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Abstract. In the present work, a polyvinyl chloride (PVC)/magnetite nanocomposite membrane
(NCM) was fabricated by a casting technique for the removal of Cd2* and Pb%* ions from aque-
ous solutions. Magnetite (Fe304) nanoparticles (NPs) were synthesized from the Ramalina sinensis
plant extract. The synthesized materials were characterized by UV-visible, X-ray diffraction, Fourier-
transform infrared, field emission scanning electron microscopy, energy-dispersive X-Ray spectrom-
etry, Brunauer-Emmett-Teller (BET) surface area analysis, vibrating sample magnetometry, and ther-
mal gravimetric analysis techniques. The fabricated NCM enhanced the adsorption capability of PVC
without the use of any catalyst. The size of the magnetite NPs distributed in the NCM structure
varied in the range of 25-70 nm. The specific surface area of the fabricated NCM was found to be
5.670 mz-g_l, which is approximately thrice greater than the reported value for pure PVC. The re-
moval process of both Cd** and Pb2* ions from aqueous solution showed the best fit to the Lang-
muir isotherm model. The maximum adsorption capacities of cadmium and lead ions were estimated
to be 11.55 and 11.40 mg-g~!, respectively. A kinetic investigation showed that the removal process
of both metal ions can be well described by the pseudo-second-order kinetic model. The results ob-
tained from adsorption investigations revealed that the synthesized NCM can be used for the removal
of Cd%* and Pb2* ions from aqueous media.
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1. Introduction

Heavy metal ions severely pollute water due to their
high toxicity and non-biodegradability [1]. These
heavy metal ions can diffuse into the food chain of
animals and eventually into human food, which can
pose serious risks to human health [2]. Cadmium and
lead are two very common toxic metal ions capa-
ble of inducing severe human diseases and health
problems [3]. According to the World Health Organi-
zation, standards on permissible limits of cadmium
and lead in water are 0.01 and 0.05 mg-L‘l, respec-
tively [4]. For drinking water, standards on permissi-
ble limits of cadmium and lead are 3 and 10 pg-L‘l,
respectively [5]. Levels above these limits can re-
sult in skin, kidney, lung, bladder, and liver can-
cers as well as cardiovascular and infectious diseases,
tissue injury, and anemia [6,7]. Several techniques
have been developed for the analytical determina-
tion of Cd** and Pb®* ions among which inductively
coupled plasma-optical emission spectroscopy [8],
inductively coupled plasma-mass spectrometry [9],
and graphite furnace atomic absorption spectrome-
try [10] are worth mentioning. These methods, how-
ever, require expensive equipment and trained op-
erators. In this work, an atomic absorption spec-
trometer equipped with a flame atomizer was used
to determine the concentration of both metal ions.
This technique allows the determination of many ele-
ments with high sensitivity with efficient background
correction [11].

Lichen is a composite organism produced by al-
gae or cyanobacteria living among filaments of mul-
tiple fungi species in a mutualistic relationship [12].
Some lichens are used as medicines or food in some
regions [13]. They can also serve as bio-indicators
of air pollutants [14]. Recently, green nanotechnol-
ogy methods have been applied to the synthesis
of nanoparticles (NPs) through other simple tech-
niques [15]. The green synthesis of NPs from natu-
ral biological resources such as lichens is an inexpen-
sive, efficient, eco-friendly, chemical-free, and sus-
tainable method [16]. In the past few years, some
types of lichens [17], algae [18], fungi [19], and bac-
tericidal agents [20] have been utilized to synthesize
non-toxic and useful metallic NPs. In this study, the
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synthesis of iron oxide NPs by the plant extract of
lichen Ramalina sinensis (RS) was explored.

Among the different types of NPs, Fe304 NPs
have exhibited various advantages in the fields of
nanobiotechnology and wastewater treatment [21].
Iron oxide NPs have been gaining the attention of
the research community in solving environment-
related problems [22]. This is because they have
a high surface-area-to-volume ratio; so their sur-
face can be used as an excellent adsorbent to re-
move dyes and toxic heavy metals from aqueous
solutions [23]. On the other hand, nanocomposites
have been increasingly studied to be used as nanofil-
tration membranes for water and wastewater treat-
ment [24-26]. Pawar et al. found that the adsorption
capacity of iron oxide modified clay-activated car-
bon composite beads for the removal of hazardous
lead, arsenic, and cadmium from aqueous environ-
ments was high [27]. Horst et al. reported high sorp-
tion capacity of magnetic nanocomposites for the re-
moval of Cu, Zn, Cd, and Cr as heavy metals [28].
The Nayak group reported a novel modified polyvinyl
chloride (PVC) blend membrane with good efficiency
for the removal of heavy metal ions, namely lead,
cadmium, and chromium [29]. Recently, the Farjami
group fabricated a new emulsion PVC microporous
nanocomposite ultrafiltration membrane [30]. The
removal of heavy metals and toxic dyes from wastew-
ater has been studied by some researchers using
other new polymer-based nanocomposites [31-33].
Following the valuable studies of these researchers,
this work is aimed at the fabrication of a PVC/iron ox-
ide nanocomposite membrane (NCM) and its appli-
cation in the removal of cadmium and lead ions from
an aqueous solution.

Among the various polymeric materials used in
the fabrication of nanofiltration membranes, PVC
has exhibited higher durability and flexibility [34].
In this work, PVC and sodium dodecyl sulfate (SDS,
as an anionic surfactant) were used to form a new
NCM containing iron oxide NPs for the removal of
Cd?* and Pb?* from aqueous solutions. Sodium do-
decyl sulfate is also one of the most applicable surfac-
tants in the fabrication of nanofiltration membranes
due to its high hydrophilicity and biocompatibility as
well as cost-effectiveness compared with other more
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complex surfactants [35]. Polymer-metal NCMs are
considered as a new class of adsorbents with interest-
ing chemical and physical properties since they pos-
sess all the essential features [36]. Water treatment
technologies including membrane separation [37],
chemical coagulation [38] and precipitation [39], ion
exchange [40], and electrochemical treatment [41]
have been employed for the removal of heavy metal
ions from aqueous solutions. However, among these
techniques, adsorption processes are inexpensive,
fast, and efficient, which enables their application to
the removal of toxic metal ions [42-45].

2. Materials and methods
2.1. Materials

PVC (MW: 78,000 g/mol; Arvand Petrochemical Com-
pany, Iran) and SSD (MW: 288.38 g/mol; Merck,
Germany) were employed as the polymer and
the surfactant for the fabrication of NCM films,
respectively (their structures are shown in Fig-
ure 1). Tetrahydrofuran (THE d: 889 kg/ m?; Sigma-
Aldrich, Germany) and dimethylacetamide (DMA, d:
940 kg/m3; Sigma-Aldrich, Germany) were used as
the solvents. FeCl, - 4H,0 (99%; Merck, Germany),
FeCl3 - 6H20 (99%; Sigma-Aldrich, Germany), NHj
(28%; Merck, Germany), and native lichen RS (col-
lected from the Fandoqlu Forest in the southeastern
region of Ardabil, Iran) were used for the synthe-
sis of iron oxide NPs. NaOH (96%; Tianjin Yongda
Chemical Reagent Company, China) and HCI (36%;
Chongqging Dongchuan Chemical Company, China)
were also utilized to adjust the pH of the solutions.
Cadmium nitrate tetrahydrate and lead(Il) nitrate
(Merck, Germany) were used to prepare the required
stock solution.

2.2. Equipment

The UV-visible spectrum of the NPs was obtained
using a UV-2450 Shimadzu spectrophotometer.
Fourier-transform infrared (FTIR) spectra of the
PVC, iron oxide NPs, and PVC/iron oxide NCM were
recorded by an FTIR Bruker spectrometer. X-ray
diffraction (XRD) patterns of the synthesized iron
oxide NPs and NCM were obtained by a Philips
PW1730 diffractometer operating with Cu Ka radi-
ation (1 = 0.154 nm). The surface morphology of
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Figure 1. Structures of PVC and SDS.

the NPs and PVC/iron oxide NCM was observed
through a field emission scanning electron micro-
scope (FESEM, TESCAN MIRA III). Adsorption—
desorption isotherms of nitrogen were evaluated
by a high-precision surface area and pore size ana-
lyzer (BELSORP MINI II). A vibrating sample magne-
tometer (VSM) with MDKF-FORC/VSM (Meghnatis-
Daghigh-Kashan Co.) was also employed to study
the magnetic properties of the samples. The resid-
ual concentration of Cd** and Pb?* ions after the
adsorption process was evaluated by a flame atomic
absorption spectrophotometer (FAAS, PerkinElmer
AAnalyst 300). Differential thermal gravimetric anal-
ysis (TGA/DTG) was performed by a Linseis STA
PT1000 instrument.

2.3. Synthesis of iron oxide NPs

Iron oxide NPs were synthesized by the co-
precipitation method as reported in previous
work [46]. First, 10 mL of the extract obtained from
the distillation of 10 g lichen RS was added to a
100 mL solution of Fe3*/Fe?* at a ratio of 2:1 in a
250 mL volumetric flask. The prepared solution was
vigorously stirred using a magnetic stirrer at 70 °C
for 1 h. During this time, 1 mL of ammonia solution
(0.1 M) was added dropwise to the flask to complete
the NP synthesis reaction. After decantation and
filtration, the brownish NPs obtained were rapidly
washed with double distilled water until the solution
pH reached the neutral range near 7. The synthesized
NPs were then washed with ethanol and dried in an
oven at 50 °C for 24 h. They were then calcined at
the range of 500-700 °C for 3 h in a muflle furnace.
This black product was stored in a desiccator for
later use.
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2.4. Fabrication of polymer-based NCM

For this purpose, 85.7 mL of THF and 14.3 mL of DMA
were mixed in a laboratory glass under the hood.
Then, 12 g of PVC and 0.45 g of SDS were added in a
conical flask; a sufficient amount of solvent mixture
(85:15 wt%) was added to prepare 100 g of the mix-
ture. The prepared mixture was vigorously stirred us-
ing a magnetic stirrer for 20 min at 25 °C, and it was
then placed inside an ultrasonic device for 15 min
to obtain a perfectly homogeneous mixture. To pre-
pare NCMs containing 0.5 wt% iron oxide NPs, the
same steps were followed, but 0.5 g iron oxide NPs
were added in the flask before the mixture weight
was increased to 100 g. Subsequently, the obtained
mixtures were cast on a clean glass plate with di-
mensions of 20 x 15 cm? at ambient temperature by
a manual casting knife with 300 um thickness. The
membrane surface was exposed to airflow at 27 °C for
30 min to evaporate the excess solvent. Then, it was
immersed in a distilled water bath at ambient tem-
perature. The polymer-based NCM layer was taken
out after 20 min and then immersed again in the dis-
tilled water bath for 24 h to ensure the complete re-
moval of the remaining solvent. The cadmium and
lead removal performance of the fabricated NCMs
was assessed in aqueous solutions.

2.5. Adsorption experiments

First, a polyvinyl syringe with a capacity of 5 mL
and an effective area of 1.13 cm? was chosen and its
plungers were removed. Then, the fabricated NCM
film was cut to fit the inner diameter of the syringe
(almost 12 mm) and inserted to its end. The solutions
with the required concentrations of Cd(II) and Pb(II)
were prepared by diluting a suitable stock solution.
Different concentrations of cadmium and lead ion
solutions were passed through the unused NCM film
under constant pressure generated by an air cylinder,
and the residual concentrations of the collected so-
lutions were determined using an FAAS. The removal
percentage (%R) of each ion was calculated by (1).

(CO - Ce)

— X
Co

where Cy and C, are the initial and equilibrium con-

centrations (mg-L™!) of the ion solution, respectively.
The removal amount of each ion, g, (mg-g’l), on the

%R = 100, (1)
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Figure 2. UV-visible absorption spectra of
(a) magnetite (Fe3O4) NPs, (b) Fe3*/Fe?t (2:1
ratio) solution, and (c) RS lichen extract.

fabricated NCM film was calculated using the follow-
ing equation:

e =

(Co—Ce) xV, )
where V (mL) and W (mg) are the volume of the solu-
tion phase and the weight of the used adsorbent, re-
spectively. All the adsorption experiments were car-
ried out at ambient temperature and constant pres-
sure. A stock solution of 1000 mg-L~! of each of the
two ions was prepared by dissolving specific amounts
of their salts in distilled water. These solutions were
diluted to obtain the required solutions.

3. Results and discussion

3.1. Characterization of iron oxide NPs and fab-
ricated NCM

The UV-visible absorption spectrum of the synthe-
sized iron oxide NPs was compared with the spec-
trum of the Fe?* /Fe3* solution and the pristine RS ex-
tract shown in Figure 2. The broad absorption peak
in Figure 2a corresponds to iron oxide NPs showing
strong absorption at a wavelength of ~350 nm. This
can be attributed to direct electron transition corre-
sponding to the optical bandgap energy in the range
of 1.92-2.87 eV [47,48]. The maximum surface plas-
mon resonance band of iron oxide NPs occurs at a
wavelength of ~250 nm, indicating a reduction of fer-
ric ions to iron oxide by the carbonyl of the aldehyde
group existing in the RS extract [49].

The crystal structure of the products was char-
acterized by a Philips PW1730 diffractometer. The
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Figure 3. XRD spectra of NCM and magnetite iron oxide NPs (inset).
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Figure 4. FTIR spectra of (a) pristine PVC,

(b) magnetite (FesO4) NPs, and (c) fabricated NCM.

XRD patterns of products with Cu Ka radiation
(A = 0.154 nm) were recorded in the 26 range of
10°-80° (see Figure 3). Six characteristic peaks at
30.40° (29.88°), 35.75° (35.33°), 43.45° (42.98°), 53.80°
(563.17°), 57.40° (56.92°), and 62.95° (62.61°) for iron
oxide NPs (NCM) were obtained corresponding to
the (220), (311), (400), (422), (511), and (440) crys-
tal planes of pure Fe3O4 with a spinal structure, re-
spectively. The XRD patterns of the prepared samples
were compared with standard pattern JCPDS card
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no. 65-3107 [50], indicating good agreement between
the obtained results and the standard values of mag-
netite NPs. Moreover, the diameter of NPs was evalu-
ated ~28 nm from the (311) plane with a diffraction
peak at 26 = 35.75° using the Scherrer equation [51].

Figure 4 shows the FTIR spectrum of pristine
PVC, Fe304 NPs, and fabricated NCM. According to
Figure 4a, the sharp peaks at 611 and 689 cm~! can
be attributed to the C—Cl stretching vibrations in the
PVC structure. In addition, the main peaks at 1097
and 2913 cm™! are due to the C-C and C-H stretching
vibrations in pure PVC, respectively. In the FTIR spec-
trum of Fe3O4 NPs (Figure 4b), the Fe—-O-Fe bond
stretching can be detected from the narrow peak at
569 cm™!. The presence of a broad band at approx-
imately 3500 cm™! and a weak band at 1640 cm™!
can be attributed to the stretching and bending vi-
brations of the adsorbed water molecules on the iron
oxide NPs, respectively [36]. The FTIR spectrum of
NCM (Figure 4c) presents the characteristic absorp-
tions of pristine PVC and Fe3O4 NPs but with reduced
intensity of the peaks associated with oxygen-iron
bonding.

The morphology of the fabricated NCM contain-
ing 0.5 wt% Fe304 NPs was examined by a field emis-
sion scanning electron microscope equipped with
an energy-dispersive X-Ray spectrometer (FESEM-
EDS, TESCAN MIRA III). Figures 5a-f present the
surface morphology of PVC and NCM at different
magnification values. The particle size of iron oxide
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Figure 5. (a—c) FESEM images of PVC and (d-f) images of NCM containing 0.5 wt% iron oxide NPs at
different magnification values of 20k, 50k, and 300k, respectively.

ClKa
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FeKe
ik bW
5 10 15
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Figure 6. EDS spectrum of fabricated NCM and its elemental analysis (inset).

NPs in the structure of NCM is in the range of 25—
70 nm, which can be ascribed to the agglomeration of
iron oxide NPs during the formation of nanocompos-
ites as a result of Van der Waals forces and magnetic
interactions between the NPs [52]. Nevertheless, the
unique shape and size distribution of NPs were not
observed in the SEM images. There is no unidentified
peak observed in the EDS spectrum (see Figure 6),
suggesting the purity of the fabricated NCM. The
peaks appearing in the EDS spectrum confirmed
the presence of carbon, chlorine, oxygen, and iron
elements with weight percentages of 43.25, 26.21,
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24.72, and 5.82, respectively.

Figure 7 shows the adsorption-desorption
isotherms of N, onto the NCM at a saturated vapor
pressure of 84.3 kPa and a temperature of 77 K. The
shape of isotherms indicates the presence of both
micro- and mesopores corresponding to isotherms
of Type IV. The specific surface area, pore volume,
and mean pore diameter of PVC and fabricated NCM
are listed in Table 1. The mean pore diameter of
NCM is 7.14 nm, which belongs to the mesoporous
range (2-50 nm). However, it is near the microporous
range (2 nm). The fabricated NCM in this work has
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Figure 7. N, adsorption—desorption isotherms
of NCM.
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Figure 8. Lack of hysteresis loop for fabricated
NCM containing 0.5 wt% iron oxide NPs.

a specific surface area of 5.670 m?-g~!, which is ap-
proximately thrice greater than the reported value
for pure PVC.

The magnetic properties of iron oxide NPs were
measured by a VSM at a maximum applied field of
15000 Oe at ambient temperature. The magnetiza-
tion plot of the fabricated NCM (Figure 8) shows no
hysteresis loop and reveals a magnetic saturation of
6.11 emu-g~! at room temperature. This is a signifi-
cant decrease compared to the magnetic saturation
of iron oxide NPs, which was reported elsewhere [54].

The TGA technique was used to determine the
thermal stability of the fabricated NCM. The frac-
tion of volatile components present in the NCM can
also be determined by monitoring the weight change,
which occurs as the sample is heated. The changes
in the mass of PVC-based NCM as a function of
temperature from 30 to 700 °C at a heating rate of
10 °C-min~! were measured by TGA/DTG curves in
N, atmosphere. Figure 9 shows the TGA/DTG curves
of the PVC-based NCM. The slight weight loss below
~130 °C for NCM can be attributed to the evapora-
tion of trapped THF and other volatile components.
The curves in Figure 9 indicate that the fabricated
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Figure 9. TGA/DTG profile of fabricated NCM
containing 0.5 wt% iron oxide NPs.

NCM is remarkably stable up to 230 °C. A two-stage
significant weight loss occurs in the degradation pro-
cess. The first major weight loss is observed in the
range of 133-333 °C, which corresponds to the loss of
HCI [53]. The second major weight loss is observed in
the range of 333-463 °C, which is much shorter than
the first stage. Thermal degradation of the polymer
backbone takes place at this stage, resulting in the
formation of stable carbonaceous residue [55].

3.2. Adsorption isotherms

The influence of initial pH and concentration of di-
luted solutions on the removal percentage of Cd**
and Pb?* ions was investigated for various ranges
at a constant dose of fabricated NCM and tem-
perature. By considering the fact that Cd(II) and
Pb(I) can generally be precipitated as hydroxides
at pH values of 8.0 and 9.0, respectively, the ad-
sorption studies were conducted in the pH range
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Table 1. BET experimental data deduced from N, adsorption onto PVC and NCM containing 0.5 wt%

iron oxide NPs
Samples Specific surface area (m?-g~!) Pore volume (mL-g”!) Mean pore diameter (nm) Ref.
PVC 2.018 5.467 x 1073 (average) 26.74 [53]
NCM 5.670 10.126 x 1073 (total) 7.14 This work
of 2.0-7.0 for CA(I) and 2.0-8.0 for Pb(Il) [56]. v .

The pH of the solutions was adjusted by adding
0.01 M HCI or 0.01 M NaOH and measured us-
ing an electronic pH meter. The optimum condi-
tions for the removal of ions were pH = 6 for Cd(Il)
and 8 for Pb(II), initial metal ion concentration =
10 mg-L~!, nanocomposite dose = 150 mg/50 mL,
contact time = 1 h, and temperature = 25+ 1 °C. For
the adsorption experiments, a 50 mL solution of each
ion of the required concentration (5-50 mg-L™!) at
an optimum initial pH and nanocomposite dose was
evaluated for 1 h.

The experimental data were evaluated by Lang-
muir and Freundlich isotherm models. The Langmuir
adsorption model assumes that an adsorbent has a
fixed number of binding sites. All the binding sites
show the same affinity for the adsorbent. Therefore,
each site adsorbs only one molecule and forms a sin-
gle monolayer [57].

The linear form of the Langmuir model can be

written as
1t (L) L 3)
de bqm\Ce dm '
where g, (mg-g~!) is the amount of ions adsorbed
onto the NCM at equilibrium, C, (mg-L’l) is the
equilibrium concentration, g, (mg-g~!) denotes the
maximum adsorption capacity, and b (L-mg™~") is the
Langmuir constant related to free energy. The Lang-
muir constants ¢ and b were calculated from the
slope and the intercept of the Langmuir plot of 1/,
versus 1/C, (see Figure 10).
The linear form of the Freundlich model is given
as

1
Ing, = —InC,+Inkp, (4)

n
where g, (mg-g~!) represents the amount of metal
ions adsorbed per unit mass of adsorbent, C,
(mg-L™!) is the equilibrium concentration of metal
ions, and n and kr are Freundlich constants. These
constants can be determined from the linear plot of
In g, versus InC,, which is shown in Figure 11. The
Langmuir and Freundlich isotherm parameters for
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Figure 10. Linear form of Langmuir isotherm
for the removal of cadmium and lead ions at 298 K.
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Figure 11. Linear form of Freundlich isotherm
for the removal of cadmium and lead ions at 298 K.

the adsorption process of both metal ions onto the
NCM are listed in Table 2. The dimensionless sepa-
ration factor R; was determined to be between 0 and
1 for both metal ion concentrations in the range of
5-50 mg-g~!, indicating that the adsorption process
by the fabricated NCM is favorable [58]. Moreover, n
values greater than 1 from the Freundlich isotherm
studies suggest favorable adsorption conditions [59].
Nevertheless, the values of the correlation coeffi-
cients showed that the removal process of both Cd?*
and Pb%* ions from the aqueous solution can be the
best fit to the Langmuir isotherm model.
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Table 2. Isotherm parameters and correlation coefficients (R?) for the adsorption of cadmium and lead

ions onto the fabricated NCM at 298 K

Ions Langmuir Freundlich

gm (mgg™") b(@Lmg!) R R ke n R
Ccd?* 11.55 0.34 0.999 0.06-0.37 2.74 195 0.960
Pb%* 11.40 0.52 0.999 0.04-0.28 3.39 2.24 0.924

3.3. Kinetics of adsorption

The kinetics of cadmium and lead ion adsorption
onto the fabricated NCM were analyzed at vari-
ous time intervals using the pseudo-first-order and
pseudo-second-order kinetic models. The pseudo-
first-order kinetic model is expressed as

In(ge — q¢) = —k1t+Ing,, (5)

where g; and g, (mg-g~!) are the amount of metal
ions adsorbed at time ¢ (min) and equilibrium time,
respectively. The parameter k; (min~') denotes
the rate constant of the pseudo-first-order kinetic
model [60]. The rate constant of the pseudo-first-
order kinetic model and ¢, values are derived
from the slope and the intercept of the linear plots
of In(g, — q;) versus time (min), respectively. The
pseudo-first-order kinetic model assumes that one
metal ion is sorbed onto one sorption site on the
surface of an adsorbent [61].

The pseudo-second-order kinetic model can be

written as
t t 1
—_— =+ —,
qf CIe kzqe
where k) (g-mg’l-min’l) is the rate constant of the
pseudo-second-order kinetic model. This model as-
sumes that one metal ion is sorbed onto two sorption
sites on the surface of an adsorbent [62].

The rate constant of the pseudo-second-order ki-
netic model and g, 4 are estimated from the inter-
cept and the slope of the linear plots of t/q; versus
time (min), respectively (see Figures 12a, b) [63]. Fig-
ures 12c, d indicate that with increasing initial con-
centration, the removal percentages of both metal
ions decrease. The decrease in removal efficiency
with increasing metal ion concentration may be due
to the fact that with increasing metal ion concen-
tration, more surface sites are increasingly covered,
and therefore at higher metal ion concentrations, the
adsorption capacity of the nanocomposite is lost.

(6)
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Hence, at low concentration, the proportions of ini-
tial metal concentration to available binding sites are
greater, leading to higher uptake [64,65]. As a result,
lack of access to free binding sites reduces the overall
removal efficiency [66]. Furthermore, it was observed
that the adsorption rates of cadmium and lead on the
nanocomposite were faster in the initial stages. How-
ever, the rates slowed down with the passage of time
and remained almost constant after the adsorption
process reached equilibrium. Overall, the trend is the
same for both metal ions. That is, by increasing the
contact time, there is an increase in removal percent-
age [22,67].

The results from kinetic studies are listed in Ta-
ble 3. It is clear that the values of the regression coef-
ficient are near unity for both metal ions (R? > 0.99)
and experimental and calculated values of g, are al-
most near each other. This indicates that the pseudo-
second-order kinetic model fits the data well as com-
pared to the pseudo-first-order kinetic model.

This suggests that the chemical adsorption of
heavy metal ions onto the NCM is the rate-limiting
step [68]. Furthermore, the importance of diffusion
during the adsorption process was analyzed by the
intraparticle diffusion model [69]. This model de-
scribes the movement of ions from a bulk solution
to the solid phase. Plots of g, against ¢'/? are not
linear, and the lines do not pass through the ori-
gin. This means that some other processes are also
involved in the adsorption. Therefore, in our case,
the adsorption processes of both metal ions may not
be controlled by the intraparticle diffusion kinetic
model.

3.4. Adsorption mechanism

The adsorption mechanism depends on several fac-
tors such as binding or interaction characteristics,
surface functional groups of adsorbents, and the
chemistry of solutions [70]. The FTIR spectra of Cd(II)
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Figure 12. Pseudo-second-order kinetics for (a) cadmium and (b) lead ion adsorption onto the fabricated
NCM at 298 K. Plots of removal percentage against time for (c) cadmium and (d) lead ions at various initial

concentrations of 10-40 mg-L™ 1.

Table 3. Kinetic parameters for the adsorption of cadmium and lead ions onto the fabricated NCM at 298 K

Ions Cp(mg-L™h Ge,exp (mg-g!) Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

ki (min~!) qe,cal (mg'g_l) R?

k» (@mg'min™!) g, ca (mgg™!) R?

cd*t 10
Pb2+* 10

6.73
6.81

0.047
0.076

1.22
3.15

0.904
0.995

0.127 6.78 0.999
0.051 6.99 0.998

and Pb(Il) loaded on the NCM surface were studied
to determine the possible functional groups involved
in the adsorption of both metal ions. In FTIR spectra,
the absorption peaks of the Fe-O bond are slightly
shifted to lower wavenumbers, which indicates that
the Fe-O bond is involved in metal adsorption. It is
evident from the results that carboxyl groups on the
surface of the fabricated NCM are involved in the ad-
sorption process. Therefore, overall, the adsorption
mechanism includes both electronic attraction and
chemical adsorption.

C. R. Chimie— 2020, 23, n° 9-10, 563-574

4. Conclusions

Spinal magnetite NPs were successfully synthesized
using the RS extract, which were then used to prepare
a polymer-based NCM using a casting technique.
The samples were successfully characterized by UV-
visible, X-ray diffraction, Fourier-transform infrared,
field emission scanning electron microscopy, energy-
dispersive X-Ray spectrometry, BET, and vibrating
sample magnetometry techniques. The fabricated
NCM was applied to the removal of cadmium and
lead metal ions from aqueous solutions. The present
study showed that the fabricated NCM can remove
toxic heavy metal ions from aqueous solutions with a
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high percentage of up to ~95% at low concentrations.
The adsorption process reached equilibrium within
60 min at room temperature. The maximum removal
of Cd** and Pb?* ions from aqueous solutions was
achieved at pH values of 6 and 8, respectively. The
isotherm studies of both cadmium and lead ions re-
vealed that the adsorption process followed well the
Langmuir isotherm model. The kinetics of adsorp-
tion of both metal ions were found to be the best fit to
the pseudo-second-order kinetic model. The adsorp-
tion mechanism included both electronic attraction
and chemical adsorption.
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