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a b s t r a c t

An inorganic/organic hybrid adsorbent for phosphate adsorption was synthesized by introducing lan-
thanum (La) onto diamino modified MCM-41. The adsorbent was characterized by XRD, SEM, BET, TGA,
and FTIR spectroscopy. A series of batch tests were conducted to investigate the influence of contact time,
initial phosphate concentration, pH of the solution, and competitive ions on the phosphate adsorption
capacity. The Langmuir and Freundlich models were used to simulate the sorption equilibrium, and the
eywords:
CM-41

anthanum
hosphate
dsorption

results indicated that the Langmuir model fitted the experiment data better than the Freundlich model.
The maximum adsorption capacity calculated from the Langmuir model is 54.3 mg/g. For kinetic study,
phosphate adsorption followed the pseudo-second-order equation well with a correlation coefficient
greater than 0.99. Optimum pH value for the removal of phosphate was between 3.0 and 7.0. The pres-
ence of Cl− and NO3

− has neglectable influence on the phosphate adsorption. F−and SO4
2− have negative

of p
12 mi
effects on the adsorption
0.01 M NaOH solution in

. Introduction

Phosphate is considered to be one of the key nutrient elements
or the growth of biological organisms in the aquatic environ-

ents. However, an excess of phosphate present in water often
nduces eutrophication [1,2], which leads to the overgrowth of the
hytoplankton, causing oxygen lack, water quality reduction and
quatic animal depopulations. Furthermore, some algal blooms
re toxic to plants and animals. For example, freshwater algal
looms can pose a threat to livestock because the algae can release
ome neuro and hepatotoxins when they are eaten by the lives.
urthermore, the toxins may threaten the human health following
he food chain [3,4]. The well known event of Lake Tai’ water
loom was attributed to the eutrophication caused by the excess
f the nutrient in the lake [5].

To avoid eutrophication occurring, it is necessary to control

he phosphate concentration in water bodies. Recently, various
astewater treatment technologies, including physicochemical
recipitation, advanced biological treatment and physical method,
ave been applied to remove the phosphate. Among them,
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hosphate. Phosphate on the spent adsorbent can be almost released by
n.

© 2010 Elsevier B.V. All rights reserved.

removal of phosphate through adsorption becomes the focus
because it is convenient and cost-effective. The adsorbents can be
divided into inorganic materials, organic materials and silica-based
mesoporous inorganic/organic hybrid materials. The inorganic
adsorbents include alum and aluminum hydroxide [6], calcium
kaolinite [7], layered double hydroxides [8], calcite [9], zeolite [10],
dolomite [11], red mud [12], fly ash [13] and blast furnace slag
[14]. The organic materials, especially biomaterials contain col-
lagen fiber [15], shell powder [16], bark [17], wood particle [18],
banana stem [19] and orange waste [20]. Silica-based mesoporous
inorganic/organic hybrid materials [21,22] are a new type of mate-
rial characterized by large specific surface areas and pore size
(2–15 nm), which are obtained through the coupling of inorganic
and organic components by postsynthesis. Besides adsorption, the
incorporation of functionalities enables the materials to be used
in lots of other fields such as catalysis, chromatography, molecular
switches and the construction of systems for controlling the release
of active compounds [23–26].

MCM-41 which is a member of the family of mesoporous molec-
ular sieve has a self-assembled molecular array with surfactant
molecules as a structure directing template [27]. The high density

of silanol groups on the pore wall is favorable for the introduction
of functional groups with high coverage [28]. Fryxell synthesized
copper-coordinated, ethylenediamine modified mesoporous sili-
cate as an anion adsorbent and this adsorbent has 3-fold symmetry
structure which can match the geometry of tetrahedral anions [29].

dx.doi.org/10.1016/j.jhazmat.2010.10.076
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zmshen@sjtu.edu.cn
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ecently, Lanthanum has been used to remove phosphate from
ater solutions. Shin et al. [17] had introduced lanthanum as an

norganic material into bark fiber to develop an adsorbent for phos-
hate capture. Wu et al. [30] had bound lanthanum to chelex-100
esin and found that the La–chelex resin was able to remove phos-
hate efficiently. In conclusion, lanthanum has the potential to
ynthesize efficient adsorbent for phosphate adsorption.

In this study, a new inorganic/organic hybrid adsorbent for
hosphate adsorption was synthesized by introducing lanthanum
La) onto diamino modified MCM-41. The new adsorbent was
enoted as La-NN-M41. We focused on the preparation as well as
he characterization of the adsorbent La-NN-M41 and its funda-

ental adsorption behavior of removing phosphate from aqueous
olutions, including the adsorption kinetics, adsorption isotherm,
nd the effect of pH. Desorption kinetic was performed under NaOH
olution (0.01 M). Effects of foreign anions in aqueous solution, such
s F−, Cl−, NO3

−, SO4
2− have also been investigated.

. Materials and methods

.1. Preparation of materials

MCM-41 was synthesized following the procedure described
lsewhere with a templating method. Tetraethylorthosilicate
TEOS) was used as organic Si source and cetyltrimethylammonium
romide (CTAB) as template [31]. 4.89 g CTAB was added to the
ixture of 40 g distilled water and 2.15 g NaOH. After that, 5 mL

EOS was added slowly to the mixture until the solution became a
lear gel. Then it was stirred for 2 h and transferred into PTFE-lined
utoclaves under autogenous pressure at 110 ◦C for a period of 48 h.
he white solid product was washed, filtered, dried, and calcined
t 550 ◦C with the heat rate of 1 ◦C min−1.

The amino-functionalized MCM-41 was prepared via the
ostsynthesis grafting method according to Yokoi et al. [32].
g calcined MCM-41 was stirred vigorously in dry toluene
ith 15 mL 1-(2-aminoethyl)-3-aminopropyltrimethxoysilane,
2NCH2CH2NHCH2CH2CH2Si(OCH3)3 (Momentive Performance
aterials Inc.). The mixture was heated at 110 ◦C under inert

tmosphere for 6 h. The functionalized material was purified
y filtration, washed with 2-propanol, and dried at 100 ◦C. The
owder was denoted as NN-M41.

Excess amount of La(III) nitrate hexahydrate in 2-propanol solu-
ion with NN-M41 were stirred for 2 h at 25 ◦C. The powder was
ollected by filtration, washed by 2-propanol and dried at 110 ◦C.
he product was denoted as La-NN-M41.

.2. Characterization of materials

Surface morphologies of MCM-41 and La-NN-M41 samples were
xamined by scanning electron microscopy (JSM-7401F, JEOL Ltd.,
apan). Before that, the samples were dried at 120 ◦C for 12 h.
-ray powder diffraction patters of the prepared samples were
ecorded in the 2� range of 0.8–8◦ with a scan speed of 1◦/min by
sing a diffractometer (D/max-2200/PC, Rigaku Corporation, Japan)
ith Cu K� radiation (40 mA, 45 kV). The pore structures distribu-

ion and BET specific area of the samples were measured by N2
dsorption/desorption technique on Surface Area and Porosimetry
nalyzer (ASAP 2010 M+C, Micromeritics Inc., USA). Prior to analy-
is, the pure MCM-41 was degassed at 200 ◦C for 6 h under vacuum,
nd functionalized materials were degassed at 120 ◦C for 12 h under
acuum. Fourier transform infrared (FTIR) measurements of each

ample were performed between 200 and 4000 cm−1 by using Shi-
adzu IRPrestige-21 instrument with 2 cm−1 resolution to check

he changes of the functional groups of the samples. KBr pellets
ontaining 0.5% of the samples were used in FTIR experiment. Ther-
ogravimetric analyses (TGA) were performed with TGA 7 system
Materials 186 (2011) 76–83 77

(Perkin Elmer, Inc., USA) to determine the amount of organsilane
moieties present on La-NN-M41. The CN elemental analysis was
determined by elemental analyzer (Vario EL III, Elementar Cor-
poration, USA). The organic group content of the functionalized
mesoporous silica was calculated based on the nitrogen content.

2.3. Phosphate adsorption experiments

As for the equilibrium experiments, 0.100 g adsorbent was
added to 250 mL glass-stoppered conical flasks with 100 mL phos-
phate solution with various initial concentrations. The phosphate
solution was prepared by using anhydrous K2HPO4 and deionized
water. The initial pH of the phosphate solution was adjusted to
6.0 with 1 mol/L NaOH and HCl. The total volume added for pH
adjustment never exceeded by 1% pH values using pH meter com-
bined with glass electrode (pHS-3TC, Shanghai Hongyi Instrument
Factory, Shanghai, China). The conical flasks were transferred into
Air Bath Thermostatic Rotary Shaker (HZQ-F, Harbin Donglian Elec-
tronic & Technology Development Co. Ltd.) at various temperatures
(25, 35 and 45◦C), shaken at 120 rpm. At the end of adsorption
process, the supernatant was filtered through 0.45 �m membrane
syringe filter and analyzed by using ascorbic acid method to mon-
itor the absorbance at 880 nm with spectrophotometer (UV-2102
PCS, Unico Corp, China) [33]. The amount of phosphate adsorbed
on La-NN-M41 at equilibrium was calculated by

qe = (Co − Ce)V
m

(1)

where Co and Ce (mg/L) are the initial and equilibrium liquid phase
phosphate concentrations, respectively, V (L) is the volume of the
solution and m (g) is the mass of the adsorbent.

Adsorption kinetic experiments were conducted as follows:
0.100 g adsorbent was added in 100 mL phosphate solution, and the
initial concentration of phosphate solution was 30, 50, 100 mg/L,
respectively. The pH was adjusted to 7.0 by using the same method
in equilibrium experiments. The sealed flasks were then placed in
shaker bath at 25 ◦C, shaken at 120 rpm. The suspension solution
was taken out of flasks at determined time intervals for the analysis
of phosphate concentration.

To investigate the influence of pH on phosphate adsorption, the
experiments were conducted at various initial pH, ranging from 2.0
to 12.0. 50 mg/L phosphate solution and 1.00 g adsorbent per liter
of solution were used in the experiments.

Besides the influence of pH, the effect of coexisting anions on
phosphate adsorption was evaluated. Various concentrations (100,
300, 500, 700, 900 mg/L) of sodium salt form of coexisting anions
such as F−, Cl−, NO3

−, SO4
2− were added into phosphate solution.

Initial phosphate concentration of 50 mg/L and 1.00 g adsorbent per
liter of solution were used in the experiments. The initial pH of final
solution was adjusted to 6.0.

2.4. Desorption kinetic study

Desorption kinetic study was carried out to investigate the
feasibility of the spent adsorbent’s reuse. The phosphate loaded
adsorbent was filtered from the mixture by using 0.45 �m syringe
filter and washed carefully with deionized water to remove any
unabsorbed phosphate. Then the spent adsorbent was mixed with
100 mL 0.01 M NaOH solution, the samples were taken out at inter-
val time and the desorbed phosphate was estimated.

3. Results and discussion
3.1. X-ray diffraction

The X-ray diffraction patterns of MCM-41, NN-M41, and La-NN-
M41 are presented in Fig. 1. Well-resolved peaks of MCM-41 were
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Table 1
Structure characteristics of MCM-41, NN-M41 and La-NN-M41.

Samples BET surface
area (m2/g)

Pore diameter (nm) Total pore volume
(cm3/g)

the diamino-organic groups and the siloxane groups on the surface
2-theta/deg

Fig. 1. X-ray diffraction patterns of MCM-41, NN-M41 and La-NN-M41.

isplayed in the (1 0 0), (1 1 0), and (2 0 0) planes, which indicates
he typical hexagonal long-range arrays structure of mesoporous

aterial [34]. From the XRD pattern and SEM images (Fig. 1), some
iscernible differences could be found in the textural properties
etween MCM-41 and La-NN-M41. The edge of the MCM-41 parti-
le is sharper than La-NN-M41’s, which is mainly caused by grafting
rganoalkoxysilanes. Compared to the XRD patterns of MCM-41,
he decrease of peak (1 0 0) reflection intensity could be observed
or NN-M41 and La-NN-M41, and the peak of NN-M41 was higher
han that of La-NN-41’s. After postsynthesis grafting, the reduction
n the (1 0 0) peaks intensity and disappearance of (1 1 0) and (2 1 0)
eaks of the modified samples may be attributed to the partial col-

apse of the hexagonal long-range arrays structure, which can be
onsidered resulting from poor hydrothermal stability of the mate-
ial and flexibility of the siliceous framework produced by the stress
f anchored La metal complex [35,36].

.2. Nitrogen adsorption and desorption

The nitrogen adsorption–desorption isotherms of MCM-41,
N-M41 and La-NN-M41 are shown in Fig. 2. All the nitrogen

dsorption–desorption isotherm represented typical type IV model
ccording to International Union of Pure and Applied Chemistry
lassification and the pure MCM-41 has H1 hysteresis loop which
as representative of mesopores [37]. The NN-M41 and La-NN-
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ig. 2. Nitrogen adsorption–desorption isotherms of MCM-41, NN-M41 and La-NN-
41.
MCM-41 1015 2.87 0.89
NN-M41 348 2.82 0.19
La-NN-M41 134 2.61 0.10

M41 samples showed an isotherm with adsorption step shifting
toward lower relative pressures. The nitrogen adsorption experi-
ments results (BET specific surface area, pore diameter and pore
volume) are summarized in Table 1. The BET specific surface
areas of MCM-41, NN-M41 and La-NN-M41 are 1015, 348 and
134 m2/g, respectively. The corresponding pore diameters are 2.87,
2.82 and 2.61 nm respectively. The pore volumes are 0.89, 0.19
and 0.10 cm3/g, respectively. The change trend is attributed to the
grafted silane and the La3+ complexation. Such phenomena are usu-
ally observed after post-grafting procedure [38].

3.3. FTIR and TGA analysis

The FTIR, which was used to characterize the surface silanols and
hydrogen-bonded hydroxyl groups is shown in Fig. 3. The bands at
1080, 808, and 975 cm−1 corresponded to the Si–O–Si asymmet-
ric and symmetric vibrations. The broad band (3600–3200 cm−1)
in the hydroxyl region could be seen to illustrate the presence of
silanol groups within the MCM-41 pore channel. After grafting the
diamino-organic moiety, the bands at 2944 cm−1 which indicates
the C–H stretching vibration could be observed. The weak bands
at 1470 and 1658 cm−1 are due to NH2 vibrations. These results
confirmed that the diamino species were anchored on the sur-
face of MCM-41. After immobilization of the La3+, the amine bands
shifted to lower wavenumber suggesting the possibility of the La3+

anchored on the active sites. La(NO3)3 was used as La source, and
the peak at the 1384 cm−1 was due to the introduction of nitrate.
TGA analysis was used to evaluate the amount of silanes and weakly
adsorbed water in the adsorbent. For the MCM-41 sample (Fig. 4),
the slight weight loss was caused by the loss of weakly physisorbed
water in the pore of the sample. The TGA spectrum of La-NN-M41
showed a sharp weight loss between 200 and 600 ◦C. That is because
decomposed. The elemental analysis results showed that the C and
N content was 13.21% and 5.01%, which well matched the molecu-
lar formula of diamino groups C5N2H13. We measured the content
of La in adsorbent by ICP, and the content of La is 8.6%. In view of the
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Table 2
Estimated Langmuir and Freundlich isotherms parameters for phosphate
adsorption.

Temperature Langmuir Freundlich

(◦C) q0 (mg/g) KL (L/mg) R2 n KF (mg/g) R2

a
l

3

a
p
k
E
l

o
concentration and contact time. The adsorption process reached
25 54.3 0.065 0.995 11.3 32.4 0.956
35 51.8 0.092 0.996 7.9 24.8 0.927
45 50.3 0.138 0.997 6.6 20.6 0.928

bove results, it can be proved that the organosiloxane groups were
inked to the MCM-41 surface by postsynthesis grafting reaction.

.4. Adsorption isotherms

Phosphate adsorption isotherms on La-NN-M41 were obtained
t different temperatures (25, 35, and 45 ◦C) by varying the initial
hosphate concentration. The isotherms data were fitted to well-
nown Langmuir and Freundlich isotherms models presented in
qs. (2) and (3) by non-linear regression with the method of the
east squares.

The Langmuir model which is valid for monolayer adsorption

nto surface with a finite number of identical sites is expressed as

Ce

qe
= 1

q0KL
+ Ce

q0
(2)
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Fig. 5. (a) Linear Langmuir adsorption isotherms at 25, 35 and 45 ◦C
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where Ce (mg/L) is the concentration of phosphate solution at equi-
librium, qe (mg/g) is the corresponding adsorption capacity. q0
(mg/g) and KL (L/mg) are Langmuir constants related to adsorption
capacity (mg/g) and energy or net enthalpy of adsorption, respec-
tively.

The logarithmic form of Freundlich model is expressed as

log qe = log KF +
1
n

log Ce (3)

where qe (mg/g) is the corresponding adsorption capacity, Ce (mg/L)
is the concentration of phosphate solution at equilibrium. KF (mg/g)
and n are the constants.

The Langmuir and Freundlich model’s fitting curves are shown
in Fig. 5. The estimated adsorption constants with correlation
coefficient obtained from the isotherm are listed in Table 2. It is
seen that both Langmuir and Freundlich equation can satisfacto-
rily describe the isotherms experimental data (R2 > 0.9). However,
in terms of R2 values, the Langmuir equation is more suitable
than Freundlich equation in describing the adsorption isotherms.
In previous study, researchers reported that the phosphate adsorp-
tion on many adsorbent fit the Langmuir equation. Li et al. [39]
presented that the phosphate adsorption on lanthanum doped
vesuvianite was better fitted by the Langmuir equation than the
Freundlich equation did. The isotherm of phosphate onto La-load
orange waste [20] and La-modified bentonite [40] also well fol-
lowed the Langmuir equation. For Langmuir equation, the value of
q0 decreases from 54.3 mg/g to 50.3 mg/g with the increase of tem-
perature, which exhibits the exothermic nature of the adsorption
process. Table 3 presents the comparison of adsorption capacity of
La-NN-M41 with other adsorbent for phosphate adsorption. Since
the adsorption was under different experimental conditions, the
adsorption capacity of the adsorbents is not strictly comparable. In
general, La-NN-M41 exhibits higher adsorption capacity than cer-
tain adsorbents, but lower than that of activated alumina and Al
impregnated SBA-15.

3.5. Adsorption kinetics studies

Kinetic studies were carried out to determine the rate of phos-
phate removal from solution by La-NN-M41. The initial phosphate
concentrations were 30, 50, 100 mg/L, respectively. Fig. 6 shows
the change of adsorption capacity as a function of initial phosphate
to equilibrium in less than 60 min in the three kinetic studies. The
maximum phosphate adsorption capacity is found to be 31.9, 42.4,
and 44.7 mg/g, respectively with different initial concentrations at
25 ◦C. From Fig. 6, it is clear that when the initial phosphate con-
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Table 3
Comparison of phosphate adsorption capacities of various adsorbents.

Adsorbent pH Temperature (◦C) Adsorption capacity (mg/g) Data source

La-modified zeolite 6.0 20 24.6 [44]
La doped vesuvianite 7.1 – 20.5 [39]
Activated alumina 6.4 25 53.7 [45]
Al impregnated SBA-15 6.4 25 81.9 [45]
Fe–Mn binary oxide 5.6 25 36 [46]
MCM-48-NH2-G – 25 27.1 [38]
Mesoporous ZrO2 6.7–6.9 25 29.7 [47]
La-NN-M41 7.0 25 54.3 Present work

Table 4
Comparison of the first- and second-order adsorption rate constants and experimental values for different initial phosphate concentrations.

Initial concentration C0 (mg/L) qe (exp) (mg/g) First-order kinetics Second-order kinetics

k1 (min−1) qe (cal) (mg/g) R2 k2 (g/(mg min)) qe (cal) (mg/g) R2

30 31.9 0.0400 3.2
50 42.4 0.0297 16.2

100 44.7 0.0184 10.5
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entration is mg/L, the adsorption process can be divided to three

teps. In the first 5 min, the adsorption capacity increased fast and
chieved 92.8% of the equilibrium adsorption capacity. That may be
ue to the large concentration gradient between bulk solution and
dsorbent surface. In the following 55 min, the adsorption slowed
own possibly resulted from more sorption sites being occupied.
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Fig. 7. (a) Peseudo-first-order plots for adsorption of phosphate on the adsorbent and
0.612 0.0098 32.2 0.999
0.862 0.0115 42.7 0.999
0.577 0.0131 44.6 0.999

After 60 min, the adsorption reached equilibrium and the adsorp-
tion capacity did not change. Besides the adsorption capacities are
higher, the adsorption process under 50 and 100 mg/L are similar to
that under the 30 mg/L. In order to analyze the kinetic mechanism
of the adsorption process, the kinetic data were fitted by pseudo-
first-order model and pseudo-second-order model (Table 4). The
pseudo-first-order equation is given as [41]:

log(qe − qt) = log qe − k1t

2.303
(4)

where qe (mg/g) and qt (mg/g) are the amount of phosphate
adsorbed at equilibrium and at time t (min), respectively, and k1
is the adsorption rate constant of pseudo-first-order adsorption
(1/min).

The second-order kinetics model [42] can be represented as

t

qt
= 1

k2qe
2
+ t

qe
(5)

where k2 is the equilibrium rate constant of pseudo-second-order
adsorption (g/mg/min). Values of k2 and qe are calculated from the
plot of t/qe vs t.

The kinetic data fitted by pseudo-first-order and pseudo-

second-order models are shown in Fig. 7 and the values of different
parameters as well as corresponding correlation coefficients deter-
mined by both kinetic models for phosphate are shown in Table 2. In
terms of correlation coefficients values, the pseudo-second-order
kinetic model fitted better than pseudo-first-order kinetic model,
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hich suggested that the adsorption process might be chemisorp-
ion.

.6. Effect of initial pH on adsorption of phosphate

The effect of pH on the phosphate adsorption capacity of La-
N-M41 was investigated by varying initial pH values in the range
f 2.0–12.0. According to the results shown in Fig. 8, it is obvious
hat pH values affect the adsorption significantly. The amount of
hosphate increased to 41.9 mg/g at pH of 3.0, and maintained this
elatively high level between pH 3.0 and 7.0. While the phosphate
eceased from 24.8 mg/g to 4.7 mg/g between pH 10 and 12. Phos-
hate acid can yield different species at different pHs as Eq. (6)
how:

3PO4
K1←→H2PO2−

4 +H+
K2←→HPO−4 + 2H+

K3←→PO4
3− + 3H+ (6)

here pK1 = 2.15, pK2 = 7.20 and pK3 = 12.33, respectively.
At pH≤2.13, the predominant species of phosphate is H3PO4

hich is weakly attached to the sites of the adsorbent. When
.13 < pH < 7.20, the main phosphate species presented as mono-
alent H2PO4

− and the La-NN-M41 kept at a relatively high level
etween pH 3.0 and 7.0, which indicates that the lanthanum ions
ad greater affinity for the monovalent dihydrogen phosphate. This
an be explained according to the hydroxylation of the lanthanum
ons. The only insoluble La(OH)3 forming at pH 7.58 undergoes the
ydroxylation process in three steps. When pH is in the range of
.0–7.0, the most likely form of lanthanum is La(OH)2

+, which could
−•
atch H2PO4 species at the stoichiometric ration of 1:1. How-

ver, this does not mean that the H2PO4
2− is not adsorbed [40].

ith the increase of pH, the lanthanum is mainly in its insoluble
orm La(OH)3 which can hardly form La(PO4)3. The ion exchange

echanism may be predominant at high pH.

MCM-41 

NH HN

NH2 NH2

La3+

MCM-41 

Fig. 10. The schematic drawing of the preparati
the concentration of co-ions(mg L )

Fig. 9. Effect of co-ions on the phosphate adsorption.

3.7. Effect of coexist anions on phosphate adsorption

The effects of added competitive anions F−, Cl−, NO3
−

and SO4
2− are presented in Fig. 9. All the four group tests

showed that the phosphate adsorption capacity decreased
with the increase of competitive anions. The competitive
anions’ effects on phosphate adsorption follow the order:
SO4

2− > F− > Cl− ≈NO3
−. There are many similar results reported by

previous researchers, such as for ZnCl2 activated coir pith carbon
[43]: ClO4

− = SeO3
2− > SO4

2− > MoO4
2− = VO3

− = Cl− = NO3
−, for cal-

cined layered double hydroxides [8]: SeO3
2− > SO4

2− > Cl− > NO3
−.

Among the four anions, SO4
− has the strongest effect on the adsorp-

tion of phosphate on La-NN-M41. When the concentration of SO4
−

increased from 0 to 900 mg/L, the phosphate adsorption capacity
of La-NN-M41 reduced from 42.2 mg/g to 19.5 mg/g. The decreases
in the adsorption capacity may be explained on the basis of ion
exchange mechanisms. The process of phosphate adsorption on
the adsorbent occurs between phosphate ions and the hydroxide
ions located on the adsorbent surface, and the gradually increased
concentration of SO4

2− will displace the PO4
2− adsorbed on adsor-

bent. The affinity of adsorbents with competing ions determines
the orders of the effect of anions on phosphate adsorption on La-
NN-M41.

3.8. Desorption study

The preparation, phosphate adsorption, and desorption of La-
NN-M41 are schematically illustrated in Fig. 10. The phosphate

interacts with La3+ by electrostatic force and the interactions
between phosphate and La3+ may be ionic. 0.01 M NaOH was used
to treat the spent adsorbents. The desorption kinetics correspond-
ing to spent adsorbents is shown in Fig. 11. It is clear that desorption

MCM-41 

NH HN

NH2 NH2

La3+

MCM-41 

NH HN

NH2 NH2

La3+

Phosphate 

Adsorption

Desorption

on, adsorption, desorption of La-NN-M41.
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Fig. 11. Desorption kinetics of phosphate at 25 ◦C in 0.01 M NaOH solution.

s quick and almost completes within 12 min, which denotes that
he adsorption of anions on La-NN-M41 is reversible.

. Conclusions

Transition metal La immobilized onto the surface of diamino-
unctionalized MCM-41 was synthesized. The surface and structure
roperty were conducted by XRD, pore size distribution, FTIR, and
lemental analysis. In batch adsorption studies, the La-NN-M41
xhibits rapid adsorption rate and high adsorption capacity. The
apacity increases with the increase in adsorbent loadings. The
ptimal pH for phosphate adsorption is between 3.0 and 7.0. The
esorption rate is rapid and occurs within 12 min by using 0.01 M
aOH.
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