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action effects of metal ions in
MnxFe(3�x)O4 on arsenite oxidation and adsorption

Linda Ouma *ab and Augustine Ofomajaa

Wastewater treatment is still a global concern and materials capable of pollutant sequestration continue to

be improved in a bid to ensure water reusability and curb water shortages. Some of the most promising

materials so far are nanosized materials because of their unique properties and the ease of manipulation

to improve their properties. In this work we investigated the effects of varying Fe3+ : Fe2+ ratios in

magnetite nanoparticles and the influence of manganese doping. Diffraction measurements indicated

that the manganese introduced into the magnetite matrix displaced some Fe atoms resulting in the

formation of a uniform phase matching the card data for magnetite with no additional manganese

phases being formed. XPS confirmed the presence of manganese on the surface of the doped

nanomaterials and that both As(III) and As(V) were bound on the adsorbent surface. The central

composite design (CCD) of response surface methodology (RSM) was used to determine the effects the

nanoparticle compositions had on As(III) adsorption and oxidation. A quadratic equation was used to

model the experimental data with a correlation coefficient close to unity indicating that the model was

a good fit for the data. The interaction between Fe3+ and Mn had a positive influence in the reduction of

As(III) in solution while Fe3+/Fe2+ interactions had antagonistic effects and the Fe2+/Mn interactions were

found to be insignificant. Increasing the amounts of Fe3+ and manganese therefore resulted in the

highest reduction in As(III) concentration.
Introduction

Nano size adsorbents offer a high surface area for adsorption
and are thus favorable over conventional adsorbent materials
however, their recovery aer water treatment may be time
consuming due to their small sizes allowing for dispersion in
the treated water.1,2 Magnetic nanoparticles (MNP) however
provide a unique advantage in that they can easily be recovered
from treated water by application of an external magnetic eld
allowing them to be separated without the use of expensive and
energy intensive processes.3,4 Magnetite nanoparticles are
superparamagnetic and consist of both ferric and ferrous ions
which allow them to possess unique properties.5,6 They have
been applied for the remediation of arsenic,4,7,8 lead,9,10 chro-
mium,9–11 cerium,12 mercury,13 thorium14 and cadmium10

contaminated water. Nanoparticles can be modied to improve
their efficiency by the introduction of other ions into their
structure allowing them to have a wider range of applications.15

Manganese oxides, like iron oxides are naturally occurring and
have high affinities for trace metals as compared to other
adsorbents.16–18 Manganese doping on magnetite provides
h Laboratory, Department of Chemistry,
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higher magnetic susceptibility than pure magnetite due to the
presence of ve single unpaired electrons of Mn2+.19 A material
consisting of both oxides therefore yields magnetic particles
with better sorption capacities for heavy metal pollutants.20

In the preparation of manganese doped magnetite nano-
particles (Mn MNP), Warner et al., (2012), conrmed that Mn
presented no signicant changes in the particle size of
magnetite nanoparticles and XRD data revealed it was incor-
porated into the ferrite structure.20 Upon annealing of mixed
iron and manganese oxides, Lai et al., (2004) observed that
either Mn(III) occupied Fe sites or Fe(III) occupied Mn sites
where iron and manganese oxides are a majority respectively.
They were able to determine the concentration window where
phase separation occurred and observed a structural progres-
sion form spinel to bixbyite and a decrease in super-
paramagnetism as Mn concentration increased.21 Warner and
coworkers applied the prepared nanoparticles in the sorption of
heavy metals form water with an increase in the analyte
collection and retention as the doping levels increased.20

Gibbons and Gagnon, (2011) observed that ferric containing
water treatment residuals (WTRs) had the greatest amount of
arsenic adsorbed on a molar basis and described arsenate
removal by ferric ions as a surface complexation between ferric
ions and arsenate ions.22 Later Ociński et al., (2016) carried out
adsorption of arsenites and arsenates onto iron and manganese
containing WTRs, and showed that manganese acts not only as
This journal is © The Royal Society of Chemistry 2020
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View Article Online
an oxidant but also increases adsorption sites as manganese
oxide is reduced to divalent manganese and increases the
positive charge on the surface allowing for an increase in
arsenate adsorption.23

Optimization of the adsorbent synthesis parameters is
therefore necessary for the efficient application of manganese
doped magnetite nanoparticles (Mn MNP) adsorbent. Response
surface methodology (RSM) using central composite experi-
mental design is an appropriate technique to obtain the best
conditions for the adsorbent synthesis.24 Response surface
methodology (RSM) is a multivariate statistical technique used
in analytical optimization. It employs a collection of mathe-
matical and statistical techniques to t experimental data to
a polynomial equation.25 Central composite design (CCD) is
a widely used RSM approach which is based on a second order
polynomial design that is used to understand the interactive
effects of variables on the studied responses.26 The RSM enables
determination of the optimum operating conditions in an
effective manner and evaluates the effect of interaction of
multivariable systems using statistical methods. This is more
advantageous than a one variable at a time (OVAT) experimental
design which is time consuming and does not cater for the
interactive effects of variables.27,28

This article discusses the optimization of one pot synthesis
of Mn MNP using response surface methodology. The optimi-
zation was based on varying the amounts of ferric, ferrous and
manganese ions in the adsorbent for optimal adsorption effi-
ciency. This work was carried out with an aim to study the effect
of interaction between the different constituents of the adsor-
bent material and their overall effect on arsenic adsorption and
post adsorption speciation of arsenic species as could be
inuenced by the adsorbent composition. The responses
analyzed were adsorption efficiency and the dominant arsenic
species in the supernatant aer the oxidation coupled adsorp-
tion process.
Materials and methods
Materials

Ammonium hydroxide (NH4OH, 25%) was supplied by Lab-
chem (South Africa). Hydrochloric acid (32%) and ferrous
sulphate (FeSO4$7H2O > 98%) were supplied by Merck. Ferric
chloride (FeCl3$6H2O > 99%), manganese sulphate (MnSO4)
and sodium arsenite (NaAsO2 > 90%) were purchased from
Sigma-Aldrich. All chemicals were used without any further
purication. All syntheses were carried out under nitrogen
atmosphere with vigorous stirring to ensure uniform
dispersions.
Table 1 Variable levels for RSM experiment

Variables

Units

Levels

Actual Alias �1 0 +1

Fe3+ A moles 0 0.012 0.024
Fe2+ B moles 0 0.008 0.016
Mn2+ C moles 0.0018 0.0036 0.0054
Methods

Magnetite nanoparticles and manganese doped nanoparticles
were synthesized in a one-pot reaction via co-precipitation
method according to a previously reported procedure.29 Briey,
deionized water was degassed and purged with nitrogen gas
while stirring before the addition of pre-determined amounts
ferric and ferrous salts. To the solution, ammonium hydroxide
This journal is © The Royal Society of Chemistry 2020
was added and stirring continued till a black precipitate was
formed. Manganese doped nanoparticles were synthesized by
adding the requisite amount of manganese salt to the solution
followed by precipitation with ammonium hydroxide. The
prepared particles were washed with deionized water and
ethanol and dried in a vacuum oven to prevent further oxida-
tion. The adsorption of As(III) was carried out by dissolving
sodium arsenite in deionized water to prepare a stock solution
which was diluted further to prepare 100 mg L�1 solutions for
adsorption experiments. All adsorption experiments were
carried out for 120 minutes at 298 K, adsorbent mass 5 g L�1,
adsorbate concentration of 100 mg L�1 and agitation speed of
200 rpm.

Characterization

X-ray diffraction (XRD) spectra were recorded on a Bruker AXS
D8 advanced diffractometer equipped with Cu Ka (l¼ 1.5418 Å)
X-ray source. XRD was used to determine the crystallinity of the
materials and conrm the formation of magnetite nano-
particles by comparing with reference data for synthetic
magnetite. Particle sizes were calculated following Debye–
Scherrer's equation to conrm the formation of nano-sized
particles. X-ray photoelectron spectroscopy (XPS) studies were
performed using XPS microprobe (PHI 5000 Scanning ESCA
Microprobe ULVAC-PHI Inc). The concentration of arsenic
species in solution was determined on a Thermo Fischer
Scientic ICAP 7000 inductively coupled plasma-optical emis-
sion spectrometer (ICP-OES). As(III) concentration was deter-
mined aer passing the solution through arsenic speciation
cartridges (Metalso Centre, New Jersey, USA).30,31 The
concentration of As(V) was determined as the difference
between the concentrations of the raw and speciated solutions.

Experimental design and RSM optimization

Response surface methodology employing a central composite
design (CCD) using Design Expert 11.0.5.0 soware from Stat-
Ease Inc (USA) was used to study the interactions and their
effect on the responses. The factors studied were the amounts of
ferric, ferrous and manganese salts used in the preparation of
doped magnetite nanoparticles. Responses recorded were
removal percentages of arsenite and speciation of arsenic
species aer adsorption. A combination of parameters (vari-
ables) that ensure effective As(III) removal and/or oxidation to
As(V) are considered as most suitable due to the elimination of
the most toxic arsenic species (As(III)). Each parameter investi-
gated was varied as shown in Table 1. The total number of
RSC Adv., 2020, 10, 2812–2822 | 2813
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experiments was twenty consisting of eight factorial, six axial
and six center points.25

In each case, the data obtained was used to develop a math-
ematical model that best correlates the variables to the
responses in the form of a quadratic polynomial equation (eqn
(1)) where Y is the response, b0 is the offset term, bi is the linear
effect, bii is the quadratic effect and bij is the interaction effect.

Y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biixi
2 þ

Xk

i¼1

Xk

j. 1

bijxixj (1)
Fig. 1 XRD diffractograms of magnetite (MNP) and manganese doped
magnetite (Mn MNP).
Results and discussions
Characterization

The surface properties of magnetite nanoparticles and manga-
nese doped nanoparticles were analyzed by Brunauer–Emmett–
Teller (BET) surface area and isoelectric point determination.
The surface area of the magnetite nanoparticles was improved
while the pore sizes were reduced by the introduction of
manganese (Table 2). The reduction in pore size was due to the
incorporation of manganese in the magnetite lattice resulting
in the formation of smaller pores while providing additional
binding sites, resulting in increased adsorption capacities.32

Iron atoms on magnetite surfaces coordinate with H2O
molecules which readily dissociate resulting in hydroxyl func-
tionalized surfaces. These surface hydroxyl groups are ampho-
teric reacting with either acids or bases resulting in a near neutral
pHPZC (Table 2). MNP surfaces can either be negatively or posi-
tively charged depending on the pH of the solution. Below the
isoelectric point, the surface is protonated leading to the
formation of^Fe–OH2

+ resulting in a net positive charge. Above
the isoelectric point, the surface hydroxyl groups are deproto-
nated forming ^Fe–O� surface groups.33 The observed isoelec-
tric point of pH 7.1 is in good agreement with reported values for
magnetite particles reported between pH 6.5 and 6.8.33–36
XRD

X-ray diffraction patterns were obtained to determine the effects
of doping on magnetite nanoparticles crystal structure. The
diffraction patterns for the synthesized magnetite nanoparticles
and manganese doped nanoparticles matched card data for
magnetite (JCPDS 19-0629) with no peaks corresponding to
secondary phases or impurities being detected.37 As doping
levels increased, diffraction peaks were shied to lower 2q
values since the radius of Mn2+ at 67 pm is larger than both Fe2+
Table 2 Surface properties for as-synthesized materials

MNP Mn MNP

Surface area (m2 g�1) 113.6 127.3
Pore volume (cm3 g�1) 0.6 0.4
Average pore diameter
(nm)

20.0 10.9

pHPZC 7.1 6.8

2814 | RSC Adv., 2020, 10, 2812–2822
(61 pm) and Fe3+ (55 pm) therefore resulting in increased lattice
distance as compared to magnetite.19 Bragg's law (eqn (2))
where n is an integer number of wavelengths, l is the wave-
length of the incident X-ray beam, d is the distance between
atomic layers and q is the angle of incidence or angle of scat-
tering of the X-ray beam denes the relation between d and q.

nl ¼ 2d sin q (2)

Since n and l are constant for all the samples therefore as the
distance between atomic layers increase, the angle of scattering
decreases resulting in shis to lower 2q values as observed in
the diffractograms in Fig. 1.

The lattice parameters were calculated to determine the
effects of doping on the unit cell of magnetite. Magnetite crys-
tals have a face-centered cubic pattern and the unit cell is
characterised by a lattice parameter of 0.8396 nm (8.39 Å).38,39

The magnetite crystal is an O2� face centered cubic lattice with
Fe3+ occupying a 1

2 of the tetrahedral interstices while 1
8 of the

octahedral interstices are occupied by a 1 : 1 mixture of Fe3+ and
Fe2+. The lattice parameter and cell volume values were calcu-
lated from diffraction data using Unit Cell Soware.40 The
lattice parameter for the as-synthesized magnetite was 8.27 Å
which is in good agreement with the value reported for nano-
sized Fe3O4.41 Manganese doping increased the lattice param-
eter due to the substitution of larger Mn into Fe lattices as
observed by Liang et al., (2014) that manganese substituted
octahedral Fe in magnetite.42,43 The larger unit cell of MnFe2O4
Table 3 Cell parameter values for synthesized samples

Sample Lattice parameter a (Å) Cell volume

Fe3O4 8.27 566.33
Fe2.94Mn0.06O4 8.33 577.28

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 XPS survey spectrum of Mn MNP and As loaded adsorbent.
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View Article Online
(8.49–8.51 Å) therefore led to cell expansion and an increase in
cell volume (Table 3).

XPS

X-ray photoelectron spectroscopic analysis was used to deter-
mine the surface composition of the nanoparticles and conrm
manganese doping and arsenic adsorption. The survey
Fig. 3 XPS high-resolution spectra of the pristine and arsenic-loaded ad

This journal is © The Royal Society of Chemistry 2020
spectrum of the pristine nanoparticles (Fig. 2) indicates peaks at
710, 641, 530 and 284 eV corresponding to Fe, Mn, O and C
respectively representing the predominant element on the
adsorbent surface. Aer adsorption As2p peak at 1330 eV was
introduced on the spectrum.44

High resolution spectra were used to determine the states of
the elements present on the adsorbent surface (Fig. 3). Fe2p
peak (Fig. 3a) on the adsorbent were shied to higher binding
energies aer adsorption as a result of arsenic complexation.29

Mn2p peaks on the pristine and arsenic loaded adsorbent pre-
sented doublets due to spin coupling corresponding to Mn2p1/2
andMn2p3/2 at�653 eV and�641 eV respectively (Fig. 3b). Aer
arsenic adsorption a shi of the Mn2p1/2 (653.0–653.4 eV) and
Mn 2p3/2 (641.1–641.6 eV) was due to the oxidation and binding
of adsorbed arsenic.45,46 Aer adsorption the O1s peak (Fig. 3c)
increased in intensity indicating an increase in oxygen atoms
which was a likely result of the introduction of arsenic oxy-
anions and water molecules.47 Niu et. al., reported an increase
in the O1s peak of titanate nanotubes aer interaction with
As(III) species while they observed no increase aer interactions
with As(V) species. The increase was attributed to strong inter-
actions between As(III) and O atoms.47

The As2p peak was deconvoluted to two peaks at 1329.4 and
1326.2 assigned to As3+ and As5+ respectively (Fig. 4). The
presence of Fe and Mn on the adsorbent surface resulted in the
oxidation of As3+ to As5+ resulting in the latter being more
abundant on the surface aer adsorption.
sorbent showing deconvolutions of (a) Fe2p and (b) Mn2p peaks.

RSC Adv., 2020, 10, 2812–2822 | 2815
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Fig. 4 High resolution XPS spectrum of the As 2p peak.
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RSM

The experimental variables and results for the measured
responses are presented in Table 4. The adsorption efficiency of
As(III) in aqueous solution ranged between 93% and 73%
depending on the adsorbent composition (Table 4). The highest
removal occurred in the absence of Fe(II) consistent with results
reported by Tian et al., (2017), which demonstrated that
minimal precipitation of As(III) occurred in the presence of Fe(II)
under both oxic and anoxic conditions.48 The speciation of the
arsenic species in the solution aer adsorption was analyzed to
give an indication of the environmental safety of treated
Table 4 CCD for As(III) adsorption on different compositions of iron oxi

Run

Variables

A: Fe(III)
(moles)

B: Fe(II)
(moles) C

1 1 0 0 0
2 2 0.024 0 0
3 5 0 0 0
4 6 0.024 0 0
5 11 0.012 0 0
6 9 0 0.008 0
7 10 0.024 0.008 0
8 13 0.012 0.008 0
9 14 0.012 0.008 0
10 15 0.012 0.008 0
11 16 0.012 0.008 0
12 17 0.012 0.008 0
13 18 0.012 0.008 0
14 19 0.012 0.008 0
15 20 0.012 0.008 0
16 3 0 0.016 0
17 4 0.024 0.016 0
18 7 0 0.016 0
19 8 0.024 0.016 0
20 12 0.012 0.016 0

2816 | RSC Adv., 2020, 10, 2812–2822
effluent. The treated effluent had different amounts of As(III)
and As(V) species depending on the adsorbent composition.
Manganese doped magnetite should be optimally synthesized
to ensure high oxidation of the more toxic As(III) to As(V) and
should be efficient in adsorbing both arsenic species. The
variations in performance recorded in Table 4 was not consis-
tent with the changes in a single variable level indicating that
the performance was most likely affected by the interaction
between variables.

Statistical analysis

The response data was analyzed using the design expert so-
ware and the models were analyzed using analysis of variance
(ANOVA). The parameters used to determine the accuracy of the
model were Fisher variation ratio (F-value), probability value (p-
value), lack of t, coefficient of determination (R2), adjusted
coefficient of determination (RAdj

2) and adequate precision. The
F-value and p-value determine the statistical signicance of the
model or coefficient term. The larger the F-value and the smaller
the p-value the more statistically signicant the model term.
Adequate precision is a signal to-noise ratio, it compares the
range of the predicted values to the average prediction error and
ratios greater than 4 indicate adequate model discrimination.49

Table 5 shows the summary of analysis of variance (ANOVA)
for various polynomial models relating the variables to the
responses. The p-values < 0.05 indicate that quadratic model
adequately described the interaction between the adsorbent
composition and As(III) removal through oxidation and
adsorption. Quadratic model also described adequately the
arsenic speciation in the treated wastewater. A low p-value for
lack of t in all cases conrms that the quadratic models were
a good t to the experimental data. All the variables and their
des and manganese doped oxides

Responses

: Mn (moles)
As(III)
removal (%)

As(V) conc.
aer adsorption (%)

.0018 83 55

.0018 88 67

.0054 82 72

.0054 93 58

.0036 77 50

.0036 80 81

.0036 83 71

.0018 73 78

.0054 75 47

.0036 73 53

.0036 73 32

.0036 73 40

.0036 73 11

.0036 73 21

.0036 73 15

.0018 89 17

.0018 86 17

.0054 88 17

.0054 92 16

.0036 79 16

This journal is © The Royal Society of Chemistry 2020
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Table 5 ANOVA for response models

Response Polynomial model Source Sum of squares DF Mean square F-value p-value

As(III) removal Quadratic Model 919.20 9.00 102.13 1389.46 <0.0001
A-Fe3+ 38.89 1.00 38.89 529.10 <0.0001
B-Fe2+ 9.30 1.00 9.30 126.59 <0.0001
C-Mn 11.49 1.00 11.49 156.34 <0.0001
AB 27.60 1.00 27.60 375.44 <0.0001
AC 20.24 1.00 20.24 275.37 <0.0001
BC 0.23 1.00 0.23 3.16 0.1058
A2 198.72 1.00 198.72 2703.45 <0.0001
B2 63.97 1.00 63.97 870.32 <0.0001
C2 2.93 1.00 2.93 39.84 <0.0001
Residual 0.74 10.00 0.07
Lack of t 0.60 5.00 0.12 4.40 0.0650

% As(V) aer adsorption Quadratic Model 11 304.40 9.00 1256.04 828.05 <0.0001
A-Fe3+ 184.76 1.00 184.76 121.80 <0.0001
B–Fe2+ 127.17 1.00 127.17 83.84 <0.0001
C–Mn 145.03 1.00 145.03 95.61 <0.0001
AB 314.56 1.00 314.56 207.37 <0.0001
AC 190.14 1.00 190.14 125.35 <0.0001
BC 11.89 1.00 11.89 7.84 0.0188
A2 2942.60 1.00 2942.60 1939.93 <0.0001
B2 963.24 1.00 963.24 635.02 <0.0001
C2 5.97 1.00 5.97 3.94 0.0753
Residual 15.17 10.00 1.52
Lack of t 13.73 5.00 2.75 9.56 0.0135
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linear interactions were signicant in the proposed models
except the interaction between Fe2+ and Mn2+ in As(III) removal
and the quadratic effect of Mn2+ in As(V) formation as indicated
by p-values > 0.05.
Fig. 5 Plot of model predictions against experimental findings for the
percentage reduction of As(III) concentration.
Arsenic(III) removal

The As(III) in solution was removed through a two-step process
involving oxidation of some amount to As(V) by the manganese-
doped magnetite. Subsequently, the As(V) and remaining As(III)
were removed by adsorption onto the manganese-doped
magnetite. By applying regression analysis, the reduction in
As(III) concentration through combined oxidation and adsorp-
tion was correlated to the parameters in terms of coded values
as described by eqn (3):

% As(III)removal ¼ 73.1 + 2A + B + C � 1.9AB + 1.6AC + 8.5A2

+ 4.8B2 + C2 (3)

Positive terms in the equation imply a direct proportionality
between factor and response while negative terms imply inverse
proportionality.26 From the equation, all variables and signi-
cant interactions between variables have direct proportionality
effects on the model except the interaction between Fe3+ and
Fe2+ (AB). Validation of the model was done by plotting the
predicted values against the experimental values and RAdj

2 value
of 0.9985 was obtained (Fig. 5), implying that the model accu-
rately described the effect of interaction of the amount of the
iron species and manganese in the adsorbent on As(III)
concentration reduction. The signal to noise ratio (adequate
This journal is © The Royal Society of Chemistry 2020
precision) was determined to be > 100 indicating an adequate
signal.

The response surface plot depicting the interactive effects of
components of the adsorbent on As(III) removal is shown in
Fig. 6. The characteristics of magnetite which affect its
adsorption properties are affected by the amounts of the Fe2+

and Fe3+ precursors used. The chemical precipitation of
RSC Adv., 2020, 10, 2812–2822 | 2817
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dissolved iron salts to form magnetite in alkaline medium
proceeds as illustrated in eqn (4).50

Fe2+ + 2Fe3+ + 8OH� / Fe3O4 + 4H2O (4)

Reaction conditions in this process signicantly inuence
the dimensions and properties of the synthesized iron oxide
nanoparticles. The ratio of Fe3+/Fe2+ affects the properties of the
iron oxide products51,52 and subsequently the adsorptive prop-
erties of the nanoparticles tend to signicantly vary with the
synthesis conditions. For example, Roth et al., (2015) observed
an increase in the mean particle size of magnetite produced
through co-precipitation when Fe3+/Fe2+ was decreased.53 As
explained by the classical nucleation theory where crystals in
a co-precipitation reaction are formed through two distinct
steps, nucleation from a supersaturated solution is followed by
a slow growth of crystals. During the co-precipitation of
magnetite from Fe3+ and Fe2+, Fe3+ species form the primary
nuclei formed from the supersaturated solution. Consequently,
higher values of Fe3+ lead to an increase in the number of nuclei
and therefore to more but smaller particles for an equal amount
of iron salts.53,54 As a result, higher adsorption of As(III) is
attained when Fe3+ concentration is highest (Fig. 6).
Fig. 6 Surface plots obtained from optimization using RSM for % remova
adsorbent.

2818 | RSC Adv., 2020, 10, 2812–2822
Also, in Fig. 6a the As(III) removal was highest at high Fe(III)
dose of 0.02 M, at this condition the Fe(III) and Fe(II) concentra-
tions were in the 2 : 1 stoichiometric proportion required to form
magnetite as shown in eqn (4) since the amount of iron(II) was
kept constant at a concentration of 0.01 M while OH� concen-
tration was always in excess at 0.14 M. The Mn2+ in solution then
displaced some of the Fe(oct)

2+ in magnetite to form manganese
doped magnetite.43,55 Carvalho et al., (2014) observed that
manganese entered the magnetite lattice as Mn2+ and Mn3+ dis-
placing Fe2+ and Fe3+ in octahedral and tetrahedral lattices
respectively.55 Comparably lower As(III) removal was obtained
when Fe(III) dose was less than 0.02 M since low amount of
magnetite was produced as Fe(III) was the limiting species.

In Fig. 6b, increasing the amount of Fe(II) from 0 to 0.02 M
while the amount of Fe(III) was kept constant at 0.01 M did not
lead to superior performance compared to that observed in
Fig. 6a. This is because the concentration of Fe(III) was below the
stoichiometric requirement compared to that of iron(II) which
was in excess. Fig. 6 shows that manganese doped oxides of
Fe(II) and Fe(III) had a nearly similar performance as manganese
doped mixed oxide of Fe(II) and Fe(III) (manganese doped
magnetite). However, manganese doped magnetite is advanta-
geous due to its magnetic properties which allow for a simple
post-adsorption separation.56
l of As(III) as a function of (a) Fe(III), (b) Fe(II) and (c) Mn(II) amount in the

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Response surface plots for the solution concentration of As(III) an

Fig. 7 Plot of model predictions against experimental findings for the
concentration of As(V) in solution after adsorption.

This journal is © The Royal Society of Chemistry 2020
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Arsenic speciation aer adsorption

Determination of the amount of As(V) in the solution aer
adsorption could give an indication of the potential environ-
mental impact of the treated effluent as determined by the
predominant As species. The models for predicting the amount
of As(V) in solution is shown in eqn(5).

% As(v)(after adsorption) ¼ 16.7 + 4.3A + 3.6B + 3.8C � 6.3AB

+ 4.9AC + 1.2BC + 32.7A2 + 18.7B2 (5)

Validation of the model is shown in Fig. 7 where RAdj
2 value

of 0.9994 implied that the model accurately described the effect
of interaction of the iron and manganese species in the speci-
ation of arsenic species aer adsorption. The adequate preci-
sion was determined to be > 160 indicating that the signal was
the adequate and the model can be used to navigate the design
space.

Analysis of the As(V) concentration in the solution aer
adsorption could give an indication of the degree of oxidation of
the more toxic As(III) to the less toxic As(V). It is also important to
note that the analysis of the residual As(V) in the solution does
not take into account the As(V) removed through adsorption.
d As(V) after adsorption.

RSC Adv., 2020, 10, 2812–2822 | 2819
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Fig. 9 Perturbation plots of As(III) removal and As(V) concentration in solution.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 2
/1

7/
20

26
 1

2:
17

:0
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fig. 8 shows that there was more As(III) remaining aer
adsorption in comparison to As(V) when the concentration of
both the Fe ions were nearly equal at a constant manganese
concentration. Under these conditions the Fe3+ concentration is
insufficient while Fe2+ is in excess therefore formation of
magnetite is limited. Subsequently, low amount of manganese
doped magnetite is formed. This may cause poor oxidation of
As(III) to As(V) and low adsorption due to low precipitation of
As(III) by Fe(II) in magnetite.48
Perturbation plots

The effects of Fe(III), Fe(II) and Mn concentrations on As(III) and
total As removal were evaluated and the effect of each inde-
pendent variable was determined by perturbation plots.
Perturbation plots help to compare the effect of each indepen-
dent variable at a particular point in the design space. Like in
one factor at a time experiments, the response is plotted by
varying only one factor over its design range while holding the
other factors constant.57 A relatively at line for a given factor
shows that a change in the factor has little inuence on the
performance, while a steep slope or curvature indicates that the
response is very sensitive to the factor.

From Fig. 9, As(III) removal and As(V) concentration is least
sensitive to change inMn within the range studied while they are
increasingly sensitive to change in Fe(II) and Fe(III) in that order.
An increase in Mn concentration leads to a corresponding
increase in As(III) removal and As(V) in solution. This is because
manganese ions react with As(III) following eqn (6) and (7) to form
Mn–O–As complexes releasing As(V) ions into the solution.58

2MnO2 + H3AsO3 + H2O / 2MnOOH* + HAsO4
2� + 2H+ (6)

2MnOOH* + H3AsO3 + 2H / 2Mn2+ + HAsO4
2� + 3H2O (7)
2820 | RSC Adv., 2020, 10, 2812–2822
This results in a reduction in As(III) concentration and an
increase in As(V) formed when Mn concentration is increased.
The increase in As(III) removal with an increase in Mn concen-
tration could also result from the formation of new adsorption
sites produced during redox reaction of Mn(IV) and As(III) which
bind both the formed As(V) and some of the As(III) in solution.58
Conclusion

Manganese doped magnetite nanoparticles were synthesized
and characterized using several techniques and it was
conrmed that manganese atoms displaced iron atoms in the
unit cell forming a uniform phase with increased cell volume.
Manganese doping resulted in increased surface areas which
enhanced pollutant removal due to the presence of manganese
oxides on the adsorbent surface providing more binding sites.
Statistical analysis revealed that ferric ions had the highest
inuence on arsenite reduction and arsenate formation while
the interactions between ferrous and ferric ions had antago-
nistic effects on both processes. The interactions between ferric
and manganese ions had a triple effect on the formation of
arsenate as compared to arsenite reduction. These results
conrmed that manganese aided in the oxidation of arsenite to
arsenate and in the subsequent adsorption of both species onto
the nanoparticle surface.
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