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Lanthanum has been doped onto the surface of the natural Pyrolusite for simultaneous removal of phosphate and fluoride in
aqueous solution. The adsorbent characterization of the materials was observed by the SEM, BET, and XRD techniques. The
dynamics and isotherms models of fluoride and phosphate adsorption, with respect to pH, pH,,, adsorbent dose, and effect of
coexisting ions, were studied. The results showed that lanthanum doped Pyrolusite ore (LDPO) relatively highly adsorbed amount
of phosphate and fluoride from aqueous solution. Phosphate and fluoride removal efficiencies of LDPO are approximately 97% and
95%, respectively. Pseudo-first order for kinetic studies of phosphate and fluoride removal of the LDPO was observed with high
correlations for fluoride but weak correlations for phosphate. However, pseudo-second order for kinetic studies was high correlation
for both phosphate and fluoride. The phosphate and fluoride adsorption capacities of the LDPO significantly decreased with the

existence of coions (sulfate, chloride, and nitrate) in the aqueous solution.

1. Introduction

Extensive research has been performed to eliminate phos-
phate or fluoride from aqueous solution due to their haz-
ardous effect caused to the human health. Several methods
such as adsorption [1-5], precipitation [6-9], ion exchange
[10, 11], reverse osmosis [12, 13], nanofiltration membrane
[14, 15], Donnan dialysis [16, 17], and electrodialysis [18, 19]
techniques have been used for removal of either phosphate
or fluoride. Amongst the mentioned methods, adsorption is
a conventional technique which is widely used for removing
phosphate and fluoride of water because it is economical,
practicable, environmentally safe, and efficient. Various alu-
minum salts are combined along with inorganic or organic
compounds to phosphate- or fluoride-contaminated water
to form flocs [20, 21]. The flocs in turn remove either
phosphate or fluoride by adsorption or by coprecipitation.
Use of calcite to remove the above-mentioned compounds
from aqueous solution by precipitation method has been

investigated by many authors [8, 9, 22, 23]. Reardon and
Wang [8] studied fluoride removal using a lime stone reactor
where the dissolution of calcite occurred to form CaF,
precipitate. Otherwise, various adsorbents, activated alumina
[24-26], activated carbon [27, 28], low cost adsorbents [5, 29—
31], rare earth oxides [32, 33], and natural products [29, 30, 34,
35] like tree bark, groundnut husk, sawdust, rice husk, and so
forth, have widely been used for removal of either phosphate
or fluoride.

Lanthanum, a transition metal, is applied in many studies
due to environmentally friendly characteristic and being
relatively abundant in the Earth’s crust [34, 36]. This element
is known to have a high affinity for phosphate and the
lanthanum-phosphate complex was even formed in low
concentrations of phosphate [37, 38]. As a result, consider-
able attention has been focused on the use of lanthanum-
containing materials for the removal of phosphate in recent
years [34, 37, 38]. Likewise several adsorbents for fluoride
also are lanthanum enriched materials [39-41]. On the other
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hand, iron is studied for removal of phosphate in aqueous
solution [1, 42]. Therefore, in this study, natural Pyrolusite, a
kind of popular ores in Northern Vietnam with low cost and
high amount of iron (III) ion, was doped La>* for removing
phosphate and fluoride and also its adsorption abilities
were estimated. The La® *-doped Pyrolusite ore (LDPO) was
expected to develop a new material for simultaneous removal
of both phosphate and fluoride in aqueous solution.

2. Materials and Methods

2.1. Materials. The Pyrolusite ore from Cao Bang province,
Northern Vietnam, contains approximate 4.7% of iron calcu-
lated from amount of Fe,O5.

All chemical reagents used in the experiments were of
analytical grade purchased from Merck (Germany), mainly
including lanthanum nitrate (La(NO;);-6H,0), sodium
hydrate (NaOH), anhydrous sodium phosphate (Na;PO,),
sodium fluoride (NaF), and nitric acid (HNOj).

Deionized water from Milli-Q water purification system
was used throughout all experiment processes of this study.

2.2. Preparation of La’*-Doped Pyrolusite Ore (LDPO). The
LDPO was synthesized by traditional coprecipitation method
of lanthanum and iron in solution. The natural Pyrolusite ore
and La(NO;);-6H,0 were simultaneously stirred in HNO,
solution to dissolve lanthanum and also part of the iron of
Pyrolusite into the solution. The above dissolved elements
were then coprecipitated in the form of its hydroxides or
oxides by the NaOH + H,0O, mixed solution and they are
set onto the surface of the material. By this way, the new
fresh layer of Pyrolusite was created. The material was filtered,
dried at the temperature lower than 70°C and washed out
of NaCl, and then dried again in the same above-mentioned
condition.

In order to choose the most optimal LDPO for removal of
phosphate and fluoride, lanthanum was added with various
molar ratios between La** and the iron (Fe**), which was
dissolved from the Pyrolusite into the solution. LDPO-0 was
without La>* doped onto surface of the Pyrolusite; LDPO1: 3,
1:2,1:1,2:1, and 3 :1 were ratios of molar between La’" and
Fe’* covered on the surface of the Pyrolusite, respectively.

2.3. Estimation of Amount of Phosphate and Fluoride Ions
Adsorbed by LDPO. The adsorbent was added to a solution
containing phosphate (30 mg/L) and fluoride (10 mg/L). After
that, the solution was stirred for 2 hrs at 25°C and pH of 6.
The sample was then filtrated through a Whatman 0.45 ym
membrane filter, and the filtrate concentration of phosphate
and fluoride was analyzed by the absorption spectropho-
tometer (880nm for phosphate and 570 nm for fluoride,
UV-Vis 2450, Shimadzu, Japan). The analytical procedure of
the concentration of phosphate and fluoride was performed
according to Standard Methods for the Examination of
Water and Waste Water Fluoride: SMEWW 4500-F~. B&D:
2012. Phosphate: SMEWW 4500-P.E: 2012. The amount of
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phosphate and fluoride ions adsorbed onto the adsorbent at
equilibrium was calculated by the following equation:

9, = (CO B Ce) V, (1)
w

where g, is the amount adsorbed at equilibrium (mg/g); C,
is the initial concentration (mg/L); C, is the equilibrium
concentration (mg/L); V' is the volume of the solution; and
W is the weight of the adsorbent (g).

2.4. Characterizations of LDPO. This study used 3 methods
for estimating characterizations of the adsorbents. The mor-
phologies were determined by scanning electron microscopy
(JEOL JSM-7600F, USA). Energy-dispersive X-ray (EDX)
spectroscopy for detecting the elements was performed on
Oxford Instruments 50 mm? X-Max (UK). The surface area
was measured by the BET surface area analyzer (Micromerit-
ics 3 Flex, USA).

2.5. Adsorption Dynamic and Isotherm Studies of LDPO. In
order to study adsorption dynamics, phosphate solutions of
30, 50, and 100 mg/L and fluoride solutions of 10, 15, and
20 mg/L concentrations were investigated at the initial pH
value of 6.0. 100 mL of both phosphate and fluoride contain-
ing solution was stirred with definite amount of adsorbent for
different time durations 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.

Phosphate and fluoride adsorption isotherms on LDPO
at the pH value of 6.0 were studied at different temperatures
(20, 30, and 40°C) by varying the initial concentrations of
both phosphate and fluoride. In each experiment, 0.1g of
the adsorbent was transferred into the 250 mL conical flask
and 100 mL of solution containing different concentrations
of phosphate and fluoride was then added to the flask. After
the reaction period, all samples were filtered by a Whatman
0.45 ym membrane filter and concentrations of phosphate
and fluoride were analyzed. The amounts of adsorbed phos-
phate or fluoride were calculated by the difference in the
initial and residual amounts of phosphate or fluoride in
solution divided by the weight of the adsorbent.

3. Result and Discussions

3.1. Phosphate and Fluoride Removal Potential of La®*-Doped
Pyrolusite Ores (LDPOs). Possibility of phosphate and flu-
oride removal by LDPOs was investigated in this study.
Figure SIA (in Supplementary Material available online at
https://doi.org/10.1155/2017/4893835) presented the results
for simultaneous removal of phosphate and fluoride from
aqueous solutions by different LDPOs (LDPO 1:3,1:2,1:1,
2:1, and 3:1) including natural Pyrolusite ore (NPO). It is
observed that LDPO 1:1 displays highest (971%) phosphate
and (95.3%) fluoride removal from water while the remaining
LDPOs expressed removal result of phosphate (55.4%-89.6%)
and fluoride (43.2%-88.9%) at 10 mg/L initial fluoride con-
centration level and 30 mg/L initial phosphate concentration
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level. NPO removes approximately 22.2% of phosphate and
10.1% of fluoride, indicating significant changes in properties
of LDPOs with respect to NPO.

In order to understand the mechanism of phosphate
and fluoride removal from aqueous solutions by LDPOs and
the role of hydroxide ions, resultant pH values of treated
samples were measured. The treated water pH changed in
range from 6.9 to 8.6 (Figure SIB). The results indicated that
LDPO 1:1, which removes both phosphate and fluoride to
the highest degree, gives pH of treated water at the neutral
level (7.5). Therefore, LDPO 1:1 did not significantly release
hydroxide ion into water in adsorption process of phosphate
and fluoride.

The results show that LDPO 1:1, denoted as LDPO-G,
has good potential of phosphate and fluoride removal from
aqueous solution. Hence, characterization of LDPO-G was
studied to understand the possible adsorption mechanisms
and also useful properties.

3.2. Characterization of LDPO-G. SEM analysis was per-
formed to understand the morphology of natural Pyrolusite
ore and LDPO-G and given in Figures 1(a) and 1(b), respec-
tively. The surfaces of natural Pyrolusite ore exhibit rough
surface morphology. Natural Pyrolusite has bulky structure
with no porosity and poor surface area. SEM of LDPO-
G gives the changes in morphology of the Pyrolusite after
lanthanum was doped and was shown in Figure 1(b). From
SEM images oval shaped particles of lanthanum hydroxide
dispersed on the surface of LDPO-G are clearly seen.

The surface area of the natural Pyrolusite ore was mea-
sured using the BET surface area analyzer (Micromeritics 3
Flex, USA) and was found to be 25.92 m*/g. The cumulative
pore volume of the adsorbent was 0.05 cm®/g. Values of these
parameters indicate the natural Pyrolusite ore to be a suitable
adsorbent. Lanthanum modification has changed the surface
morphology of the natural Pyrolusite and the BET surface
area of LDPO-G was found to be 72.63 m?/g with a pore
volume of 0.34 cm®/g.

Energy-dispersive X-ray (EDX) analysis was employed
to analyze the elements of LDPO-G. The EDX pattern of
the LDPO-G was shown in Figure 2. A component with
riches of lanthanum (19.81%), iron, and so forth was observed
(Table S1). The EDX spectrum of the LDPO-G (Figure 2)
shows the presence of lanthanum along with other principal
elements. The result provided an evidence for the lanthanum
ion successtully doped onto the surface of the LDPO-G.

3.3. pH of Point of Zero Charge (pHpy,:) of LDPO-G. The
pH of point of zero charge (pHpy) is an important interfa-
cial parameter used widely in characterizing the ionization
behavior of a surface. The pH,, of the adsorbent was inves-
tigated according to experiments of Teng et al. and Sharma
et al. [52, 53]. For its determination, 0.2 g of the adsorbent
was transferred into 250 mL conical flasks containing 50 mL
of 0.01 M NacCl solution after being adjusted to varied initial
pH values (2.0-12.0) by 0.1 M HNO;. This setup was kept
for 48 hrs and then a Whatman 0.45 ym membrane filter
was used for separating the adsorbent in NaCl solutions

and final pH values of the solutions were measured. The
initial and final pH values of the solutions were measured
as pHiuiri and pHg;,,, respectively. pHp,( is intersection
point of lines joining pH initially and pHg,,; in “pH 4,0
versus pH;,;;;.” graph. The pHp, refers to t(le bulk aqueous
phase concentration (or, more precisely, activity) of potential-
determining ions giving zero surface charge. The pHp, of
LDPO-G was found to be approximate 6.8.

3.4. Effect of Solution pH on Phosphate and Fluoride Removal
Potential of LDPO-G. The role of pH is a major factor which
controls the adsorption at the water-adsorbent interface [31].
In order to estimate the effect of pH on removal of phos-
phate and fluoride of LDPO-G, 0.1g of LDPO-G was added
to 500mL of the solution containing 30 mg/L phosphate
and 10 mg/L fluoride and, after that, the experiments were
performed at various initial pH, ranging from 2.0 to 10.0.
Figure 3 shows the adsorption of both phosphate and fluoride
onto LDPO-G as functions of pH. Adsorption of phosphate
onto LDPO-G increased with increasing pH and reached a
maximum range from 4.9 mg/g to 5.1mg/g at pH 3.0-6.0
(Figure 3). Similarly, the fluoride adsorption of LDPO-G
gently increased with increasing pH and reached a maximum
of 1.3mg/g at pH 6.0 (Figure 3). Figure 3 indicated that
maximum adsorption of LDPO-G is slight difference for pH
values between phosphate (at pH 5) and fluoride (at pH 6.0).
Therefore, in order to simultaneously adsorb both phosphate
and fluoride, the value of 6.0 is considered to be the optimum
pH of LDPO-G for further experimental studies.

3.5. Effect of Contact Time for Adsorbing Phosphate and
Fluoride by LDPO-G. In this study, the result indicated that
maximum concentration of phosphate and fluoride removal
was attained to be approximate 2 hrs and, thereafter, it almost
remained static for LDPO-G. The period of contact time of
2 hrs for further studies was fixed. The phosphate and fluoride
removal capacities at the pH value of 6.0 were 5.3 mg/L and
2.1 mg/L, respectively.

3.6. Effect of Adsorbent Dosage on Removal of Phosphate and
Fluoride. In order to find the minimum dosage of LDPO-
G for maximum adsorption of phosphate and fluoride, the
effects of adsorbent dosage were measured by varying the
dosages of LDPO-G from 0.01g to 0.1g in aqueous solution
containing phosphate and fluoride concentrations to be
30 mg/L and 10 mg/L, respectively. It was observed as shown
in Figure 4 that the percentage adsorption increased with
respect to the increased dosage and then remained constant
after 0.08¢g of both phosphate and fluoride. The increase
in adsorption capacity with increase in dosage is apparent,
because any adsorption process depends upon the number of
active sites [54]. Increased adsorbent dosage implied a greater
surface area and a greater number of binding sites available
for the constant amounts of both phosphate and fluoride.
The adsorbent dosage, therefore, was optimized to be 0.1 g for
further experimental studies.

3.7 Adsorption Dynamics. To understand the adsorption
dynamics of phosphate and fluoride removal, two types
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FIGURE I: Scanning electron microscopy (SEM) image of Pyrolusite ore, (a) natural Pyrolusite ore, and (b) La**-doped Pyrolusite ore at

La**/Fe*" molar ratio of 1: 1.
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FIGURE 2: Energy-dispersive X-ray (EDX) spectrography of LDPO-
G.
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FIGURE 3: Effect of pH on adsorption of fluoride and phosphate on
LDPO-G (initial concentrations of phosphate: 30 mg/L and fluoride:
10 mg/L; contact time: 2 hrs).

of models were investigated to estimate the fitness of the
experimental data to be pseudo-first-order and pseudo-
second-order kinetic models.
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FIGURE 4: Effect of dosage on removal of fluoride and phosphate
adsorption by LDPO-G.

The pseudo-first-order kinetic model [55] is represented

as
log (4, - 4,) = log, - 52— () )
2.303
and the pseudo-second-order kinetic model [56] is as follows:
t_ 11,
@ k@ 4 R

where g, and g, are the amounts (mg/g) of phosphate or
fluoride adsorbed onto the surface of LDPO-G at any time
t and at equilibrium; k; is the equilibrium rate constant of
pseudo-first-order adsorption (min™"); the linearity plots of
log(q, —g,) versus t for different experimental conditions will
be used to calculate the value of rate constants (k,); k, is the
pseudo-second-order rate constant obtained from the slope
of the linear plots of t/q, versus t for different experimental
conditions.

Figures 5(a) and 5(b) show the pseudo-first-order kinetic
plots of experimental data of phosphate and fluoride adsorp-
tion on LDPO-G in aqueous solutions. Table 1 presented
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FIGURE 5: Pseudo-first-order models of LDPO-G for fluoride and phosphate removal. (a) Removal of phosphate at 30, 50, and 100 mg/L. (b)

Removal of fluoride at 10, 15, and 20 mg/L.
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FIGURE 6: Pseudo-second-order models of LDPO-G for fluoride and phosphate removal. (a) Removal of phosphate at 30, 50, and 100 mg/L.

(b) Removal of fluoride at 10, 15, and 20 mg/L.

the summary of parameters of kinetic data model fittings.
For phosphate adsorption, the analysis indicates that LDPO-
G did not follow first-order kinetics with significantly weak
correlation (R*) and low rate constant (k,) at all phosphate
concentrations investigated (Table 1 and Figure 5(a)). The
values of R* were found as 0.854, 0.808, and 0.717 and also
the values of k, were found as 0.041, 0.037, and 0.016 min™",
respectively, for the selected initial concentrations of phos-
phate. In contrast, LDPO-G follows first-order kinetics with
good correlation (R?) for fluoride concentrations (Table 1 and
Figure 5(b)). The values of R* were found as 0.940, 0.957,
and 0.916 and also the values of k; were found as 0.041,

0.048, and 0.051 min™", respectively, for the selected initial
concentrations of fluoride. The values of k; were found to
be decreasing with increasing the initial concentrations of
fluoride from 10 to 20 mg/L.

From Table 1, it is observed that pseudo-second-order
kinetics show good correlation (R?) for phosphate removal
for all concentrations of phosphate (Table 1 and Figure 6(a)).
The values of R* were found as 0.985,0.994, and 0.991 and also
the values of pseudo-second-order rate constant (k,) were
calculated as 0.0025, 0.0026, and 0.0029 mg/g-min at the three
selected phosphate concentrations, respectively. For fluoride
removal, pseudo-second-order kinetics show significantly
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TaBLE 1: The kinetic model parameters for the adsorption of phosphate and fluoride on LDPO.
Conc. (mg/L) L Pseudo-first order i Pseudo-second order i
k, (min™") q. (mg/g) R k, (g/mg-min) q. (mg/g) R
30 0.041 6.32 0.854 0.0025 20.83 0.985
Phosphate 50 0.037 22.38 0.808 0.0026 24.39 0.994
100 0.016 10.74 0.717 0.0029 26.32 0.991
10 0.041 2.52 0.940 0.006 1.517 0.928
Fluoride 15 0.048 176 0.957 0.005 1.916 0.939
20 0.051 2.72 0.916 0.002 3.436 0.913

good correlation (R?) for concentrations of fluoride (Table 1
and Figure 6(b)). The values of R? were found as 0.928, 0.939,
and 0.913 and also the values of k, were calculated as 0.006,
0.005, and 0.002mg/g:min at the three selected fluoride
concentrations, respectively. Therefore, from the good R* and
low k, obtained from Figure 6, it can be concluded that
the adsorption of phosphate and fluoride onto LDPO-G is
governed by pseudo-second-order model.

3.8. Adsorption Isotherms. The equilibrium data have been
analyzed by the linear regression of isotherm model equa-
tions, Langmuir and Freundlich.

The Langmuir isotherm model [57], which is based on
adsorbent surfaces, is

R (@
4. 9K 9

and the Freundlich isotherm model equation [58] is as
follows:
1

logg, = log K + - logC,, (5)
where g, and C, are the equilibrium adsorption capacity
(mg/g) and the equilibrium adsorbate concentration (mg/L),
respectively; g, is the monolayer surface coverage (mg/g) and
K; is the equilibrium adsorption constant (L/mg), and g,
value (mg/g) was calculated from the slope of the linear plot
of C,/q, versus C,; and K and n are empirical constants that
are dependent on several environmental factors. The plot of
log C, versus log g, of the equation mentioned above should
result in a linearized plot. From the slope and the intercept of
the plot, the values of # and K can be obtained.

The Langmuir isotherm plot in linear form for phosphate
removal at three temperatures 20, 30, and 40°C has given cor-
relation coefficients (R?) as 0.994, 0.990, and 0.986, respec-
tively (Figure 7(a)). The values of g, were obtained as 83.33,
76.92, and 66.67 mg/g (Table 2). The values of K were 0.026,
0.023, and 0.021L/mg at the respective temperatures. The
decreasing K; with a rise in reaction temperatures indicated
that the adsorption process of phosphate is exothermic. Sim-
ilar effect of temperature on phosphate was also reported by
Tian et al. [59]. On the other hand, R? values of the Langmuir
isotherm plot for fluoride removal at 20, 30, and 40°C were
0.993, 0.995, and 0.994, respectively (Figure 7(b)). The values
of g, were obtained as 12.82, 10.56, and 9.43 mg/g (Table 2).

The values of K; were 0.607, 0.283, and 0.159 L/mg at the
respective temperatures. The increasing K; with increasing
temperatures indicated that the interaction between fluoride
and LDPO-G is the endothermic adsorption. This result is
similar to reports of other researchers [60, 61].

Figure 8(a) indicated the straight line of Freundlich
isotherm for phosphate adsorption on LDPO-G. The correla-
tion coefficients (R?) are found as 0.909, 0.932, and 0.951 at the
selected temperatures 20, 30, and 40°C, respectively (Table 2).
This indicates that the adsorption data of phosphate onto
LDPO-G fitted well with Freundlich isotherm assumptions
at these temperatures. The values of n were found as 10.8,
9.43, and 6.67 at selected temperatures (Table 2). On the
other hand, the linearized plot of Freundlich isotherm for
fluoride adsorption on LDPO-G was showed in Figure 8(b).
R? values at the selected temperatures 20, 30, and 40°C were
found as 0.941, 0.873, and 0.901, respectively (Table 2). This
indicates that the adsorption data of fluoride on LDPO-G
fitted significantly well with Freundlich isotherm assump-
tions at these temperatures except at 30°C. The values of n
were found as 1.67, 1.79, and 1.43 at selected temperatures
(Table 2). In conclusion, the adsorption processes of LDPO
were monolayer for fluoride and multilayer for phosphate and
the value of n in between 1 and 10 indicates useful adsorption
[62]. Hence, adsorption of phosphate and fluoride on LDPO-
G may be called “useful.” Ky constants were found as 33.7,
18.8, and 14.1 for phosphate removal and 2.83, 5.83, and 9.53
on these respective temperatures (Table 2). The increasing
values of Ky of fluoride removal with temperature indicate
that adsorption is favorable at higher temperatures [53].

Many adsorbents have been tested for their either phos-
phate or fluoride removal potentials from aqueous solu-
tions and some of the results were summarized in Table 3.
Lanthanum was doped or modified in some material to
have an adsorption capacity of phosphate from 6.70 mg/g
to 108.7 mg/g [2, 44-46]. Other elements were also used for
removal of phosphate in range from 2.5mg/g to 153 mg/g
[1, 3, 42, 43], while LDPO-G gives a phosphate adsorption
capacity ranging from 66.7 mg/g to 76.9 mg/g with increasing
temperature from 20°C to 40°C, as found in the present
study. On the other hand, for position of removal of fluoride,
Lanthanum was reported to be ranging from 2.74 mg/g to
23.9 mg/g [49-51] while other materials have range of fluoride
removal from 0.19 mg/g to 196.1mg/g [4, 33, 47, 48, 62].
However, in this study, LDPO-G removed a fluoride in
aqueous solution ranging from 0.60 mg/g to 1.93 mg/g with
increasing temperature from 20°C to 40°C.



Journal of Chemistry 7

7.5 1.8
1.5 4
. 121
=2 =
» I
< o 0.9 4
s =
© © 0.6
0.3 -
T T T 0 : T T
=25 60 145 230 400 0 2 6 8 10 12
C, (mg/L) C, (mg/L)
® 20°C * 20°C
m 30°C m 30°C
A 40°C A 40°C

()

(b)

FIGURE 7: Langmuir isotherm of LDPO-G for fluoride and phosphate removal. (a) Removal of phosphate at 20, 30, and 40°C. (b) Removal of

fluoride at 20, 30, and 40°C.
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FIGURE 8: Freundlich isotherm of LDPO-G for fluoride and phosphate removal. (a) Removal of phosphate at 20, 30, and 40°C. (b) Removal
of fluoride at 20, 30, and 40°C.

TaBLE 2: Calculated equilibrium constants using the Langmuir and Freundlich equations for phosphate and fluoride adsorption on the LDPO.

T . Langmuir Freundlich
emp. ("C) 5 ,
q, (mg/g) K, (L/mg) R n Ky (mg/g) R
20 83.33 0.026 0.994 10.8 33.7 0.909
Phosphate 30 76.92 0.023 0.990 9.43 18.8 0.932
40 66.67 0.021 0.986 6.67 14.1 0.951
20 12.82 0.607 0.993 1.67 2.83 0.941
Fluoride 30 10.56 0.283 0.995 1.79 5.83 0.873
40 9.43 0.159 0.994 1.43 9.53 0.901
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TaBLE 3: Comparison of Langmuir and Freundlich adsorption capacities (mg/g) of various materials for removal of phosphate and fluoride.

Langmuir adsorption

Freundlich adsorption

Adsorbents capacity (mg/g) capacity (mg/g) References
Fe-Mn binary oxide 33.2 27.0 (1]
Hydrous niobium oxide 15.0 2.9 (3]
Calcined cobalt hydroxide 2.5-153.0 0.02-18.2 [43]
Nano-structured Fe-Ti

Phosphate bimetal oxide 35.4-409 8.97-10.0 [42]
La-doped vesuvianite 6.70 1.96 [44]
La—c09rd1nated silicates 50.3-54.3 20.6-32.4 2]
material
La (OH),/zeolite 6.05-71.9 — [45]
La-modified tourmaline 67.1-108.7 7.53-17.7 [46]
La-doped Pyrolusite ore
(LDPO) 66.7-76.9 14.1-33.7 Present study
Mixed rare earth oxides 196.1 — [33]
Low cost materials 0.19-4.54 0.023-10.5 (4]
Ti-based adsorbents 25.8-46.6 2.18-15.8 [62]
MnO,-coated tamarind

Fluoride fruit 0.21-0.22 - [47]
Mn-Ce oxide 137.5 — [48]
La-m_odlﬁed activated 274 126 [49]
alumina
La-loaded
bentonite/chitosan beads 3.70-8.55 0.24-0.45 [50]
La-Al loaded scoria 23.9 1.25 [51]
La-doped Pyrolusite ore
(LDPO) 9.43-12.82 2.83-9.53 Present study

3.9. Effect of Coexisting Ions in Aqueous Solution on Removal
of Phosphate and Fluoride of LDPO-G. Many coions such
as sulfate, chloride, and nitrate usually exist in water and
they compete with phosphate and fluoride ions during the
adsorption process. Therefore, the effect of these ions in
adsorption of both fluoride and phosphate by LDPO-G
was carried out. The initial concentration of phosphate and
fluoride was fixed 30 mg/L and 10 mg/L, respectively, while
the concentrations (25-100 mg/L) of sulfate, chloride, and
nitrate were varied in the adsorption studies. It can be
seen that the adsorption of both fluoride and phosphate
decreases with increase in coions concentrations. At 0 mg/L
of the coions, 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/L of coions.

3.10. Desorption Studies. The ultimate objective of the present
work is to develop an adsorbent that can be reused thereby
making it cost effective. As the adsorption becomes less at
high pH (pH 10 given in Figure 3), it can be anticipated
that better desorption occurs. Hence, NaOH solution was
used for desorption studies of adsorbent. First the phosphate
(30mg/L) and fluoride (10 mg/L) were adsorbed onto the
adsorbent (0.1g) at pH 6.0. Then the solution was filtered
and the adsorbent was transferred to 100 mL of water and the

pH was adjusted. Desorption studies were shaken in flasks
at various pH (range from 3 to 10) for 2 hrs. The results of
desorption studies are shown in Figure S2. In the acidic pH
range, neither phosphate nor fluoride is leached. But as the
pH is increased above pH 7, they start to leach back into the
solution. At around pH 10, 90% of phosphate and 87% of
fluoride could be desorbed in about 2 hrs.

3.11. Performance in Wastewater from the Fertilizer Factory.
To evaluate the phosphate and fluoride removal performance
in wastewater, LDPO was applied to treat water samples
collected from the waste channel of the Superphosphate
Fertilizer factory in Phu Tho province, Northern Vietnam.
The phosphate and fluoride concentrations in the wastewater
are detected to be 13.72mg/L and 4.68 mg/L, respectively
(data is shown in Table S2).

As shown in Figure S3, both phosphate and fluoride
were effectively removed from wastewater and the removal
efficiency increases with the increase of adsorbent dosage.
With adsorbent dosage of 0.1g, the phosphate and fluoride
removal efficiencies of LDPO are 94% and 93%, respectively.

4. Conclusion

Transition metal La doped onto the surface of the natural
Pyrolusite ore was successfully synthesized. The surface and
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structure characteristics were studied by EDX, BET, and
SEM analysis. In the studies about simultaneous removal
of phosphate and fluoride, the La**-doped Pyrolusite ore
expresses rapid adsorption rate and high adsorption capacity.
The capacity increases with the increase in adsorbent dosages.
The optimal pH for phosphate and fluoride adsorption of the
adsorbent is approximate 6.0. In addition the best condition
for desorption of the adsorbent is at pH 10. Otherwise the
adsorbent was preliminarily studied for treating the wastew-
ater and the phosphate and fluoride removal performances
are significantly high. Further investigations on adsorption
abilities of this material in wastewater samples are needed to
apply for treating phosphate- or/and fluoride-contaminated
waste sources of industrial areas in Vietnam.
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