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Abstract
Small sized manganese dioxide particles are immobilized onto the surface of sand by the wet impregnation process. The surface 

morphology of the solid, i.e., immobilized manganese dioxide natural sand (IMNS) is performed by taking scanning electron micro-
scope images and characterized by the X-ray diffraction data. The specific surface area of the solid is obtained, which shows a significant 
increase in the specific surface area obtained by the immobilization of manganese dioxide. The pHPZC (point of zero charge) is found to 
be 6.28. Further, the IMNS is assessed in the removal of As(III) and As(V) pollutants from aqueous solutions under the batch and col-
umn operations. Batch reactor experiments are conducted for various physicochemical parametric studies, viz. the effect of sorptive pH 
(pH 2.0–10.0), concentration (1.0–25.0 mg/L), and background electrolyte concentrations (0.0001–0.1 mol/L NaNO3). Further, column 
experiments are conducted to obtain the efficiency of IMNS under dynamic conditions. The breakthrough data obtained by the column 
experiments are employed in non-linear fitting to the Thomas equation, so as to estimate the loading capacity of the column for As(III) 
and As(V).
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1. Introduction
 
Water is an important and essential component of living be-

ing, but is increasingly becoming polluted day-by-day. Water 
quality requires an ongoing evaluation and revision at all levels 
(international, down to individual aquifers and wells). It was ob-
served that the use of a deleterious quality of water caused sev-
eral diseases [1]. The contamination of surface/ground waters 
by heavy metal toxic ions is a serious environmental and public 
concern, because of the known fact that these ions are virtu-
ally non-biodegradable and tend to accumulate within the bio-
system causing various biological disorders [2]. Increased use of 
heavy metal toxic ions in various industrial processes led to the 
significant contamination of our aquatic environment. Besides 
the toxic and harmful effects to aquatic life, the extended per-
severance of these pollutants in the biological systems and ac-
cumulation in the biosphere through the food chain resulted in 
environmental and occupational hazards [3, 4].

Arsenic is generally found as a contaminant in soil and wa-
ter systems due to various anthropogenic sources, geologic 
variance, arsenic mine drenching, and dissolution of ground 
rock; along with human activities, such as mining, metallurgy, 
leather process, dyeing industry, use of pesticide and insecticide, 

etc. [5-8]. Ground water pollution by arsenic is reported to be a 
greater and serious problem for countries that include the Unit-
ed States, China, Chile, Bangladesh, Taiwan, Mexico, Argentina, 
Poland, Canada, Hungary, New Zealand, Japan, and India [9-12]. 
The largest population at risk with known groundwater arsenic 
contamination is the Bangladeshi followed by the West Bengali 
in India [13-15]. The US Environmental Protection Agency (EPA) 
announced that the maximum contaminant level was to be low-
ered from 50 to 10 µg/L [16, 17]. Similarly, the World Health Or-
ganization also recommended lowering the arsenic in drinking 
water standard to 10 µg/L [18].

Long-term drinking intake of arsenic contaminated waters 
may cause skin, lung, bladder, and kidney cancer, as well as pig-
mentation changes, skin thickening (hyperkeratosis) neurologi-
cal disorders, muscular weakness, loss of appetite, nausea, etc. 
[15, 19-21]. This differs from acute poisoning, which typically 
causes vomiting, esophageal and abdominal pain, and bloody 
“rice water” diarrhea, etc. [15, 19, 20, 22-24].

Various materials were employed in the decontamination 
of arsenic from the aquatic environment. The aluminum pil-
lared hexadecyltrimethylammonium bromide (HDTMA)- or 
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reduced to about 10 mL. The sample was kept in a drying oven 
at 90°C, till it dried out completely. The sample was then kept 
at 160°C for approximately 3 hr for complete drying and better 
coating stability of manganese oxide onto the sand surface. It 
was cooled at room temperature and again washed with distilled 
water several times. It was dried in a drying oven at 90°C over-
night and stored in a polyethylene bottle. Moreover, the amount 
of manganese coated onto the surface of sand was obtained by 
the standard EPA method  (US EPA Method 3050B).

2.3. Characterization of Solid Sample

The surface morphology of sand and IMNS materials was 
obtained by taking the scanning electron microscope (SEM) im-
ages of these solids, using a SEM machine (FE-SEM-Model SU-
70; Hitachi, Tokyo, Japan) as equipped with energy dispersive X-
ray Spectroscopy (EDX) system. X-ray diffraction (XRD) analysis 
of sand and IMNS samples was obtained using a XRD machine 
(X’Pert PRO MPD; PANalytical, Almelo, the Netherlands). The 
data was collected with the scan rate of 0.034 of 2θ illumination 
and an applied voltage of 45 kV having 35 mA current and using 
Cu Kα radiation with wavelength 1.5418 Å [38]. The BET specific 
surface area was obtained using a surface area analyzer (Mac-
sorb HM model-1200 series; Mountech, Tokyo, Japan).

2.4. Stability of the IMNS Solid

The stability of manganese oxide particles aggregated onto 
the sand surface was assessed in varying solution pH from 2.0 to 
11.0. Therefore, 0.5 g of IMNS solid was equilibrated with 100 mL 
of distilled water at different initial pH values, and then kept in 
an automatic shaker at 25°C for 24 hr. The solution mixtures were 
filtered using the 0.45 μm syringe filters and the filtrates were an-
alyzed for total manganese content using an atomic absorption 
spectrometer (AAS; AA240FS fast sequential atomic absorption 
spectrometer; Varian Inc., Palo Alto, CA, USA) [38].

2.5. pHPZC Determination of the Solid

The pHPZC (point of zero charge) was defined as the pH value 
at which the surface carries net zero charge. The acid and base 
titrations were carried out by taking 5 g of the IMNS sample into 
500 mL of distilled water and titrating with 0.1 mol/L of HNO3 
and 0.1 mol/L of NaOH solutions separately [38]. The corre-
sponding pH was recorded using a pH meter (HANNA pH-213 
Microprocessor pH meter; HANNA Instruments, Smithfield, RI, 
USA). The titration data were used to evaluate the pHPZC.

2.6. Effect of pH

Batch experiments were conducted to study the effect of pH 
on the sorption of As(III) and As(V). As(III) or As(V) solutions 2.0 
mg/L were prepared at different pH of 2.0 to 10.0. The pH was 
obtained by the addition of drops of conc. HNO3 or conc. NaOH 
solutions. 0.2 g of IMNS solid was added to 100 mL of each of 
these sorptive solutions. The solutions were kept in an auto-
matic shaker for 24 hr at 25°C ± 1°C. The solutions were filtered 
with 0.45 µm syringe filter and the pH was again checked and 
reported as the equilibrium pH. The filtrates were then subjected 
to bulk arsenic concentration using the AAS.

The percentage removal of the arsenic was calculated using 
the Eq. (1):

alkyldimethylbenzylammonium chloride (AMBA)-sericite was 
obtained and employed in the remediation of As(III) and As(V) 
under both the batch and column reactor operations [25]. In-
line HDTMA or AMBA modified sericite hybrid materials were 
employed in the decontamination of arsenic from aqueous so-
lutions under batch reactor operations [26]. Activated carbon 
obtained by rice hulls or betel nut waste was further modified 
with manganese to obtain manganese coated activated carbon 
samples. These manganese modified activated carbons samples 
were then employed in the removal of As(III) and As(V) from 
aqueous solutions [27]. Sand is one of the natural filter media 
widely used in the pretreatment of waste waters, but shows no 
affinity towards the removal of several heavy metal toxic ions. 
However, suitable modifications with manganese or iron showed 
its enhanced applicability in waste water treatment plants, par-
ticularly in the removal of several heavy metal/metalloid toxic 
ions. It is also pointed that the naturally occurring manganese 
or iron oxides are seemingly immobilized onto the sand surfaces 
and tend to attenuate the trace metals from soil, sediments and 
rocks, because of their high sorptive capacities towards several 
heavy metal toxic ions. Moreover, the manganese or iron oxides 
possess useful properties, such as high surface area, micropo-
rous structure, and available surface functional group –OH, ca-
pable of forming strong chemical bonds with several metal ions 
including phosphate and arsenic [28, 29]. Therefore, because of 
these properties, the sand samples were modified with manga-
nese or iron oxides and hence widely employed in the removal/
speciation of several heavy/radio toxic ions from aqueous solu-
tions [30-35]. Previous studies showed that manganese or iron 
immobilized sand were employed in the decontamination of 
Cu(II), Pb(II), Mn(II), Cd(II), Cr(VI), etc. [36-39]. These results 
prompted us to further assess manganese oxide immobilized 
natural sand in the remediation of As(III) and As(V) contami-
nated waters.

2. Materials and Methods

2.1. Materials

Sand was collected from the local river Tlawng at the Sairang 
site, Aizawl, Mizoram, India. It was washed thoroughly with dis-
tilled water followed by 0.2 mol/L HNO3 to remove any mud, dirt 
or other adhering impurities. It was again washed with plenty 
of distilled water and dried. The dried sample was sieved to ob-
tain the 30–60 BSS standard mesh size using a mechanical sieve. 
The chemicals used for the experiment were manganese nitrate 
as Mn(NO3)2

.6H2O (97% Extra Pure; Junsei Chemicals, Tokyo, 
Japan), sodium meta-arsenite (NaAsO2 GR reagent; HiMedia, 
Mumbai, India), and sodium arsenate (Na3AsO4 GR reagent; Hi-
media). HNO3 and NaOH were of AR grade. The water was ob-
tained by purifying the de-ionized with the Millipore water puri-
fication system (Milli-Q+).

2.2. Preparation of Immobilized Manganese Dioxide Sand

The IMNS sample is prepared as previously described [40]. In 
brief, it was obtained by mixing 120 g of cleaned and dried sand 
(30–60 BSS Standard in size) and 100 mL of 0.05 mol/L manga-
nese nitrate solutions at pH 9.0 in a flask of a rotary evaporator. 
The mixture was then constantly stirred at 60°C temperature in a 
rotary evaporator with the slow speed of 30 rpm, till the volume 
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1

1 +e [KT(q0 m ‒ C0 V )] / Q=
Ce

C0 
                                (2)

where Ce is the As(III) or As(V) concentration in the efflu-
ent (mg/L); Co is the As(III) or As(V) concentration in the feed 
(mg/L); KT is the Thomas rate constant (L/min/mg); q0 is the 
maximum amount of the As(III) or As(V), which can be loaded 
(mg/g) under the specified column conditions; m is the mass of 
IMNS packed in column (g); V is the throughput volume (L); and 
Q is the flow rate (L/min) of sorptive solution. A non-linear re-
gression of the breakthrough data was conducted for the least 
square fitting of the estimation of two unknown parameters, i.e., 
KT and qo [36, 40].

3. Results and Discussion

3.1. Scanning Electron Microscopic Studies 

The SEM images of these two samples, i.e., sand and IMNS, 
are shown in Fig. 1(a) and (b). The image of sand sample clearly 
shows that the surface is disordered with compact structure, 
which hardly possesses pores on it. Several aggregated particles 
of silica, however, appear on the sand surface. On the other hand, 
the SEM image of IMNS shows that the sand surface is occupied 
by small sized manganese oxide particles and these particles are 
distributed over the entire sand surface. Because of these aggre-
gated manganese dioxide particles, the surface shows a hetero-
geneous structure containing a large number of micropores.

The EDX analysis shows that a distinct peak for the silica, 
iron, aluminum, and magnesium occurred for both samples, 
i.e., sand and IMNS (cf. Fig. 1(a) and (b)); whereas, an additional 
peak of manganese occurred with the IMNS solid, which shows 
that manganese is aggregated onto the sand surface. The amount 
of manganese aggregated was found to be 1,446 mg/kg of sand.

3.2. pHPZC Determination of IMNS

The pHPZC of IMNS is found to be 6.28. This value is somewhat 
higher than the pHPZC of the manganese dioxide as reported as 
5.5 [42] and 6.0 [37]. The higher value of pHPZC of IMNS is, per-
haps, because of the small size particles of manganese dioxide 
spread over the sand surface.

Removal (%) = × 100
C0  ‒ Ce

C0 
                         (1)

where Co and Ce are the initial and bulk sorptive concentrations, 
respectively.

2.7. Effect of Sorptive Concentration

As(III) or As(V) concentration dependence study was carried 
out by varying the arsenic concentrations from 1.0 to 20.0 mg/L 
at a constant equilibrium pH 5.0 and temperature 25°C ± 1°C. 
The results obtained are reported in terms of sorptive concentra-
tion against the percent of total arsenic removal.

2.8. Effect of Background Electrolyte Concentration

The ionic dependence study for the sorption of As(III) or 
As(V) by IMNS was carried out by varying the background elec-
trolyte concentration from 0.0001 to 0.1 mol/L using NaNO3. The 
solution pH (4.0) and temperature (25°C ± 1°C) was kept con-
stant throughout the experiments. The remaining sorption pro-
cedure was followed as mentioned in the previous section. The 
results obtained were reported as percent removal as a function 
of the background electrolyte concentrations.

2.9. Column Studies

The column experiments were performed using a glass col-
umn (1 cm inner diameter). The column was packed with 1.0 g 
of IMNS sample (kept in the middle of the column), 1.0 g each of 
bare sand (30–60 BSS in size) was placed below and above this, 
and the rest of the column was packed with glass beads. Sorp-
tion solution containing 10.0 mg/L As(III) or As(V) having initial 
pH 4.0 was pumped upward from the bottom of the column us-
ing a Acuflow Series II high pressure chromatograph pump at a 
constant flow rate of 1.2 mL/min. Effluent solution was collected 
using a Spectra/Chrom CF-1 Fraction Collector. These collected 
samples were filtered using a 0.45 μm syringe filter and the total 
bulk sorptive concentration was measured using AAS.

The breakthrough data obtained were utilized to simulate 
with the non-linear Thomas equation (2) [41] to optimize the re-
moval capacity of IMNS under the specified column conditions:

a b

Fig. 1. Scanning electron microscope images of (a) bare sand, and (b) immobilized manganese dioxide natural sand.
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and solid phase [44]. The concentration dependence sorption 
of As(III) and As(V) by IMNS are shown in Fig. 4. Increasing the 
sorptive concentration from 1.00 to 25.00 mg/L of As(III) caused 
an apparently insignificant increase in the amount of As(III) re-
moval, i.e., from 0.124 to 0.180 mg/g compared to the percent of 
increase in sorptive concentration (cf. from Fig. 4). Similarly, for 
As(V), the amount adsorbed by the IMNS is increased from 0.138 

3.3. X-Ray Diffraction Studies

X-ray diffraction data obtained for sand and IMNS are pre-
sented graphically in Fig. 2. Fig. 2 clearly indicates that the in-
troduction of manganese causes a slight increase in d-values. 
This indicates that the interlayer of sand structure is propped 
up slightly. Moreover, possibly due to the amorphous nature of 
manganese dioxide aggregated on the sand surface, sharp reflec-
tions could not be provided of the mineral phase of manganese. 
These results are in line with the reports given elsewhere, in 
which the pyrolusite is coated onto the clay surface using very 
low loading of pyrolusite. The pyrolusite is not detected by the 
XRD analysis, because there may be inhibition of oxide crystalli-
zation or else the oxide nucleated as nanometer particles, which 
are not detected by XRD [43].

3.4. Stability Studies

The stability of immobilized manganese dioxide onto the 
sand surface is assessed at different pH values and the results 
show that the manganese strongly occupies the surface of sand 
within the pH region 3 to 10, since no significant amount of man-
ganese is desorbed into the bulk solution. Whereas, it is slightly 
unstable at pH 2, since a total of approximately 0.5 mg/L of man-
ganese is leached out from the sand surface. The result suggests 
that manganese firmly occupies the surface of sand and is likely 
to have some strong chemical binding with the sorbing species.

The BET multipoint surface area is found to be 8.51 and 11.03 
for sand and IMNS, respectively. These results show that IMNS 
possessed significantly higher specific surface area compared to 
the bare sand sample.

3.5. Effect of pH

The pH dependence sorption data is an important parameter 
enabling identification of the mechanism involved at the solid/
solution interface. The pH dependence sorption of As(III) or 
As(V) by the IMNS is shown graphically in Fig. 3. The sorption 
behavior of these ions as a function of pH is explained by the pH 
dependent properties of both IMNS surface and arsenic specia-
tion. IMNS solid show the pHPZC of 6.28, i.e., the surface of IMNS 
is supposed to be positively charged below pH 6.2; and beyond 
that, it becomes negatively charged (cf. Eq. (3)):

≡SH2
+    ↔    ≡SH0    ↔    ≡S-                                               (3)

                                                pHPZC

Sorption results show that the increase in pH from approxi-
mately 2.0 to 9.0 resulted in the decrease of As(III) removal from 
0.288 to 0.154 mg/g and of As(V) from 0.328 to 0.138 mg/g, re-
spectively. This decrease in the amount of As(III) or As(V) by the 
IMNS is because of the fact that increase of pH led to deproton-
ation of the IMNS and the surface becomes negatively charged, 
which hinders the uptake of the negatively charged sorbing 
species of As(III) or As(V). However, at lower pH conditions the 
IMNS possesses positive charge, which favors the percent uptake 
of these two sorbing ions, i.e., As(III) or As(V).

3.6. Effect of Sorptive Concentrations

It is reported that the initial concentration of a sorbing spe-
cies provided an important driving force to overcome all mass 
transfer resistances of the sorbing species between aqueous 

Fig. 2. X-ray diffraction analysis of sand and immobilized manga-
nese dioxide natural sand (IMNS) samples.
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strong affinity towards As(III) and As(V), since relatively high re-
moval capacity is obtained for the As(III) and As(V).

to 0.318 mg/g for the similar increase in sorptive concentration, 
i.e., from 1.0 to 25.0 mg/L. Although the amount of arsenic ad-
sorbed increased with the increase in initial arsenic concentra-
tion, the percent removal decreased with the increase of initial 
concentration. This is because of the fact that at higher concen-
tration of arsenic species, an apparent competition took place 
towards the limited number of surface active sites [38, 45].

3.7. Equilibrium Modelling

The concentration dependence data was further utilized 
to model it to the known Freundlich adsorption isotherm. The 
Freundlich model assumes the sorption occurs on an energeti-
cally heterogeneous surface on which the sorbed species inter-
act laterally. The plots are drawn between LogCe vs. Logae for the 
As(III) and As(V) and it is found that a reasonably good straight 
line is obtained for these systems. Further, using the fitting equa-
tion, the Freundlich constants, i.e., 1/n and Kf, along with R2 val-
ues, are evaluated for As(III) and As(V) and tabulated in Table 
1. The fractional values of 1/n (0 < 1/n < 1) obtained for the two 
systems infer the heterogeneous nature of the solid surface along 
with the exponential distribution of the adsorption sites [46, 47].

3.8. Effect of Background Electrolytes

The change of ionic strength is one of the important param-
eters that determine the nature of binding of sorptive ions onto 
the surface of solids. Outer sphere complexes are predominantly 
involved with electrostatic interaction and are strongly affected 
by the ionic strength of aqueous phase; whereas, inner sphere 
complexes are associated with a strong bond that is chemical in 
nature and are only weakly affected by the ionic strengths [40, 
48]. The results of ionic strength effect on the removal of As(III) 
and As(V) by IMNS are shown in Fig. 5. It is clearly observed that 
a change in the background electrolyte concentrations of NaNO3 
from 0.0001 to 0.1 mol/L (1,000 times increase) resulted in an in-
significant decrease in the removal percent of As(III) or As(V). 
Quantitatively, increasing the background electrolyte concentra-
tion from 0.0001 to 0.1 mol/L NaNO3 caused a decrease in per-
cent uptake from 49.5% to 56.0% (for As(III); i.e., a total decrease 
by 6.5%) and 57.5% to 60.0% (for As(V); i.e., a total decrease by 
2.5%), respectively. These results clearly indicate the sorbing ions 
are firmly bound onto the solid surface forming ‘inner sphere 
complexes’ on the surface of IMNS.

3.9. Column Experiments

The fluidized bed reactor technique is extensively used in the 
remediation of water contaminated with a variety of toxins [49-
53]. The removal of As(III) and As(V) by IMNS is studied using 
specified column conditions and the results are shown in Fig. 6. 
These figures clearly demonstrate that a gradual increase of Ce/
C0 occurred with the increase in throughput volume resulting in 
a breakthrough at 0.6 and 0.7 L for As(III) and As(V) solutions, re-
spectively. The high value of breakthrough volume indicates the 
higher removal capacity of As(III) and As(V) by IMNS under the 
dynamic conditions. This further shows that IMNS is a potential 
and promising material for the removal of As(III) and As(V).

The breakthrough data obtained for As(III) and As(V) is fur-
ther utilized in the non-linear fitting of Thomas equation (2). The 
estimated values of the Thomas constants, i.e., the q0 and KT, are 
given in Table 2. The employed solid, i.e., IMNS shows a fairly 

Fig.6. Breakthrough curves obtained for the removal of As(III) and 
As(V) by immobilized manganese dioxide natural sand solid.
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Table 2. Thomas constants for the removal of As(III) and As(V) by 
IMNS

Metal ion q0 (mg/g) KT  (L/min/mg)×10-3

As(III) 3.37 1.25

As(V) 4.38 1.23

IMNS: immobilized manganese dioxide natural sand.

Fig. 5. Ionic strength dependence sorption of As(III) and As(V) by 
the immobilized manganese dioxide natural sand.
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tion of an aquatic environment contaminated with As(III) or 
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27. Lalhmunsiama, Tiwari D, Lee SM. Activated carbon and 

4. Conclusions

Small sized manganese dioxide particles are immobilized 
onto the surface of sand by the wet impregnation process so as 
to obtain the IMNS. The SEM images of IMNS shows that manga-
nese is very orderly immobilized onto the solid sand surface. The 
XRD data shows that the interlayers of the sand are propped up 
with little extent, since an increase in d-values is obtained with 
IMNS solid. The specific surface area of the solid is obtained, 
which shows a significant increase in the specific surface area 
obtained by the immobilization of manganese oxide. The pHPZC 
(point of zero charge) is found to be 6.28. Further, the IMNS is 
employed to assess the removal of As(III) and As(V) pollutants 
from aqueous solutions under the batch and column opera-
tions. Batch reactor data shows that an decrease in pH (pH ap-
proximately 10.0 to 2.0) and decrease in sorptive concentration 
(25.0–1.0 mg/L) significantly favors the percent removal of As(III) 
and As(V) by IMNS. Whereas, the increase in background elec-
trolyte concentrations, i.e., 0.0001–0.1 mol/L NaNO3, causes in-
significant change in the percent removal of As(III) or As(V) by 
IMNS, which indicates that the sorbing ions are forming strong 
chemical bonds onto the solid surface, and hence, forming an 
inner sphere surface complexation onto IMNS. Further, column 
experiments are conducted to enable the efficiency of IMNS 
under dynamic conditions. The breakthrough data shows that 
a complete breakthrough is obtained with the throughput vol-
ume of 0.6 and 0.7 L for As(III) and As(V), respectively, by IMNS. 
Further, the non-linear fitting of the breakthrough data to the 
Thomas equation enables estimation of the loading capacity of 
the column for As(III) and As(V), which is found to be 3.37 and 
4.38 mg/g of IMNS for As(III) and As(V), respectively.
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