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ABSTRACT

Manganese-oxide-coated sand (MOCS) and manganese-oxide-coated crushed brick (MOCB)
were characterized and employed for the removal of phosphorus ions (PO}") from aqueous
solution. Scanning electron microscope (SEM), FTIR, X-ray diffraction spectrum (XRD), and
BET analyses were used to study the surface properties of the sorbents. Sorption of PO}~
from aqueous solutions was investigated by batch experiments. The estimated optimum pH
of phosphorus ions retention for the considered sorbents was 5. Both Freundlich and
Langmuir isotherms may reasonably explain adsorption of phosphorus ions. The adsorption
capacities of coated sorbents obtained at pH 5 and 20°C were 1.96 and 2.08 mg/g for MOCS
and MOCB, respectively. The sorption kinetics were tested for pseudo-first order and
pseudo-second order reactions as well as for intraparticle diffusion model and the rate con-
stants of the three kinetic models were calculated. The best correlation coefficients were
obtained using the pseudo-second-order kinetic model, indicating that POy~ uptake process
followed the pseudo-second order rate expression. Results from this study suggest that
manganese-oxide-coated sorbent is potentially suitable to remove PO;~ from water.

Keywords: Phosphate ions; Sorption; Manganese oxide; Kinetic modeling; Thermodynamic
parameters
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1. Introduction

Phosphorous is the key nutrient for the growth of
algal and other biological organisms, which in excess
causes eutrophication of water bodies. The presence
of phosphate industry in Sfax has led to a major
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problem of water pollution. For this reason, it
becomes necessary to evaluate the capacities of some
low-cost sorbents to eliminate phosphate ions from
water. In this respect, several methods have been
developed, among which chemical precipitation (with
aluminum, iron, and calcium salts), biological pro-
cesses that rely on biomass growth (bacteria, algae,
and plants) or intracellular bacterial polyphosphate
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accumulation [1] and sorption (natural apatite,
activated carbon, etc.) [2]. The later method would be
comparatively more useful and economical than the
others for this aim. Therefore, in recent years, consid-
erable attention has been paid, based on economical
and environmental concerns, to the investigation of
different types of low-cost sorbents, such as alum
sludge [3], red mud [4-6], fly ash [7,8], calcite [9], goe-
tite [10], birnesite [11], apatite [12], zeolite (clinoptilo-
lite) [13], and other waste materials [14,15]. Recent
studies have shown that some filtration materials such
as sand and burned clay coated with oxides (oxyhy-
droxides) of iron, aluminum or manganese, act as
good and inexpensive sorbents [16,17] for both cations
(Pb** [18,19]), Mn** [20]) and anions (PO;  [16,21],
AsO7 ™ [22]). Sorption on oxide coated sorbents can
also allow retention of pollutants that are not removed
by conventional treatment methods [23]. It is to note
that investigations of these coated sorbents were
based on the fact that elimination of iron and manga-
nese ions from water is much highly improved by
using old sand filters (which become coated during
use) than new ones [22-26].

This study investigated the characteristics of two
prepared coated sorbents: manganese-oxide-coated
sand and manganese-oxide-coated crushed brick. The
thermodynamic and kinetic study of PO;~ removal on
these materials was also undertaken. The main objec-
tives of this investigation were to examine quantita-
tively the effect of contact time, pH, and concentrations
on PO3™ removal from aqueous solutions, as well as to
check in detail the phosphorus removal kinetics.

2. Materials and methods
2.1. Sample preparation

Manganese-coated sorbents (sand and crushed
brick) were prepared by impregnation process accord-
ing to the procedure proposed by Bajpai and Chaudh-
uri (1999) [27].

Sand and crushed brick consist of grains with an
average diameter of 0.6-0.7 and 0.9-1.2mm, respec-
tively. Specific gravity was 2.50 for sand and 2.39g/
cm?® for crushed brick.

Before MnO, impregnation, the sorbents were
submitted to acidic purification procedure (acid-wash
with 1M HCI) [28] in order to remove impurities that
could affect sorption results.

Briefly, application of MnO, coating to the two
sorbents was carried out by making KMnO, to react
with hot MnCl, solution (48-50°C), under alkaline
conditions (pH 9), during 48 h. This procedure led to
an uniform black coating.
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2.2. Chemicals

Aqueous solutions containing phosphate ions
(PO3") at various concentrations were prepared from
sodium phosphate salt (NaH,PO,4). The initial pH of
the solutions was adjusted by adding either nitric acid
or sodium hydroxide.

All chemicals used for the treatment of the dif-
ferent sorbents (Fe(NOj3);:9H,O, NaOH, HNO;,
HCD) and for sorption tests were of analytical qual-
ity. All solutions were prepared using deionized
water.

Measurements of the initial and final pH of the
phosphate ion solutions were carried out using a
laboratory pH-meter (model pH 540 GLP) equipped
with a combined glass electrode (SENTIX 41). A pre-
liminary calibration is systematically carried out
using suitable buffer solutions. UV-V spectrophotom-
eter (HITACHI U 2000) was used to determine total
phosphate concentration using the ascorbic acid
method. The selected wavelength was 880 nm. Metal-
lic species in the different solutions were analyzed
by atomic absorption spectrophotometry (HITACHI
Z-6100).

2.3. Sorbent characterization

Mineralogy of the manganese oxide coating was
characterized using an X-ray diffractometer (Siemens,
Germany) with CuKoa radiation (4=0.154nm). Scans
were conducted from 0 to 60° at a rate of 2° per
min.

The specific surface area (m”/g) of each sorbent
before and after coating was determined by the sin-
gle-point BET (N,) adsorption procedure.

The pH of zero point of charge (pHzpc) was deter-
mined by adding a known amount of adsorbent
(0.1g) to a series of bottles that contained 50mL of
deionized water. Before adding the adsorbent, the pH
of each solution was adjusted to be in the range of
1.0-9.0 by the addition of either 0.1M HNO; or 0.1M
NaOH. These bottles were then rotated for 1h in a
shaker, and pH values were measured at the end of
the test. The pH of the suspensions was represented
as a function of the initial pH of the solutions. The
curve obtained theoretically crosses the bisector of
axes at the point of zero charge [17]. A pH,,. of 4.5
and 4.3 were obtained for MOCS and MOCB, respec-
tively.

Morphology of sorbents before and after coating
was obtained using a Philips XL 30 scanning electron
microscope (SEM). Elemental spectra were obtained
using energy dispersive X-ray spectroscopy during
SEM observations.
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2.4. Sorption experiments

Batch experiments included the kinetic studies, the
pH effect and the sorption isotherms. Sorption experi-
ments for the kinetic study were conducted as follows:
1g of each coated sorbent was suspended in 25ml
solution containing 10mg/1 of phosphate ions. The
solution pH was adjusted to 5 with 1M HNO; and
1M NaOH. The suspensions were stirred for different
time intervals. To determine the influence of pH on
phosphate ions sorption, experiments were performed
at various initial pH, ranging between 2.3 and 10.8.
Initial concentration of 10mg/1 of phosphate ions and
1g of sorbent per 25ml of solution were used. The
suspensions were stirred for 2h. Sorption isotherm
studies were conducted by adding 5g of each coated
sorbent to a 250ml solution containing various phos-
phate ion concentrations (5, 10, 15, 20, 25, 30mg/1).
The initial pH was maintained at 5, and the suspen-
sions were stirred for 2h. After filtration through a
0.45-membrane filter (MFS), the final concentrations of
phosphate ions in the solutions were measured.

The Langmuir and Freundlich adsorption isotherm
often used to describe the sorption of solutes from a
liquid phase were applied to our experimental results.
Linear form of the Langmuir equation can be
expressed as follows:

Ce 1 Ce

e Qb Qo M

where C, is the equilibrium concentration (mg/L), ge
is the amount of phosphate ion sorbed at equilibrium,
b is the sorption constant (L/mg) (at a given tempera-
ture) related to energy of sorption, and Qp is the maxi-
mum sorption capacity (mg/g).

The Freundlich isotherm is an empirical model
that is based on adsorption on heterogeneous surface
and active sites with different energy. The linearized
Freundlich isotherm equation is represented by the
following equation:

InQ:Ian—b—%lnCe (2)

where K; and n are Freundlich constants indicating
the adsorption capacity and the adsorption intensity,
respectively. Ky and n are, respectively, determined
from the intercept and slope of plotting In Q vs. In C..

In order to explain the effect of temperature on the
adsorption thermodynamic parameters, Standard
Gibbs free energy (AG®), Standard enthalpy (AH®), and
Standard Entropy (AS°) were determined. The free
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energy change is obtained using the following rela-
tionship:

AG® = —RTInb (3)

where R is the gas constant, b the equilibrium con-
stant (obtained from Langmuir equation) and T is the
temperature (K). Other thermodynamic parameters
such as enthalpy change (AH®) and entropy change
(AS®) are evaluated using Van’'t Hoff equation:

AS°  AH®
Inb = T RT (4)

In order to determine the effect of temperature on
sorption phenomenon, isotherms were established at
10, 20, and 40°C.

2.5. Adsorption kinetics

Adsorption kinetic models are important in water
treatment process design. In order to analyze the
PO:I’ ~ adsorption kinetics on MOCS and MOCB, three
kinetic models including the pseudo-first-order equa-
tion [29] and the pseudo-second-order equation [30]
were applied to experimental data obtained previ-
ously for time-dependent PO, adsorption.

The pseudo-first-order kinetic model is given as:

log(qe — g:) = logge — [(K1t)/2.303] (5)

The pseudo-second-order kinetic model is:

t/qr=1/(Kqz) +t/qe (6)

In these equations, g. and g; are the amounts of
solute adsorbed per mass unit of adsorbent at equilib-
rium and at any given time ¢, respectively (mg/g), K;
the pseudo-first-order rate constant for the adsorption
process (min~'), K, the rate constant for the pseudo-
second-order adsorption (g/mgmin), K,j.>=h the
initial sorption rate of the pseudo-second-order
adsorption (mg/gmin). A straight line of log(g. — g1
vs. t and t/q; vs. t suggests the applicability of the
kinetic models. The kinetic parameters can be deter-
mined from the slope and intercept of the plots.

3. Results and discussion
3.1. Sorbent characterization
3.1.1. SEM micrographs and EDAX spectra

SEM micrographs were taken to observe the mor-
phology of the uncoated and the manganese-oxide-
coated sand (MOCS) and crushed brick (MOCB). SEM
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Fig. 1. SEM micrographs of samples: (a) US; (b) MOCS; (c) uncoated crushed brick and (d) MOCB.

images of acid-washed uncoated sand (US) and
crushed brick (UB) (Fig. 1(a) and (c)) showed a very
ordered silica crystals at the US surface and a regular
aluminosilicate for UB. These two virgin materials
had relatively uniform and smooth surfaces. Small
cracks and light roughness could also be found on
their surfaces. In return, manganese-oxide-coated sur-
faces (MOCS Fig. 1(b), MOCB Fig. 1(d)) were appar-
ently occupied by newborn manganese oxides that
were formed during the coating process. Fig. 1(b) and
(d) also showed manganese oxides formed in clusters,
apparently on occupied surfaces. At the micron scale,
the manganese-oxide-deposit obtained on each sorbent
was composed of small particles on top of a more
consolidated coating. The amount of manganese on
the surface of the MOCS and MOCB, measured
through acid digestion analysis, was approximately
1.5mgMn/g-sand and 2mgMn/g-crushed brick. It is
to note that the quantity of manganese deposit
obtained in this work for the two sorbents was found
to be higher than that generally mentioned in the liter-
ature, which is about 0.003-0.5mgMn/g of sand

[30,31]. This reflects the effectiveness of the coating
process used in this study.

The elements associated with manganese-oxide-
coatings were detected by the energy dispersive
X-ray spectroscopy (EDAX) during SEM observations.
It is to note that coated sorbents were dark colored,
indicating the presence of manganese in the form of
insoluble oxides. On the other hand, the X-ray dif-
fraction patterns (XRD) of the two coated sorbents
(data not shown) revealed that the manganese
oxides were amorphous, since none specific diffrac-
tion ray indicative of any specific crystalline phase
was detected.

The peak heights in the EDAX spectra are propor-
tional to the metallic element concentrations (Fig. 2(a)
and (b)). The EDAX spectra of MOCS (Fig. 2(a)) indi-
cated that Mn, O, and Si are the main constituents.
These had been expected to be the principal elements
of MOCS. EDAX analysis yielded indirect evidence
for the presence of manganese-oxide-coating on the
surface of MOCS. The intense peak of Si occurring in
EDAX spectrum showed that manganese oxides did
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Fig. 2. EDAX spectrum of (a) MOCS and (b) MOCB.

not cover the full surface of the MOCS or that the
coating was too thin, allowing the X-ray to reach the
sand support. The EDAX spectrum of MOCB was
illustrated in Fig. 2(b). It could be seen that Mn, O, Si,
Al, Ca, and K are the dominant constituents. The pres-
ence of the Mn peak indicates the effectiveness of the
adopted coating process.

3.1.2. Specific surface area

Results showed that specific surface areas of the
two sorbents increased after coating. US and crushed
brick had a surface area of 1.36 and 1.86m?/g, respec-
tively. Surface coating with manganese oxide
increased the surface area of sorbents to 3.81 and
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4.64m?/g, respectively. This may be caused by the
increase in both inner and surface porosity after add-
ing the manganese oxides.

3.2. Batch adsorption experiments
3.2.1. Kinetic study

The effect of contact time on the sorption of phos-
phate ions (PO;") was studied for an initial concentra-
tion of 10mg/1 and a fixed pH solution of 5.0. The
data showed that the sorption of phosphate ions on
MOCB and MOCS was very fast at the initial stages
of the contact period and thereafter it becomes slower
near the equilibrium. Between these two stages of the
uptake the rate of sorption is found to be nearly con-
stant (Fig. 3). The differences in sorption capacities for
the different sorbents can be related to the differences
of their surface areas. In order to ensure that the equi-
librium time was largely attained, subsequent experi-
ments were carried out at a contact time of 2h for all
sorbents.

3.2.2. Effect of initial pH

When the initial pH of the solutions increases from
2.3 to 10.8, the removal of phosphate ions increases
first and then decreases (Fig. 4). The maximum sorp-
tion capacity was observed at around pH 4. According
to other works dealing with sorption of phosphate
ions on hematite and Al,O; [32], ion-exchange fiber
[33], alunite [34], and bauxite [35], the removal
decreases continuously for pH values ranging
between around 4 and 10. The decrease in the phos-
phate ion uptake, occurring beyond pH5 (Fig. 4),
implies probably a competition between phosphate
ions and hydroxyl ions for the sorption on the surface
Lewis acid sites of the sorbent. The effect of pH on

—0— PO4 sur MOCS —&— PO4 sur MOCB ‘
3 -
2.5 1
%0 2
; 1,5 1
o 1
=) 0,5 1
0 T T T T T 1
0 50 100 150 200 250 300

Time (mn)

Fig. 3. Effect of contact time on PO}~ removal at pH 5 and

at various POif initial concentrations onto (a) MOCS and
(b) MOCB.
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Fig. 4. Effect of initial pH on on POif sorption on the two
used sorbents, initial [POi’] =10mg/1.

phosphate adsorption can be explained also by
considering a zero point of charge of the sorbent.
Above the zero point of charge the positive charge
density on the surface of the sorbents increases which
disfavors the sorption of phosphate ions.

The sorption of phosphate onto hydroxylated min-
eral surface can be described by a ligand exchange
mechanism [36,37], which causes an increase in pH due
to the hydroxyl ions released from the oxidic sorbent.

3.2.3. Retention of PO;~ by coated sorbents at 20°C

Phosphate ions sorption isotherms obtained for
coating sorbents are shown in Fig. 5. These isotherms
represent the sorption behavior of phosphate ions on
the different sorbents as a function of increasing aque-
ous phosphate concentration for a contact time of 2h.

The Freundlich isotherm model used for phos-
phate sorption (Fig. 6(a)) is the earliest known rela-
tionship describing the sorption equilibrium. The
Freundlich isotherm constants obtained for the sorp-
tion of phosphate ions at 20°C on the different sor-
bents are mentioned in Table 1. The data showed that

| & MOCB B MOCS

Q (mglg)
]

0 2 4 6 8
Ce (mg/l)

Fig. 5. Equilibrium isotherms at 20°C for POif sorption on
MOSC and MOCB.
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Fig. 6. Freundlich isotherms for the sorption of PO} at 20°
C on MOCS and MOCB sorbent.

the Kp constant remained higher for coated crushed
brick than for coated sand sorbent. Values obtained of
1<n<10 imply favorable sorption of phosphate ions
for the two sorbents [38]. The results of phosphate ion
sorption onto MOCB and MOCS sorbents (Fig. 5) were
also analyzed by using the Langmuir model to evalu-
ate parameters associated with the sorption behavior.
For the two sorbents, the sorption data fit to the linear
form of the Langmuir equation (Fig. 7). This linear
plot was employed to obtain the values of Qp and b
from the slope and intercept of the plot (Table 1). The
correlation coefficients (R) given in Table 1 show that
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the Langmuir equation gives also a fairly good fit to
the sorption isotherms. Results in Table 1 show that
Qo remains the highest for phosphate ion sorption
onto coated crushed brick followed by coated sand, it
is to note that capacity sorption onto uncoated sorbent
(uncoated sand (US) and brick (UB)) were released
and sorption capacities, determined by Langmuir
model as shown in Fig. 6(b), were 0.82 and 0.93mg/g
for US and uncoated brick, respectively.

In order to compare the adsorption capacities of
phosphate ion onto MOCB and MOCS sorbents, the
adsorption capacities of various adsorbents are given
in Table 2. Compared with most of the other adsor-
bents, the sorbents used in this study are comparable
as qualitatively and it exhibited also a greater capacity
for PO;~ adsorption (Table 2).

3.2.4. Adsorption thermodynamics

The calculated values of Gibbs free energy (AG"),
enthalpy (AH®), and entropy (AS®) changes are given
in Table 3. The negative values obtained for AG®
indicate the spontaneous nature of sorption. Values of
AH® and AS° were calculated from the slope and
intercept of the Van't Hoff linear plot of log b vs. 1/T
(Fig. 8). The positive of PO?[.

3.3. Determination of kinetic parameters

To predict the sorption kinetics of phosphate ions
onto the two sorbents, pseudo-first- and pseudo-sec-
ond-order kinetic equations as well as intraparticle
diffusion model were applied to experimental data
relating to time-dependent PO;~ adsorption. Figs. 8
and 9 show the plots of linear forms of the three mod-
els for all the initial PO;~ concentrations considered.
Kinetic parameters and correlation coefficients corre-
sponding to the three models were calculated from
these plots and listed in Table 4. As shown in this
table, the R* values of the pseudo-second-order kinetic
model are extremely high (>0.998) and are followed
by those of the intraparticle diffusion equation and

Table 1
Freundlich and Langmuir constants ffor PO?[ sorption onto MOCS and MOCB
Temperature ('C) MOCS MOCB

Langmuir constants Freundlich Langmuir constants Freundlich

constants constants

Qo (mg/g) b@/mg) R* K N R Qy(mg/g) bd/mg) R* K n R?
10 1.80 0.29 097 194 112 097 184 1.06 099 062 013 097
20 1.96 0.41 097 2.08 138 098 2.08 1.38 098 0.78 036 098
40 2.12 0.54 098 322 145 097 222 1.54 099 099 052 096
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Fig. 7. Langmuir isotherms for the sorption of PO; at
20°C on MOCS and MOCB sorbent.

Table 2

Sorption capacity of PO}~ by various adsorbents
Adsorbents Qo (mg/g) Reference
MOCS 1.96 Present study
MOCB 2.08 Present study
Blast furnace slag 0.42 [39]

Black oxide 0.89 [40]

Shell sand 9.6 [41]

Red mud gypsum 5.07 [40]
Amorphous slag (I/1I) 6.47 [42]

lastly by those of the pseudo first-order equation
(Table 4). Moreover, the equilibrium phosphate
uptakes (qe) deduced from the second-order correla-
tion was much more reasonable—when compared
with experimental results- than those of the first-order
model. This suggests that the sorption process do not
follow a pseudo-first-order reaction and the pseudo-
second-order sorption kinetics seems to be predomi-
nant as shown in Fig. 10.

For the pseudo-second-order model, the rate con-
stant K, and the initial sorption rate, /1, decrease with
increasing initial PO;~ concentration (Table 4). This
suggests that the rate-limiting step may be a chemical
adsorption [43]. The values of the rate constant K, from
the pseudo-second-order model can be used to

Table 3
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Fig. 8. Pseudo-first-order kinetic plots for the sorption of

PO;~ ions onto (a) MOCS and (b) MOCB at various initial
concentrations.
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Fig. 9. Pseudo-second-order kinetic plots for the sorption
of PO3™ ions onto (a) MOCS and (b) MOCB at various
initial PO}~ concentrations.

calculate the activation energy of sorption process. The
activation energy (E,) was determined from the slope

Thermodynamic parameters for the sorption of PO; onto MOCS and MOCB, at various temperatures

Temperature (‘C) MOCS

MOCB

AG* (J/mol)  AH* (kJ/mol)

10 —24.827 12.342 0.129
20 —25.704 12.342 0.129
40 —27.459 12.342 0.129

AS® (K] /(Kmol))

AG° (k]/mol)  AH° (kJ/mol)  AS° (kJ/(Kmol))

—2.703 24.693 0.182
—28.862 24.693 0.182
—30.640 24.693 0.182
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Table 4
Kinetic parameters for the sorption of PO;~ onto MOCS and MOCB at various initial concentrations
Initial PO; concentration MOCS
(mg/1 Pseudo-second-order kinetic model Pseudo-first-order kinetic model
K> (g/mgmin) g, x 10’ (mg/g) h (mg/g.min) R> Ky (min™") g.x10° (mg/g) R?
10 1.35 0.48 0.31 0.99 0.345 56.23 0.69
30 0.81 1.49 1.81 1.00 0.029 37.15 0.61
60 0.71 1.61 1.85 099 0.021 1.27 0.74
90 0.66 2.94 5.73 0.99 0.016 0.38 0.86
MOCB
10 2.85 1.49 6.32 099 0.018 75.5 0.77
30 1.66 5.98 59.36 099 0.011 11.72 0.70
60 0.75 17.85 103.45 0.99 0.0046 6.62 0.74
90 0.23 23.25 121.67 0.99 0.0023 4.28 0.66
(a)‘ =10 mgl 430 mg/ p— €90 g water molecules from the inner coordination sphere
and form bonds directly to the metal ion. In contrast,
0 outer-sphere complex is another complex formation in
a 1 which the ligand is situated with no bonds forming
g -2 . . .
R directly to the metal ion. It was founded that ions
3 4 XX forming inner-sphere complexes show an increase or
g 5 no variation in the adsorption capacity with increasing
g ‘g’ u ionic strength. In contrast, ions forming outer-sphere
3 surface complexes exhibit decreasing in the adsorption
Time (min) capacity with increasing solution ionic strength, which
was formed mainly by electrostatic interactions and
contain more than one water molecule between the
(b)\ BI10mg/l  A30mg/l X 60mg/l €90 mg/l adsorbate and the adsorbent functional groups. There-
0 fore, the results obtained suggested the inner-sphere
E '0_*? mechanism was mainly involved in the process of
B s PO;~ adsorption in our study. Phosphate removal
F o2 was mainly achieved by the replacement of surface
%“: -2,2 hydroxyl groups by the phosphate species and forma-
5 s tion of‘mner—sphere surfgce complexes at the water/
9 oxide interface [48]. This can be attributed to the

Time (min)

Fig. 10. Vant't Hoff plots for PO;~ sorption on the two
sorbents.

of the Arrhenius plot of In K; vs. 1/T (data not shown)
according to Eq. (10). The values were found to be 8.01
and 12.62kJ/mol for PO;~ sorption on MOCS and
MOCB, respectively, showing that PO;~ sorption pro-
cess by MOCS and MOCB is a nonactivated chemical
adsorption, which confirm their chemical nature [44].

3.4. Sorption mechanism

According to previous work [45-47], inner-sphere
complex is a complex formation where ligands replace

higher activity of the counter ions in the solution
available to compensate the surface charge generated
by specific ion adsorption [48].

4. Conclusion

Tow engineered sorbents: manganese-oxide-coated
sand (MOCS) and crushed brick (MOCB) were pre-
pared and characterized with regard to their morphol-
ogy, mineralogy, and specific surface area. The results
showed essentially that the deposited oxides were
amorphous and correspond to 1.5mg Mn/g-sand and
2mg Mn/g-crushed brick. Moreover, surface coating
with manganese-oxides considerably increased the
surface area of the two sorbents.
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Sorption of PO; ™ ions onto MOCS and MOCB was
studied considering the effect of initial pH as well as
the thermodynamic and kinetic aspects of the sorption
process. Data of sorption isotherms were correlated
using Langmuir and Freundlich equations. The main
conclusions that could be drawn from the whole
results were as follows:

* the maximum of PO; "~ sorption on the two sorbents
took place at around pH 4;

e PO;  sorption on the two sorbents followed a
pseudo-second order reaction kinetics;

e values of activation energy, obtained for MOCS
and MOCB from Arrhenius plots, suggested that
the rate-limiting step of lead uptake might be a
chemical adsorption;

¢ thermodynamic results indicated the spontaneous
nature (AG°<0) and the endothermic character
(AH®>0) of PO, sorption process.

Results from this study suggest that manganese-
oxide-coated sorbents are potentially suitable to
remove PO}~ ions from aqueous solution.
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