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Abstract: Natural laterite can be regarded as a strong
adsorbent due to its special structure and composition.
In this study, the laterite was modified by manganese
oxide (MnO,) to create a new good adsorbent for treating
phosphate and fluoride in water environment. Under the
optimized conditions of the adsorbent dose (pH 6, tem-
perature 20°C, and the contact time 180 min), laterite,
doped manganese, with diameter of grains from 0.1 to
0.5 mm has maximum adsorption capacity of 31.25 mg/g
and 10.99 mg/g for phosphate and fluoride, respectively.
The characteristics of the manganese doping laterite were
confirmed using various techniques like SEM, BET, XRD,
EDX. The adsorption process of the material was inves-
tigated by both kinetic models (pseudo-first and second
orders) and isotherm models (Freundlich and Langmuir).
This new material was tested for treatment of wastewater
taken from the superphosphate fertilizer factory, with the
results obtained showing high potential for application in
reality.

Keywords: adsorption; dope; fluoride; laterite ore; man-
ganese dioxide; phosphate.

1 Introduction

Phosphate and fluoride are well known as essential ele-
ments for living organisms. Nevertheless, to date, the
increasing release of phosphate or fluoride-containing
wastewater from industrial activities, specially semi-
conductor, electroplating, glass, steel, ceramic, and fer-
tilizer industries has deteriorated ecosystems and caused
water-quality problems [1-3]. Therefore, developing
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high effective technologies based on precipitation, ion
exchange, adsorption, reverse osmosis, and nanofiltration
have been studied for removal of phosphate or fluoride
from wastewater. Among various available technologies
for decontamination of phosphate or fluoride, the adsorp-
tion method is relatively simple, economical, and highly
efficient [4, 5]. Laterite, a kind of leached soil of the humid
tropics, was found to be a suitable low-cost adsorbent in
adsorbing either phosphate or fluoride from water envi-
ronment. Chemical compositions of laterite depend on the
composition of parent rock, geographical depth, and cli-
matic conditions [6—8]. The main composition of laterite is
iron, aluminum oxides. Previous studies showed the effec-
tiveness of this ore in removing phosphate when used in
wetland systems [9]; otherwise, this ore was also studied
to remove fluoride from contaminated drinking water [10].
In addition, in natural waters, manganese (hydr)oxides
are found in combination with other metal to form com-
posite oxides [11, 12]. Therefore, they are widely used in
water and wastewater treatments, due to theirs affinity
toward fluoride and phosphate [13-15]. Several studies
have shown that the manganese compounds are nonhaz-
ardous, insoluble, and efficient sorbents [16] for remov-
ing either phosphate or fluoride removal: Fe-Mn binary
oxide [17, 18], Fe-Al-Mn trimetal oxide [19], MnO,-coated
alumina [20-23], bentonite clay with incorporated MnO,
[24], MnO,-coated activated carbon [25], KMnO,-modified
activated carbon [26], and hydrated oxides of manganese
ores [27].

Using the low-cost ore is a general trend in develop-
ing adsorbents for treating contaminants [28-30]. Hence,
a few investigations use modified laterite ore as adsor-
bents; for example, Maiti et al. reported the production of
a treated laterite, which is a material produced by a two-
step process [31]. In this study, manganese-doped laterite
(MDL) was, therefore, utilized as adsorbents to remove
simultaneously both phosphate and fluoride in aqueous
environment. The several factors relating to the adsorp-
tion capacity of MDL, such as manganese spiking portion,
characterization, equilibrium time, initial pH, dosage,
and coexisting ions, were investigated systematically.
The adsorption isotherms and kinetics of MDL were also
studied in detail.
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2 Materials and methods
2.1 Reagents

The laterite ore was collected from Thach That province, Northern
Vietnam, and washed with distilled water to remove the earthy sub-
stance. It was then dried at room temperature and crushed to particle
sizes of 0.1-0.5 mm. Fe,0, and ALO; in the ore were quantified by ICP-
MS equipment (Perkin Elmer ELAN 9000, USA), and their average
amounts are approximately 20.5% (for Fe,0,) and 13.8% (for ALO)).

All chemical reagents used in the experiments were of analyti-
cal grade purchased from Merck (Germany), mainly including man-
ganese oxide (MnO,), sodium hydrate (NaOH), anhydrous sodium
phosphate (Na,PO,), sodium fluoride (NaF), sodium chloride (NaCl),
and hydrochloric acid (HC). Deionized water from Milli-Q water puri-
fication system was used throughout all experiment processes of this
study.

2.2 Preparation of Mn“*-doped laterite ore

The surface layers of the laterite grains do not usually contain a nec-
essary concentration of metal ions (Fe** and Al*) for the modifying
procedure of laterite. Therefore, before doping manganese on later-
ite, fresh layers containing a higher concentration of these metals are
regenerated onto the surfaces of laterite grains. The laterite grains
were shaken in HCl solution for a part of the metal ions from the lat-
erite to be dissolved in the solution. The dissolved ions are then co-
precipitated in the form of their (hydr)oxides by alkaline solution,
and the hydrolyzed products are setting onto the granule surface
over the time. By this way, the new fresh layer of laterite was created.
The material was filtered, dried at a temperature lower than 70°C,
and washed out of NaCl, and then dried again in the same above-
mentioned condition.

Manganese is doped into the fresh laterite layer by the same
way creating the fresh layer, but instead of co-precipitation of only
the shaken solution, certain amount of Mn** was added and well
mixed, and as a result, the metals’ ions were co-precipitated by the
NaOH +H,0, solution.

2.3 Estimation of amount of phosphate and fluoride ions
adsorbed by MDL

The concentrations of phosphate and fluoride were analyzed accord-
ing to Standard Methods for the Examination of Water and Waste
Water Fluoride: SMEWW 4500 — F-. B&D:2012; Phosphate: SMEWW
4500 — P.E: 2012. MDL was added to a solution containing phosphate
(10 mg/1) and fluoride (5 mg/l). After, the solution was stirred for
2 h at 25°C and a pH of 6.0. The solution was then analyzed for the
concentration of phosphate and fluoride by the absorption spectro-
photometer (880 nm for phosphate and 570 nm for fluoride, UV-Vis
2450, Shimadzu, Japan). The amount of phosphate and fluoride ions
adsorbed onto the adsorbent at equilibrium was calculated by the
following equation:

_(c,-c)v
e W
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where g, is the amount adsorbed at equilibrium (mg/g); C, is the
initial concentration (mg/l); C, is the equilibrium concentration
(mg/1); V is the volume of the solution; and W is the weight of the
adsorbent (g).

2.4 Properties of Mn“*-doped laterite ore

Characteristics of the adsorbents were investigated by several tech-
niques. The surface morphology of the natural and modified laterite
ores were indicated by a scanning electron microscope (SEM). The
specific surface area was measured by the BET surface area analyzer.
The X-ray diffraction (XRD) analysis of the adsorbent material was
carried out by the powder XRD technique. The elements of the mate-
rial were detected by energy-dispersive X-ray (EDX) technique.

2.5 Adsorption pseudo-first and pseudo-second orders

In order to study adsorption dynamics, phosphate solutions of 10, 20,
and 50 mg/1 and fluoride solutions of 10, 15, and 20 mg/1 concentra-
tions were investigated at the initial pH value of 6.0. One hundred
milliliters of both phosphate- and fluoride-containing solution was
stirred with a definite amount of adsorbent for different time dura-
tions ranging from 60 to 300 min at pH of 6.0. After the contact time,
the adsorbent was separated from the solution by filtration, and the
remaining concentration of phosphate and fluoride in the solution
was determined.

2.6 Adsorption Langmuir and Freundlich isotherm

Phosphate and fluoride (named adsorbates) adsorption isotherms
on MDL at a pH value of 6.0 were studied at different temperatures
(20°C, 30°C, and 40°C) by varying the initial concentrations of both
phosphate and fluoride. In each experiment, 1 g of the adsorbent
was transferred into a 250-ml conical flask, and 100 ml of solution
containing different concentrations of adsorbates was then added
to the flask. After the reaction period, all samples were filtered by
a Whatman 0.45-um membrane filter, and the concentrations of the
adsorbates were analyzed. The amounts of adsorbed phosphate or
fluoride were calculated by the difference of the initial and residual
amounts of phosphate or fluoride in solution divided by the weight
of the adsorbent.

3 Results and discussion

3.1 Investigating conditions for creating
fresh laterite layer

The optimal conditions for creating the fresh laterite
layers containing a higher concentration of Fe** and
Al* ions are dependent on the concentration of HCl and
shaking time. In this study, the laterite grains with a size
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of 0.1-0.5 mm diameter were shook in 100 ml of various
concentrations of HCI (3.0-6.0 M) for a shaking time
period from 1 to 6 h. The results are given in Supplemen-
tal Figure S1.

Our previous study [32] showed that the very thin
fresh laterite layer coated with calcined laterite grains is a
good adsorbent for some ions, when the ratio of the fresh
laterite layer and calcined laterite grains (0.1-0.5 mm in
diameter) is about 0.5-0.7/1000. In an HCl concentration
of 4 M and a shaking time of 3 h, concentrations of Fe and
Al are suitable for the optimal fresh laterite layer (Supple-
mental Figure S1); therefore, these conditions are chosen
for laterite modification.

3.2 Influence of manganese spiking portion
on adsorption capacity of the material

In order to choose the most optimal modified material for
the removal of phosphate and fluoride, manganese was
added with various molar ratios between Mn** and Fe*,
which was dissolved from the laterite into the solution.
MDL - 0 was without Mn** doped onto the surface of the
laterite; MDL 1:3, 1:2, 1:1, 2:1, and 3:1 were ratios of molar
between Mn“* and Fe’** covered on the surface of the later-
ite, respectively.

Concentrations of phosphate and fluoride were used
for investigating the adsorption capacity of the materials
to be 10 and 5 mg/1, respectively. The amount of the mate-
rial in the solution was 1.0 g per 100 ml, and contact time
was 180 min.

The results in Figure 1 show that manganese strongly
influences both the phosphate and fluoride adsorption
capacity of the material. Increasing the ratio between
manganese and iron in the laterite layer until it equal
to 2:1 leads to the increase in the material adsorption

O Phosphate |
B Fluoride |

MDLO MDL1:3 MDL1:2 MDL1:1 MDL2:1 MDL 3:1

Ratio of molar between Mn?* and Fe3*

Amount of the phosphate and
fluoride (mg/g) adsorbed by MDL
N

Figure 1: Influence of manganese spiking portion on the material
adsorption capacity.
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capacity with respect to both the simultaneous phos-
phate and fluoride. At a higher ratio, the material’s
adsorption capacity decreases. The reason could be that,
when manganese dioxide inserts into Fe** hydroxide net,
as the affinity of manganese for oxygen is higher than that
of iron, manganese attracts oxygen to its side. A slightly
positive effect on the adjacent iron atom appears, and
as a result, an anion adsorption center appears. When
the manganese portion is high (3:1 for instance), the
positive effect may be reduced because the precipitated
MnO, molecules form their own clusters and lessen their
attraction for oxygen atoms of other metals. For fluoride
anion, it is different. From the obtained results and as
discussed above, the material M2:1, named as MDL, was
chosen for adsorbing phosphate and fluoride in further
investigations.

3.3 Characterization of the material

The SEM technique enables the direct observation of any
microstructural changes on the surface of the laterite
ore that might have occurred due to modification. The
SEM images in Figure 2A, B indicate the surface mor-
phology of the natural laterite and MDL. The natural
laterite surface includes small particles with signifi-
cantly different sizes (Figure 2A). By contrast, the MDL
has a more comparatively porous and uniform surface
(Figure 2B). The characteristic of the MDL was analyzed
by the EDX technique. Besides, the EDX spectrum pre-
sents that the major components of the MDL surface
contain Al, Fe, Mn, and O with the amount of each to
be approximately 17%, 9%, 5%, and 36%, respectively
(Supplemental Figure S2). The results indicate that
manganese exists on the surface of the material. Con-
sequently, doping manganese affected not only the
morphology but also the surface area of the laterite ore.
The surface analysis of laterite and MDL was measured
using the BET surface area analyzer and were found to
be approximately 17.8 m?/g and 74.3 m?/g, respectively.
The pore volumes of laterite and MDL were 0.02 cm?®/g
and 0.28 cm?/g, respectively. The surface area of MDL
is increased by a factor of more than 4 compared to
the laterite; while the pore volume is approximately
10 times. The XRD patterns of the natural laterite and
MDL are shown in Figure 3A, B, respectively. Manganese
was not found in the component of the natural laterite
(Figure 3A), but the amount of manganese in the MDL
is shown in Figure 3B. Therefore, the XRD study reveals
that the structure of adsorbent was changed after the
doping procedure of manganese.



92 —— N.T.Hue and N.H. Tung: Phosphate and fluoride adsorption by modified laterite ore

Figure 2: SEM images of before and after the denaturing process of
laterite ore: (A) natural laterite ore, (B) manganese-doped laterite.

3.4 pH of point of zero charge (pH,_,_) of MDL

ch)
The pH of point of zero charge (pH,,) is an important
interfacial parameter used widely in characterizing the
ionization behavior of a surface. This point of the mate-
rial was investigated as follows: 0.2 g of the adsorbent was
transferred into 250-ml conical flasks containing 50 ml
of 0.01 M NaCl solution. These solutions were adjusted
to varied initial pH values (2.0-12.0) by 0.1 M HNO,. This
setup was kept for 48 h, and then, the adsorbent was fil-
tered out of the NaCl solutions by a Whatman 0.45-um
membrane filter, and the final pH values of the solutions
were measured. The initial and final pH values of the solu-
tions were measured as pH,_,., and pH, , respectively.
pH,,. is the intersection point of the lines joining the pH
initial and pH; _ in “pH,_, vs. pH, .~ graph. The pH,, of

MDL was found to be approximate 7.1.

PZC 0
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3.5 Determination of optimal pH for
adsorbing phosphate and fluoride
by MDL

The initial concentrations of phosphate and fluoride for
this study were 10 and 5 mg/] respectively; the contact
time was 180 min, and the pH value varied from 4 to 9.
In the solution with pH lower than 5, the hydrogen ion
concentration is high enough to act on the hydroxide radi-
cals on the surface of the fresh laterite layer and increase
their solubility; this results in a decrease in the adsorption
capacity of the material. On the other hand, the adsorp-
tion of the surveyed anions also decreases at a pH higher
than 7, but the reason is deferent: it is the adsorption com-
petition of the hydroxyl ions in the solution. Therefore, the
optimum pH range for both phosphate and fluoride ions
are from 5.0 to 7.0 (Supplemental Figure S3). These results
are the same as those of many studies for adsorbing either
phosphate or fluoride [33-36]. The pH 6 will be used for
further experiments.

3.6 Determination of adsorption equilibrium
time

To investigate equilibrium time, initial concentrations of
phosphate and fluoride were taken 10 and 5 mg/l1, respec-
tively; the contact time was studied from 0 to 210 min. The
obtained results are described in Figure 4. The adsorp-
tion processes of MDL for phosphate reaches equilibrium
status after about 120 min and that for fluoride, about
180 min (Figure 4). The equilibrium time of 180 min is,
therefore, used for further investigations.

3.7 Effect of adsorbent dosage on removal
of phosphate and fluoride

In order to find the minimum dosage of MDL for maximum
adsorption of phosphate and fluoride, the effects of adsor-
bent dosage were measured by varying the dosages of
MDL from 0.01 g to 0.11 g in aqueous solution containing
phosphate and fluoride concentrations to be 10 mg/1 and
5 mg/l, respectively. It was observed as shown in Figure 5
that the percentage removal increased with respect to the
increased dosage and then remained constant after 0.06 g
for phosphate and 0.07 g for fluoride. The increase in the
adsorption capacity with an increase in dosage is appar-
ent because any adsorption process depends upon the
number of active sites [37]. An increased adsorbent dosage
implied a greater surface area and a greater number of



DE GRUYTER N.T. and N.H. Tung: Phosphate and fluoride adsorption by modified laterite ore

Faculty of Chemistry, HUS, VNU, DB ADVANCE-Bruker - Sample La-0%Mn

(A)

»e - g

§ 1 1
. WSS | M ,.....f..i.!...”....T.'.T...'.-."r.,.h“ni.- .

2-Theta - Scale

m‘.:YII| Bar DR ram - Type: 2THTE Bebed - Stk 20000 " - E4@: 10010 - Sp 0000 " -Shp tme 10 -Temp - 25°C (Rowa) -The Srks 108 - 2-TIrE 20000 " - T 10590 "-CILE 00 "-FILORE "
Q31288 () -Avagae -0, v - FesdORH) -V DS 28T -@e Y1 -0 SU08 - Tevageial-2 1953500 -0 10 53500 - ¢ J00000 -apia 90 000 -ueks 90 000 - gamm 3 SO 000 - Negycril ma -1 @) -0 -208.
Ehlll!ll“ ) -imiOnEr - apiafr20l Y BII0S - oy 1 MWL 15106 - RIgmEe W aers - 350060 -8 SO01E0 -2 138020 -apia 90000 -0r 'l SO 000 - gamm 3 130 000 - Frm ber - A3 (E1) -8 - 395008 -

Faculty of Chemistry, HUS, VNU, D8 ADVANCE-Bruker - Sample La-Mn
“1®)

d=2082

= g 3
— - 8 §
2 § 3
o g ¥ g
c g b
5 £

"
we =

.

l fl: s bl ‘ i | t i .-,ﬂtl'_ |] {','.", if

e —r—r—r = ———t——rt-r i

tL] » “w e L] 1

2-Theta - Scale

SEpime 1 4-Temp 25°C (Meem)-Tme e 124 -2-Tiel 20000 - Tiels 10000 -CrLERQ"-FOLO R *-X:

Fih‘numm-l- ta-fezoy -y @S 0IIID-R SO0 -2 13N BIa IS 000 B SO DO0 - gamm 3 120 000 - Frmfar - A3E (1) -8 - 290020 -
SN2-A218 ) - A 102-Y.850% -0 53108 -® 2HELS0 - L 13220 - ap 82 -t H0000 -qan ma S CO0 - Prmtne - FUma (B2} -0 - 120 295 - e POF D

l%tﬂll-i“l ) -0ms Maigaiese - PR3N Y SEIZE @By 1 WL TS0 -CIRE - IEN000 -5 3 SE000 - JEN000 - SpIa S0 000 - Bets S0 000 - gEN M S 0000 - FaseSri e md - Fuodm 25 - 093580 - e P

mrl.hq-n La-Mi e - Type  ITOT) Bebed - St 20000 C - Ee0 10 010 " -Sp 0

Figure 3: XRD images of the natural and Mn-doped laterite ore: (red peak) iron oxide (o-Fe,0.), (green peak) iron manganese (Fe,Mn.).

(A) natural laterite ore, (B) manganese-doped laterite.

binding sites available for the constant amounts of both 3.8 Adsorption kinetic models
phosphate and fluoride. The adsorbent dosage, there-
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fore, was optimized to be 0.11 g for further experimental The adsorption kinetics based on the adsorption capacity

studies. of MDL are described by the equations as follows.
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The pseudo-first order [38]:

k
lo —-q)=lo -1t
g(q,—q,)=logq, X

and the pseudo-second order [39]:
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where g, and g, are the amount (mg g™) of phosphate or
fluoride adsorbed at equilibrium and at time ¢, respec-
tively, and k,, k, are the pseudo-first-order and pseudo-
second rate constants, respectively.

The kinetic data based on the pseudo-first-order
model for the phosphate and fluoride adsorption onto
MDL are indicated in Table 1. For phosphate adsorption,
the plots in Figure 6A were found to be linear with quite
good correlation coefficient (R?). This result indicated
that the phosphate adsorption onto MDL is complied
with the pseudo-first-order model with the varied con-
centrations of phosphate. The quick removal of phos-
phate, which is observed from the increasing values of k,
(Table 1), presented the availability of a large number of
active sites at the surface of MDL, which increases with
the increase of phosphate concentration [21]. On the
contrast, for fluoride adsorption, the pseudo-first-order
rate constant (k,) does not clearly depend on varied con-
centration of fluoride from 10 to 20 mg/l. MDL follows
first-order kinetics with good correlation (R?) for fluoride
concentrations (Table 1 and Figure 6B). The values of R?
were found as 0.990, 0.991, and 0.994 and also the values
of k, were found as 0.990, 1.52, and 1.25 min™, respec-
tively for the selected initial concentrations of fluoride.
The result have shown the applicability of the pseudo-
first-order model with respect to the influence of MnO,
on MDL.

The results, studying the adsorption potential of
MDL based on the pseudo-second-order model, were
listed in Table 1. For phosphate removal, it is observed
that pseudo-second-order kinetics shows good corre-
lation (R?) (0.992, 0.990, and 0.983) and also the values
of pseudo-second-order rate constant (k,) were calcu-
lated as 0.0061, 0.0053, and 0.0059 mg/g-min at the

Table 1: Parameters for pseudo-first- and pseudo-second-order models for removing phosphate and fluoride.

Concentration (mg/l)

Pseudo-first order

Pseudo-second order

k, (min-) q,(mg/g) R k, (g/mg- min) q,(mg/g) l's
Phosphate
10 0.007 1.83 0.937 0.0061 2.58 0.992
20 0.009 4.23 0.955 0.0053 3.41 0.990
50 0.012 4.44 0.976 0.0059 4.76 0.983
Fluoride
10 0.990 1.59 0.990 0.276 4.48 0.986
15 1.52 2.07 0.991 0.401 6.99 0.979
20 1.25 5.19 0.994 1.02 8.69 0.969
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Figure 6: Pseudo-first-order plots for Mn-doped laterite: (A) phos-
phate, (B) fluoride.

three selected phosphate concentrations (Table 1 and
Figure 7A). On the contrary, pseudo-second-order kinet-
ics shows quite good correlation (R?) for concentrations of
fluoride (The values of R? 0.986, 0.979, and 0.969) (Table 1
and Figure 7B). The values of k, were calculated as 0.276,
0.401, and 1.02 mg/g - min at the three selected fluoride
concentrations, respectively.

3.9 Adsorption isothermal models

The Freundlich and Langmuir adsorption isotherm
models have been quite useful in expressing the specific
relation between the concentration of adsorbate and its
degree of accumulation onto the adsorbent surface at a
constant temperature [40-42].

The Langmuir isotherm model is as follows [43]:

C 1 C

e e

a, 4.k, g,

and the Freundlich model is generally expressed as in the
following equation [44]:
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Figure 7: Pseudo-second-order plots for Mn-doped laterite:
(A) phosphate, (B) fluoride.

logg, =logK, +llogCe
n

where g, and C, are the equilibrium adsorption capac-
ity (mg/g) and the equilibrium adsorbate concentration
(mg/1), respectively; g, is the surface coverage (mg/g), and
K,, K, are the e equilibrium adsorption constants (1/mg) of
Langmuir and Freundlich models, respectively; and n was
the empirical constant.

The Langmuir isotherm for phosphate and fluoride
removal at three temperatures (20, 30 and 40°C) given
good correlation (R?) (Table 2 and Figure 8A, B). The K,
values for the adsorption process of phosphate decreases
with a rise in reaction temperatures (Table 2). In contrast,
the K, values for the fluoride adsorption increases with
increasing temperatures (Table 2). The interactions of
either phosphate or fluoride with MDL indicated that the
adsorption process may be exothermic for phosphate and
endothermic for fluoride. Similar effects of temperature
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Table 2: Parameters for Langmuir and Freundlich isotherm models
for removing phosphate and fluoride.

Temperature Langmuir Freundlich
0
q, K, R? n K, R?
(mg/g)  (I/mg) (mg/g)
Phosphate
20 31.25 0.031 0.992 3.23 5.52  0.990
30 27.03 0.018 0.994 3.17 3.99 0.992
40 22.22 0.016 0.994 3.24 2.99 0.990
Fluoride
20 10.99 0.298 0.991 1.73 1.46 0.990
30 8.19 0.352 0.993 1.82 1.99 0.994
40 6.37 0.487 0.995 1.93 4.15 0.993
A
20 a
16 - .
] -
\c,:) 12 .
E;)
O 4.
+20°C
4 m30°C
440°C
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Figure 8: Langmuir isotherm plots for Mn-doped laterite:
(A) phosphate, (B) fluoride.

on phosphate or fluoride were reported by other research-
ers [45-47].

As shown in Figure 9A, B, the plot of log g, versus log
C, at different initial concentrations is linear, which con-
firmed the applicability of the Freundlich model for the
removal of phosphate and fluoride ions of MDL. The value
of n in between 1 and 10 indicates useful adsorption [46].
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Figure 9: Freundlich isotherm plots for Mn-doped laterite: (A) phos-
phate, (B) fluoride.

Hence, adsorption of phosphate and fluoride on MDL may
be called “useful”. The increasing values of K, of fluoride
removal with temperature indicate that adsorption is
favorable at higher temperatures [48]. Many adsorbents
have been tested for their phosphate/fluoride removal
potentials from aqueous solutions, and some of the results
were summarized in Table 3. For details, manganese was
doped or modified in some material to have an adsorp-
tion capacity of phosphate from 511.3 mg/1 g to 313 mg/g
[17-19]. Laterite ore from other areas was also used for
the removal of phosphate in the range from 0.572 mg/g to
31.53 mg/g [33, 34, 49, 50]. MDL gives a phosphate adsorp-
tion capacity ranging from 22.22 mg/g to 31.25 mg/g with
increasing temperature from 20°C to 40°C, as found in
the present study. On the other hand, for the position
of the removal fluoride, manganese was reported to be
of the range from 1.43 mg/g to 11.93 mg/g [51-53], while
other laterite ores have a range of fluoride removal from
0.55 mg/g to 41.01 mg/g 35, 36, 54]. However, in this study,
MDL removes a fluoride in aqueous solution ranging from
5.08 mg/g to 10.99 mg/g with increasing temperature from
20°C to 40°C.
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Table 3: Comparison between MDL and other material reported in some studies.

Adsorbents Langmuir adsorption Freundlich References
capacity (q,) (mg/g) coefficient (n)

Phosphate
Nanostructured Fe-Al-Mn trimetal oxide 51.3-62.98 4.34-5.56 [19]
Fe-Mn binary oxide 58.78-123.66 7.94-16.13 [18]
Fe-Mn binary oxide nanoparticles 252-313 2.4-2.6 [17]
Laterite from Hubei, China 0.93-1.14 6.09-7.4 [49]
Ferric-modified laterites from Guangdong, China 21.01-31.53 2.68-3.1 [34]
Granular laterite from China 0.572 1.635 [50]
Industrial acidified laterite 2.73 0.07 [33]
Mn-doped Laterite from Thach That province, Northern Vietnam 22.22-31.25 3.17-3.24 This study

Fluoride
Hydrous manganese oxide-coated alumina 7.09 10 [51]
Manganese oxide-coated graphene oxide 1.43-11.93 1.35-1.67 [52]
Zr-Mn composite material 3.05 14.5 [53]
Chemical-treated laterite from Kharagpur, India 32.28-41.01 0.33-0.38 [36]
Laterite from Ghana 0.55 18.19-40.00 [54]
Laterite from Bankura, India 0.60-0.86 1.69-2.33 [35]
Mn doped Laterite from Thach That province, Northern Vietnam 5.08-10.99 1.73-1.93 This study

3.10 Influence of co-existing ions in water
on the surveyed ion adsorption capacity
of the material

In this study, the individual effects of co-existing ions
(sulfate, chloride, nitrate), usually existing in industrial
wastewater, were investigated. The initial concentra-
tion of the phosphate and fluoride was maintained at
approximately 10 mg/1 and 5 mg/1, respectively, while the
concentrations (25-100 mg/l) of sulfate, chloride, and
nitrate were varied in the adsorption studies. The initial
pH and temperature of the solution was maintained at
6.5. It can be seen that the adsorptions of both fluoride
and phosphate decrease with an increase in the co-ion
concentrations (Supplemental Figure S4A, B). At 0 mg/1 of
the co-ions, phosphate and fluoride adsorbed 94.1% and
93.2%, respectively. However, the adsorption of phosphate
and fluoride rapidly reduced to approximately 30% and
25% at 100 mg/1 of co-ions. The decrease in the fluoride/
phosphate uptake (Supplemental Figure S4A, B) may be
caused by the competition between fluoride/phosphate
and the co-ions, for the active sites on the surface of the
adsorbent. The activity of the competing anions toward
adsorption against adsorbates is in the following order:
S0,7>Cl">NO?~. The reduction in the fluoride/phosphate
removal in the presence of the sulfate ion may be attributed
to the fact that the sulfate ion may have competition with
the adsorbates for the same sorption sites, as the former
forms a partial inner sphere complex-forming species [55]
and the presence of the sulfate ion, being divalent, may

have increased the coulombic repulsive forces leading to
the reduced probability of both fluoride and phosphate
interactions with the active sites.

3.11 Regeneration MDL by NaOH

Any sorbent has an economical value, if it can be regener-
ated and reused in many cycles of operation. To study the
reusability of the MDL, the adsorption studies were per-
formed. After the complete saturation of the adsorbent, it
was regenerated using NaOH solutions of concentrations
ranging from 0.25 to 1.75 M. Figure 10 shows the percentage
of desorption of the adsorbates obtained at various con-
centrations of the hydroxide solution. In 1.75 M of NaOH,
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Figure 10: Influence of NaOH concentration for desorbing phos-
phate and fluoride from DML.
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MDL desorbed almost 93% of the adsorbed fluoride and
90% of the adsorbed phosphate.

3.12 Experimental treatment of wastewater
from the superphosphate fertilizer
factory

Wastewater samples were taken from the waste channel
of the Superphosphate Fertilizer factory, before it pours
into the river. The phosphate and fluoride concentra-
tions in the wastewater were detected to be 13.72 mg/1 and
4,68 mg/l, respectively (data is shown in Supplemental
Table S1).

The experimental treatment was carried out with an
MDL-packed column having a diameter of 25 mm and a
height of 200 mm. Material grain size was in the range of
0.1-0.5 mm. The flow rate was around 2.5 ml/min/cm?. The
concentrations of the surveyed anions in effluent frac-
tions were analyzed, and the results are described in Sup-
plemental Figure S5.

The fluoride concentration did not appear in the
first effluent fraction and quickly increased in the next
ones. However, until the 12th fraction, its concentration
(5-10 mg/1) was still lower than the allowable limit, level
A of Vietnamese standards (QCVN 40:2011/BTNMT) for
wastewater discharged to the environment. In the same
way, the phosphate concentration was determined in the
second fraction, and in 11th fraction, its concentration
was also accepted for the wastewater discharge. Each
fraction of 5000 ml was taken, and the tested column of
55,000-60,000 ml was completely treated for the waste-
water to meet the allowable limit.

4 Conclusion

Manganese-doped laterite for simultaneous adsorption
of phosphate and fluoride was successfully synthesized
by the co-precipitation method. The fresh laterite layer,
modified by manganese, has a high adsorption capacity
with respect to phosphate and fluoride. When the man-
ganese portion in this layer increases, the adsorbability
also increases for both phosphate and fluoride. Besides,
the adsorption capacity of the material was dependent
on pH, contact time, and adsorbent dose. The optimum
pH of 6 for the adsorption is close to the neutral region
(5-7). In addition, the adsorption process of MDL followed
the Langmuir and Freundlich isotherms. Furthermore,
the influence of the concentrations of the co-existing

DE GRUYTER

ions also decreases the adsorption capacity of MDL. The
experimental treatment was carried out for the wastewa-
ter taken from the Superphosphate Fertilizer factory, and
the results show that fresh manganese-based modified
laterite is of low cost and is a good material for phosphate
and fluoride treatment.

Acknowledgments: The authors would like to express their
special thanks to the Project of Science and Technology
of the Program of scientific study, and technological appli-
cation and transfer for developing environmental industry
performing The project of developing environmental indus-
try to 2015, and looking into 2025, Ministry of Industry and
Trade, Government of Vietnam, for the financial support
to perform this study.

References

[1] Sujana MG, Thakur RS, Rao SB. J. Colloid Interface Sci. 1998,
206, 94-101.
Toyoda A, Taira T. IEEE Trans. Semicond. Manuf. 2000, 13,
305-309.
Awual MR, Jyo A, lhara T, Seko N, Tamada M, Lim KT. Water Res.
2011, 45, 4592-4600.
Boyer TH, Persaud A, Banerjee P, Palomino P. Water Res. 2011,
45, 4803-4814.
[5] Vicente I, Huang P, Andersen FO, Jensen HS. Environ. Sci. Tech-
nol. 2008, 42, 6650—6655.
Vithanage M, Jayarathna L, Rajapaksha AU, Dissanayake CB,
Bootharaju MS, Pradeep T. Colloids Surf. A 2012, 398, 69-75.
Tardy Y. In Petrology of Laterites and Tropical Soils, CRC Press,
Balkema Publisher, A.A/Taylor & Francis The Netherlands,
1997, p 78.

[8] Hill1G, Worden RH, Meighan 1G. Chem. Geol. 2000, 166, 65-84.

[9] Wood R, McAtamney C. Hydrobiologia 1996, 340, 323-331.
[10] Sarkar M, Banerjee A, Pramanick PP, Sarkar AR. J. Colloid Inter-

face Sci. 2006, 302, 432-441.
[11] Waseem M, Mustafa S, Naeem A, Koper GJM, Shah KH. Desali-
nation 2011, 277, 221-226.
Liu YT, Hesterberg D. Environ. Sci. Technol. 2011, 45, 6283-6289.
Delaney P, McManamon C, Hanrahan JP, Copley MP, Holmes JD,
Morris MA. J. Hazard. Mater. 2011, 185, 382-391.
Giles DE, Mohapatra M, Issa TB, Anand S, Singh P. J. Environ.
Manag. 2011, 92, 3011-3022.
[15] Mustafa S, Zaman MI, Khan S. Chem. Eng. J. 2008, 141, 51-57.
[16] SivasankarV, Ramachandramoorthy T, Chandramohan A. J.
Hazard. Mater. 2010, 177, 719-729.
Xie W, Zhao D. Sci. Total Environ. 2016, 542, 1020-1029.
LuJ, Liu H, Zhao X, Jefferson W, Cheng F, Qu J. Colloids Surf., A
2014, 455, 11-18.
LuJ, Liu H, Liu R, Zhao X, Sun L, Qu J. Powder Technol. 2013,
233, 146-154.
[20] Tripathy SS, Raichur AM. J. Hazard. Mater. 2008, 153, 1043-1051.
[21] Maliyekkal SM, Sharma AK, Philip L. Water Res. 2006, 40,
3497-3506.

[2

[3

[4

[6

[7

[12]
[13]

[14]

[17]
[18]

[19]



DE GRUYTER

[22] Camacho LM, Torres A, Saha D, Deng S. J. Colloid Interface Sci.
2010, 349, 307-313.

[23] Tang, Guan X, SuT, Gao N, Wang ). Colloids Surf. 2009, 337,
33-38.

[24] Kamble SP, Dixit P, Rayalu SS, Labhsetwar NK. Desalination
2009, 249, 687-693.

[25] MaY, Wang SG, Fan M, Gong WX, Gao BY. J. Hazard. Mater.
2009, 168, 1140-1146.

[26] Daifullah AAM, Yakout SM, Elreefy SA. J. Hazard. Mater. 2007,
147, 633-643.

[27] Mohapatra D, Mishra D, Mishra SP, Chaudhury GR, Das RP. J.
Colloid Interface Sci. 2004, 275, 355-359.

[28] Albadarin AB, Mangwandi C, Al-Muhtaseb AAH, Walker GM,
Allen SJ, Ahmad MNM. Chem. Eng. J. 2012, 179, 193-202.

[29] Albadarin AB, Mangwandi C, Walker GM, Allen S}, Ahmad MNM,
Khraisheh M. J. Environ. Manage. 2013, 114, 190-201.

[30] Al-Ghouti MA, LiJ, SalamehY, Al-Lagtah N, Walker G, Ahmad
MNM. J. Hazard. Mater. 2010, 176, 510-520.

[31] Maiti A, Basu JK, De S. Chem. Eng. J. 2012, 191, 1-12.

[32] ConTH, Thao NP, Thao P. VNU J. Sci. 2004, 20, 37-41(in
Vietnamese).

[33] GlocheuxY, Pasarin MM, Albadarin AB, Mangwandi C, Chaza-
renc F, Walker GM. Asia-Pac. J. Chem. Eng. 2014, 9, 929-940.

[34] Huang WY, Zhu RH, He F, Li D, Zhu Y, Zhang YM. Chem. Eng. J.
2013, 228, 679-687.

[35] Sarkar M, Banerjee A, Pramanick PP. Ind. Eng. Chem. Res.
2006, 45,5920-5927.

[36] Maiti A, Basu JK, De S. Desalination 2011, 265, 28-36.

[37] Swain SK, Mishra S, Patnaik T, Patel RK, Dey RK, Jha U. Chem.
Eng. J. 2012, 184, 72-81.

[38] Lagergren S. K. Sven. Vetenskapsakad. Handl. 1898, 24,
1-39.

[39] McKay G, Ho YS. Process Biochem. 1999, 34, 451-465.

[40] Chen N, Zhang Z, Feng C, Li M, Zhu D, Chen R, Sugiura N. /.
Hazard. Mater. 2010, 183, 460-465.

[41] Poinern GEJ, Ghosh MK, Ng Y], Issa TB, Anand S, Singh P. J.
Hazard. Mater. 2011, 185, 29-37.

[42] Viswanathan N, Sundaram CS, Meenakshi S. J. Hazard. Mater.
2009, 161, 423-430.

[43] Langmuir l. J. Am. Chem. Soc. 1916, 39, 2221-2295.

[44] Freundlich HMF. Z. Phys. Chem. 1906, 57, 385-470.

[45] TianS, Jiang P, Ning P, SuY. Chem. Eng. J. 2009, 151, 141-148.

[46] Biswas K, Saha SK, Ghosh UC. Ind. Eng. Chem. Res. 2007, 46,
5346-5356.

[47] Na CK, Park H). J. Hazard. Mater. 2010, 183, 512-520.

[48] Sharma YC, Uma, Upadhyay SN. Energy Fuels 2009, 23,
2983-2988.

[49] Zhang L, Hong S, He J, Gan F, Ho YS. Desalin. Water Treat. 2011,
25, 98-105.

[50] Zhou Q, LiuJ, Qian G, Zhou J. Desalin. Water Treat. 2015, 54,
1204-1215.

N.T. and N.H. Tung: Phosphate and fluoride adsorption by modified laterite ore =—— 99

[51] Teng SX, Wang SG, Gong WX, Liu XW, Gao BY. J. Hazard. Mater.
2009, 168, 1004-1011.
[52] LiY, DuQ, Wang ), LiuT, Sun J, Wang Y, Wang Z, Xia Y, Xia L.
J. Fluorine Chem. 2013, 148, 67-73.
[53] TomarV, Prasad S, Kumar D. Microchem. J. 2013, 111, 116-124.
[54] Osei ), Gawu SKY, Schafer Al, Atipoka FA, Momade FWY.
J. Chem. Technol. Biotechnol. 2016, 91, 911-920.
[55] Onyango MS, Kojima Y, Aoyi O, Bernardo EC, Matsuda H.
J. Colloid Interface Sci. 2004, 279, 341-350.

Supplemental Material: The online version of this article
(DOI: 10.1515/gps-2016-0136) offers supplementary material.

Bionotes

Nguyen Thi Hue

Nguyen Thi Hue received her PhD from Hanoi National University
of Natural Science, Vietnam, in 1996. She is currently working as
a professor at the Institute of Environmental Technology, Vietnam
Academy of Science and Technology. Her field of interest is on the
different applications of technologies for treating environmental
pollution.

Nguyen Hoang Tung

Nguyen Hoang Tung obtained his MS in Material Science from the
School of Material Science, Japan Advanced Institute of Science
and Technology, Japan, in 2011. He is currently working as a
researcher at the Institute of Environmental Technology, Vietnam
Academy of Science and Technology. His field of interest is on the
different applications of technologies for treating environmental
pollution.



