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ABSTRACT

This paper deals with the organophilic montmorillonite (OMMT) which was used as the
manganese ions adsorbent from the aqueous solutions. This organoclay nanocomposite was
synthesized by cation exchange of Na-MMT with 12-aminolauric acid (ALA) and denoted
as ALA-MMT. The acidic montmorillonite (H-MMT) was prepared by cation exchange of
Na-MMT with 2.0 N hydrochloric acid. The synthesized materials were characterized by
X-ray diffraction analysis, Fourier transform infrared spectroscopy analysis, Transmission
electron microscopy analysis, Scanning electron microscopy analysis, and Thermogravimet-
ric analysis. The adsorption behavior was studied at ambient temperature, stirring rate of
160 rpm, different solution pH values (2–9), different contact times (15–150 min), different
initial Mn(II) concentrations (30–100 mg/L), and different adsorbent masses (0.2–0.55 g per
1.0 L). At the optimum conditions of the initial Mn(II) concentration of 100 mg/L, solution
pH 6, adsorbent mass of 0.35 g/L and contact time of 90 min, the results revealed that the
maximum adsorption capacities were 15.3 and 9.3 mg/g for OMMT and H-MMT, respec-
tively, while at adsorbent mass of 0.55 g/L, the maximum adsorption capacities reached
28.6 and 17.3 mg/g for OMMT and H-MMT, respectively. Therefore, particularly, the
solution pH range of 5–7 has the most significant effect on the adsorption capacity and the
organoclay nanocomposite materials could act as a highly effective adsorbents for Mn(II)
from the aqueous solutions.

Keywords: Water treatment; Organophilic montmorillonite (OMMT); Organoclay
nanocomposite; Mn(II) adsorption

1. Introduction

Manganese can be found in natural waters in its
most reduced and soluble form (the Mn(II) ion) and in

the oxide form (MnO2; pyrolusite), respectively. If not
oxidized, Mn(II) ions can easily escape through water
treatment processes and can gradually be oxidized to
insoluble manganic dioxide (MnO2) in the distribu-
tion systems causing several problems such as
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water discoloration, metallic taste, odor, turbidity,
biofouling, corrosion, and staining of laundry and
plumbing fixture [1]. For high intake manganese hav-
ing adverse neurotoxic health effect, World Health
Organization (WHO) recommends guideline value of
0.4 mg/L to protect against neurological damage [2].
European Union (EU) and the Environmental Protec-
tion Agency (EPA) have established the level of
0.05 mg/L for manganese [3,4]. So, if concentrations
are higher than these standards, water must be treated
before using it for drinking purposes. The excessive
concentrations of Mn will result in a metallic taste in
water, staining of different products like clothes,
paper, and plastics [5]. Manganese can also cause
build up in pipelines, water heaters, and pressure
tanks. The deposition of manganese in the distribution
systems can cause diameter reduction of pipes and
eventually clogging of pipes will take place [6].

Oxidation and precipitation are the most common
methods to remove Mn(II). Such method is based on
the Mn(II) oxidation to its insoluble manganic dioxide,
followed by clarification and/or filtration. Manganic
dioxide is also found to adsorb the manganese ion
which can be progressively oxidized with time [7].
Encouraging results for manganese removal have also
been obtained by GAC adsorption [8] and biological
processes [9,10], with removal up to 95%. Nano-adsor-
bents are quite efficient for the fast adsorption of
heavy-metal ions and organic molecules from aqueous
solutions with regard to their high specific surface
areas and absence of internal diffusion resistance [11].

Previously, the clays and clay minerals have been
demonstrated as adsorbents for the removal of heavy
metals [12–15]. While, the low loading capacity, rela-
tively small metal ion binding, and low metal selectivity
of these materials are inherent stable [16,17]. So, to over-
come these limitations, the clay minerals were modified
with ligands containing metal-chelating groups in
different studies. The modification of the clay minerals
takes place with organic molecules such as intercalation,
impregnation, ion exchange, and grafting. These organ-
oclays have been demonstrated to be good adsorbents
for toxic metals such as Cr, Pb, Cd, Hg, and Zn
[16,18,19]. Thereafter, the modified organic montmoril-
lonites (organo-Mts) have been demonstrated to be good
adsorbents for heavy metals [20].

The removal of manganese, cadmium, zinc, and
chromium from aqueous systems were studied by a
clay mineral and their maximum adsorption capacity
was 0.52 mmol/g of Mn2+ [21]. The adsorption
capacities for Hg(II) by 2-(3-(2-aminoethylthio)propy-
lthio)- ethanamine (AEPE)-montmorillonite and AEPE-
hectorite were 46.1 and 54.7 mg/g, respectively, for

solution containing 140 mg/L Hg(II) ions [20]. The
maximum adsorption capacity of Th(IV) on magnetic
organo-bentonite-Fe3O4 poly-(sodiumacrylate) at pH
3.0 ± 0.05 and T = 298 K was about 6.55 mmol/g [22].
In this study, the resulted experiments showed that
the maximum adsorption capacity of organophilic
montmorillonite (OMMT) was 28.6 mg/g, and this
value is much larger than those in a previous study of
Ca-MMT, sodium dodecyl sulfate (SDS)-MMT and
hexadecyl trimethyl ammonium bromide (HDTMAB)-
MMT (13.23, 26.85, and 3.91 mg/g, respectively) [23].

The objectives of the present study are synthesis of
OMMT, applying this organoclay nanocomposite
material for Mn(II) removal from aqueous solutions,
determining the adsorption rate and capacity, and
therefore, studying the initial solution pH, adsorbent
mass, effect of contact time, and effect of initial Mn(II)
concentration. Thereafter, we prospect the mechanism
of Mn(II) removal.

2. Materials and methods

2.1. Materials

Sodium MMT clay (Na-MMT) was supplied
by Kunimine Industry under the trade name
Kunipia-F with a cation-exchange capacity (CEC) of
119 mEq/100 g. 12-aminolauric acid (ALA, 95%),
hydrochloric acid (37%), silver nitrate (99%)and
manganese chloride (MnCl2·4H2O) were purchased
from Loba chemie Co.

2.2. Preparation of OMMT

OMMT was prepared by cation exchange of
Na-MMT with ALA [24,25]. Surface alteration of MMT
by ALA hydrochloride was carried out as follows;
ALA chloride solution was prepared by the addition
of 2.0 g of concentrated HCl (0.2 mol) to 4.3 g of ALA
(0.2 mmol) in 300 ml of distilled water. The mixture
was stirred at 65˚C for 1.0 h to form a clear solution.
To this solution, pre-swelled Na-MMT (10 g of
Na-MMT in 250 ml of distilled water) was added
dropwise at room temperature under mechanical stir-
ring for 4.0 h, and then, the temperature rose to 80˚C
for 5.0 h. The obtained fine white aggregates were
collected by suction filtration and re-stirred in metha-
nol–water mixture (50:50, V:V) several times until
chloride-free ions were detected by 0.1 N AgNO3 in
the filtrate. The resulted white material was air dried,
ground in mortar, and finally sieved. The organoclay
was denoted as ALA-MMT.
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2.3. Preparation of acidic montmorillonite

Aquaphobia Na-MMT was prepared by cation
exchange of Na-MMT with 2.0 N hydrochloric acid.
Specifically, 50 mL of 2.0 N HCl was added dropwise
to pre-swelled Na-MMT (5.0 g in 25 mL distilled
water). The resulting mixture was centrifuged and the
precipitated acidic MMT was redispersed in 100 mL of
toluene. This step was repeated two additional times
to remove the unbound NaCl molecules.

2.4. Characterization of prepared materials

2.4.1. X-ray diffraction analysis

X-ray diffraction patterns were performed on Pan
Analytical Model X’ Pert Proinstrument with CuKa
(λ = 0.154 nm) radiation. The diffractograms were
recorded in the 2θ range of 4–80 degree with a two-
step size of 0.01˚ and a step time of 10 s.

2.4.2. Fourier transform infrared spectroscopy analysis

Fourier transform infrared spectroscopy analysis
(FT-IR) spectra of the pure materials and adsorbed
samples were carried out using an ATI Unicam
(Mattson 936) spectrometer.

2.4.3. Transmission electron microscopy analysis

Transmission electron microscopy (HRTEM)
images were obtained using a JEOL 2011 electron
microscope (Japan) and operated at 200 kV.

2.4.4. Scanning electron microscopy analysis

The morphology of the samples was investigated
using a field-emission scanning electron microscope
(FESEM, S4800).

2.4.5. Thermogravimetric analysis

Thermal stability was carried out in a TA Instru-
ments SDT Q600 simultaneous Thermogravimetric
analysis (TGA)–DSC thermogravimetric analyzer.

2.5. Adsorption method

The manganese stock solution with a concentration
of 500 mg/L was prepared by dissolving MnCl2·4H2O
in distilled water. The working Mn(II) solution con-
centration, ranging from 30 to 100 mg/L for all experi-
ments was freshly prepared from the stock solution.

Standard acid (0.01 M HNO3) and base solutions
(0.125 M NaOH) were used for pH adjustments at pH
2, 2.5, 3, 4, 5, 6, 7, 8, 8.5, and 9. The pH of solution
was measured with a pH meter (Thermo Orion 5 Star)
using a combined glass electrode (Orion 81–75). The
pH meter was calibrated with buffers of pH 4.0 and
7.0 before any measurement.

The experiments for the removal of manganese
ions from dilute aqueous solutions by the addition of
adsorbent masses (OMMT and acidic montmorillonite
(H-MMT)) of 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, and
0.55 g/L were carried out at temperature 298 k, using
distilled water and conical flasks (100 mL sample vol-
ume). After continuous stirring over a magnetic stirrer
at about 160 rpm for predetermined time intervals (15,
30, 45, 60, 75, 90, 105, 120, 135, and 150 min), the solid
and solution were separated by centrifugation at
3,000 rpm for 15 min, and slightly dried at ambient
temperature. Mn(II) concentration was determined by
Spectrophotometer (UV–vis), LaMotte, model SMART
Spectro, USA and the solid phase was analyzed. The
contact time allows the dispersion of adsorbent and
metal ions to reach equilibrium conditions, as found
during preliminary experiments.

2.6. Calculations

The amount of adsorption qe (mg/g) and the per-
centage of removal were calculated by the following
equations [26,27]:

qe ¼
VðCo � CeÞ

m
(1)

Adsorption %ð Þ ¼ Co � Ceð Þ
Co

� 100 (2)

where Co and Ce are the initial Mn(II) concentration
and the concentration at equilibrium in mg/L, m is
the mass of the adsorbent, and V is the volume of the
solution.

2.7. Effect of initial solution pH

The effect of initial solution pH on Mn(II) removal
was evaluated by making a series of 100 mg/l man-
ganese ions solutions at an adsorbent dosage of
0.35 g/l, the starting solution pH values were adjusted
to the designed values at ambient temperature and
contact time 90 min. The prepared OMMT and
H-MMT suspensions were filtered, and then, the resid-
ual of Mn(II) concentrations were analyzed.
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2.8. Effect of adsorbent mass

Different masses of the prepared OMMT and
H-MMT were added to a series of 100 ml of Mn(II)
solutions with initial concentration of 100 mg/l at pH
6.0, stirring rate 160 rpm for constant contact time
90 min and at ambient temperature to reach the
equilibrium. Then, the aqueous samples were filtered
and then, the residual Mn(II) concentrations were
analyzed.

3. Results and discussion

3.1. Characterization of ALA-MMT and H-MMT

3.1.1. X-ray diffraction analysis

Fig. 1(A) shows the LXRD patterns of Na-MMT
and ALA-MMT. The Na-MMT and ALA-MMT pat-
terns reveal the characteristic diffraction peaks at 7.12˚
and 5.05˚, respectively, corresponding to basal spacing
(d001) of 1.24, 1.76 nm, respectively. Thus, OMMT
exhibited a larger basal spacing than Na-MMT. This
could be associated with the intercalation of the alkyl
ammonium chains into galleries of MMT. Fig. 1(B)
shows the collapse of layer after replacing Na+ by pro-
ton due to the removal of water form interlayers
(diffraction at 7.12˚ shifted to 9.09˚). The ALA-MMT
showed a considerable widening of the X-ray diffrac-
tion analysis (XRD) peaks and loss of intensity due to
less ordering of MMT layers. In addition, the
d-spacing of ALA-MMT increased after Mn2+ adsorp-
tion due to the more solubility of (–COO)2 Mn group.

The reflections in the pattern could be clearly indexed
based on a monoclinic cell reported for manganese
chelated oxygen atom, JCPDS No. 41-1442, Mn2O3 and
JCPDS No. 80-0382, Mn3O4, for ALA-MMT and
H-MMT, respectively.

3.1.2. Fourier transform infrared spectroscopy analysis

The FTIR data of pristine H-MMT and ALA-MMT
are presented in Fig. 2. The characteristic bands of
H-MMT are shown by stretching and bending hydro-
xyl group, Si–O in-plane stretching, as well as Al–O/
Al–OH stretching vibrations, which were observed at
≈3,470, 1,648, 1,052, and 924 cm−1, respectively. The
bands below 800 cm−1 at 839, 693, and 613 cm−1 were
assigned to Si–O deformation, Al–MgOH deformation,
and coupled Al–O and Si–O vibration [28]. The char-
acteristic absorption peaks of ALA were also found at
3,672 (–OH stretching), 2,939 (–CH3 stretching), 2,863
(–CH2 stretching), 1,643 (O–H bending), 1,552 cm−1

(–CH2 stretching), and N–H deformation, as well as
C–N stretching absorptions, respectively. It is noted
that the FTIR spectrum of the OMMT shows the com-
bination of characteristic bands of the pure MMT and
the ALA, demonstrating the successful organic
modification of Na-MMT. After adsorption of Mn2+,
both bands at 3,673 and 924 cm−1 is diminished
for ALA-MMT (after) and H-MMT due to Mn2+

incorporation, respectively [28].

3.1.3. Transmission electron microscopy analysis

The morphology of H-MMT (B) and ALA-MMT
(B) (Fig. 3) was identical to H-MMT (A) and
ALA-MMT (A), indicating that the layer structures of
MMT were intact deposited Mn2+ on the surface of
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the MMT layers. Bright-field TEM images showed a
large amorphous region between matrix and darker
regions, and in the peripheral region were lamellar
structures [29]. As shown in Fig. 3, manganese ions
were well dispersed on ALA-MMT, while clear and
clean MMT layers were also observed. The distribu-
tion of Mn2+ in H-MMT was less than ALA-MMT due
to the incorporation of Mn2+ on the surface and inside
MMT layers.

3.1.4. Scanning electron microscopy analysis

As indicated in Fig. 4, the morphology of the
H-MMT and ALA-MMT materials before and after

adsorption showed clear differences: the layer sheets
of the ALA-MMT consisted of a higher number of
stacking layer compared with the H-MMT. The layer
sheets were exfoliated and became thinner after
adsorption, as a result of the strong hydrophilic nature
of Mn2+ complex. After adsorption, the Mn/MMT
materials exhibited higher dispersion in water than
the H-MMT because of the thinner layer sheets of the
former.

3.1.5. Thermogravimetric analysis

The TGA curves of Na-MMT and ALA-MMT are
shown in Fig. 5. ALA-MMT showed weight loss

Fig. 3. HRTEM of ALA-MMT and H-MMT before and after Mn(II) adsorption.
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relatively higher than that of H-MMT, corresponding
to the removal of ALA hydrochloride from interlayers.
The H-MMT showed higher weight loss than
ALA-MMT below 100˚C, due to the removal of water
coordinated to Na+. The weight loss in the tempera-
ture regime of 100–600˚C is due to the decomposition
of hydrogen-bonded water molecules and some of the
OH group from tetrahedral sheets, and in the
temperature range of 600–750˚C, the weight losses for
H-MMT and ALA-MMT were probably associated
with the dehydroxylation of H-MMT [30].

3.2. Initial solution pH

The effect of starting solution pH on the removal
% of Mn(II) from solutions with an initial concentra-
tions of 100 mg/L on 0.35 g/L of OMMT and H-MMT
after 90 min is shown in Fig. 6. The data indicated that
the amounts of Mn(II) adsorbed on ALA-MMT and

Fig. 4. FESEM of ALA-MMT and H-MMT before and after Mn(II) adsorption.
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H-MMT decreased with decreasing pH for a starting
solution pH ≤ 4, while for pH > 4, the removal seems
to be pH-independent.

From Fig. 6, at above pH 4, adsorption capacities
increased with increasing pH values, and reached to
its maximum value at pH 6 and then slowly
decreased. Then, the adsorption decreased and
appeared to reach a plateau in the pH range of ≥7. At
pH 6 and temperature 298 k, the adsorption capacities
of Mn(II) on OMMT and H-MMT were 15.3 and
9.3 mg/g, then slowly decreased at pH 7.0 to 13.0 and
6.9 mg/g, respectively while, at higher pH value of
9.0, the adsorption capacities were sharply decreased
to 0.0 and 0.0 mg/g at pH 9, respectively.

In a previous study, the adsorption of metal ions
on bentonite was strongly dependent on pH, which
indicated that the ion exchange and/or outer-sphere
complexes were the main adsorbed species at low pH,
and inner-sphere and/or surface precipitation
complexes dominated at high pH [31].

3.3. Adsorbent mass

At ambient temperature, the different dosages of
ALA-MMT and H-MMT were added to a series of
100 mL of Mn(II) solutions with initial concentration
of 100 mg/L at pH 6.0 and stirring rate of 160 rpm for
contact time 90 min to reach the equilibrium. Then,
the aqueous samples were filtered, and then the resid-
ual Mn(II) concentrations were analyzed. The effect of
the adsorbent mass on the Mn(II) adsorption in
100 mg/L solutions is shown in Fig. 7. For these
experiments, the metal solutions containing the appro-
priate adsorbent dose were loaded in 100 mL snap-
seal polyethylene bottles, which were then stirred at

160 rpm for 105 min. The mixture in each bottle was
then centrifuged immediately, and the Mn(II) concen-
trations in the supernatant solutions were determined
by Spectrophotometer. Fig. 7 represents that the first
removal percentage and adsorption capacity of Mn(II)
increased sharply with increasing the adsorbent
dosage, which may be due to the improvement of
surface complexation capacity with increasing
adsorbent concentration [22,32]. At the optimum dose
of 0.35 g/L, the removal % were 53.4 and 32.7 for
ALA-MMT and H-MMT, respectively, and with
increasing the adsorbent dosage to 0.55 g/L, the
removal % for H-MMT was 60.4 and the removal %
reached 100 for ALA-MMT.

3.4. Equilibrium time

Fig. 8 shows the effect of contact time required to
reach the equilibrium on the adsorption capacity and
removal % of 100 mg/L of initial Mn(II) concentration
onto 0.35 g/L of OMMT and H-MMT at pH 6, stirring
rate of 160 rpm, and temperature, 298 k. It can be seen
from Fig. 8 that the adsorption rate was considerably
fast within the first 30 min, the removal % were 23.9
and 20.7 for ALA-MMT and H-MMT, respectively,
then gradually increased at 90 min, when the removal
% were 53.4 and 32.7 for OMMT and H-MMT, respec-
tively, and thereafter, the removal percentage reached
100 in case of OMMT, while it reached only 34.5 in
case of H-MMT at 150 min.

The initial rapid adsorption may be due to the
increased number of the available sites at the initial
stage. So, the increase in the concentration gradient
tends to increase the Mn(II) adsorption rate within the
initial 30 min. As the time proceeded, the concentration
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gradients became reduced owing to the accumulation
of more than 5.9 and 6.8 mg of Mn(II) adsorbed per
gram of H-MMT and ALA-MMT surface sites after
30 min, leading to the adsorption capacities of 9.3 and
15.3 mg/g after 90 min and then at the later time
(150 min), the adsorption capacities became 9.9 and
28.6 mg/g, respectively.

The fast Mn(II) removal rate in the beginning is
attributed to the rapid diffusion of Mn(II) from the
solution to the external surfaces of H-MMT and
OMMT and also attributed to the longer diffusion
range of Mn(II) into the inner-sphere of adsorbent or
the ion-exchange in the inner surface. Such slow diffu-
sion will lead to a slow increase in the adsorption
curve at later stages [33].

3.5. Initial adsorbate concentration

The effect of different Mn(II) concentrations was
determined after experimental studies which were car-
ried out for a range of metal concentrations. A definite
dosage of adsorbent (H-MMT and OMMT, 0.35 g/L)
was added to a series of 100 mL of Mn(II) solutions
with different initial concentrations of 30, 40, 50, 60,
70, 80, 90, and 100 mg/L at pH 6.0, and stirring rate
of 160 rpm for contact time 90 min to reach the
equilibrium.

Fig. 9 indicated that the OMMT apparently
removed a considerable amount of Mn(II) from the
aqueous solutions. The adsorption capacity increased
to a certain level (≤50 mg/L), and saturated beyond a
certain concentration (>50 mg/L). Saturation resulted
when no more metal ions could be adsorbed on the
surface of OMMT where the adsorption occurred.

Also, Fig. 9 showed that high efficiency for Mn(II)
adsorption could be obtained over a relatively short
period of up to 90 min. The removal of initial Mn(II)
concentrations exhibited that the removal amounts
were linearly proportional to the initial metal concen-
trations. However, the complete removals of Mn(II)
were observed at initial concentrations 30, 40, and
50 mg/L for OMMT, when the adsorption capacities
were 8.6, 11.4, and 14.3 mg/g, respectively, while, only
91.0% from the initial concentration of 30 mg/L for
the H-MMT was removed when the adsorption capac-
ity was 7.8 mg/g. Then, the removal percentages
increased slowly with increasing the initial Mn(II) con-
centrations to 100 mg/L for OMMT (53.4%) when the
adsorption capacity was 15.3 mg/g and for H-MMT
(32.7%) when the adsorption capacity was 9.3 mg/g.

3.6. Mechanism of Mn(II) adsorption

The enhancement of adsorption capacity of clay
minerals can be done by replacing the natural
exchangeable cations with organic molecules, forming
the so-called “organoclays”. This process can render
the clay surface more hydrophobic or hydrophilic, at
will, depending on the nature of the organic molecule
[34]. The adsorption of divalent metal ions (M2+) onto
montmorillonite clay usually involves two distinct
mechanisms: firstly; an ion-exchange reaction at per-
manent-charge sites, and, secondly; the formation of
complexes with surface hydroxyl groups at edge sites
[35–38]. Also, there four novel organo-modified mont-
morillonites were prepared and tested as sorbent
materials for the removal of heavy metals from
aqueous solutions and the modification was based on
the functionalization of the clay surfaces by various
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chelating groups (–NH2, –COOH, –SH, and –CS2) that
can effectively capture metal ions [39].

In the present work, the carboxyl-functionalized
MMT exhibited unique affinity for manganese ions. It
can be seen that ALA-MMT adsorbent efficiently
removed the Mn2+ ions. Therefore, the concentration
changes are indeed attributed to the complexation
reactions between manganese ions and grafted
carboxyl groups, Fig. 10.

4. Conclusions

The present study showed that the synthesized
organoclay nanocomposite and ALA were suitable
adsorbents for the Mn(II) removal from aqueous solu-
tions. The characteristics of the synthesized materials
were studied using XRD, FT-IR, TEM, Scanning elec-
tron microscopy analysis (SEM), and TGA. The opti-
mum adsorption conditions were the initial Mn(II)
concentration of 100 mg/L, solution pH value of 6,
adsorbent dose of 0.35 gram per liter, and contact time
of 90 min with maximum adsorption capacities of 15.3
and 9.3 mg/g for OMMT and H-MMT, respectively,
while, at adsorbent mass of 0.55 g/L, the maximum
adsorption capacity reached 28.6 mg/g for OMMT.
Therefore, the synthesized organoclay nanocomposite
and ALA could act as a suitable adsorbents for Mn(II)
removal from aqueous solutions and the OMMT
material has a higher potential application than the
H-MMT product in Mn(II) removal field.
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