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Abstract: In the present research, the use of manganese oxides supported on graphene nanostructures
(GO-MnO2), which support the synergistic action of adsorption and oxidation, in the combined
removal of arsenic and fluoride from drinking water was studied. The simultaneous occurrence of
fluoride and arsenic in groundwater is one of the major environmental problems, occurring mainly
in anhydrous regions of Latin America and the world. These pollutants cause significant health
problems and are difficult to remove simultaneously from drinking water. The structure of GO-MnO2

was characterized by the application of FTIR, EDS and SEM techniques. The effects of the adsorbent’s
dosage, the pH value, the contact time and the initial concentrations of As(III) and F ions (F−) were
examined with respect to the removal of As(III) and F ions. According to the results, the presence
of arsenic enhances fluoride removal with increasing arsenic concentrations, and the presence of
fluoride enhances arsenic removal with increasing fluoride concentrations, mainly at a neutral pH
value. The co-presence removal efficiencies were 89% (a residual concentration of 1.04 mg/L) for
fluoride and about 97% (a residual concentration of 2.89 µg/L) for arsenic.

Keywords: arsenic; fluoride; adsorption; graphene; manganese oxides

1. Introduction

Arsenic (As) and fluoride (F) are globally recognized as two of the most serious
inorganic pollutants in drinking water, and their co-existence in groundwater has become
one of the most significant environmental issues worldwide due to their toxic effects
both on living beings and on the ecological environment [1]. According to the World
Health Organization (WHO), the maximum permissible limit of As in drinking water
is 0.010 mg/L (10 µg/L), and that of F is 0.6–1.5 mg/L [2]. Extended consumption of
arsenic-containing waters leads to several health effects, such as cancers of the skin, lungs
and bladder [3], diabetes and infant mortality [4]. In the case of fluoride, even though a
low intake of fluoride is essential for skeleton and dental health, an excess intake leads to
dental and skeleton fluorosis [5]. Hence, the combined exposure to As and F may lead to
both endemic fluorosis and arsenicosis, while studies showed a reduction of IQ levels and
mental functioning in children [6].

Arsenic in natural waters, depending on the existing oxidation–reduction conditions
and pH values [7], is mostly found as As(III) (H3AsO3) and/or As(V) (H3AsO4, H2AsO4

−

and HAsO3
2−) [8,9], while the As(III) oxidation state is more toxic in relation to the com-

pounds of As(V) [10]. Moreover, fluoride is presented as fluorine, which is an active
non-metal element that has a negatively charged species, i.e., F ions.

The risks and health effects of exposure to each individual pollutant are well docu-
mented [1]. However, there are only a few references for the risk of simultaneous exposure
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to both As and F. Concentrations of arsenic and fluoride above the WHO drinking water
standard limits have been detected in Argentina, China, Mexico, Bangladesh, Vietnam,
Pakistan and Cambodia [11], etc. Specifically, in Argentina’s groundwater samples, high
levels of As and F, i.e., 250 µg/L and 12 mg/L, respectively, were found, while in Pakistan’s
groundwater the relative concentrations were found to be as high as 2400 µg/L for As and
22.8 mg/L for F [12,13].

Various technologies have been developed for the removal of As and F in order to
achieve these permissible limits [14–18], and among them, adsorption with modified acti-
vated carbons [19,20] is a very promising and widely applied technique [21,22]. However,
several studies [12,17,23] have been carried out to investigate the simultaneous removal of
arsenic and fluoride, and a reduction in the removal efficiency of one of the two pollutants is
generally observed. The removal technologies [24] that have been used to remove these two
pollutants simultaneously are coagulation [12], adsorption [12,25], membrane filtration [26]
and electrocoagulation [13,27,28]. Among these, adsorption is regarded as one of the most
promising and economical techniques, and several materials [15,29] can be applied that
have great potential to remove both pollutants simultaneously [30]. Specifically, modified
yak dung biochar [31], hydrated cement, bricks and marble powder [23] and granular
TiO2-La [32] are some of the adsorbents used in the literature for simultaneous arsenic and
fluoride removal. Coagulation is another economical conventional technology that has
been used [12], but, in this study, only adsorption was selected for further evaluation.

In this study, manganese oxide supported on graphene nanostructures (GO-MnO2)
was tested for the simultaneous removal of As(III) and F ions. The idea for this application
arose from previous studies found in the literature, as graphene nanosheets and graphene
composites have been used for the removal of metal ions [33,34]. In addition, enhanced
As(V) and As(III) removal from groundwater was observed using iron oxide and manganese
oxide pillared clays [35,36]. Generally, manganese oxide is not used directly because it
may be required in high quantities [37]. Recent studies have proved that MnO2 particles
have a large surface area [38], and, therefore, several modified manganese oxide based
materials have been used for the efficient removal of heavy metals, such as Pb(II), Cd(II),
Ni(II) Zn(II) and Cu(II), from aqueous systems [39–43]. Moreover, Luo et al. [44] described
the use of GO as a substrate to support zirconium hydroxide (ZrO(OH)2) nanoparticles
for the simultaneous removal of As(III) and As(V) from aqueous solutions. Additionally,
Luo et al. [45], in their study, combined the oxidizing ability of manganese dioxide, the
large surface area of GO and the magnetic characteristics of Fe3O4, aiming at synthesizing
a new adsorbent (Fe3O4-RGO-MnO2) for As removal. On the other hand, GO/Al2O3,
produced by GO and γ-Al2O3 [46], Graphene Oxide–Aluminum Oxyhydroxide (GO–Al–
O(OH)) [47], Graphene Oxide Anchored Sand (ZIGCS) functionalized by Zr(IV) [48] and
Graphene Oxide/Eggshell (GO/ES) [49] are some of the adsorbents based on graphene
oxide and have been used in the literature for the removal of fluoride from water [15].
Manganese oxides, such as manganese modified activated alumina, MAA [50], bentonite-
smectite rich clay [50] and manganese dioxide with dispersion over disposed earthenware
(DEW) [37], were also tested for fluoride removal.

GO-MnO2 is an adsorbent that the authors have used successfully in their previous
studies for effective dye degradation [51]. In addition, GO-MnO2 nanocomposites are easier
to separate from water, and their high conductivity can enhance electron transfer [51,52].
Considering the advantages of graphene, e.g., its large specific surface area and abundance
in oxygen functional groups [53,54], and of manganese oxides, which exhibited a large
specific surface area that can provide the reaction with additional active sites [50], this
study involves testing the effectiveness of this material in the combined removal of arsenic
and fluoride from water. The effect of the pH value, the initial concentration of As(III)
and F ions and the dose of the adsorbent dose were investigated, while the structure and
the morphology of GO-MnO2 were analyzed using EDS, FTIR and SEM. Additionally,
kinetic and isotherm models were also applied to evaluate the adsorption process, and
experiments with GO and MnO2 took place separately for comparison reasons.
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2. Materials and Methods
2.1. Materials

All reagents used were of an analytical grade. A sodium fluoride (NaF) solution
(Merck) was used for the preparation of simulated fluoride water. A 1000 mg F−/L stock
solution was prepared by dissolving 2.210 g of NaF in 1000 mL of deionized water. Then,
the required concentrations of fluoride ions were obtained by diluting the stock solution.
An As(III) stock solution (100 mg As(III)/L) was prepared by dissolving 0.1733 g of sodium
metarsenite (AsNaO2) (Merck) in 1000 mL of deionized water and stored in 4 ◦C for further
use in the experiments. The pH was appropriately adjusted using 0.01–0.1 M of NaOH
ACS reagent, ≥97.0%, pellets (Sigma-Aldrich) or 0.01–0.1 M of HCl 37% (Panreac).

2.2. Synthesis of GO, MnO2 and GO-MnO2

The GO, MnO2 and GO-MnO2 were previously synthesized and used in other studies
by the authors [51,55]. Very briefly, the GO was prepared by using the modified Hummer’s
method [56], as improved by Debnath et al. (2014) [57]. For the preparation of the man-
ganese oxide (MnO2), a 30 mL solution of KMnO4 (0.21 mol/L) was added dropwise to a
solution of MnSO4 (0.2 mol/L) under stirring, and then MnO2 was formed. A GO-MnO2
composite resulted after the ultra-sonication for 1 h of a solution prepared by adding 2 g
of graphite oxide in 175 mL of deionized water. Then, an appropriate amount of KMnO4
solution (0.8 g in 100 mL of deionized water) was slowly added under vigorous stirring
and kept in darkness for 12 h, and the resulting GO-MnO2 was collected by centrifuga-
tion, washed with deionized water and absolute ethanol and freeze-dried. According to
Saroyan et al. [51], the successful oxidation of graphite into graphite oxide was confirmed
by a relative peak at XRD patterns.

2.3. Analytical Determinations

For the determination of the F ions’ residual concentration, the application of the
SPADNS photometric method [58] was used, which is based on the reaction between
fluoride ions and Zirconium, splitting a part of it into a colorless complex anion (ZrF62−)
and the dye. As the amount of fluoride increases, the color produced becomes progressively
lighter, compared to a standard fluoride solution. An amount of 2 mL of a mixed solution of
Zr-SPADNS complex, with a long resistance to time in the dark, previously synthesized [59],
was added to 10 mL of (diluted) samples and mixed well. The absorbance at 570 nm was
determined with the UV-Vis (WTW Spectroflex 6100) spectrophotometer for the calculation
of the residual concentration of fluoride ions via a standard curve. The arsenic concentration
was measured by atomic absorption spectroscopy coupled with a graphite furnace (Varian
Zeeman AA240Z with GTA 120; Hansen Way, Palo Alto, CA, USA), which has a detection
limit of 1 µg/L.

2.4. Characterization Techniques

The surface morphology of the GO, MnO2 and GO-MnO2 before and after adsorption
was observed using Scanning Electron Microscopy (SEM) (Jeol JSM-6390 LV, JEOL Ltd,
Akishima, Tokyo, Japan) scanning electron microscope: equipped with an energy dispersive
X-ray system (EDS) for surface element analysis. The surface chemical bonds and functional
groups were analyzed by Fourier Transform Infrared Spectroscopy (FT-IR, Perkin Elmer,
New York, NY, USA), in the range of 4000–400 cm−1.

2.5. Adsorption Experiments

Adsorption experiments were carried out by introducing a quantity of adsorbent
into 15 mL falcon tubes (10 mL is the volume of solution) containing arsenic, fluoride
or a mixture of both arsenic and fluoride solution at indicated initial concentrations and
at a constant temperature. The mixture was agitated using a Trayster overhead shaker
and a Loopster rotator at a constant stirring speed (80 rpm). A number of experimental
variables such as pH (3.0–9.0 ± 0.1), the initial concentration of F ions (2–100 mg/L), the
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initial As(III) concentration (25–500 µg/L), the adsorbent dose (0.5–2.0 g/L) and the contact
time (10–360 min for kinetics and 24 h for equilibrium) were independently varied by
keeping other parameters constant during the experiments. The initial As(III) and F ions
concentrations selected for consideration are the relevant environmental concentrations
representing the contaminated waters. After adsorption, the water samples collected were
filtered through a 0.45 µm pore size nylon filter and several parameters were determined
in the filtrate. The results are the mean of three replicate experiments. The percentage
removal (%R) of F− and As(III) was determined from the following Equation (1):

R (%) =

(
C0 − Cf

C0

)
× 100% (1)

where Co is the initial F− concentration (mg/L) or As(III) concentration (µg/L), and Cf is
the final F ions concentration (mg/L) or As(III) concentration (µg/L) after treatment.

The adsorption capacity of the adsorbents (Qe) (mg/g for F ions and µg/g for As(III))
was calculated from the following Equation (2):

Qe =
(Co − Ce)× V

m
(2)

where Ce is the F− concentration (mg/L) or As(III) concentration (µg/L) at equilibrium, V
(L) is the volume of the solution and m (g) is the mass of the adsorbent used.

2.5.1. Equilibrium Experiments

For the isothermal experiments, a fixed amount of adsorbent sample (g) was added
to 10 mL of As(III) solution (25–500 µg/L) in the presence of F ions (10 mg/L) or to 10 mL
of F ions solution (2–100 mg/L) in the presence of As(III) (100 µg/L) in 15 mL falcon
tubes. The adsorption experimental results were fitted to the Langmuir and Freundlich
isotherm models.

The Langmuir model correlates the solid phase adsorbate concentration (Qe) and the
uptakes to the equilibrium liquid concentration and is expressed as Equation (3):

Qe =
QmKLCe

1 + KLCe
(3)

where Qm is the theoretical monolayer/maximum adsorption capacity (mg/g for F ions and
µg/L for As(III)), and KL is related to the energy of As(III) (L/µg) or F ions (L/mg) adsorption.

The Langmuir theory assumes that the adsorbent has a limited adsorption capacity
(Qm), while the adsorbate forms a monolayer on the adsorbent surface, and that there is a
lack of interface between the adsorbed molecules [60].

The Freundlich model [61] outlines the interrelation between the F ions or As(III)
equilibrium concentrations (mg/L for F ions and µg/L for As(III)) and the uptake capacities,
Qe (mg/g for F ions and µg/g for As(III)), of the adsorbent and is expressed as Equation (4):

Qe = KFC1/n
e (4)

where KF is a constant related to adsorption capacity while 1/n is a constant related to the
intensity of adsorption or the surface heterogeneity; 1/n = 0 is for the heterogeneous phase;
1/n < 1 is for a normal Freundlich isotherm; and 1/n > 1 indicates a cooperative adsorption.

2.5.2. Kinetics Experiments

Two widely used models, i.e., the pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetics models, were investigated to fit the kinetics of F− or As(III)) adsorption. The
calculated adsorption kinetic parameters were further analyzed to estimate the adsorption
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rates as well as to determine the potential reaction mechanism. The pseudo-first-order
model used for the data analysis is as shown below as Equation (5):

Qt = Qe(1 − e−k1t
)

(5)

where Qe is the amount of F ions or As(III) adsorbed at equilibrium (mg/g for F ions and
µg/g for As(III)), Qt is the amount of F ions or As(III) adsorbed at time t (mg/g for F
ions and µg/g for As(III)), k1 is the rate constant of the PFO model (1/min) and t is the
time (min).

The pseudo-second-order model used for the data analysis is as shown below as
Equation (6):

Qt =
k2Q2

et
1 + k2Qet

(6)

where Qe is the amount of F− or As(III) adsorbed at equilibrium (mg/g for F ions and µg/g
for As(III)), Qt is the amount of F ions or As(III) adsorbed at time t (mg/g for F ions and
µg/g for As(III)), k2 is the rate constant of the PSO (g/(mg min) for F ions and g/(µg min)
for As(III)) and t is the time (min).

3. Results and Discussion
3.1. Characterization
3.1.1. Scanning Electron Microscopy (SEM)

Figure 1 presents the SEM images of all of the adsorbents (GO, MnO2 and GO-MnO2),
before (Figure 1a–c) and after the adsorption of As(III) (Figure 1d–f), F ions (Figure 1g–i)
and the simultaneous presence of the two anions (Figure 1j–l). As shown, GO is formed
in large sheet-like layers with a typical smooth surface and some wrinkles [62] (Figure 1a)
which seem to be filled during the adsorption of ions, and, especially in the case of the
simultaneous adsorption of As(III) and F ions (Figure 1j), the surface appears to be smoother
and more saturated. In addition, the SEM images of MnO2 (Figure 1b,e,h,k) show a high
monodispersed flower-like nanostructure [63] that does not appear to be significantly
modified upon anion adsorption. Moreover, the SEM images of the GO-MnO2 nanocom-
posite (Figure 1c) revealed a partially layered structure, which was indicative of the partial
exfoliation of GO in the composite [51], which is enhanced upon the adsorption of As(III)
and fluoride ions (Figure 1l).

The SEM-EDS analysis of all of the adsorbents applied in this study, i.e., GO, MnO2 and
GO-MnO2, before and after the adsorption of As(III)), F− and the two anions simultaneously
are presented in Table 1. According to the % (w/w) values of the GO-MnO2 EDS analysis,
the evident elements were manganese, carbon and oxygen, with the carbon originating
from the GO, the oxygen from the GO and the MnO2 and the manganese from the MnO2.
In addition, F and As were detected on the surface of all the three adsorbents, confirming
that the relative adsorption had occurred. Furthermore, the SEM-elemental maps of the
adsorbed As(III) and F ions to the GO-MnO2 (inset: mapping from Figure 1l) are shown in
Figure 2. As depicted, the uniform distribution of As(III) and F ions on the surface of the
GO-MnO2 adsorbent is confirmed.
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Figure 1. The SEM images of the adsorbents before and after adsorption of As(III), F−, and the
simultaneous addition of As(III) and F ions. (a) GO; (b) MnO2; (c) GO-MnO2 before the adsorption.
(d) GO; (e) MnO2; (f) GO-MnO2 after the adsorption of As(III). (g) GO; (h) MnO2; (i) GO-MnO2 after
the adsorption of fluoride ions. (j) GO; (k) MnO2; (l) GO-MnO2 after the simultaneous adsorption of
As(III) and fluoride ions.
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Table 1. Elemental composition by SEM/EDS analysis of adsorbents before and after adsorption.

% (w/w) GO MnO2 GO-MnO2

Carbon 43.84 - 28.70
Sulfur 14.56 - -

Oxygen 41.6 68.91 64.81
Manganese - 27.86 3.93
Potassium - 2.63 2.56
Chlorine - 0.60 -

% (w/w) GO_As(III) MnO2_As(III) GO-MnO2_As(III)

Arsenic 0.10 1.19 0.56
Carbon 75.93 - 26.89
Sulfur 0.57 - -

Oxygen 23.39 58.77 63.38
Manganese - 36.35 6.52
Potassium - 3.68 2.64

% (w/w) GO_F− MnO2_F− GO-MnO2_F−

Carbon 73.65 - 22.22
Fluorine 2.22 13.63 4.48
Sulfur 0.51 - -

Oxygen 23.61 59.54 50.31
Manganese - 24.74 19.61
Potassium - 2.09 3.39

% (w/w) GO_ As(III)-F− MnO2_ As(III)-F− GO-MnO2_ As(III)-F−

Carbon 73.21 - 22.07
Arsenic 0.07 2.01 4.24
Fluorine 1.78 0.51 8.38
Sulfur 0.36 - -
Silicon 0.24 - -

Oxygen 24.34 29.04 50.39
Manganese - 63.05 12.31
Potassium - 5.39 2.61
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Figure 2. Elemental analysis of the adsorbed As(III) and F ions to GO-MnO2.

3.1.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

As illustrated in Figure 3, the synthesized GO-MnO2 has all the typical bands of GO [62].
The binding of MnO2 to GO shifts the C=C peak to a higher energy (1620–1577 cm−1), de-
creases the carbonyl volume (1710 cm−1), and broadens the epoxy and alkoxy bands at
1171 cm−1 and 1044 cm−1, respectively. In the spectrum of the adsorbed F− to GO-MnO2
a shift in the band of carboxyls to higher energy (~20 cm−1) was observed, along with
the elimination of the epoxy stretching groups at 1288 cm−1, while the spectrum of the
adsorbed As(III) to GO-MnO2 shows the shifting of both the carboxyl and alkoxy bands to
higher energy (~10 cm−1). When studying the spectrum of the simultaneous adsorption of
As(III) and F ions to GO-MnO2, the abovementioned changes can be still observed; thus,
it can be stated that the carboxyl groups bind both As(III) and F− ions, the epoxy groups
bind the F− ions and the alkoxy groups bind the As(III) ions.



Sustainability 2023, 15, 1179 8 of 19

Sustainability 2023, 15, x FOR PEER REVIEW  8  of  21 
 

higher energy (~10 cm−1). When studying the spectrum of the simultaneous adsorption of 

As(III) and F ions to GO‐MnO2, the abovementioned changes can be still observed; thus, 

it can be stated that the carboxyl groups bind both As(III) and F‐ ions, the epoxy groups 

bind the F‐ ions and the alkoxy groups bind the As(III) ions. 

 

Figure 3. FTIR spectra of GOMnO2 with the bonded As(III) and F‐ ions. 

3.2. Batch Adsorption Experiments 

3.2.1. Effect of Adsorbent Dose and Comparison of Adsorbents 

The effect of the adsorbent’s dosage, in parallel with the effect of the type of the ad‐

sorbent (GO, MnO2 and GO‐MnO2) in three different pH values, was studied in order to 

determine the feasibility of the adsorbents in simultaneous As(III) and F‐ removal through 

batch experiments. Hence, Figures 4 and 5 show this effect in detail on the As(III) percent‐

age removal in absence and presence of F ions and on the F ions percentage removal in 

absence and presence of As(III) at different pH values, i.e., pH 4.0 ± 0.1; pH 7.0 ± 0.1 and 

pH 9.0 ± 0.1. The initial As(III) concentration was 100 μg/L, the initial F ions concentration 

was 10 mg/L, and several doses of the adsorbent were applied at room temperature (298 

K). 

Initially, as depicted in Figure 4, regarding the removal of As(III), GO is by far the 

least effective adsorbent at all applied pH values and doses, whether in the presence or 

absence of fluoride ions. On the other hand, MnO2 is already known as an adsorbent for 

the effective removal of As(III) through oxidation [64], and this was also confirmed by the 

experiments in this research. Furthermore, as it appears, its effectiveness is not affected 

by the presence of F ions. 

However, the greatest variation is observed when GO‐MnO2 is used as the adsorbent, 

and, comparatively, its effectiveness in removing As(III) increases significantly in the sim‐

ultaneous presence of F ions, at all applied pH values. In particular, at pH 7 (Figure 4b), 

with a dose of 1 g/L, a removal of >90% is achieved, and, with 2 g/L, it reaches 98% (com‐

pared to 51 and 95% for and respectively). The corresponding percentage removal (Figure 

4b) of As(ΙΙΙ) in the absence of F ions at pH 7 with 2 g/L of GO‐MnO2 is only 84%. There‐

fore, from this series of experiments, it follows that the removal of F ions in the presence 

or absence of As(III) must be studied accordingly in order to be able to draw a conclusion 

about the possible mechanism. 

4000 3600 3200 2800 2400 2000 1600 1200 800

75

80

85

90

95

100

105

110

C-O

C-O

C-O
C=O

 GO-MnO
2

 GO-MnO
2
 + As(III)

 GO-MnO
2
 + F-

 GO-MnO
2
 + As(III) - F-

T

cm-1

C=C

C-OH

Figure 3. FTIR spectra of GOMnO2 with the bonded As(III) and F− ions.

3.2. Batch Adsorption Experiments
3.2.1. Effect of Adsorbent Dose and Comparison of Adsorbents

The effect of the adsorbent’s dosage, in parallel with the effect of the type of the
adsorbent (GO, MnO2 and GO-MnO2) in three different pH values, was studied in order
to determine the feasibility of the adsorbents in simultaneous As(III) and F− removal
through batch experiments. Hence, Figures 4 and 5 show this effect in detail on the As(III)
percentage removal in absence and presence of F ions and on the F ions percentage removal
in absence and presence of As(III) at different pH values, i.e., pH 4.0 ± 0.1; pH 7.0 ± 0.1 and
pH 9.0 ± 0.1. The initial As(III) concentration was 100 µg/L, the initial F ions concentration
was 10 mg/L, and several doses of the adsorbent were applied at room temperature (298 K).
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Figure 4. Comparison and effect of adsorbent dose on As(III) R% removal in absence and presence
of F ions at different pH values: (a) pH 4 ± 0.1; (b) pH 7 ± 0.1 and (c) pH 9 ± 0.1; initial As(III)
concentration 100 µg/L; initial F ions concentration 10 mg/L, T = 298 K, contact time 24 h, in
deionized water.
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Figure 5. Comparison and effect of adsorbent dose on F ions R% removal in absence and presence
of As(III) at different pH values: (a) pH 4.0 ± 0.1; (b) pH 7.0 ± 0.1 and (c) pH 9.0 ± 0.1; initial
As(III) concentration 100 µg/L; initial F ions concentration 10 mg/L, T = 298 K, contact time 24 h, in
deionized water.

Initially, as depicted in Figure 4, regarding the removal of As(III), GO is by far the
least effective adsorbent at all applied pH values and doses, whether in the presence or
absence of fluoride ions. On the other hand, MnO2 is already known as an adsorbent for
the effective removal of As(III) through oxidation [64], and this was also confirmed by the
experiments in this research. Furthermore, as it appears, its effectiveness is not affected by
the presence of F ions.

However, the greatest variation is observed when GO-MnO2 is used as the adsorbent,
and, comparatively, its effectiveness in removing As(III) increases significantly in the
simultaneous presence of F ions, at all applied pH values. In particular, at pH 7 (Figure 4b),
with a dose of 1 g/L, a removal of >90% is achieved, and, with 2 g/L, it reaches 98%
(compared to 51 and 95% for and respectively). The corresponding percentage removal
(Figure 4b) of As(III) in the absence of F ions at pH 7 with 2 g/L of GO-MnO2 is only
84%. Therefore, from this series of experiments, it follows that the removal of F ions in the
presence or absence of As(III) must be studied accordingly in order to be able to draw a
conclusion about the possible mechanism.

Observing the diagrams in Figure 5, regarding F ions % removal, GO is not even in
this case effective at almost all pH values (with an exception at pH 4 (Figure 5a), where it is
slightly better), whether in the presence or absence of As(III). Moreover, contrary to the
case of arsenic (Figure 4), MnO2 is also not efficient in the removal of fluoride ions, and, in
fact, at pH 7 (Figure 5b), the efficiency decreases when As(III) is also present, obviously due
to the high selectivity of MnO2 at As(III), which binds to active sites on the MnO2 surface
for its oxidation.

Finally, the maximum removal of fluoride ions is achieved, according to the results in
the diagrams in Figure 5, with the application of GO-MnO2 as the adsorbent. In particular,
at pH 7 with a dose of 2 g/L, a removal of almost 90% is achieved with the simultaneous
presence of arsenic in the solution, thus maintaining the residual concentration of F ions
within the desired limits (i.e., 1 mg/L). It should be noted that the specific conditions are
also effective in the case of As(III) in the presence of fluoride ions, as mentioned above in
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Figure 4; therefore, the dose of 2 g/L is optimally chosen for the subsequent experiments
evaluating the adsorption. For comparison reasons, the application of MnO2 will be studied
at the same time.

3.2.2. Effect of Initial pH Solution

The effect of pH on the removal of As(III) and F ions was studied at different pH
values of the solution ranging from 3.0 ± 0.1 to 9.0 ± 0.1 (contact time 24 h; temperature
298 K, dosage 2 g/L), as illustrated in Figure 6. As shown in Figure 6a, the removal of
As(III) in the presence of fluoride anions is favored at low to neutral pH values (mildly
acidic conditions) with a maximum percentage removal exhibited at pH 7 (98%) on GO-
MnO2. For F ions removal (Figure 6b) in the presence of As(III) anions, especially with
the adsorption on GO-MnO2, the maximum percentage removal was achieved at neutral
pH value (88%). Further increment of the pH, for both anions, progressively resulted in a
reduced adsorbent capacity of the GO-MnO2, and at pH 9 there was a sharp decrease of
the percentage removal, i.e., 80% and 44% for As(III) and F ions, respectively.
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Figure 6. Effect of initial solution pH on the adsorption of (a) As(III) in the presence of F ions, (b) F
ions in the presence of As(III), in terms of R% removal; initial As(III) concentration 100 µg/L; initial
F ions concentration 10 mg/L, pH 3.0–9.0 ± 0.1, dosage 2 g/L, T = 298 K, contact time 24 h, in
deionized water.

In order to better understand the effect of pH, the pHpzc measurements of the adsor-
bent were conducted in the range of 2.0–10.0 ± 0.1, as pHpzc is the critical point from which
the surface charge of the adsorbent converts from positive to negative, with a possible
impact to the interface between the adsorbate and the adsorbent. pHpzc was calculated by
the relative curve plotted against ∆pH vs pHinitial, using pH drift method. As illustrated in
Figure 7 the relative pHpzc value was found to be 5.04 for GO-MnO2.
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Based on the results of this study, providing an efficient pH value of 7.0 ± 0.1 for
the simultaneous removal of As(III) and F ions, compared with the relative pHZPC value
equal to 5.04 for GO-MnO2, it can be assumed that, at pH above 5.04, the predominant
surface area of GO-MnO2 is negative, which is due to the accumulation of hydroxyl anions
on the adsorbent surface and the increase in the number of negative charges. Due to
the fact that fluoride ions are also anionic in nature, the result is thought to be that the
removal efficiency is reduced due to the similarity of the surface charges. As(III), on the
other hand, is mostly present in its non-ionic form as arsenious acid up to pH 9.2, and,
therefore, the effect of pH on As(III) removal is less pronounced than that on the fluoride
anions. Furthermore, it was observed (Figure 6) that, as the pH value further increases
at more basic values (pH > 7.0), the overall negative value also increases, and there is
a drop in the efficiency of the adsorbent, especially in the case of fluoride (Figure 6b),
maybe because of the deprotonation, leading to a repulsion of fluoride and As(III) ions
and a competition among all three OH−, F− and As(III) ions. Therefore, at neutral pH,
the removal of anions was achieved through OH− groups, where the surface is neither
protonated nor deprotonated [21,25].

Consequently, pH 7 is selected as the optimum value for the simultaneous removal of As(III)
and F ions and thus will be used in further experiments to evaluate the adsorption process.

3.2.3. Effect of Initial Concentration

The effect of the initial concentration was studied for both As(III) and F ions in order
to evaluate the adsorption on the GO-MnO2 in the presence of different concentrations of
one ion while keeping the other one at constant concentration. Therefore, two different
sets of experiments were conducted; in the first one (Figure 8a), the effect of the concen-
tration of F ions (varying from 2–100 mg/L) on As(III) removal (with an initial constant
concentration 100 µg/L) was studied, and, in the second one (Figure 8b), the effect of the
As(III) concertation (varying from 25–500 µg/L) on F ions removal (with an initial constant
concentration 10 mg/L) was studied to evaluate the performance of the GO-MnO2 in the
presence of both ions, at pH 7.0 ± 0.1, after the application of 2 g/L of the adsorbent at
room temperature (298 K).
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Figure 8. Effect of (a) initial F ions concentration on As(III) R% removal; initial As(III) concentration
100 µg/L; initial F ions concentration 2–100 mg/L; (b) initial As(III) concentration on F ions R%
removal; initial As(III) concentration 25–500 µg/L; initial F ions concentration 10 mg/L, pH 7.0 ± 0.1,
dosage 2 g/L, T = 298 K, contact time 24 h, in deionized water.
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As depicted in Figure 8a, the percentage removal of As(III) increased impressively
from 84 (absence of F ions) to 98% in the presence of F− (100 mg/L). What should be pointed
out is that, while, in the absence of fluoride ions, the residual concentration of As(III) was
14.5 µg/L (>10 µg/L), in the presence of even 2 mg/L of fluoride, the residual concentration
decreases below the permissible limits (i.e., 6.75 µg/L; 92.5%). Similar achievements were
recorded in the second set of experiments, as seen in Figure 8b, where the removal of
fluoride ions increases from 74.7% (residual F ions concentration 2.6 mg/L) in the absence
of arsenic to 94.3% (residual F ions concentration 0.57 mg/L) in the presence of 500 µg/L
of arsenic. It should be noted that a simultaneous As(III) removal took place, indicatively
reporting that, when 500 µg/L of arsenic was initially used, its removal was about 89%.
Similar behavior was also observed in the recent literature [25].

Consequently, it has been found that both As(III) and fluoride ions can be successfully
removed under these experimental conditions, up to the WHO permissible limits (i.e., for
F ions 0.6–1.5 mg/L and for As(III) <10 µgL/L) [2]. This shows the synergic behavior of
both ions with GO-MnO2, and this is in accordance with Figure 3 and the FTIR spectra
from which it is concluded that the carboxyl groups of GO-MnO2 bind both the As(III) and
the F− ions, the epoxy groups bind the F ions and the alkoxy groups bind the As(III) ions.
Thus, it could be assumed, for the simultaneous presence of the two anions, that initially
there is a competition between the As(III) and F ions for covering the carboxyl groups
of GO-MnO2, and possibly that is why the removal rate increases as the feed of one ion
increases. Then, as As(III) and F ions are bound in different positions (epoxy groups for F
ions, and alkoxy groups for As(III)), a simultaneous removal of the other ion, whose initial
concentration is changed, is observed.

This material (GO-MnO2) is considered as having a very feasible process for up-scaling,
especially for small water treatment systems, i.e., at a household level, for areas where the
population does not have access to a community drinking water distribution system.

3.2.4. Effect of Contact Time

As contact time is an important parameter for the evaluation of the adsorption, the
time required for the adsorbents to reach adsorption equilibrium was determined for the
adsorption of As(III) in the presence of F− (Figure 9a) and of F− in the presence of As(III)
(Figure 9b). In order to investigate the effect of the contact time, adsorption experiments
were performed at an initial As(III) concentration of 100 µg/L and an initial concentration
of F ions of 10 mg/L at pH 7.0 ± 0.1, and involved the application of 2 g/L of the adsorbent
at room temperature (298 K).
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Figure 9. Effect of contact time on the adsorption of (a) As(III) in the presence of F ions, (b) F− in
the presence of As(III), in terms of R% removal; initial As(III) concentration 100 µg/L; initial F ions
concentration 10 mg/L, pH 7.0 ± 0.1, dosage 2 g/L, T = 298 K, in deionized water.
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As shown in Figure 9, the removal of As(III) in the presence of F− is faster than the
removal of F ions in the presence of As(III), as reaching the 50% removal point required
only 10 min for As(III), but 120 m for F ions after the application of GO-MnO2, after which
they continued to be adsorbed at a relatively slower rate. In comparison, for the application
of MnO2, the relative required time was higher (i.e., 25 and 200 min for As(III) and F ions,
respectively). In both cases, it is observed that the equilibrium is reached after 360 min, after
which the percentage of As(III) and F ions removed does not experience much improvement
despite the longer contact time.

3.3. Adsorption Isotherms

In order to study the mechanism of adsorption and explain the correlation between the
concentration of As(III) and F ions and the adsorption capacity of the adsorbent GO-MnO2,
tests of several adsorption isotherms models were conducted. Specifically, the Langmuir
and Freundlich isotherm models were applied in two different sets of experiments. Thus,
Figure 10 provides the results for the As(III) removal capacity with the initial concentration
varying from 25–500 µg/L, in the presence of 10 mg/L of F ions. The relative results for
the F ions removal capacity (initial concentration between 2–100 mg/L) in the presence
of 100 µg/L of As(III) are presented in Figure 11. The resulting parameters are shown in
Tables 2 and 3 for the two models at pH 7.0 ± 0.1, following an application of 2 g/L of the
adsorbent at room temperature (298 K).
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Figure 10. (a) Langmuir and (b) Freundlich isotherm models for the adsorption of As(III) in the
presence of F ions; initial As(III) concentration 25–500 µg/L; initial F ions concentration 10 mg/L,
pH 7.0 ± 0.1, dosage 2 g/L, T = 298 K, contact time 24 h, in deionized water.
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Figure 11. (a) Langmuir and (b) Freundlich isotherm models for the adsorption of F ions in the
presence of As(III); initial As(III) concentration 100 µg/L; initial F ions concentration 2–100 mg/L,
pH 7.0 ± 0.1, dosage 2 g/L, T = 298 K, contact time 24 h, in deionized water.
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Table 2. Constants of Langmuir and Freundlich isotherm model for the adsorption of As(III) in the
presence of F−.

Langmuir Isotherm Model

Adsorbent Qm (µg/g) KL (L/g) R2

GO-MnO2 2.52 0.0641 0.9975

Freundlich isotherm model

Adsorbent 1/n n KF
(µg/g)(L/µg)1/n R2

GO-MnO2 0.5343 1.8716 0.2516 0.9665

Table 3. Constants of Langmuir and Freundlich isotherm model for the adsorption of F ions in the
presence of As(III).

Langmuir Isotherm Model

Adsorbent Qm (mg/g) KL (L/g) R2

GO-MnO2 0.142 0.2208 0.9561

Freundlich isotherm model

Adsorbent 1/n n KF
(mg/g)(L/mg)1/n R2

GO-MnO2 0.3344 2.9900 0.0359 0.9804

The Langmuir model assumes that a fixed number of adsorption sites are available on
the surface of the adsorbent and can take up one molecule only (monolayer adsorption).
On the other hand, the Freundlich model assumes that there are different active sites on
the adsorbent surface that have different affinities for different adsorbates (multilayer
adsorption). Thus, the adsorption takes place on heterogeneous surfaces. As depicted
by the relative parameters (Tables 2 and 3), the Langmuir isotherm model was found to
better fit the adsorption of As(III) in the presence of F ions than the Freundlich isotherm
model, with a relatively higher correlation coefficient (R2 = 0.998), indicating that As(III)
was adsorbed onto the surface of the GO-MnO2 as a homogeneous monolayer [65]. The
maximum theoretical adsorption capacity for As(III) was found to be 2.52 µg/L.

In addition, for F ions removal in the presence of As(III), the Freundlich isotherm
model was found to better fit the results (R2 = 0.980). As described earlier in Section 2,
for Freundlich model, values of 1/n in the range 0 < 1/n <1 assumes that adsorption is
favorable. Based on the results shown in Figure 11b and Table 3, the value of 1/n equal to
0.33 for F ions removal in the presence of As(III) suggests that the adsorbent GO-MnO2 is
effective and the adsorption process can be characterized as favorable and heterogeneous
and as chemisorption [59].

Based on these assumptions, it follows that the combined removal of As(III) and
fluoride ions from aqueous solutions is achieved by different adsorption mechanisms for
the two anions.

3.4. Adsorption Kinetics

The pseudo-first order and pseudo-second order models were applied to describe
the adsorption of the simultaneous removal of As(III) and fluoride ions on GO-MnO2.
However, the pseudo-first order model did not correlate sufficiently to the obtained results
(data not presented). Hence, the experimental data were described with the pseudo-second
order model, from which a better correlation was obtained.

Figure 12 presents the PSO kinetic model for the adsorption of As(III) in the presence
of F ions (Figure 12a) and of F ions in the presence of As(III) (Figure 12b). The initial As(III)
concentration was 100 µg/L, and that of the F ions was 10 mg/L at pH 7.0 ± 0.1, before
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the application of 2 g/L of the adsorbent at room temperature (298 K). The PSO model
constants for the application of GO-MnO2 (calculated from (Equation (6)) are given in
Table 4. As shown, the R2 for both removal studies is >0.98, indicating that the adsorption
fitted excellently to this model. The fitting results led to the conclusion that the adsorption
of As(III) in the presence of F ions and of F ions in the presence of As(III) on GO-MnO2
was closer to chemisorption, and, hence, that there is an exchange or sharing of electrons
between the adsorbate and the adsorbent [66,67].
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Figure 12. Pseudo-second order kinetic model for the adsorption of (a) As(III) in the presence of
F ions; (b) F ions in the presence of As(III); initial As(III) concentration 100 µg/L; initial F ions
concentration 10 mg/L, pH 7.0 ± 0.1, dosage 2 g/L, T = 298 K, in deionized water.

Table 4. Pseudo-second order kinetic parameters model for the adsorption of As(III) in the presence
of F ions and F ions in the presence of As(III).

Pseudo-Second Order Model (PSO)

Adsorbent Qe.exp (µg/g) K2 (L/µg·min) Qe.cal (µg/g) R2

As(III) in presence of F−

GO-MnO2 0.4331 0.2593 0.3939 0.9907

Adsorbent Qe.exp (mg/g) K2 (L/mg·min) Qe.cal (mg/g) R2

F− in presence of As(III)

GO-MnO2 0.0392 0.1325 0.0533 0.9895

3.5. Regeneration Study

Regeneration studies were applied in order to examine the reusability of GO-MnO2
for the simultaneous removal of As(III) and F ions, and the results are shown in Figure 13.
After the first cycle, the GO-MnO2 particles were treated with 0.01 M of NaOH and shaken
for 24 h, and then rinsed with distilled water several times in order to remove the excess
base amount. A tolerable repetitive time was selected in all applied cycles. As shown in
Figure 13, the desorbed adsorbent was tested for up to four repeated cycles for the sorption
of As(III) and F ions. In the first cycle, the percentage removal of As(III) was about 96.8%,
and, after the fourth, cycle it was about 65.6%. The relative percentage removal of F ions
was 88.3 (1st cycle) and 28.7 (4th cycle), respectively.

Consequently, this study confirmed the reuse of the GO-MnO2 adsorbent for four
cycles for As(III) removal (in the presence of F ions), and for three cycles for F ions (in the
presence of As(III)) after being successfully regenerated using NaOH treatment. Therefore,
three cycles are considered sufficient for the simultaneous removal of As(III) and F ions
from water, providing a 20% reduction in the effectiveness of the GO-MnO2.
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Figure 13. As(III) (in the presence of F ions) and F ions (in the presence of As(III)) adsorption for four
adsorption–desorption cycles after regeneration, on GO-MnO2; initial As(III) concentration 100 µg/L;
initial F ions concentration 10 mg/L, pH 7.0 ± 0.1, dosage 2 g/L, T = 298 K, at alkalic pH values, by
using 1M NaOH treatment.

4. Conclusions

In this study, the effectiveness of manganese oxide supported on graphene nanos-
tructures (GO-MnO2) was evaluated for the combined removal of arsenic and fluoride
from water. The effect of pH value, initial As(III) and F ions concentration and the dose of
the adsorbent were investigated through batch experiments, while the structure and the
morphology of GO-MnO2 were analyzed using EDS, FTIR and SEM.

The results showed that a dose of 2 g/L of GO-MnO2 at neutral pH conditions could
decrease the As(III) and F ion concentrations simultaneously to the desired values according
to the permissible WHO limits. Consequently, it has been found that the percentage removal
of As(III) increased impressively from 84 (in the absence of F ions) to 98% in the presence of
F ions (100 mg/L), while the removal of fluoride ions increased from 74.7% (a residual F ions
concentration of 2.6 mg/L) in the absence of arsenic to 94.3% (a residual F ions concentration
of 0.57 mg/L) in the presence of 500 µg/L of arsenic. Thus, it has been found that both
As(III) and fluoride ions can be successfully removed under these experimental conditions,
to concentrations below the WHO permissible limits (i.e., for F ions 0.6–1.5 mg/L and for
As(III) <10 µgL/L). This shows the synergic behavior of both ions with GO-MnO2, which
was also explained by the FTIR spectra.

The Langmuir isotherm model was found to better fit the adsorption of As(III) in
the presence of F− (R2 = 0.998), and the Freundlich isotherm model was found to better
fit the adsorption of F− in the presence of As(III) (R2 = 0.980), indicating that As(III)
was adsorbed onto the surface of the GO-MnO2 as a homogeneous monolayer, while the
adsorption process of F ions can be characterized as favorable and heterogeneous and
as chemisorption.

Moreover, the experimental data were described better with the pseudo-second order
model, from which a better correlation was obtained, leading to the conclusion that the
adsorption of As(III) in the presence of F ions and of F ions in the presence of As(III) on
GO-MnO2 was closer to chemisorption, and, hence, that there is an exchanging or sharing
of electrons between the adsorbate and the adsorbent.

Finally, regeneration studies were conducted using 0.01 M of NaOH, and it was shown
that three cycles are considered sufficient for the simultaneous removal of As(III) and F
ions from water, providing a 20% reduction in the effectiveness of GO-MnO2.
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