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Currently, plant templated synthesis of magnetite iron oxide nanoparticles (Fe;O, NPs) was emerged for multifunctional
purposes. In this study, the leaf extract of the plant Thymus schimperi was utilized to synthesize Fe;O, NPs. The synthesized
NPs were characterized by using technical tools such as X-ray diffraction (XRD) spectroscopy, Fourier transform infrared (FT-
IR) spectroscopy, scanning electron microscopy-energy dispersive X-ray (SEM-EDX) analysis, and ultraviolet-visible (UV-Vis)
spectroscopy, and thermal analysis (TGA-DTA). The XRD result corroborated the presence of desired phase formation having
pure cubic face centered phase structure with average crystallite particle size ranging from 20nm to 30 nm. SEM micrographs
confirmed microstructural homogeneities and remarkably different morphology of Fe;O, NPs. Mercury (II) and chromium
(VI) removal efficiencies of Fe;O, NPs were found to be 90% and 86% from aqueous solution at initial concentration of
20 mg/L, respectively. Various factors which affect the metal ion removal efficiency such as metal ion initial concentrations,
pH, contact time, and adsorbent dosage were also studied. The optimum pH and contact time for chromium ion adsorption
were pH5 and 60 min and that of mercury were observed to be pH7 and 90 min, respectively. The Langmuir isotherm was
best fitted for sorption of Hg(II) ion, and the Freundlich isotherm was best fitted with sorption of Cr(VI) ion onto the surface
of Fe,0, NPs. The mechanism of adsorption of both Hg(Il) and Cr(VI) ions was obeyed pseudo 2" order kinetics. The
recorded percent removal efficiencies revealed that these Fe;O, NPs synthesized through leaf extract of the plant called Thymus
schimperi have demonstrated excellent potentiality in the remediation of heavy metal ions. The synthesized Fe;O, NPs were
regenerated (reused) for adsorptive removal of Hg(II) and Cr(VI) for five consecutive cycles without significant loss of removal
efficiency. Fe;O, NPs were reused with only 4.17% loss of removal efficiency against Hg(II) and only 3% loss of removal
efficiency against Cr(VI) metal ions.
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1. Introduction

Pollution of water bodies due to some toxic heavy metal ions
is increasing day by day because of increased environmental
population and industrialization. Due to their hazardous-
ness, non-biodegradability, and their long-time tenacity in
nature, removal of these heavy metals from water bodies is
very important [1] Different types of techniques currently
used in the removal of heavy metals from wastewater are
ion exchange flotation, membrane separation, adsorption,
precipitation, biosorption, and electrochemical treatment
processes [2-5]. In current days, most widely employed
approach for the removal of heavy metal ions from water
is adsorption process. Various types of adsorbent materials
have got application in the removal of heavy metals, includ-
ing activated carbon [2], silica gel supported materials [6],
nanocellulose materials [7, 8], and metal oxides [9]. Among
these mentioned adsorbent materials, magnetite nanomate-
rials (Fe;O,) NPs have distinguished themselves by their
unique properties, such as larger surface area to volume
ratio, magnetic nature, diminished consumption of chemi-
cals, and has no contribution for secondary pollutants [9].
For the removal of heavy metal ions from contaminated
water, magnetic separation has been combined with adsorp-
tion so as to enhance the decontamination process [10].

The interest in Fe;O, NPs for heavy metal ions remedi-
ation has been increasing due to their enhanced reactivity as
a result of very high surface area to volume ratio [11]. Fe;O,
NPs have gained special attention in water purification to
remove cationic pollutants like heavy metals and dyes which
could be attributed to their high separation efficiency, supe-
rior magnetic properties, simple manipulation process,
placid operation conditions, and easy functionalization
methods [12-14].

Synthesis of metal and metal oxide nanoparticles (NPs)
using the extracts from different parts (mostly leaf) of the
plant is the most effective, economical, and eco-friendly
method. Plant extract mediated synthesis has recently gained
significance due to its simplicity. The processes adopted for
synthesizing metallic and metal oxide NPs by the application
of plant extracts were explored to be easily scalable and more
economical compared to the other methods which depend
completely on the microbes and whole plants [15].

The two prominent toxic and carcinogenic metal ions,
Hg(II) and Cr(VI), are normally found in various wastewa-
ters from many industries including plating, mining, battery,
and tanneries. Their accumulation in living organisms
resulted in varieties of disorders and diseases [16]. Reports
have shown that the concentration of Cr(VI) and Hg(II) ions
in wastewater in Africa is above the WHO’s permissible
limit [17, 18]. Concentration of Cr(VI) in industrial waste-
water is estimated in the range of 0.1 to 200 mg/L and rec-
ommended safe limit of Cr(VI) in drinking water is
0.05mg/L [18, 19], and permissible concentration of Hg(II)
in wastewater is 0.05gm/L [18, 19] and that of recommended
safe limit in drinking water is 0.001gm/L [20, 21].

The recent surveys conducted by the U. S. Environment
Protection Agency (EPA) on national water quality indi-
cated that more than one-third of the lakes and about half
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of the rivers across the nation are getting polluted by the
noxious discharges such as Hg(II) and chromium (VI) from
industrial facilities [22].

Since mercury (II) and chromium (VI) pollution has
been a significant challenge in the world; the researchers in
the area are striving a lot to alleviate this problem. Towards
this contribution, the present work was aimed to synthesize
Fe;O, NPs using leaf extract of the plant Thymus schimperi,
and apply it for the remediation of Hg(II) and Cr(VI) ions
from wastewater.

The plant Thymus schimperi, is a grass-like indigenous
plant (Figure 1s in supplementary section) in Ethiopia and
commonly known by its local name as “Tosign” [23], is
used as reducing agent and capping agent in synthesis of
Fe,O, NPs in this work.

In this study, Thymus schimperi leave extract templated
synthesis of Fe;O, NPs was done by one reaction pot. The
synthesized Fe;O, NPs used as adsorbent materials for
removal of Hg(II) and Cr(VI) ions from wastewater. The
optimization of parameters such as pH, contact time and
initial concentration of aqueous solutions, and adsorbent
doses was performed against a set of batch adsorption of
Hg(II) and Cr(VI) ions from wastewater. The kinetics of
adsorption and isotherm models was evaluated to propose
mechanism of adsorption.

2. Experimental Methods

2.1. Chemicals and Reagents. The chemicals (analytical
grade) and reagents used in this work were ferric chloride
hexahydrate (FeCl;.6H,O, Blulux Ltd, India), ferrous chlo-
ride tetrahydrate (FeCl,.4H,O, Atico, India), potassium
dichromate (K,Cr,0O, Blulux Ltd, India), mercury (II) chlo-
ride (HgClL,. Blulux Ltd, India), sodium hydroxide (NaOH),
ethanol (99.9%), HCl, H,SO,, KMnO,, diphenylcarbazide
(DPC) (Ranchem Industry and Trading, India), and distilled
water.

2.2. Collection of Plant Leaves. Fresh, matured, and disease-
free leaves of the plant, Thymus schimperi, were collected
from Chilalo Mountain, East Arsi Zone, Oromia, Ethiopia,
after conducting prior field surveys. The collected leaves of
Thymus schimperi were used to make the aqueous extracts.

2.3. Preparation of Thymus schimperi Leaf Extract. The plant
leaves were washed by using domestic water and then rinsed
with distilled water many times. The wet leaves were allowed
to air dry under shade at room temperature. The dried plant
leaves were then stored for further use.

A 10 gm of powder of the plant leaves was boiled with
200mL of distilled water under stirring at 80°C for about
one hour until the color of the aqueous solution changes to
light brown. The aqueous extract of the sample was cooled
and filtered first with ordinary filter paper and then using
Whatman filter paper. Then, the filtrate was stored in a
refrigerator at 4°C for further experiments [24-26].
Figure 1 shows the flow chart of extraction of active com-
pounds from powders of leaves of Thymus schimperi in dis-
tilled water.
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Ficure 1: Flow chart of the extraction of active compounds from
the powders of leaves of Thymus schimperi in distilled water.

2.4. Preparation of Precursor Salt Solution. Ferric chloride
(FeCl,.6H,0) and ferrous chloride (FeCl,.4H,0) salt solu-
tions were used in the synthesis of Fe;O, NPs [27] using
aqueous extract of Thymus schimperi. Ferric/ferrous salt pre-
cursor solutions were prepared by mixing and dissolving
13.6 gm of FeCl;.6H,0 and 5 gm of FeCl,.4H,O salts in
500 mL of distilled water in 1000 mL volumetric flask. The
mixture was stirred at room temperature for about 15
minutes and then stored for further use. Then, three differ-
ent samples were prepared by taking different volume ratios
of precursor salts solution with Thymus schimperi leaf
extract.

2.5. Biogenic Synthesis of Fe;O, NPs. In a typical experiment,
the extract was added to ferric/ferrous chloride precursor
solution in three different volume ratios. 50 mL of the extract
was added to 100mL of the precursor solution with 2M
NaOH for NPs (S12) preparation in one 250mL conical
flask, and then the solution mixture was labelled as (1:2).
The second solution mixture (S11) was prepared by the
addition of 100 mL of the extract to 100 mL of the precursor
solution (1:1) with 2M NaOH for NPs (S11) preparation in
the second 250 mL conical flask. In the same way, the third
solution mixture (S21) was prepared by adding 100 mL of
the extract to 50 mL of the precursor solution (2:1) with
2M NaOH. All the solutions were stirred continuously at
60°C for 1 hour to get a black precipitate (Figure 2). The pre-
cipitates were filtered using Whatman filter paper No 1 and
washed repeatedly using distilled water and ethanol to
remove impurities. Finally, the precipitate was dried in an
oven at 60°C for 1 hour and ground to get fine powder.
The black powder obtained was later calcined at 700°C for
1 hour [28].

2.6. Characterization Techniques. Thermal analysis was con-
ducted using DTA-TGA instrument (DTG-60H, Shimadzu
Co., South Korea) in order to decide the calcination temper-
ature and to study thermal stability of the synthesized Fe,O,
NPs. A small amount of the powder was taken and the crys-

Solution of the
precursor salt

Filtrated Fe;O, NPs
before calcination

Mixture of precursor
and extract

Solution of the
plant extract

FIGURE 2: The schematic diagram of synthetic procedure for Fe,O,
NPs.

tal structure of the Fe;O, NPs was studied by using XRD-
7000 X-Ray diffractometer, Shimadzu Co., Japan.

The FT-IR spectra of the synthesized Fe;O, NPs were
recorded using the instrument, Perkin Elmer65, PerkinEl-
mer, Inc., Waltham, USA [29]. SEM-EDX (Carl Zeiss Model:
Neon-40, FESEM/FIB, SMT, AG, Germany) analysis was
also conducted to know the external morphology and chem-
ical composition of the sample [30]. UV-Vis-diffuse reflec-
tance spectrophotometer (Elico SL-150) was employed to
measure the band gap energy of Fe,O, NPs using Tauc
equation (1), [31].

(ahv)" = A(hv - E,), (1)

where
a=absorption coefficient constant
hv = photon energy
E, = energy gap
n="Y for allowed direct transition (Fe;O, NPs)
n=2 for allowed indirect transition

2.7. Preparation of Chromium (VI) and Mercury (II)
Solutions. The stock solution of Cr(VI) was prepared by dis-
solving 2.826 g of K,Cr,0, in 1 L of distilled water. Similarly,
1.354 g of HgCl, was taken in 1L of distilled water to get
stock solution of Hg(II). The stock solutions were further
subjected to dilution to obtain the desired concentration of
standard solutions for absorbance measurement. 1, 5-
diphenylcarbazide was used for spectrophotometric deter-
mination of Cr(VI). Potassium permanganate (KMnO,)
solution was prepared for color development of the mercury
ion solution after adsorption. Full color development for
these two solutions was formed and after 10 min, 4 mL of
these solutions was used in an absorbance measurement cell
(cuvette) and the concentrations were measured spectro-
scopically at 540nm for chromium solution [32] and at
253.7nm for mercury solution in UV spectrophotometer
[33, 34].

2.8. Batch Adsorption Study. Batch adsorption studies were
conducted to evaluate the efficiency of Fe,O, NPs for the
remediation of chromium (VI) and mercury (II) ions from
the aqueous solutions. All the measurements were



performed in triplicates and the average values were
reported. All the studies were executed at a temperature of
25°C (#0.5). The required pH of the solution was obtained
by adding appropriate amounts of a mixture that contains
solutions of 0.1M NaOH and 0.I1M HClL A calculated
amount of the adsorbent was added to the sample with con-
tinuous agitation to attain adsorption equilibrium. The
extent of removal of chromium and mercury ions was inves-
tigated separately by changing adsorption dose (100mg,
300mg, 500mg, and 700mg), contact time (30min,
60 min, 90 min, and 120 min), initial concentration (20 mg/
L, 40 mg/L, 60 mg/L, and 80mg/L), and pH of the solution
(3,5, 7,9, and 11). After adsorption, the separation of the
adsorbent was achieved by filtration and the initial and final
metal concentrations were deduced. The -equilibrium
adsorption capacity (Q,) was calculated according to equa-
tion (2)

Q, - <Co - Ce) v, 2)

where
Q, =equilibrium adsorption capacity (mg/g)
Co = initial liquid phase solute concentration (mg/L)
Ce = equilibrium liquid phase solute concentration (mg/

V =liquid phase volume (L)

M =amount of adsorbent (g)

In the same way, the present removal efficiency (%) of
Fe,O, NPs for chromium (VII) and mercury (II) heavy
metals was deduced using the equation (3)

Co—-Ce

Removal efficiency (%) = x 100, (3)

where Co and Ce are the initial and equilibrium concen-
tration after treatment with adsorbent. Optimum period of
time to achieve maximum percent removal was determined.

2.9. Sorption Kinetics and Isotherm Studies

2.9.1. Sorption Kinetics Studies. The kinetics parameters
associated with the adsorption process were determined for
contact time varying between 1 and 120 min by monitoring
the removal percentage for the Cr(VI) and Hg(II) ions.

2.9.2. Pseudo-First-Order Model. Pseudo-first-order rate
model based on adsorption capacity of adsorbent is generally
expressed as:

log (Qe - Qt) = log Qe - kl £, (4)

where Q, and Q, are the amounts (mg/g) of Cr(VI) and
Hg(II) adsorbed at equilibrium and at time given (t),
respectively.

Plot of log (Q, — Q,) versus t gives a straight line for the
1** order adsorption kinetics through which rate constant k;
is determined (Figure 2s in supplementary section).
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2.9.3. Pseudo-Second-Order Model. The following equation
describes the pseudo-second-order model in the linear form,

tot 1 (5)
q ke q,

where

k, = adsorption rate constant (g/mg-min)

k, and q, are found from the intercept and slop of t/q,
versus t linear plot such that g,=1/slope and k, =slope’/
intercept

2.9.4. Sorption Isotherm Studies. The interaction between the
solute particles and the adsorbent is provided by the adsorp-
tion isotherm. The Langmuir and Freundlich models are
usually applied to explore equilibrium adsorption isotherms.

2.9.5. Langmuir Isotherm. The Langmuir isotherm (assumes
monolayer adsorption) is represented by,

K 1
e M, (©
. Q Q

where g, (mg/g) and C, (mg/L) are the amount of adsorbed
chromium or mercury per unit mass of sorbent and unad-
sorbed chromium or mercury concentration in solution at
equilibrium, respectively. Q, is the maximum adsorption at
monolayer (mgg ') on the surface bound at high C,, and
K, is a constant related to the affinity of the binding sites
(L/mg).

The Langmuir constants Q, and K; were determined
from the intercept and slope of the linear plot of (C,/q,)
against the equilibrium concentration (C,).

2.9.6. Freundlich Isotherm. Freundlich isotherm (an empiri-
cal equation) is usually employed to describe heterogeneous
systems.

The Freundlich equation is expressed as:

q. :Kfcim (7)

where K and n are Freundlich constants with K, (mg/g (L/

mg) /") is the adsorption capacity of the sorbent and n giv-
ing an indication of how favorable the adsorption process.
The magnitude of the exponent, 1/n, gives an indication of
the favorability of adsorption. Values of n>1 represent
favorable adsorption condition.

To determine the constants K, and , the linear form of
the equation may be used to produce a graph of In (q,)
against In (C,).

1
Ing,=InK ~)InC,. 8
ng,=In f+<n) nC, (8)

Values of K and n are calculated from the intercept and
slope of the plot (Figure 3s in supplementary section),
respectively. If n =1, then the partition between the two
phases is independent of the concentration. If value of 1/n
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F1Gure 3: The TGA-DTA plots of uncalcined Fe;O, NPs.

is below one, it indicates a normal adsorption. On the other
hand, 1/n being above one indicates cooperative adsorption
(20, 35].

3. Results and Discussion

3.1. TGA-DTA Analysis. The thermal analysis of the synthe-
sized Fe;O, NPs was conducted using TGA-DTA instru-
ment. Figure 3 depicts TGA-DTA curves for the
uncalcined sample of Fe;O, NPs, two peaks in DTA curve
(one endothermic peak at 160°C and one exothermic peak
at 400°C), indicating two-step decomposition and weight
removal of initial sample. The endothermic peak observed
between 80 and 200°C can be attributed to the loss of water
and low molecular weight phytochemicals of Thymus schim-
peri adhered to the NPs, the exothermic peak of DTA curve
at 404.29°C; and 49.57% weight loss between 350°C and
450°C in TGA curve is possibly due to vaporization of car-
bonized residues present over the surface of the biogenic
Fe,O, NPs. As it can be observed in Figure 3, after temper-
ature of 450°C, TGA curve became almost constant. The
temperature beyond which the weight loss is constant is used
as the calcination temperature of the synthesized Fe,O,
nanoparticles [36]. The temperature above which the weight
loss of sample remained constant is taken as a calcination
temperature. Calcination was performed at 450°C to remove
unwanted remnants of the plant extract, and improve the
purity of iron oxide NPs.

3.2. XRD Analysis. Figures 4(a)-4(c) depicts the XRD pat-
terns of Fe;O, NPs. As indicated in Figure 4, the XRD peaks
of Fe;O, NPs were observed at 26 values, 30.15, 31.58, 35.49,
43.12, 45.26, 53.73, 57.11, 62.65° for S12; 30.06, 31.67, 35.42,
43.06, 45.38, 53.37, 56.42, 62.55° for S11; and at 30.06, 31.56,
35.41, 43.15, 45.25, 53.38, 56.83, 62.56" for S21. All the dif-
fraction peaks observed are in compliance with the standard
pattern for JCPDS Card No.79-0417 for Fe,O, NPs [37]. The

Miller indices, (220), (200), (311), (400), (220), (422), (511)
and (440), observed for Fe;O, NPs correspond to cubic spi-
nel structure [38].

The average crystallite sizes of Fe;O, NPs calculated
using Debye-Scherer equation [37] are 20.26 nm, 29.12 nm,
and 26.88 nm for S12, S11, and S21 samples, respectively.

The diffraction pattern of Fe;O, NPs presented in
Figure 4 (S11) was studied and the sharp intense peak
obtained at 20 values of 30.06, 31.67, 35.42, 43.06, 45.38,
53.37, 56.42, 62.55° corresponds to the lattice plane (220),
(200), (311), (400), (220), (422), (511), and (440), respec-
tively. All the diffraction peaks were well indexed to the hex-
agonal phase and crystallographic planes proving the
structure of Fe;O, NPs synthesized to be cubic structure [38].

3.3. FT-IR Analysis. FT-IR spectrum of the calcined green
synthesized Fe;O, NPs, as depicted in Figure 5(a), presents
the strong absorption bands at 3440, 1622, 1425, 875, and
570 cm™* while Figure 5(b) shows the absorption bands of
uncalcined Fe;O, NPs which were observed at 3420, 2959,
1623, 1456, 1377, 1064, and 600 cm ™.

In the spectrum of the calcined Fe,O, NPs, the wide
absorption around 3440cm™ is caused by the presence of
an O-H stretching vibrations from the absorbed water pres-
ent over the surface of the NPs. The absorption peaks at
1622cm™ were attributed to the N-H bending of amide
compound. 1425cm™" corresponded to the -CH, bending
vibrations of the compound. Significant new peak was found
at 875cm™" which corresponds to C-H bending. The pres-
ence of band at 570cm™" corroborates Fe-O stretching of
Fe,O, nanoparticles, as reported earlier [39].

Figure 5(b) depicts the FT-IR spectrum of uncalcined
Fe,O, NPs. The presence of strong and broad absorption
band at 3420cm™ is caused by the presence of an O-H
stretching vibrations of phytochemicals such as Thymol
and Carvacrol [40] and was also due to absorbed water by
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the sample. The presence of bands at 2959cm™ and
1456 cm™ can be attributed to the -CH, stretching vibrations
of the functional group [29]. The absorption band at
1623cm™ corresponds to the N-H bending vibrations of
the compound and 1377 cm™ to bending functional group
of the O-H. The bands at 1051 cm™ revealed the vibration
of C-N bond and 600cm™ indicates C-O stretching band
corresponding to the C-O-SO; group [41]. FT-IR absorption
bands at 2340cm™ correspond to physisorbed CO, to sur-
face of Fe;O, NPs from the atmosphere [42].

3.4. SEM-EDX Analysis. The SEM images of Fe;O, NPs have
different morphology as shown in Figures 6(a)-6 (d). The
morphology of uncalcined Fe;O, NPs as indicated in
Figure 6(a) is not clearly identified. The SEM images of cal-
cined Fe;O, NPs in Figures 6(b)-6 (d) indicate the agglom-
eration of particles that increases with the concentration of
iron salts precursor. The morphology of Fe;O, NPs synthe-
sized from mixture of hydrated ferric and ferrous chloride in
different mixing ratio of precursor salt to the plant extract
such as 2:1, 1:1, and 1:2 has agglomerated cubic spinel
structure.

The scanning electron microscope results confirmed that
the grain sizes of the NPs were strongly dependent on mix-
ing ratio of iron salts and leaf extract under the same reac-
tion conditions. The SEM images clearly showed
microstructural features and diverse morphologies for
Fe,O, nanopowder.

The chemical composition of Fe;O, NPs synthesized in
different mixing ratios of precursor salt to the plant extract
such as 2:1, 1:1, and 1:2 samples was elucidated by
energy-dispersive X-Ray spectroscopy (EDX) (Figure 7).
Figure 7(a) reveals the elemental composition of uncalcined
Fe,O, NPs, and Figures 7(b)-7(d) depicted EDX spectra of
Fe,O, NPs synthesized in 1:1, 1:2, and 2:1 rations, respec-
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tively. The EDX spectral intensity in Figure 7 revealed that
iron atom has high proportion than oxygen.

The EDX analysis of all the Fe;O, NPs is shown in
Figures 7(a)-7(d). It is evident from EDX spectrum of all
the samples in which Fe and O are found in the respective
spectrum. In addition to that, interestingly it is observed that
there was foreign material present in the spectrum. It could
be due to the impurity of the samples.

3.5. UV-Vis Analysis. From the data of UV-Vis reflectance
spectra of uncalcined and calcined samples of Fe;O, NPs,
bandgaps were calculated from Tauc plots shown in
Figure 8. Accordingly, the bandgap value of uncalcined
Fe;O, NPs was found to be 2.25eV, and bandgap values of
Fe;O, NPs prepared in different salt to the plant extract vol-
ume ratios of 1:2, 1:1, and 2:1 were calculated to be 2.35,
2.02, and 2.1eV which are in agreement with previously
reported results [43].

3.6. Adsorption Batch Studies

3.6.1. Optimizer Design of Different Parameters. Since the
adsorption efficiency of the sample SI11 was higher than
the other samples, all the parameter optimizer designs were
done on this best sample of Fe;O, NPs for remediation of
Cr(VI) and Hg(II). The optimizer design processes of vari-
ables were done to get maximum % removal of chromium
and mercury. At initial concentration of 20 mg/L, maximum
removal of 85% chromium and 95% of mercury was
achieved with the Fe,O, NPs by keeping other parameters
constant (pH =5, adsorbent dosage =300 mg, contact time =
90min) (Figure 9(a)). At pHS5, 85% of chromium and at
pH7, 85% of mercury removal was achieved (at Co=
20mg/L, contact time=90min, and adsorbent dosage=
300mg). 85% of chromium and 90% of mercury were
removed at adsorbent dosage of 700mg (at Co=20mg/L,
contact time =90 min, and pH=5). Removal efficiency for
chromium at 60 min was found to be 86% and at 90 min
for mercury was found to be 90% by keeping other parame-
ters constant (pH =5, Co=20 mg/L, and absorbent dosage =
300 mg).

3.6.2. Factors Affecting the Adsorption. It was reported in the
past studies that various factors possibly affect the adsorp-
tion capacity of nano-adsorbents during the adsorption pro-
cess. Efficiency of any adsorbent is significantly affected by
the physicochemical characteristics of the solutions such as
pH value, initial concentration, contact time, and adsorbent
dosage. Higher adsorption capacities can be obtained by
optimizing the above parameters [44].

(1) (1) Effect of Initial Concentration. The initial solution
concentration serves to be the driving force to overcome
the mass transfer resistance of metal across the solvent and
solid phases [45].

The effect of initial concentrations on adsorption of
chromium and mercury ions was investigated from 20 mg/
L to 80 mg/L, by keeping all the other parameters constant
(at pH=5, contact time=90min, and absorbent dosage=



Journal of Nanomaterials

Percent transmittance (%)

34|140

4000 3500 3000

2500 2000 1500 1000 500

Wavenumber (cm™!)
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FIGURE 6: SEM images of Fe;O, NPs: (a) for uncalcined in (1:1), (b) for calcined S11 in (1:1), (c) for calcined S12 in (1:2), and (d) for

calcined S21 in (2:1).

300 mg). The equilibrium curve (Figure 9(a)) revealed that
the overall percentage of removal of Cr(VI) and Hg(II) from
the solution was found to decrease with an increase in the
initial of concentration Cr(VI) and Hg(II). This could be jus-
tified by the fact that, with the increase in the concentration
of Cr(VI) or Hg(II) in solution with a fixed amount of adsor-
bent, binding capacity of adsorbent is believed to approach
to the saturation point resulting in decrease in both Cr(VT)
and Hg(II) removal. At higher Cr(VI) and Hg(II) concentra-
tion; the number of active sites on adsorbent surface is not
enough to accommodate both chromium and mercury ions;
however, at low concentration, the ratio of surface active
sites to total concentration of Cr(VI) and Hg(II) was high
and therefore the two metal ions were found to interact

effectively with the active sites on adsorbent surface suffi-
ciently [46].

(2) (2) Effect of Adsorbent Dosage. Figure 9(b) presents a fact
that the percentage removal of Cr(VII) and Hg(II) ions was
found to increase with an increase in the amount of adsor-
bent dosage. This observation clearly indicates that the num-
ber of available adsorption sites influences removal
efficiency. Metal ion adsorption efficiency by adsorbent was
found to increase with the increase in adsorbent dose.

(3) (3) Effect of Contact Time. The adsorption experiments
were conducted for various contact times with the fixed
values for the other factors, sorbent dose, pH, and initial
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concentration. These results are depicted in Figure 9(c). It
reveals that the removal efficiency of chromium and mer-
cury by the adsorbent was found to increase in the beginning
but later continues to increase at a relatively slower rate with
contact time until equilibrium is reached. Generally, the rate
of removal of adsorbate appears to be rapid initially, but
after saturation of removal efficiency at optimum contact
time, the trend of percent removal efficiency for both metal
ions slightly declines with time. As shown in Figure 9(c),
the optimum equilibration time (contact time) for adsorp-
tion of Cr(VI) ion was 60min and for that of Hg(II) ion
was 90 min at percent removal efficiency for 86% and 90%,
respectively.

(4) (4) Effect of pH on Adsorption. The pH of the solution
affects both the degree of dissociation of functional groups
from the adsorbent surface and the solubility of the metal
ions. The various species of Hg(II) and Cr(VI) are greatly
dependent on the pH of the solution [47], and pH values
from 3 to 11 were selected for the experimentation. The
obtained results (Figure 9(d)) showed that the removal of
metal ions was strongly influenced by the pH of the solution.
The removal efficiency of adsorbent Fe;O, NPs was
increased from pH 3 to 5 for chromium ion and 3 to 7 for
mercury ion. Fe;O, NPs exhibited the highest percent
removal of chromium (VI) at pH value of 5 and of mercury
at pH value of 7, respectively. At low pH conditions (pH<5),
the active surface sites of Fe;O, NPs adsorbent were proton-

ated [48], lowering the adsorption of heavy metal ions (chro-
mium ions and mercury jons) as there is competition
between H" ions and metal ions. Metal ion removal of
Fe;O, NPs remains significantly high beyond optimum
values of pH (at pH>7), as there was electrostatic interaction
between metal ions and negatively charged surface of the
adsorbed, and also because of hydrolysis of metal ions at
higher pH [49].

Percent removal efficiency (%R) and adsorption capaci-
ties (q) of Fe;O, NPs for removal of Hg(II) and Cr(VI) ions
in wastewater against pH and contact time are summarized
in Table 1. As shown in Table 1, both %R and adsorption
capacity values were increased with increasing the contact
time up to maximum removal efficiency of 90% and maxi-
mum adsorption capacity (qm) of 60 mg/g at contact time
of 90 minute for Hg(II) and in the same way, %R and
adsorption capacity were increased up to maximum removal
efficiency of 86% and maximum adsorption capacity of
57.37 mg/g with increase in contact time up to 90 minute
for Cr(II), respectively. Increasing the contact time beyond
90 minute for both Hg(II) and Cr(VI) results in decreasing
removal efficiency and adsorption capacity. As depicted in
Table 1, percent removal efficiency (%R) and adsorption
capacity of Fe;O, NPs for removal of Hg(II) and Cr(VTI) ions
in wastewater against pH show maximum %R value (85%)
and g (56.66 mg/g) for Hg(II) (at pH=7), and maximum
percent removal value (85%) and maximum adsorption
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capacity (56.66 mg/g) for Hg(II) (at pH=5), respectively.
Based on the data of Figure 9(a), at lower initial concentra-
tion (20mg/L), maximum percent removal efficiency of
95% for Hg(II) and 86% for Cr(VI) were observed. Corre-
spondingly, maximum adsorption capacity of Fe;O, NPs
was extracted from the same figure to be 63.33 mg for Hg(II)
and 56.61 mg/g for Cr(VI).

3.7. Sorption Kinetics Studies. The kinetics of sorption of
Cr(VI) and Hg(II) on the surface of Fe,O, NPs was investi-
gated against pseudo-first-order and pseudo-second-order
models (Figure 2s in supplementary section and Table 2).
From the values of R?, the data of adsorption of Cr(VI)
and Hg(II) was found to fit well with pseudo-second-order
models (Table 2).

The degree of goodness of linear fit in kinetic models can
be judged from the value of rate constants and R*. Table 2
presents the kinetic rate constants of pseudo-first-order
and pseudo-second-order models. The pseudo-second-
order kinetics present the high correlation coefficients than
pseudo-first-order for both Hg(II) and Cr(VI) adsorptions,
and the experimental g, values obtained are closer to those
calculated for the pseudo-second-order kinetic model.

3.8. Sorption Isotherm Studies. To evaluate the mechanism of
uptake of Hg(II) and Cr(VI) ions in wastewater on to the
surface of Fe;O, NPs, the Langmuir and Freundlich adsorp-
tion isotherm models were employed to analyze the adsorp-
tion data (Figure 3s in supplementary section).

K; and n are parameters characteristic of the sorbent-
sorbate system, which were determined by data fitting and
whereas linear regression was determined from the fits of
the kinetic and isotherm models [50].

Table 3 summarizes the Langmuir and Freundlich iso-
therm models for both Cr(VI) and Hg(II) adsorption. The
values of isotherm parameters, 1/n=0.483 (at n=2.07), indi-
cating that the sorption of Cr(VI) unto the magnetic adsor-
bent was favorable with R* value of 0.9814.

From the data of Table 3, the values of isotherm param-
eters, 1/n=0.294 (at n=3.40), indicating that the sorption of
Hg(II) unto the magnetic adsorbent of Fe;O, NPs was favor-
able with R* value of 0.967. Based on information obtained
from value of R?=0.90 for Cr(VI) sorption and from value
of R*=0.9741 for Hg(Il) using the Langmuir isotherm
model, sorption of Hg(II) best fits with the Langmuir iso-
therm than Cr(VI). In the same way, the sorption of Cr(VI)
best fits with the Freundlich isotherm than Hg(II) does.
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TaBLE 1: Summary of parameters such as pH and contact time on percent removal efficiency and adsorption capacity of Fe;O, NPs in

removing Hg(IT) and Cr(VI) ions from wastewater.

Hg(II Cr(VI . . Hg(II Cr(VI

pH %R . q)(mg/g) %R ( q)(mg/g) Contact time (min) %R . q)(mg/ g) %R ( q )(mg/g)
3 40 26.66 66 44.00 30 75 50.00 60 40.00

5 80 53.33 85 56.66 60 87.5 58.33 86 57.33

7 85 56.66 82 54.66 90 90 60.00 85 56.66

9 82.5 55.00 82.5 55.00 120 87.5 58.33 84 56.66
11 80 53.33 82 55.00

Table 3 shows a summary of the Langmuir and Freundlich ~ 3.9. FT-IR Analysis before and after Adsorption of Hg(II) and

isotherm model constants and correlation coefficients for

the adsorption of chromium and mercury [51].

Cr(VI). FT-IR spectral of synthesized Fe;O, NPs (adsorbent)
before and after adsorption (loading) of Cr(VI) and Hg(II)
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TaBLe 2: The adsorption kinetic model rate constants for
adsorption of chromium and mercury.

Pseudo 1™order kinetic Pseudo 2"%order

Metal ions model kinetic model

qe Kl RZ qe K2 RZ
Cr(VI) 2.11 -7.00E*  0.2391 1.36  0.057 0.9750
Hg(II) 195 -5.33E-4 0.32 1.33  0.142 0.9944

TaBLE 3: Langmuir and Freundlich isotherm model constants and
correlation coefficients for adsorption of chromium and mercury.

Cr(VI) Hg(II)
Isotherms Estimated Estimated
R? isotherm R? isotherm
parameters parameter
Q, (mg/g) =
. Q, (mg/g) =0.951 2.631
L 0.90 0 0.9741
angrur K; (L/mg)=0.078 K; (L/mg) =
0.287
K.=1.614 K,=3.16
Freundlich 0.9814 / 0.967 f
n=2.07 n=3.40
240 Fe,0, - Hg(Il)
(c) 1636
3428
8 Fe;0, - Cr(VI) 1387.5
§ 160 - 34 1119 622
= 3426
E Fe;0, before ads 1387 1120 621
=80 A
1383
1118 620
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Ficure 10: FT-IR spectra of green synthesized Fe,O,

Nanostructures (a) before and (b) after adsorption of Cr(VI) and
(c) Hg(II), respectively.

heavy metal ions was recorded and shown in Figure 10. The
FT-IR spectra of Fe;O, NPs after adsorption of Cr(VI) and
Hg(II) metal ions have shown various functional groups,
and slight peak shifts. In Figure 10, the peaks at 3425,
1630, 1383, and 1118cm™’ shifted towards the peak at
3426, 1632, 1387, and 1120cm™, respectively, for Cr(VI)
ion adsorption, and shifted to the peaks at 3428, 1636,
1387.5,and 1119 cm™ for Hg(I) ion adsorptions. Small peak
at 2959 has been disappeared and the hydroxyl peak at
around 1630 cm™" shifted to 1632 cm™ and to 1636 cm™ after
adsorption of Cr(VI) and Hg(II) ions, respectively. The peak
intensity reduction and peak shift has been also shown after
adsorption of Hg(II) onto Fe;O, nanostructures [52].
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FIGURE 11: Regeneration study of synthesized Fe;O, nanoparticle
for adsorptive removal of Hg(Il) and Cr(VI) meta-ions in
wastewater.

The peak at around 1118 cm™! attributed to (-C-O) bond
stretching in thymol and carvacrol phytochemicals extracted
from Thymus schimperi; and the peak due to the hydroxyl
group at 1632 cm™ has decreased after adsorption of Cr(VI)
(Figure 10(b)), and at 1636 after adsorption of Hg(II)
(Figure 10(c)). The intense peaks at around 1118 cm™ (due
to C-O functional group of the plant extracts) and at around
1405cm™ (due to carboxylic functional groups) have been
decreased after adsorption of Cr(VI) (Figure 10(b)) and
Hg(II) (Figure 10(c)). These changes in the absorption peaks
indicated that the active sites on the surface of Fe;O, nano-
structures contained hydroxyl, ketonic, and carboxylic func-
tional groups, which formed new chemical bonds with
Hg(II) and Cr(VI) ions [53]. The presence of intense band
between 650 and 550 cm™ is due to Fe-O bond vibration in
Fe,O, NPs [39]. This further confirms the mechanism of
adsorption evaluated using adsorption kinetic and isotherm
models.

3.10. Regeneration Study. For a cost-effective magnetite
nano-adsorbent, Fe;O, NPs, it was essential to study the
reusability or recyclability in repeated use for removal of
Hg(IT) and Cr(VII) ions from wastewater. Magnetic iron
oxide (Fe;0,) NPs have been applied in adsorptive removal
of metallic ions from contaminated water and recovered
back for repeated use [54, 55].

For example, Rivera et al. studied Cr(VI) ion removal
using 2 g/L of the magnetic magnetite NP [56].

The regenerations study for adsorption-desorption of
Hg(II) ions using synthesized Fe;O, NPs in wastewater
was done at optimum initial concentration of 20 mg/l, con-
tact time of 60 minutes, and with 30 mg of Fe;O, NPs in
100 ml volumetric flask. The same procedures were followed
for adsorption-desorption of Cr(VI) against Fe;O, NPs at
the optimum pH of 5 and contact time of 90 minutes. In
the process of loading and elution of Hg(II) and Cr(VI) ions
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TaBLE 4: Maximum sorption efficiencies (%R) and sorption capacities (q,,) of magnetite iron oxide nanoparticles and related adsorption

parameters for removal of Cr(VI) and Hg(II) ions from wastewater.

Maximgm Removal . .
S.no Adsorbate  Adsorbent material czsz(c)irtl; tl((;r;) eﬂigiency S(I)) 113 ti(;fn Tem?%r)a ture Acﬁgzgtclsn A;:Z?ﬁg rt:ln References
mg/g) (%R)
1 Hg(IT) Fe,O, NPs NA 87 5.5 25 PSO Freundlich [59]
2 Hg(II) Fe,O, NPs NA 43.74 6 25 PSO Langmuir [59]
3 Cr(VD) Fe;O, NPs 105.26 82 52 25 PSO Langmuir [61]
4 Cr(V1) Fe,0, NPs NA 72.45 25 PSO Freundlich  [62]
5 Cr(VI) Fe;O, NPs NA 98.95 25 PSO Langmuir [63]
6 Cr(VI) Fe;O, NPs 26.5 NA 25 PSO Freundlich [64]
7 Cr(VI) Fe,O, NPs 15 NA 25 PFO Langmuir [52]
Schiff base decorated
8 Hg(II) PAMAM dendrimer/ 605.78 NA 6 25 PSO Langmuir [13]
Fe;O, composites
Sulfur-functionalized
9 Hg(II) PAMAM dendrimer/ 160.47 NA 6 25 PSO Langmuir [14]
Fe;O, composites
10 Cr(VI) Fe;O, NPs 8.67 NA 4 25 PSO Langmuir [65]
1 Hg(II) Fe,O, NPs 63.33 95 27 PSO Langmlllir This study
Cr(VI) Fe,O, NPs 56.61 86 5 27 PSO Freundlich

N.B: PFO = pseudo first order; PSO = pseudo second order; PAMAM = polyamidoamine; NA = not available.

to and from Fe;O, NPs, the elution operations were carried
out by shaking the Hg(II) adsorbed and Cr(VI) adsorbed
Fe;O,NPs with 0.50 M HCl in 100 ml volumetric flask sepa-
rately. The regeneration of the nanoparticles was done for
multiple adsorption-desorption cycles. The recycled Fe,O,
NP were tested against removal of Hg(II) and Cr(VI) metal
ions for 1%, 2™, 37, 4™ and 5™ cycles, respectively(Figure 4s
and Figure 5s in supplementary section). The data of the
regeneration study of Fe;O, NP against Hg(II) and Cr(VI)
metal ions for the 1** five cycles are shown in Figure 11.

The regeneration cycles of the magnetic nanomaterials
showed a slight decrease (about 4.17% for Cr(VI) and 3%
for Hg(I) ions) in the removal efficiency between the 1
cycle and 5™ cycle, indicating that the nanomaterial was
reused for up to 5 cycles sequentially without significant
reduction in removal efficiency of Fe,O, NPs against Hg(II)
and Cr(VI) metal ions. This finding is in line with previous
reports in regeneration study for magnetite and magnetite-
based nanostructures [3, 56-58] for the similar heavy metal
ions.

Maximum removal efficiency (%R), maximum adsorp-
tion capacity (g,,), optimum pH, working temperature of
solution medium, kinetics, and adsorption isotherms for
sorption of Hg(IT) and Cr(VI) onto synthesized Fe;O, NPs
are collected in Table 4. The comparative data for removal
efficiency (%R), maximum adsorption capacity (g,,), and
other adsorption conditions of Fe;O, nanoparticles and
Fe,O,-based nanocomposites for Hg(II) and Cr(VI) sorp-
tion are summarized in Table 4. The percent removal effi-
ciency (%R) of synthesized Fe;O, NPs in this study for
adsorption of Hg(II) is in agreement with reported value

by Zaki et al. [59], and is higher than other reported values
by [60, 61]; and % R for adsorption of Cr(VI) in this study
is higher than reported value by [62] whereas it is lower than
the reported value by [63]. Obtained maximum adsorption
capacity (q,) for Cr(VI) (56.61mg/g) and Hg(II)
(63.33mg/g) is in between the maximum value from by Y.
Zhou et al.,, L. Luan et al., and H. Kumar et al. and other
related minimum g, values reported in [64, 65].

Schiff-based functionalized polyamidoamine (PAMAM)
dendrimer composites of Fe;O, NPs and sulfur-
functionalized PAMAM dendrimer/Fe;O, nanocomposite
materials were studied to decontaminate aqueous Hg(II) by
Y. Zhou et al. [65], and by L. Luan et al. [14] and the maxi-
mum adsorption capacity of 605.78 mg/g and 160.47 mg/g,
respectively, was achieved. In other related reports, magne-
tite Fe;O, NPs were used to remove Cr(VI) ion from waste-
water at initial concentration of adsorbate of 2 g/d m” and at
pH =4, and with maximum adsorption capacity of 8.67 mg/g
was achieved [65].

From the data of adsorption kinetics, adsorption iso-
therms, and FT-IR analysis before and after adsorption of
the heavy metal ions onto Fe;O, NPs, the upload of Hg(II)
and Cr(VI) ion by the magnetite iron oxide NPs is domi-
nated by the chemical interaction between adsorbent
(Fe;O, NPs) and adsorbate (Hg(II) and Cr(VI)).

4. Conclusion

The XRD study revealed that the phase structure of Fe,O,
NPs were cubic face centered with average crystallite size
between 20 and 30 nm. The SEM micrographs depicted the
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agglomerated grain size of synthesized Fe,O, NPs. The max-
imum percent removal efficiency of the adsorbent material
(Fe;O, NPs) for adsorption of chromium (VI) was 86% (at
initial concentration of 20 mg/L, contact time of 90 min,
and adsorbent dose of 300 mg) and for mercury (II) 90%
(at initial concentration of 20mg/L, and contact time of
90 min) from aqueous polluted water. At pH =7, the percent
removal efficiency of Fe;O, NPs to adsorb Hg(II) was 90%
(at constant time of 90 min, initial concentration of 20 mg/
L, and adsorbent dose of 300 mg); at pH =5, the percent
removal efficiency of Fe;O, NPs to adsorb Cr(VI) ion was
86% (at constant time of 60 min, initial concentration of
20mg/L, and adsorbent dose of 300 mg). The mechanism
of both Hg(II) and Cr(VI) metal ion adsorptions was best
fitted with pseudo-second-order kinetics, and Cr(VI) ion
sorption follows the Freundlich adsorption isotherm model
whereas Hg(II) ion sorption fitted with the Langmuir iso-
therm model. The regenerability study of the adsorbent
material (Fe;O, NPs) performed for five consecutive cycles
shows only slight decrease in removal efficiency (4.17% for
Cr(VI) and 3% for Hg(Il)) between the 1° and the 5™
adsorption-desorption cycle.
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Fe,O, NPs are shown by Figure 2s. The plots of the Freun-
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