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Chromium(VI) a heavy metal by nature, is one of the most toxic metals in the environment.

We recently reported functionalized Moringa Oleifera (FMO) leaves as a low cost and

efficient adsorbent for the removal of Cr(VI) and bacterial from water, as a continuation,

we report the incorporation of magnetic nanoparticles (Fe3O4) with previously studied

FMO for Cr(VI) removal from aqueous solution. Iron oxide due to its magnetic properties

has been shown to assist in the recovery of its adsorbents. In this study, in-situ co-

precipitation synthesis of iron nanoparticles onto FMO was employed. During chemical

precipitation, the iron precipitate tends to cover the FMO thus forming some outer-shell

coating of magnetite on the surface of FMO. The Fe3O4/FMO was characterized using

XRD, FTIR, SEM, BET, TGA and Zeta potential. FTIR results showed a new developed

intense peak at 685.6 cm−1 for Fe-O stretching, indicating successful incorporation of

Fe3O4 nanoparticles onto FMO. Powder XRD was further use to confirm the formation

and further indicated that the structure of FMO was still intact even after the Fe3O4

incorporation. The adsorption conditions such as pH, dosage, time and concentration

were optimized to 2, 0.15 g, 25min and 20 mg/L, respectively. The adsorbent was

selective toward Cr(VI) since 99% was removed in the presence of interfering ions

(20–100 mg/L). The adsorbent (Fe3O4/FMO) could also be reused up to 4 times with

a percentage Cr(VI) removal of >80% in the 4th cycle. Adsorption kinetics studies

obeyed pseudo second-order model, suggesting a chemical interaction mechanism

(chemisorption) between Fe3O4/FMO and Cr(VI). Therefore, the adsorbent has shown

that it can be used for selective removal of Cr(VI) from wastewater and potentially other

heavy metals as well.

Keywords: magnetite nanoparticle (MNPs), Moringa Oleifera, Chromium(VI), UV-vis spectrophotometer,

adsorbents

INTRODUCTION

The release and leaching of heavy metals into our water stream caused by industrialization and
urbanization has had a devastating effect on to the environment. One of the heavy metals that
is a serious health problem is chromium (Periyasamy et al., 2019). In aqueous solution, chromium
exists in two forms, either as trivalent [Cr(III)] or hexavalent [Cr(VI)]. The trivalent oxidation state,
Cr(III) is an essential element which is required by our bodies for metabolic activities. Whereas,
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Cr(VI) has been shown to be one of the most toxic element since
it has a high mobility and solubility, as it enters through our
cell membranes as CrO2−

4 or HCrO−

4 to oxidize biomolecules
(Cieślak-Golonka, 1996; Pellerin and Booker, 2000; Krishna
et al., 2004). The World Health Organization (WHO) from their
guidelines have set the maximum limit for Cr(VI) to be 0.10, 0.25
and 0.05 mg/L in surface, industrial and drinking water (water
for consumption), respectively (Krishnani et al., 2013; Kera et al.,
2017). In order to adhere with the recommended limits, it is
imperative that wastewater from industries are treated to lower
the Cr(VI) concentration in an effort to get it to the allowed
permissible levels before being released into the environment.
Several water treatment techniques including ion exchange,
membrane separation, precipitation, coagulation and adsorption
have been used for Cr(VI) removal from water (Kurniawan
et al., 2006; Saha et al., 2011; Nguyen et al., 2013; Kalidhasan
et al., 2016). Unfortunately, a majority of these techniques suffer
from several drawbacks such as incomplete Cr(VI) removal,
high operational cost, low selectivity, not easy to operate and
require trained personnel (Kurniawan et al., 2006; Saha et al.,
2011; Nguyen et al., 2013; Kalidhasan et al., 2016). Adsorption
technique on the other hand has shown its potential as a better
alternative for the removal of Cr(VI) because it is user friendly,
less costly, highly efficient and the adsorbent can be generated
(Niu et al., 2019; Zarringhalam et al., 2019; Ou et al., 2020).

In recent years, agricultural waste materials such as rice
husk, corn stalk, rice barn and sugarcane bagasse to mention a
few, have gained much attention as cheap and readily available
adsorbents for the heavy metals remediation. However, these
waste materials have been reported to have a poor adsorption
capacity toward anion metals. Many researchers have shown
that through chemical modification with amine groups their
adsorption capacity tends to be enhanced (Chen et al., 2011).
For example, Chen et al. (2011), reacted corn stalk with
epichlorohydrin and triethylamine using diethylenetriamine as
a modifier. Based on the results, the modified corn stalk (MCS)
had a point zero charge (pHpzc of 6.5) greater than that of the
raw corn stalk (RCS) (pHpzc of 2.9), which suggested that the
surface of the MCS contained more positively charged functional
groups as compared to RC. The MCS had a better adsorption
capacity for Cr(VI) removal even at approximately neutral pH,
whereas RC was effective in acid media, at pH <2.9. In another
study reported by Marshall and Wartelle, they quartenized
waste materials (i.e., rice hulls, corn stoves and almond
shell) with N-(3-chloro-2-hydroxypropyl) trimethylammonium
chloride (Wartelle and Marshall, 2006). The quartenized waste
materials were investigated for the removal of phosphate,
arsenate, selenite and chromate from water. The data exhibited
that quartenized corn stoves had a good adsorption capacity
toward selenite, chromate and arsenate.

In this study, Moringa Oleifera was functionalized with
amine groups to enhance the adsorption capacity toward Cr(VI)
removal. Thereafter, it was reacted with epichlorohydrin and
triethylamine in the presence of dimethylformamide (DMF)
using diethylamine as a modifier. The iron oxide nanoparticles
(Fe3O4) were then incorporated in functionalised Moringa
Oleifera (FMO) to form amagnetic adsorbent (Fe3O4/FMO). The

advantage of a magnetic adsorbent (Fe3O4/FMO) is that it can
serve as an adsorbent for removal of contaminants from water
and it can be removed from aqueous media after the adsorption
process using an external magnet, making the recyclability effect
of the material possible. Therefore, we report for the first
time the removal of this pollutant Cr(VI) using (Fe3O4/FMO),
whereby theMoringa Oleifera was first functionalized to enhance
the adsorption capacity before the iron oxide nanoparticles
were incorporated.

MATERIALS AND METHODS

Materials
All the chemicals used in this study for the synthesis
of the adsorbents and batch adsorption studies were of
analytical grade. Potassium dichromate (97% purity), Sodium
hydroxide pellets (97% purity), Ethanol (99.5%), Methanol
(99%), Ammonia solution (35%), Hydrochloric acid (37%), 1.5-
Diphenylcarbazide (99% purity), Sulphuric acid (99%), Ferric
chloride hexahydrate (≥98% purity), N,N-Dimethylformamide
(99.8%), Epichlorohydrin (99%), Diethylamine (≥99.5%), and
Triethylamine (≥99.5%) were obtained from Sigma-Aldrich,
South Africa.

Preparation of Fe3O4 Nanoparticles, FMO,
and Fe3O4/FMO
Fe3O4 nanoparticles were synthesized by dissolving 4.05 g
FeCl3.6H2O in 50mL of deionized water and mixed with 0.5mL
HCl (0.2M) and ultra-sonicated for 5min at room temperature.
Gradually, 20mL of 0.3M NaSO3 was added to the solution
mixture, which resulted in red color. The solution mixture
was left for a couple of minutes until the color returned to
yellow. Thereafter, the yellow solution was added to 400mL of
deionized water containing 60mL of 25% ammonia solution and
was followed by ultra-sonication for half an hour (30min). The
resultant Fe3O4 material was washed with 50/50% ethanol and
deionized water (Nejadshafiee and Islami, 2019). The synthesis
of functionalized Moringa Oleifera was reported in our previous
work (Masekela et al., 2020).

For the preparation of a magnetic adsorbent, magnetite was
synthesized in the presence of FMO via a co-precipitation
method. Here, 4.05 g of Iron Chloride (FeCl3.6H2O) was
dissolved in 50mL of dH2O and mixed with 0.5mL of 0.2M
HCl and ultra-sonicated for 5min at standard temperature.
Then 20mL of 0.3M NaSO3 was added to the mixture which
resulted in a red color. The solution mixture was left for a
couple of minutes until it returned to a yellow color, then
2 g of the functionalized Moringa Olefeira (FMO) was poured
on to the yellow solution. Thereafter, the yellow solution was
added to 400mL deionised water containing 60mL of 25%
ammonia solution and followed by ultra-sonication for 30min.
The resultant Fe3O4/FMO was then washed with 50/50% ethanol
and deionised water (Nejadshafiee and Islami, 2019).

Material Characterization
To obtain the physical and chemical properties of the synthesized
material (Fe3O4/FMO) was characterized. Scanning Electron
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Microscopy (Zeiss Crossbeam 540, United Kingdom) was
used to elucidate the morphology and elemental composition
of the adsorbents. For, phase identification, crystallinity
and particle size, X-ray diffraction was conducted. The IR
spectrum for identification of the functional groups was
obtained using the Fourier transform infrared spectroscopy
(FTIR, Bruker-Alpha, Germany) at scan range of 500–4,500

cm−1. BET, Micromeritics TriStar II Plus, Germany, was
measured to obtain the surface area and pore size of the
material. For thermal stability and weight loss determination,
a TGA (Hitachi-STA7200RV, Japan) was ran under the
nitrogen environment. For surface charge measurements
a Zeta potential (Nano ZS-Malvern, United Kingdom)
was used.

FIGURE 1 | FE-SEM images of (a) MO, (b) FMO, (c) Fe3O4 and (d) Fe3O4/FMO at 2µm (e) MO (f) FMO (g) Fe3O4 and (h) Fe3O4/FMO at 200 nm.
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Batch Adsorption Studies
To obtain optimum parameters for the removal of the pollutant,
using the batch method, parameters such as dosage, pH, uptake
time and concentration were investigated. The pH effect at
various values (2–10) was used to investigate whether Cr(VI)
removal by Fe3O4/FMO depends on the pH and also to
determine the optimum removal pH. In this experiment, a
known amount of Fe3O4 /FMO was dispersed into 100mL of
reagent bottle with 50mL of pollutant concentration. The reagent
bottles were taken into a shaker water bath and agitated at 200
rpm speed for 24 hrs with a fixed temperature of 25◦C in all
experiments. To obtain the optimum dosage to be used, different
amounts of the adsorbents were varied from 0.05 to 0.4 g with 100
mg/L Cr(VI) concentration fixed and at optimum pH 2. Lastly,
the adsorption studies on the effect of time were conducted
at different time intervals (5–140min) until equilibrium
was reached.

Cr(VI) Detection Using UV-Vis
Spectrophotometry
In this study UV-vis spectrophotometry (Agilent Technologies
Cary 60 UV-Vis, Malaysia) was used for the detection of
Cr(VI) at 540 nm wavelength using colorimetric method (1.5-
Diphenylcarbazide) (Yusof and Malek, 2009).

For the preparation of Diphenlycarbazide (DPC) solution,
an amount of 0.125 g (1.5 Diphenylcarbazide) was dissolved
into 25mL of 99.8% methanol. The solution mixture was added
into 132mL of H2SO4 (5.2%) using 250mL volumetric flask.
Thereafter, the solution was diluted with deionized water until
250mL mark. For Cr(VI) detection, the DPC solution was
mixed with Cr(VI) sample to form a DPC to Cr(VI) ratio
1:3. The mixture solution turned into violet colored complex
whose absorbance wavelength was measured to be 520 nm using
UV-vis spectrophotometry (Agilent Technologies Cary 60 UV-
Vis, Malaysia).

RESULTS AND DISCUSSIONS

Morphological Analysis
FESEM (Figures 1a–h), was conducted to study the surface
morphology of the adsorbents (MO, FMO, Fe3O4, and
Fe3O4/FMO) at different magnifications (low and high). In
Figures 1a,b, the surface morphology of MO had some
irregular flake shape and pores, while for FMO the external
surface appeared to be rough after chemical modification.
In Figures 1c,d, the magnetite nanoparticles appeared to be
spherical in shape covering the external surface of FMO, while
the spherical nanoparticles on the surface of FMO appeared to be
agglomerated as well. At higher magnifications (Figures 1e–h), it
is clearly visible that the external surface of the MO flakes were
smooth with less pores before any modifications, however after
chemical functionalization with amine groups, the FMO showed
increase in number of openings (pores) which confirmed their
improved adsorption capability toward Cr(VI) from our previous
studies (Masekela et al., 2020).

Furthermore, the presence of Fe element in the EDS spectrum
of the composite showed an evident successful incorporation
iron nanoparticles on the surface of FMO (Figure 2A). Before
adsorption, no chromium element peak was detected in the
EDS spectrum, however after adsorption new peaks which
corresponded to chromium were detected, thus confirming
adsorption of Cr(VI) by magnetic adsorbent (Figure 2B). To
further confirm the formation of these materials, identification of
the groups present [grafting of the amine functional groups onto
Moringa Oliefera (MO)] and incorporation of the Fe3O4 on the
FMO, FTIR analysis was conducted.

Functional Group and Formation Analysis
Figure 3 presents the Infrared (IR) spectra of MO, FMO, Fe3O4

and Fe3O4/FMO. The IR spectra for FMO displayed peaks
at 1,647 and 1,030 cm−1 which can be attributed to N-H
stretching band of amino groups, while the broad band at
3,369–3,299, 1,351, 1,621, and 1,020 were ascribed to –OH

FIGURE 2 | EDS spectrum of (A) Fe3O4 (B) Fe3O4/FMO.
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FIGURE 3 | FTIR spectra of MO, FMO, Fe3O4, and Fe3O4/FMO.

or –NH, C-N, C=O and C–O groups, respectively. The IR
spectra of magnetite (Fe3O4) indicated a very sharp intense
peak at the fingerprint region (685 cm−1) attributed to Fe-O
vibration (Niu et al., 2019). It can be observed that the absorption
bands for FMO were preserved within the composites after the
successful incorporation of magnetite nanoparticles. Therefore,
the incorporation of magnetite did not destroy FMO structure.

Structural, Surface Area, and Thermal
Stability Studies
Further confirmation of crystallinity, structural and phase
analysis, XRD was applied to MO, FMO, Fe3O4 and Fe3O4/FMO
(Figure 4A). The XRD patterns for MO and FMO showed that
these materials are amorphous in nature. The introduction of
iron oxide (Fe3O4) onto FMO resulted in crystallinity of the
composite. The XRD diffraction peaks at 2O values of 30.21,
35.53, 43.31, 54.50, 57.30, 62.90, and 74.3◦ corresponded to
miller index (220), (311), (400), (422), (511), (440), and (533),
respectively, which are representative of the iron oxide formation
(Chen et al., 2012; Ding et al., 2015). It was observed that there
was a broad carbon peak at 2O value 20◦ with the miller index
(002) for FMO on the composite.

The surface area and pore sizes of the MO, FMO, Fe3O4,
and Fe3O4/FMO were measured using the BET surface analyzer.
The MO surface area was 1.9198 m2/g. Upon the successful
introduction of amine groups onto MO, a lower surface area
to 1.0942 m2/g was observed. The incorporation of magnetite
onto FMO surface resulted in a huge increase in surface area
from 1.0942 to 30.6387 m2/g. This might be due to a high
amount of magnetic particle dispersion on the FMO surface,
which has a particular high surface area (52.2834m2/g) (Popoola,
2019). Similar studies were reported in the literature (Hu et al.,
2011; Panneerselvam et al., 2011; Zainol et al., 2015), where
magnetic impregnation increases the BET surface area of the
parent materials. The average pore size of FMO also increased
from 13.770 to 25.0386 nm upon successful incorporation of
magnetite nanoparticles and also indicated that these materials
were mesoporous in nature.

Figures 4B,C display the nitrogen adsorption-desorption
isotherms of the prepared materials (MO, FMO, Fe3O4, and
Fe3O4/FMO). According to the International Union of Pure and
Applied Chemistry (IUPAC), MO, and FMO were classified as
type II, whereas Fe3O4 and Fe3O4/FMO as type III from the
hysteresis loops. To further understand the characteristic nature
of these materials and their stability, thermal gravimetric analysis
was employed.

TGA was also conducted to determine the thermal stabilities
of MO, FMO, Fe3O4, and Fe3O4/FMO in Figure 4D. The TGA
analysis for MO and FMO showed that both adsorbents started
to decompose at 210 until 350◦C and could be due to the
dehydroxylation of MO and structural decomposition of FMO.
These results were corroborated by other studies as reported
by Araújo et al. (2010), whereby Moringa Oleifera seeds started
to decompose at ∼200◦C. The magnetite (Fe3O4) illustrated
that it was more thermally stable compared MO and FMO.
The TGA curve of Fe3O4/FMO behaved in a similar manner
to the parent material (FMO). However, the incorporation of
magnetite onto FMO enhanced the thermal stability of the
composites since it was noticed that weight loss for Fe3O4/FMO
was minimized. The enhancement of the thermal stability also
confirmed successful incorporation of magnetite nanoparticles
onto FMO. The magnetic adsorbent (Fe3O4/FMO) was the most
thermally stable material compared to parent materials (MO and
FMO), its weight loss was∼40.65% above 650◦C. The weight loss
for MO and FMO (parent materials) above 650◦C were found to
be more than 68 and 99%, respectively (Figure 4D).

The DTG analysis was also conducted, for MO and
FMO, a huge endothermic peak at ∼350◦C was identified in
Figure 4E. These peaks indicated thermal decomposition of
both adsorbents. The DTG curve of Fe3O4/FMO displayed
two distinctive endothermic peaks at ∼300 and 450◦C, which
confirmed the weight losses related to decomposition of the
composites. These results corroborate with the TGA data in
Figure 4D.

Surface Charge Studies
The surface charge of the prepared adsorbents (MO, FMO, and
Fe3O4/FMO) were measured using Zetasizer Nano ZS-Malvern.
As shown in Figure 5, the point of zero charges of the materials
were measured at different pH values of the solutions (2–10). It
can be observed that after chemical modification of MO with
amine groups the pH zero point charge increased from 2.0 to
4.0, suggesting that FMO contained more positively charged
functional groups compared toMO. This is an advantage because
in aqueous solutions, Cr(VI) exist in the form of anions (Cr2O

2−
7 ,

HCrO−

4 , and Cr2O
2−
7 ). Upon a successfully incorporation of

magnetite onto FMO, the pH zero point (pHzpc) increased from
4.0 to 5.0. The obtained point of zero charge (pHzpc) was higher
than that of modified activated carbon (Huang et al., 2009), coffee
husk (Oliveira et al., 2008), oxidized corn hob (Leyva-Ramos
et al., 2005) and thuja orientalis (Malkoc, 2006).

As depicted in Figure 5, the maximum pollutant [(Cr(VI)]
removal was observed at pH<5 due to the attraction of positively
charged adsorbents and negatively charged ions of Cr(VI) in the
form of Cr2O

2−
7 and HCrO−

4 .
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FIGURE 4 | Characterization of MO, FMO, Fe3O4, and Fe3O4/FMO using (A) XRD (B,C) Nitrogen adsorption/desorption isotherms (D) TGA curves and (E)

DTG curves.

Batch Adsorption Studies
Influence of pH, Dosage, Contact Time, and

Concentration for Cr(VI) Uptake
The pH is known to play a pivotal role in the adsorption ability
and stability of the suspended catalyst. The effect of pH on
Cr(VI) removal is presented in Figure 6A. This experiment was

conducted to investigate whether the removal of the pollutant
is dependent on the pH. As noted, at low pH (2) regions about
90.1% of Cr(VI) was removed, furthermore as the pH increased
the removal ability was decreased till 25% at pH 10. The reason
for this high Cr(VI) removal at low pH could be caused by
the surface of the adsorbent being protonated hence making
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the adsorbent surface positively charged. Thus, the positively
charged adsorbents interacted with Cr(VI) oxy anions (Cr2O

2−
7

and HCrO−

4 ) via electrostatic interaction (Timbo et al., 2017).

FIGURE 5 | Determination of the surface charge of MO, FMO, Fe3O4, and

Fe3O4/FMO using the Zeta potential.

The effect of Fe3O4/FMO dosage on the removal of Cr(VI)
was investigated. Figure 6B displayed Cr(VI) removal percentage
with respect to different amounts of magnetic functionalized
Moringa Oleifera (Fe3O4/FMO). From Figure 6B the amount
of the pollutant removed with a higher Fe3O4/FMO dosage
amount is presented. At 0.15 g of Fe3O4/FMO, a maximum
amount of 94% of Cr(VI) was removed. As can be depicted
we can stipulate that, a higher dosage resulted in more active
sites, until the saturation or equilibrium point was reached. In
similar studies that had been done previously using Moringa
Olifiera, Shirani et al. (2018), used 2.5 g of raw Moringa Oleifera
pods powder (MPP) with a removal efficiency of about 82%.
In this study though, a far less amount was used with a better
removal of 94%. This indicates that the functionalization and
incorporation of the magnetite in FMO was very effective. Also,
it was important to check the effect of the dosage as too much of
the catalyst usage needs to be avoided as excess use might later
cause agglomeration. Furthermore, for recovery studies, due to
the magnetic effect this material has, it can easily be recovered
when used in wastewater systems as indicated by the inserted
picture in Figure 6B.

To examine the optimum time needed for the removal of
Cr(VI), adsorption studies of Cr(VI) on magnetic functionalized

FIGURE 6 | Influence of (A) pH, (B) dosage, (C) time, and (D) concentration on Cr(VI) removal using Fe3O4/FMO.
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Moringa oliefera (Fe3O4/FMO) was conducted at different time
intervals (from 5 until 90min). Figure 6C displayed the effect
of time for the removal of Cr(VI) using Fe3O4/FMO as an
adsorbent. It was noted that the adsorption equilibrium was
attained at 25min, which was a far less time as reported
in previous studies. According to the study conducted by
Sasikala and Muthuraman (2015) using raw Moringa Oleifera,
the adsorption equilibrium was reported after 2 h (120min).
Noticeably, the removal efficiency after 25min was not reduced,
even till 90min but a plateau was reached. It could suggest during
the experiment, the catalyst did not reach a stage of inactivation
(Oliveira et al., 2008).

The experimental studies for the effect of initial concentration
using magnetic adsorbent were conducted using different
solutions containing 20–100 mg/L of Cr(VI) with optimum
conditions (pH 2, dose of 0.15 g Fe3O4/FMO and contact time
of 25min), Figure 6D. From the results it is clear that increasing
dosage amount did not result in a higher removal ability,
instead the inverse occurred, whereby less pollutant removal
was observed. This could be due to the catalyst saturation
occurring within thus blocking the available adsorption sites.
Similar behavior was observed when using rawMoringa Oleifera
(MO) (Timbo et al., 2017). It can be noted that 20 mg/L of
Fe3O4/FMO completely removed Cr(VI) from solution. Though
there was a decrease at higher concentrations it is worth noting
that even at 100 mg/L the pollutant removal was still more than
95% which demonstrated the efficiency of this material.

Adsorption Kinetics
The adsorption mechanism of Cr(VI) was determined using two
kinetic models, pseudo-first and pseudo-second order models.

Pseudo-First-Order
The early stages of adsorption processes are often represented
by this model. The linear Equation (1) (Huang, 2019) is shown

below to describe this model.

ln
(

qe−qt
)

= ln qe−k1t (1)

qe (mg/g) represents the amount of Cr(VI) adsorbed on the
adsorbent, qt (mg/g) is the adsorbed Cr(VI) amount on the
adsorbent at a certain times (t), and k1 is known as the 1st order
constant. Parameters such as k1, qe and qt will be calculated using
the linear plot obtained from Equation (1).

Pseudo-Second-Order
This model works on the assumption that the interaction
between the pollutant and adsorbent at the surface maybe
chemisorption. Chemisorption involves the interaction of the
metal ions (pollutant) and adsorbent via chemical bonding (Wan
et al., 2010). The linear Equation (2) for 2nd order model is
represented below as

t

qt
=

1

k2q2e
+

1

qe
t (2)

k2 (g/mg min) represents the 2nd order rate constant. At
equilibrium, qe represents the adsorbed amount of the pollutant
qt at certain times (qt), as these are generally obtained from
the linear plot graph in Figures 7A,B and presented in Table 1.
The correlation coefficient (R2) determines which model will
fit with experimental data. The experimental data showed that
pseudo 2nd order was more favorable compared to the 1st
order mechanism, since its correlation coefficient value was
greater than (R2 = 0.99999) whereas to pseudo 1st order
model (R2 = 0.53454) was lower. This suggested that the
adsorption mechanism between Cr(VI) and Fe3O4/FMO was
through chemical interaction (chemisorption) (Contreras et al.,
2007; Wang et al., 2015; Gorzin and Bahri Rasht Abadi, 2018; Liu
et al., 2019; Murcia-Salvador et al., 2019).

FIGURE 7 | (A) Linear Pseudo-first-order; (B) Pseudo-second-order model for Cr(VI) adsorption by Fe3O4/FMO.
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Adsorption Isotherms
Adsorption isotherms are important tools to describe the nature
of interaction between adsorbent and adsorbate. In this study,
two known isotherms models namely Freundlich and Langmuir
isotherm models were used to fit the adsorption experimental
data obtained for Cr(VI).

Freundlich Isotherms
Freundlich adsorption isotherm model is an empirical model
for describing adsorption by heterogeneous surfaces (adsorbent)
beyond the first monolayer. It further assumes that stronger
available binding sites on the surfaces are firstly occupied, and
that adsorption further increases as more available adsorption
binding sites increases (Duranoglu et al., 2012). The Freundlich
adsorption isotherm model is mathematical expressed as shown
by linear Equation (3) below.

ln qe = lnKF −
1

n
lnCe (3)

Whereby KF and 1/n are linked to adsorption capacity and
dimensionless heterogeneity factor, respectively. The linear plot
of lnqe vs. lnCe that demonstrates the validity of Freundlich
adsorption isotherm model is shown in Figure 8A.

TABLE 1 | Data for Pseudo first order and Pseudo second order.

Pseudo first order Pseudo second order

Linear Linear

qe 13.480 qe 22.883

K1 0.0192 K2 0.147

R2 0.53454 R2 0.99999

Langmuir Isotherms
The Langmuir model implies that adsorption energies on the
adsorbent’s surface are uniform, that adsorbate ions do not
transmigrate in the plane of the surface, and that the adsorbent’s
surface is homogenous (Hamdaoui and Naffrechoux, 2007). It
also implies that when the monolayer has been covered, no
additional adsorption occurs (Dada et al., 2012). The Langmuir
equation is expressed in linear form as follows:

Ce

qe
=

1

kLqm
+

Ce

qm
(4)

Where qm (mg/g) and kL (L/mg) represent maximum adsorption
capacity and Langmuir constant linked to adsorption energy,
respectively. Ce is the equilibrium concentration, and qe is the
equilibrium adsorption capacity. A linear plot of Ce/qe vs. Ce

obtained from experimental data of Cr(VI) adsorption is shown
in Figure 8B.

The Freundlich and Langmuir adsorption isotherms
parameters obtained from linear plots in Figure 8 were
presented in Table 2. The correlation coefficient (R2) obtained
from Langmuir linear plot was higher as compared to Freundlich
isotherm, thus indicating that Cr(VI) adsorption by Fe3O4/FMO
followed monolayer adsorption.

The dimensionless separation factor (RL) is an essential
characteristic of the Langmuir isotherms to determine

TABLE 2 | Data for Freundlich and Langmuir isotherms.

Freundlich isotherms Langmuir isotherms

Linear Linear

KF 0.508 qm 0.735

1/n 0.27719 kL 4.202

R2 0.94667 R2 0.97089

FIGURE 8 | (A) Freundlich isotherm; (B) Langmuir isotherm for Cr(VI) adsorption by Fe3O4/FMO.
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FIGURE 9 | The mechanism for Cr(VI) adsorption by Fe3O4/FMO.

favourability of the adsorption, and it is expressed as (Peng
et al., 2018):

RL= 1
1+ kLCo

(5)

Where kL and Co represent Langmuir constant and highest
concentration of Cr(VI), respectively. The RL value indicates
if the Langmuir isotherms is either favorable (0 < RL < 1),
unfavorable (RL > 1), irreversible (RL= 0), and linear (RL = 1). In
this study, the experimental RL value was calculated to be 0.002
for Cr(VI) adsorption, thus indicating that Langmuir isotherm
was favorable for Cr(VI) adsorption by Fe3O4/FMO.

Mechanism of Adsorption
The Cr(VI) anions exist as HCrO2−

4 and Cr2O
2−
7 at pH 2 and 6,

in aqueous solution. These anionic Cr(VI) species are adsorbed
by protonated functional groups of the adsorbent as depicted
in Figure 5. At pH above 6, there is no significant Cr(VI)
adsorption since HCrO2−

4 and Cr2O
2−
7 tend to compete with

OH− for available active adsorption sites. Therefore, the possible
mechanism of Cr(VI) onto Fe3O4/FMO could be associated
with electrostatic interaction between protonated adsorbent
(positively charged adsorbent) with Cr(VI) anionic species
(i.e., HCrO2−

4 ) at acidic media. Furthermore, the adsorption
mechanism was based on a chemisorption interaction. This was
also confirmed by the pseudo second order in Figure 7 and the
data in Table 1. Hence the mechanism in Figure 9 is proposed
for this study.

The Influence of Co-existing Ions on the
Removal of Cr(VI) by Fe3O4/FMO
This experiment was conducted to investigate the selectivity of
magnetic functionalized Moringa Oliefera (Fe3O4/FMO) toward
Cr(VI) removal in the presence of cations and anions. For this
study, a few selected ions at various concentrations (Zn2+, Cu2+,
Ni2+, NiO−

3 , SO
2−
4 , and Cl−) were studied for their influence on

the removal the pollutant as displayed in Figure 10. From the
data it is clear that the presence of cations in the solution did
not have an effect on the removal of Cr(VI) which suggested
the synthesized Fe3O4/FMO was selective toward Cr(VI) in
the presence of cations. As depicted in Figure 5, the surface

FIGURE 10 | Cr(VI) removal in the presence of co-existing ions.

of Fe3O4/FMO was positively charged which therefore made it
impossible to attract positively charged ions (metal cations) via
electrostatic interaction. In the presence of anions there was an
effect though it was minimal in particular for NiO−

3 and Cl−as

depicted in Figure 10. In the case of SO2−
4 in particular at high

concentrations, the removal of Cr(VI) was significantly reduced
since the percentage removal decreased from 99 to 93.02%. This
effect could be due to similar structure between Cr(VI) molecules
and SO2−

4 which resulted in the competition for adsorption sites
on the surface of Fe3O4/FMO (Eskandarpour et al., 2008).

Reusability Studies
To ensure we are able to produce cost effective materials, it is
important to test how many times a material can be reused. The
Fe3O4/FMO adsorbent for Cr(VI) removal, adsorption studies
were conducted for several number of cycles (7). Figure 11

illustrated the sorption efficiency of the regenerated adsorbent
(Fe3O4/FMO) after 7 adsorption cycles. The removal efficiency of
the adsorbent was reduced upon an increase in adsorption cycles.
This could be caused by the loss of stability of the adsorbent
after regeneration after several adsorption cycles (Bhaumik et al.,
2012). As it can be noticed from Figure 9, the Cr(VI) removal was
slightly reduced even after the 1st cycle, as the amount removed
reduced drastically. From the 4th cycle onwards, the removal
efficiency dramatically decreased from 87.64 to 68.2%.

Real Water Analysis
In Figure 12, the adsorption of Cr(VI) spiked real water sample
using magnetic functionalized Moringa Oleifera (Fe3O4/FMO)
under optimized conditions is displayed. It can be observed
that the initial concentration of Cr(VI) was 20 mg/L and after
adsorption the pollutant was reduced to 2 mg/L. Therefore,
this meant that Fe3O4/FMO removed 90% of the pollutant
from the real water sample. The limit of detection (LOD) and
quantification (LOQ) obtained from the linear calibration curve
of Cr(VI) were 0.1486 and 0.446 mg/L, respectively.
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FIGURE 11 | Reusability of the adsorbent (Fe3O4/FMO).

FIGURE 12 | Cr(VI) adsorption by Fe3O4/FMO from real water sample.

CONCLUSIONS

In this study, Fe3O4 was successfully incorporated onto FMO
to obtain a magnetic adsorbent that can be recovered from

the sample after application. The modification of Fe3O4/FMO
was confirmed by XRD, FTIR, and SEM analysis. The highest
Cr(VI) removal percentage by Fe3O4/FMO was above 90%

and it was obtained at a low pH (2). The chemisorption
interaction between Cr(VI) and Magnetic adsorbent was
established and it was confirmed by pseudo 2nd order and
adsorption kinetics.

Reusability studies displayed that the material may be applied
for 4 cycles and the removal percentage remained above
90%. The adsorbent (Fe3O4/FMO) was highly selective toward
Cr(VI) in the presence of other cations. The applied adsorbent
(Fe3O4/FMO) was easily separated from aqueous solution due to
the magnetic Fe3O4 nanoparticles. Therefore, this adsorbent has
a potential of being applied in industrial wastewater treatment
to simultaneously remove the adsorbent and the adsorbent
contaminant from wastewater.
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