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Optimizing Cr(VI) adsorption parameters

on magnetite (Fe;0,) and manganese doped
magnetite (Mn,Fe.,)0,) nanoparticles

Abstract: Magnetite as an adsorbent is efficient since iron oxides have high affinities
for heavy metal pollutants and are environmentally friendly. Manganese oxides pro-
vide catalytic properties which are desirable during the remediation of multi valent
pollutants. Magnetite (Fe;0,) and manganese doped magnetite (Mn,Fe(s.5)0,) nano-
particles were synthesized and characterized to determine the manganese doping ef-
fects on magnetite’s crystal and surface properties. Fe;0, and MnyFe(5.40, showed
similarities in crystal morphology indicating that manganese doping did not alter the
nature of Fe;0, nanoparticles. Manganese doping improved magnetite’s thermal
properties as well as its surface area providing improved adsorption characteristics.
The as-synthesized particles were applied in the optimization of hexavalent chromium
adsorption. Adsorption proceeded under similar conditions for both adsorbents indi-
cating their structural similarities. Higher efficiencies were observed on the doped
adsorbent due to increased surface area and the presence of additional functional
groups. Solution pH significantly affected the adsorption process aiding in the
reduction of Cr(VI) ions to the less toxic Cr(III) species. The adsorption distribution
coefficient Ky indicated that manganese doping significantly improved magnetite’s
affinity for hexavalent chromium. Adsorption and reduction were determined to
responsible for pollutant reduction in solution at optimal conditions of pH 2, 5 g/L and
100 mg/L for adsorbent mass and solution concentration.

Keywords: adsorption; Fe;0, nanoparticles; hexavalent chromium; manganese
doping; multi-valent pollutants.

1 Introduction

Hexavalent chromium contamination of water is concerning due to its toxicity and
mobility. Adsorption is a reliable, efficient and cost effective method for pollutant
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sequestration and recovery [1]. The adsorption process however requires optimization
to suit the individual adsorbent-adsorbate system as it is influenced by several vari-
ables [2]. A suitable adsorbent is a key consideration in designing suitable and efficient
adsorption systems [3]. The adsorbent’s properties include its pore size or porosity,
particle size which has a bearing on crystallinity, colloidal stability, surface area and
functionalization [4].

Magnetite nanoparticles are unique adsorbent materials owing to their magne-
tization ability which provides for easy retrieval [5]. They are composed of naturally
occurring oxides which are ecofriendly and stable in nature. Additionally their
surfaces are easily modified to provide for required surface groups [6, 7]. Controlling
the size, homogeneity, crystallinity, and surface characteristics of these nano-
materials is possible owing to the preparation method used. For the synthesis of
magnetite nanoparticles, there are numerous synthetic approaches. One of the most
widely used methods is co-precipitation, which has advantages over other tech-
niques, such as minimal cost, low energy requirements, high product integrity, and
particle homogeneity [6]. Magnetite synthesis through ferrous (Fe?*) and ferric (Fe>")
co-precipitation in the presence of excess hydroxyl ions proceeds according to
equation (1) [7].

Fe? + 2Fe** + 80H™ — Fe;0, + 4H,0 6]

Magnetite doping is considered a promising option to improve its affinity towards
pollutants since doping has been reported to improve metal oxides’ properties [8].
Manganese doping increases magnetite’s affinity for pollutants as well as improving
its magnetic properties. Divalent manganese cations consist of five unpaired elec-
trons which are responsible for its paramagnetism [9]. This property increases the
magnetic susceptibility of magnetite which is a superparamagnetic material [10]. As a
result, a material composed of iron and manganese oxides would be superior in terms
of both pollutant affinities and magnetic retrieval properties. However, to attain the
required properties and composition, doping needs to be monitored carefully [3, 9].
The effects of manganese doping on magnetite adsorption were studied and reported
in a previous study, the results from that study informed the dopant concentration
applied herein [3].

To optimize the adsorption of hexavalent chromium (Cr(VI)) on Magnetite (Fe50,)
and Manganese doped magnetite (MnyFe 50,), their affinities were evaluated under
varying conditions. The evaluation provided for the determination of optimal condi-
tions for adsorbate concentration reduction while efficiently utilizing the adsorbent
hence maximizing adsorption capacity. This chapter reports on the synthesis, char-
acterization and optimization of hexavalent chromium adsorption onto the afore-
mentioned adsorbents.
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2 Experimental
2.1 Materials

Reactants used in this study were ammonium hydroxide (25%), potassium dichromate (>99%) and
sodium hydroxide (>98%) from ACE Chemicals, South Africa. Hydrochloric acid (32%), ferrous sulphate
(>98%) and ferric chloride (>99%) from Merck, Germany. All chemicals were used without any further
purification.

2.2 Methods

2.2.1 Magnetite synthesis: Magnetite nanoparticles were prepared following a one-pot co-pre-
cipitation procedure as described in an earlier study [10]. Deionised water was heated under
vacuum with continuous stirring at 80 °C for 15 min and nitrogen gas for a further 15 min to
maintain an inert atmosphere. Iron salts (FeCl;.6H,0 and FeSO,.7H,0) were separately dissolved
in deionized water and introduced into the solution, ammonium hydroxide was added as a
precipitating agent with continuous stirring till a black precipitate was formed. The precipitated
particles were washed with deionized water, rinsed with ethanol and dried under vacuum to
prevent further oxidation. Doping was achieved by adding manganese sulphate solution then
precipitated in situ with ferric and ferrous ions to achieve the desired dopant concentration of
Mng_gsFe,.0404 [3]. The optimization of manganese dopant concentration was described in detail in
a previous study [3].

2.2.2 Characterization: Various analytical techniques were used to characterize the samples in order
to determine their composition, crystal properties and dopant effects. X-ray diffraction (XRD)
analysis was used to determine the particles’ crystal properties and dopant effects on the crystal
structure. An advanced diffractometer (Bruker AXS D8; Cu Ka (A = 1.5418 A)) was used for the
analysis. A PerkinElmer Fourier transform infrared spectrometer (400 FT-IR/NIR) was used to
characterize the adsorbent surface and dopant effects on the magnetite surface functionalization
while a thermogravimetric analyser (PerkinElmer TGA 4000) was used in thermal degradation
investigation. Perkin Elmer (Lambda 25) UV-Vis spectrophotometer and Shimadzu AA 7000
(air/acetylene flame, A = 357.9 nm) were used for UV-Vis spectroscopy and atomic absorption
analysis, respectively.

2.2.3 Adsorption: Potassium dichromate was dissolved in deionized water to prepare a Cr(VI) stock
solution. Hydrochloric acid and sodium hydroxide (0.1 M) were used to achieve desired solution pH.
Hexavalent chromium concentration was determined by complexation with 1,5-diphenylcarbazide
resulting in a pink complex which was analysed on a UV-Vis at 540 nm [11]. Atomic absorption
spectrophotometry was applied in total chromium concentration determination while trivalent
chromium concentration was indirectly determined as the difference between the total and hex-
avalent chromium concentrations. Adsorbent dose effects were studied by using adsorbent masses
ranging between 0.1 and 1 g. The effect of solution concentration was studied between 25 and
150 mg/L.
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3 Results and discussions
3.1 Characterization

Figure 1 depicts the XRD pattern of as-synthesised Fe;0, and Mng osFe; 0,0, nano-
particles. The pattern reveals crystalline plane peaks with the indicated miller indices
for each peak: 30.75° (220), 36.09° (311), 43.81° (400), 54.03° (422), 57.67° (511) and
63.26° (440). The pattern compares well with the Joint committee for powder diffraction
(JCPDS) file No. 19-0629 (Figure 1) confirming the as-synthesized magnetite nano-
particles’ inverse spinel structure [12].

Manganese doping was performed to improve the adsorbent’s redox properties
and was deemed a suitable dopant due to its charge and size. The doped nano-
particles retained the characteristic magnetite peaks without the formation of any
secondary phases implying that manganese was incorporated into the magnetite
lattice [3]. Manganese resulted in slight shifts to lower diffraction angles as observed
from the major plane (311). The shift indicates that manganese slightly altered the
crystalline plane resulting in slight increases in the crystals’ lattice parameter and
cell volume [3, 13].

The infrared spectrum of magnetite nanoparticles is depicted in Figure 2, revealing
the appearance of hydroxyl surface functional groups attributed to adsorbed water.
The surface hydroxyl groups allow amphoteric reactions on the oxide surfaces
depending on the solution pH [4]. As indicated the oxide surfaces are protonated and
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Figure 1: Powder X-ray diffraction patterns of magnetite and manganese doped magnetite with
reference peaks (JCPDS Card 19-0629).
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Figure 2: FT-IR spectra of synthesized samples (Fe30, and Mng ogFe5.94,04).

deprotonated as solution pH is raised. The Fe-O surface group assigned to 435 cm™
confirmed iron oxidation forming iron oxide particles [6]. Manganese substitution in
the iron oxide structure caused the Fe-O peak to shift to 466 cm™ from 435 cm™, while
the appearance of Mn-substitution at 552 cm™ on the iron oxide surface affirmed
manganese doping. Manganese substitution affirms diffraction results indicating
manganese substitution in the Fe;0, lattice [14, 15].

Thermal analysis curves for the as-synthesized materials are shown in Figure 3.
From the data, the samples underwent thermal decomposition in stages, initially
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Figure 3: DTA curves for Fes0, and Mng ogFe,.0,0, nanoparticles.
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losing surface bound water followed by the loss of pore bound water and dihydrox-
ylation [16]. Finally the Fe;0, sample was reduced to FeO and Fe after deoxidation [6].
At higher temperatures, the decomposition profile of doped magnetite nanoparticles
(Mng_ oFe, 0,0,) revealed slight differences from Fe;0,. Manganese substitution in the
Fe;0, lattice resulted in higher temperatures for magnetite reduction and deoxidation
(approx. 700 °C). It also presented an additional decomposition stage at approximately
830 °C attributed to manganese oxide deoxidation [15].

The isoelectric points for the Fes0, and Mng oeFe, 9,04 nanoparticles used in this
study were reported previously as pH 7.1 and pH 6.8 respectively while the BET surface
areas were 113 and 127 m?/g, respectively [3]. In the same study, the pore sizes of Fe;0,
were observed to decrease upon manganese substitution due to the partial replacement
of the smaller Fe ions with the larger Mn ions [17]. The incorporation of manganese into
the magnetite lattice resulted in increased adsorption sites as evident from the
increased surface area. Manganese oxide has been applied in the adsorption of chro-
mium from water and its incorporation in activated alumina was reported to improve
the adsorption properties of both adsorbents [18]. The presence of Mn-O sites in the
Mng gsFe, 0,0, adsorbent would therefore provide additional adsorption sites therefore
improving its efficiency.

3.2 Adsorption optimization

Adsorption process is dependent on binding on the adsorbent surface and its prop-
erties, however chromium adsorption is also influenced by surface redox reactions
since it exists in multiple stable oxidation states [19]. Redox reactions at the adsorbent
surface are greatly influenced by surface properties as well as solution properties
including pH and concentration. One factor at a time (OFAT) experimental design was
applied to determine the effects of adsorbent quantities, solution pH and concentration
on the efficiency of hexavalent chromium (Cr(VI)) adsorption onto magnetite and
manganese doped magnetite nanoparticles. The effect of redox reactions was also
determined by determining trivalent chromium (Cr(III)) concentrations in solution. The
% efficiency of adsorption and adsorbent capacity were calculated following equations
(2) and (3) [20].

E= [M] x 100% )
Co
v
q=(Co—-Cy) x m 3)

where E is the adsorption efficiency (%), q is the adsorption capacity, Cy and C; are the
solution concentrations pre and post adsorption, Vis the solution volume and m is the
adsorbent dose.
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Chromium speciation in solution is pH dependent thus influences adsorption
properties at varied pH ranges [20]. Solution pH also has a significant influence on the
adsorption process since it affects electrostatic attraction and surface binding [3]. Both
iron and manganese oxides have amphoteric surface groups that protonate and
deprotonate as solution pH is raised. At acidic pH ranges electrostatic attraction is
majorly responsible for binding anionic HCrO,™ to protonated surface groups [14, 21].
Figure 4a shows Cr(VI) adsorption efficiency as a factor of solution pH. As pH increases,
the binding capacity of the adsorbents decrease as a result of the increasing negative
charge on the adsorbent surface causing repulsion with anionic chromium species.

Figure 4b shows the concentration of trivalent chromium species when adsorption
is performed at varying pHs. The highest reduction in Cr(VI) concentration was
observed at pH 1 while simultaneously observing the highest concentration of Cr(III) in
solution. The reduction in Cr(VI) concentration was therefore largely attributed to
surface reduction hence pH 2 was selected as the optimal pH. Ferrous ions in magnetite
assist in surface reduction of hexavalent chromium, the resulting trivalent ions are
then either released into the solution (Figure 4b) or bound on the surface through
complexation [21, 22]. As the solution becomes more basic, lower concentrations of
trivalent ions are recorded (Figure 4b). This results from increased binding sites and
electrostatic attraction between the increasingly anionic surface and the cationic
trivalent species in solution [23].

The binding of Cr(IIl) ions was more efficient on Mng o¢Fe, 0,0, surfaces as
compared to Fe;0, surfaces with the highest Cr(IIl) sequestration occurring at pH 6
(Fes0,4) and pH 8 (Mng gsFe, 0,04) where the surface complexation was highest [24].
Improved binding of Cr(III) on the doped adsorbent surface was due to the presence of
lone pairs of electrons on MnO, species [4, 24]. Malek et al. and Xiong et al. observed
improved adsorbent properties resulting from manganese incorporation similar to the
observations in the current study [15, 25].
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Figure 4: Effect of solution pH on (a) Cr(VI) adsorption capacity on Mng g¢Fe,.0,0, and Fes0, and (b)
Cr(11) formation in solution.
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The quantity of adsorbent that comes into contact with the adsorbate impacts
uptake and is thus significant in determining the best possible adsorption conditions.
As the adsorbent dosage increases, so do the adsorption sites, increasing adsorption
efficiency [19]. However, at low adsorbent doses, high sorption capacity is observed
due to adsorbate molecules competing for limited binding sites (Figure 5). With a fixed
adsorbate concentration, increasing the adsorbent dose provides more adsorption sites
resulting in decreased saturation. This in turn leads to lower adsorbent capacities
[2, 19]. To maintain optimal efficiencies with desirable capacities, 5 g/L was selected
from the tested values to be used for further experiments since it provided moderate
efficiencies while not adversely affecting the adsorption capacities.

The adsorbent efficiency can further be described by a solid-phase distribution
coefficient Kp. Kp calculates the partition coefficient of the adsorbate between the solid
(adsorbent surface) and solution phases according to equation (4) [26].

Co-C. V
= X—

K
b Ce m

(4)

where K, Co and C, refer to the distribution coefficient, initial and equilibrium Cr(VI)
concentrations, V and m refer to the solution volume in milliliters adsorbent mass in
grams. Its value indicates the adsorbent’s affinity to the target species under the
specified conditions, higher values therefore point to a more efficient adsorbent ma-
terial. Figure 5 shows the adsorption efficiencies of the adsorbents with increasing
adsorbent mass. It indicates that manganese significantly increases magnetite’s af-
finity towards Cr(VI) ions. The slight decrease in Ky, values at lower doses was attrib-
uted to increased competition for active sites resulting in decreased complexation
ability as some of the sites were involved in chromium reduction [26].
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Figure 5: Cr(VI) sorption efficiency on Fe30, and Mng o¢Fe;. 0,0, and adsorption distribution
coefficient with increasing adsorbent doses.
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Figure 6: Effect of solution concentration on Cr(VI) adsorption.

Adsorbate concentration is a critical factor in determining optimal adsorption
parameters since the solution concentration influences the efficiency of the adsorption
process. Figure 6 shows that higher solution concentrations resulted in increased
adsorption per unit mass of adsorbent. The observation was attributed to greater
adsorbate mass transfer from solution to the solid phase as adsorbate ions were
increased while surfaces remained constant. Increased mass transfer improved the
interaction and complexation between adsorbate ions and adsorbent surfaces [10].

Increasing the solution concentration resulted in lower % efficiencies owing to the
increased chromium molecules in solution [27, 28]. The decrease was caused by
adsorbent saturation therefore, further increasing the chromium concentration would
not result in a significant increase in surface complexation [12]. 100 mg/L was
considered as the optimal solution concentration since both adsorption efficiency and
capacity were optimized.

4 Conclusions

Magnetite (Fe;0,) and manganese doped magnetite (Mng ogFe,0,0,) nanoparticles
were synthesized via a one-pot co-precipitation technique and applied in the deter-
mination of optimum parameters for Cr(VI) adsorption. The particles diffraction data
was consistent with the inverse cubic spinel structure of synthetic magnetite. Man-
ganese was incorporated into iron lattice through the formation of a solid solution with
magnetite resulting in a uniform phase with no secondary phases being observed.
Cr(VI) adsorption on both adsorbents was optimized and all the tested factors had
consistent results for Fe;0, and Mng o¢Fe, 0,0, with the latter providing higher affin-
ities, efficiencies and capacities. The improved performance was due to increased
adsorption sites provided by manganese oxides on the adsorbent surface and lone
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pairs of electrons responsible for chromium reduction and binding on the surface.
Magnetite modification provided a cost effective adsorbent for pollutant remediation
through surface sequestration and redox reactions producing the less toxic Cr(III)
species.
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