elements present in Fe3O4@PPy-MAA and Fe3O4@
PPy-MAA/Ag composite are shown in the Fig. 7. The survey scans
spectrum of Fe3O4@PPy-MAA (Fig. 7a) displayed clear signals of S 2p,
C 1s, N 1s and O 1s at 164, 284, 400 and 530 eV, respectively. Along
with all the above energy signals, the presence of Ag 3d energy peak at
368 eV in the survey scan of Fe3O4@PPy-MAA/Ag confirmed the successful adsorption of Ag+ ion and reduction to its metallic Ag Nps onto
the composite surface. The deconvolution of the high resolution XPS
spectrum of Ag 3d exhibited two peaks at binding energy 368.1 eV and
374.1 eV (Fig. 7b) with spin-orbit splitting of 6.0 eV for Ag 3d5/2 and Ag
3d3/2, respectively [58]. In Fig. 7(c), the high-resolution XPS spectrum
of C 1s showed the characteristic binding energy at 283.7, 284.8, 286.2,
287.6 and 288.8 eV due to presence of eCeH, eCeC, eCeN/eCeO/
eCeS, eC]O and O]CeO binding environment, respectively [59].
The high resolution XPS spectra of S 2p (Fig. 7d(i)) showed two deconvoluted peaks at 163.2 and 164.1 eV for S 2p3/2 and S 2p1/2, respectively. Additionally, the sulphur attributed to eCeSOx is observed
at 167.6 eV [60]. After Ag+ ions adsorption (Fig. 7d(ii)) the S 2p3/2 and
S 2p1/2 signal shifted to lower energy value at 162.4 and 163.5 eV,
respectively and signal intensity also decreased significantly. Therefore,
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Fig. 9. Photographs of E. coli colonies incubated on nutrient agar plates obtained from inoculated suspensions with [(a)-(d)] Control (C1, C2, C3) and [(e)-(h)]
Fe3O4@PPy-MAA/Ag 200 (S1200, S2200, S3200) films.

S atom has a definite role for the adsorption of the Ag+ ion from the
medium. Fig. 7e exposed the three major energy peaks of the O 1s atom
located at 531.0, 532.1 and 533.4 eV, corresponding to oxygen of oxide
(O2−), eCeO and OeC]O, respectively [61]. Fig. 7f shows the binding
energy peak of polypyrrole ring N at 399.6 eV and after Ag+ adsorption
the peak intensity decreased significantly which also confirm that the
polypyrrole matrix plays a vital role to adsorb Ag+ ions onto its surface.

borehole water were sterilised by autoclaving and then inoculated with
E. coli to make up an initial concentration of ∼6 × 103 CFU/mL.
100 mg of Fe3O4@PPy-MAA/Ag NC (29% Ag-loaded) was used. The
river water studies showed that there was a gradual decrease in bacterial growth over a period of 9 h (Fig. 8c). The results obtained from
testing the groundwater (borehole) showed that bacterial growth inhibition took place much faster than that of river water. Total growth
inhibition was observed at 40 min (Fig. 8d). This could be attributed to
the less complex matrix of groundwater (borehole) water when compared to that of river water. The pictorial evidence of the bactericidal
properties of Fe3O4@PPy-MAA/Ag NC is shown in Fig. 9. It is noted
that the Ag+, in this study, is primarily removed from clean water
sources and in real samples there may be a more complex matrix,
leading to a decrease in the NC’s performance. This will be addressed in
the follow up study, whereby real industrial samples are treated with
Fe3O4@PPy-MAA and further disinfection is tested.

3.3. Antimicrobial activity of Ag+ loaded Fe3O4@PPy-MAA NC
The application of used adsorbent is of paramount importance,
especially in adsorption technology. Thus, the antimicrobial activity of
the Fe3O4@PPy-MAA/Ag NC was evaluated, using E. coli as the indicator bacterium. The chosen magnetic NC were from these adsorption
conditions: 200 mg/L Ag+ solution, 0.5 g/L NC, solution pH 5.63, 25 °C,
whereby the Ag+ loading was 29 wt% (measured with ICP-MS). The
initial E. coli concentration was kept at 1 × 107 CFU/mL whilst varying
NC dosage (50–200 mg). The effect of the Fe3O4@PPy-MAA/Ag NC
dosage on the antimicrobial activity is shown in Fig. 8a. The controls
consisted of the pristine Fe3O4@PPy-MAA NC (S0) and E. coli in sterilised deionised water. It was observed that the bacterial growth inhibition increased with an increase in the NC dose. Following exposure
of E. coli cells to 100 mg of NCs, the concentration was reduced to
1.4 × 103 CFU/mL, within 60 min. The antimicrobial effect was seen to
reach saturation at 200 mg NC dose. This could have been due to the E.
coli attaching to the surface of the NC, inhibiting the release of elemental Ag+ from the Ag NPs that are embedded on the NC surface [62].
Following the dose optimisation, the initial E. coli concentration in
sterile deionised water (Fig. 8b) was of ∼6 × 103 CFU/mL, and complete growth inhibition was observed after 30 min exposure. These results suggest that the disinfection time was concentration dependent;
however the bactericidal effect of the NC was not compromised.

3.5. Leaching test
Leaching tests were done to determine how much of the Ag+ ions
were leached into the aqueous media. Disinfected synthetic and real
water samples were filtered using a 0.45 µm syringe filter, and the supernatant was tested for residual Ag+ using the ICP-MS. Ag+ leachate
was 0.09 mg/L, which is below the allowable limit of 0.1 mg/L.
4. Conclusions
In the current study, the magnetic NC (Fe3O4@PPy-MAA) was derived successfully from PPy doped with MAA and incorporated Fe3O4
NPs. TEM revealed that the Fe3O4 was encapsulated in the polymer
matrix and that Ag NPs were also formed on the Fe3O4@PPy-MAA NC
surface. The thermal stability of the NCs was subsequently increased
due to the addition of Fe3O4 and the adsorption of Ag+. It was established via VSM that the NC was ferromagnetic, following the observation of the hysteresis loop. The saturation magnetization (σs) value was
2.32 emu/g. The adsorption phenomenon was well described by
pseudo-second-order rate equation and Langmuir isotherm model, with
a maximum adsorption capacity of 806.45 mg/g at 25 °C. The isotherm
studies also confirmed that the adsorption process was endothermic and
favourable. The Ag-containing magnetic NC demonstrated excellent
antimicrobial activities against E. coli. Although it was established that
the antimicrobial activity of the Fe3O4@PPy-MAA/Ag NC was

3.4. Real field water disinfection
The antimicrobial activity of the Fe3O4@PPy-MAA/Ag NC was also
tested using river and groundwater (borehole) collected from Pretoria
North, Gauteng Province, South Africa. The water was characterised
and the following specifications were established: river water – pH:
7.10 ± 0.01, total coliform count: 390 CFU/100 mL and E. coli:
38 CFU/100 mL; groundwater (borehole) – pH: 6.40 ± 0.01, total coliform count: 0 CFU/100 mL, E. coli: 0 CFU/100 mL. The river and
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influenced by the nature of water being treated, the antimicrobial activity was realised within a working day. This is significant in water
treatment practices since time is an important factor. Thus, like most
chemical treatment methods, any pre-treatment that would reduce the
turbidity of the water could greatly enhance the disinfection ability of
the Fe3O4@PPy-MAA/Ag NC. Therefore, the Fe3O4@PPy-MAA NC is a
promising agent for the remediation of Ag+ in aqueous media and the
secondary Ag-loaded waste material (Fe3O4@PPy-MAA/Ag) could be
subsequently used for disinfection of microbially polluted waters.
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