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a b s t r a c t

Composite of MCM-41 silica with rice husk was synthesized under hydrothermal conditions using
cetyltrimethylammonium bromide (CTAB) as an organic template, aqueous ammonia solution (NH4OH)
and rice husk. Rice husk served as not only a silica source but also as a substrate for the deposition of
MCM-41. The synthetic hybrid composites were characterized by powder X-ray diffraction (XRD),
scanning electron microscope (SEM) and transmission electron microscope (TEM) and tested as sorbents
for phosphate from aqueous solution. Kinetic data and equilibrium uptake isotherms were measured.
The effects of different experimental parameters such as contact time, initial phosphate concentration,
solution pH, adsorbent mass, and the presence of competitive ions on phosphate uptake were investi-
gated. The phosphate uptake kinetics were found to be fast and equilibrium was achieved after 30 min.
The phosphate uptake was found to be highly pH dependent. Studies on the effects of competing ions,
without keeping the initial pH constant, indicated that phosphate uptake and Kd values decreased in the
presence of CO2�

3 and NO�
3 , but SO

2�
4 ions showed little or no effect. With keeping the initial pH constant

at 6, the presence of these competing ions had no clear effect on the uptake of phosphate. The phosphate
uptake by composite of rice husk with MCM-41 could be described well by the Langmuir isotherm
equation. Adsorption kinetic data correlated well with pseudo-second-order model, which suggested
that the uptake process might be chemical sorption.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Human activities related to mining, agriculture and other in-
dustries lead to releasing dissolved nutrients such as phosphorous
in aquatic environments [1]. Phosphate with a concentration above
0.02 mg/L can be considered as an important factor that causes
eutrophication of water bodies [2]. Eutrophication is a process by
which a body of water becomes enriched in dissolved nutrients
which stimulate the growth of aquatic plants and algae. It affects
water quality through the lack of dissolved oxygen level which
frequently causes environmental problems such as fish kills,
phytoplankton blooms and disturbs the balance of organisms pre-
sent in water [3,4]. In some regions of the world, more than 40% of
water bodies are considered to have eutrophication problems [5]. In
Egypt, eutrophication is the principal water quality problem in the
i).
most commonwater bodies such as Manzala, Mariout, Burullus and
Qaroun lakes [6,7].

The removal of phosphorus from natural water bodies is
essential in the control of eutrophication and therefore, a large
number of natural and synthetic materials were tested in the up-
take of phosphate from water such as calcite [8], calcium-rich
sepiolite [9], kaolinite [10], thermally treated natural playgorskite
[11], Tunisian clays minerals and synthetic zeolite [12], activated
carbon fiber loaded with lanthanum oxide [1], fly ash [13], porous
MgO-biochar nanocomposites [14], ammonium-functionalized
MCM-48 [15], mesoporous rodlike NiFe2O4 [16], natural and sur-
face modified coir pith [17], ferric sludge [3], zirconia-
functionalized graphite oxide [18], Al-pillared smectites and mica
[19], and MgeAl layered double hydroxide [20].

Rice husk (RH) is an organic agricultural waste material pro-
duced as a byproduct from the rice milling operations. Rice husk is
composed of about 50% cellulose, 25e30% lignin and 15e20% of
silica [21]. Rice husk is widely used in many industrial applications
due to its chemical stability, high mechanical strength, insolubility
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in water, and its local availability at almost no cost. Untreated and
treated rice husks were used in the synthesis of new porous ma-
terials such as mesoporous carbons [22], ZSM-5 zeolite [23], ZSM-5
zeolite/porous carbon composite [24], MCM-22 zeolite [25], mol-
ded micro- and mesoporous carbon/silica composite [26], Na-A
and/or Na-X zeolite/porous carbon composites [27]. Composites
of rice husks with MCM-41 and MCM-48 were recently prepared
under hydrothermal conditions and tested for the uptake of
perchlorate from aqueous solution by Komarneni's group [28,29].
The results showed that composites of rice husks with MCM-41
exhibited significant uptake capacities for perchlorate in the
range of 0.12e0.21 mequiv/g [28,29]. According to the above
studies, the uptake of perchlorate by the synthetic rice husk com-
posite with MCM-41 silica was related to both MCM-41 silica and
rice husk. The residual positive charge on the cationic surfactant
micelles trapped in mesopores of silica was found to be responsible
for the perchlorate uptake by MCM-41. In addition, some surfactant
was also loaded on to the rice husk due to hydrothermal treatment
and therefore, MCM-41 and rice husk, both loaded with surfactant,
contributed towards the removal of perchlorate in the synthetic
composite [28]. On the other hand, composite of rice husk with
MCM-48 showed low capacity for perchlorate uptake
(0.094 mequiv/g) as compared to rice husk composite with MCM-
41 [29]. Untreated (pure) rice husk is expected to have little or no
adsorption of phosphate.

From the estimated annual rice production in developing
countries (nearly 500 million tons), nearly 100 million tons of rice
husk are available annually for utilization and therefore, the excess
amount after local uses has posed disposal problems [30]. To the
best of our knowledge, the application of composites of rice husk
and mesoporous MCM-41 silica as sorbents for phosphate anion, as
well as their sorption behavior andmechanism are not investigated
so far. Thus, the main objectives of this work were (a) to synthesize
and characterize composite of MCM-41 silica with rice husk and to
study their ability to remove phosphate ions from aqueous solution,
(b) to study the effects of different experimental parameters such as
contact time, initial phosphate concentration, solution pH, adsor-
bent dose, and the presence of coexisting ions on the adsorption
performance and (c) to investigate the adsorption characteristics
and the mechanisms of phosphate uptake by fitting the experi-
mental data to different kinetics and isotherms models.

2. Experimental

2.1. Materials

Cetyltrimethylammonium bromide (Aldrich, 99%), ammonia
solution, distilled water and rice husk were used as starting ma-
terials in the synthesis of composite of MCM-41 silica with rice
husk.

2.2. Synthesis of composite of MCM-41 silica with rice husk

Rice husk (RH) was washed several times with distilled water to
remove the adhered dust and then dried at 100� C overnight. The
dried rice husk was mixed with (3 M) HCl solution in a 500ml glass
beaker with stirring at 100� C for 3 h to remove alkaline impurities.
The solutionwas filtered and the husk was washed repeatedly with
distilled water until the filtrate was neutral and then, the husk was
dried in an oven at 65 �C overnight. After acid treatment, the dried
RH was ground to pass through 300-mesh sieve. To prepare MCM-
41 silica on the rice husk, the following procedure was used [28]: A
0.51 g of CTAB was first added to 25 ml H2O in a Teflon vessel with
stirring until it was completely dissolved. Then,16.34ml of aqueous
ammonia solution was added while stirring for 10 min. To the
above solution, 0.75 g of rice husk was added with stirring for
10 min. The measured pH values of the mixtures were adjusted to
10 with 5% of hydrochloric acid. Then, the Teflon vessels were
sealed in stainless steel Parr reactors and heated in an oven at
100 �C for 24 h. After hydrothermal treatment, the vessels were
cooled down to room temperature. The contents from Teflon ves-
sels were centrifuged to separate solids from solutions. Then, the
solid products were washed with distilled water and ethanol
several times to remove any remaining soluble salts. The solids
were dried in an oven at 65 �C. The dried samples were gently
ground and homogenized in an agate mortar with a pestle prior to
characterization by different techniques and phosphate uptake
studies.

2.3. Sample characterization

X-ray powder diffraction patterns were obtained using a Philips
APD-3720 diffractometer with Cu Ka radiation, operated at 20 mA
and 40 kV in the 2q range of 1e10 at a scanning speed of 2� min�1.
The morphology and particle size of the rice husk composite with
MCM-41 were also characterized by scanning electron microscopy
using a field emission scanning electron microscope (JSM-6700F,
JEOL, Tokyo, Japan) and by a transmission electron microscope
(TEM; Model 2010, JEOL, Tokyo, Japan).

2.4. Isotherms study

Equilibrium studies of phosphate were evaluated using different
initial concentrations in the range of 0.5e2.5mM of Na2HPO4$2H2O
as follows. Fifty milligrams of rice husk composite with MCM-41
was added to 25 ml of 0.5, 1, 1.5, 2 or 2.5 mM of Na2HPO4$2H2O
in centrifuge tubes and mixed for 24 h on a shaker. After equili-
bration, the suspensions were filtrated with 45 mmembrane filters,
solids and solutions were separated and the solutions were
collected in clean vials. All isotherms experiments were conducted
using triplicates. The concentrations of phosphate in all solutions
were determined by using a Dionex DX-120 ion chromatograph
equipped with an AS40 auto sampler, a DS4 detection stabilizer
which used a current of 300 mA and a temperature of 35 �C, a 4-
mm AS16 column, a 4 mm AG16 guard column, a 4-mm ASRS
300 suppressor. Ion chromatography vials of 25 ml were used for
analyses and the concentration of eluant was 25 mMNaOH with all
phosphate analyses.

2.5. Kinetics study

Adsorption kinetic experiments were carried out at room tem-
perature by batch technique as follows: 50 mg of each rice husk
composite with MCM-41 was equilibrated with 25 ml of 1 mM
Na2HPO4$2H2O in centrifuge tubes for 5 min, 30 min, 2 h, 4 h, 8 h
and 24 h using a shaker. All kinetics experiments were conducted in
triplicates. After equilibration, the suspensions were filtrated with
45 m membrane filters to separate the solid from liquid phase and
the liquids were collected in clean vials. The concentration of
phosphate in solutions was determined using Dionex DX-120 ion
chromatograph as described above.

2.6. Effect of adsorbent dose

To study the influence of adsorbent mass on the removal of
phosphate, different weights in the range of 50e250 mg of com-
posite of MCM-41 silica with rice husk were used. A 25 ml of 1 mM
Na2HPO4$2H2O was mixed with 50, 100, 150, 200 and 250 mg of
adsorbent in centrifuge tubes for 24 h on a shaker. The solids and
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solutions were separated by filtration and solutions were collected
for analysis of phosphate by Dionex DX-120 ion chromatograph.

2.7. Effect of pH

To investigate the influence of pH on the uptake of phosphate,
25 ml of 1 mMNa2HPO4$2H2O was added to 50 mg of the synthetic
composite of MCM-41 with rice husk in a centrifuge tube and then
stirred for 4 h on a shaker. This step was repeated several times
with different pH values ranging from 2 to 10. The tests were car-
ried out by keeping the other experimental conditions constant.
Sodium hydroxide solution (0.1 N) and nitric acid solution (0.1 N)
were used for pH adjustment. The solids and solutions were
separated by filtration and solutions were collected for analysis of
phosphate by Dionex DX-120 ion chromatograph.

2.8. Effects of coexisting anions and determination of Kd values

The effect of common coexisting anions inwater such as SO2�
4 or

CO2�
3 or NO�

3 on the uptake of phosphate was studied as follows: A
50 mg of composite of MCM-41 with rice husk was equilibrated
with 25 ml of 1 mM of Na2HPO4$2H2O mixed with 5 mM of Na2SO4
or 5 mM of Na2CO3 or 5 mM of NaNO3 in three different tubes. The
suspensions weremixed for 24 h on a shaker. The solid and solution
phases were separated by filtration using a 0.45-mm membrane
filter and then, solutions were collected in clean vials for phosphate
analysis. The distribution coefficient (Kd) is defined as the ratio of
the amount of ion adsorbed per gram of solid to the amount of ion
remaining per milliliter of solution and is expressed as milliliters
per gram [31]. Kd values were calculated as follows:

Kd ¼ C0 � Ce
Ce

� V
m

(1)

where C0 and Ce are the ion concentrations in the initial solution
and in the solution after equilibration of perchlorate anions,
respectively. V is the volume of solution in (ml) andm is the mass of
sorbent (g).

3. Results and discussions

3.1. XRD, SEM and TEM results

Fig. 1 shows the X-ray diffraction patterns of rice husk before
and after hydrothermal treatment with cetyltrimethylammonium
Fig. 1. XRD patterns of (a) untreated rice husk and (b) composite of MCM-41 with rice
husk prepared at 100 �C/24 h.
bromide. As can be seen in Fig.1a, a broad reflectionwas detected at
the 2q of 22.5� which is a characteristic peak of amorphous silica.
On the other hand, the X-ray diffraction pattern of composite of
MCM-41 silica with rice husk was characterized by the presence of
low angle peak, which refers to the main reflection (100) of MCM-
41 mesoporous silica materials (Fig. 1b). The morphology of MCM-
41 composite with rice husk prepared at 100 �C for 24 h is shown in
Fig. 2. Silica was extracted from the rice husk during the hydro-
thermal treatment under alkaline conditions. This silica reacted
with cetyltrimethylammonium bromide (CTAB) surfactant to form
MCM-41mesoporous silica material that covered the surface of rice
husk as a thin coating [28]. The SEM pictures, under different
magnifications, clearly show that the MCM-41 silica material was
deposited on the rice husk surface (Fig. 2a and b). At higher mag-
nifications, the morphology of MCM-41 clearly appears as aggre-
gates of wormy and spherical particles (Fig. 2c and d). The
hexagonal mesostructure of MCM-41 and its composite with rice
husk is shown by TEM image (Fig. 2e). With phosphate adsorption,
the morphology of MCM-41 silica with rice husk composite after
30min of contact timewas changed. The surface became rough and
irregular with the presence of a broad network and a high open
structure (Fig. 2f).
3.2. Adsorption isotherms

The type of adsorption isotherm model is very important in
order to understand the adsorption behavior for solideliquid
adsorption system [32]. In the present study, Langmuir and
Freundlich models, which are the most commonly used models,
were applied to describe the adsorption behavior of phosphate. The
Langmuir isotherm assumes that there is no significant interaction
among adsorbed species and the adsorbent is saturated after the
formation of monolayer of the active homogeneous sites within the
adsorbent [33e35]. The Langmuir isotherm equation can bewritten
as follows:

Ce
qe

¼ 1
bqmax

þ Ce
qmax

(2)

where Ce is the equilibrium concentration of the remaining solute
in the solution (mg/L), qe is the amount of the phosphate adsorbed
per mass unit of adsorbent at equilibrium (mg/g), qmax is the
amount of adsorbate per mass unit of adsorbent at complete
monolayer coverage (mg/g), and b is the Langmuir constant relating
to the strength of adsorption (L/mg). If Ce/qe is plotted against Ce,
from the slope and intercept of this plot, qmax and b can be deter-
mined, respectively. The Langmuir adsorption isotherm for the
removal of phosphate by rice husk composite with MCM-41 is
shown in (Fig. 3). Linear plots of Ce/qe versus Ce were found to be
linear with a good correlation coefficient, R2 ¼ 0.95, indicated the
applicability of Langmuir model in the present study. One of the
essential characteristics of Langmuir isotherm could be expressed
by a dimensionless constant called equilibrium parameter RL which
is determined as follows:

RL ¼ 1=ð1þ bC0Þ (3)

where, b is a Langmuir constant and C0 is the initial concentration.
The value of RL was calculated using the above expression. The
values of RL indicate the nature of the adsorption process [36].
RL > 1 for unfavorable adsorption,
RL ¼ 1 for linear adsorption,
0 < RL < 1 for favorable adsorption, and
RL ¼ 0 for irreversible adsorption.



Fig. 2. SEM and TEM images of composite of MCM-41 with rice husk synthesized at 100 �C/24 h: MCM-41 silica on the surface of rice husk (a and b), aggregated particles of MCM-
41(c and d) at different magnifications and TEM of composite of MCM-41 with rice husk (e) and SEM image after phosphate adsorption at 30 min of contact time (f).
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The RL-values for phosphate range from 0.69 to 0.92, indicating
the adsorption process is favorable. The Freundlich isotherm
model can be used to describe the non-ideal adsorption of a het-
erogeneous system and reversible adsorption [37]. According to
this model, reactions take place in different sorption sites and as
the amount of solute adsorbed rises, the binding surface energy
decreases exponentially showing multilayer sorption [35]. The
Freundlich isotherm is expressed as follows:

log qe ¼ log KF þ
1
n
log Ce (4)

where KF and n are the Freundlich constants related to adsorption
capacity and intensity, respectively. The values of KF and 1/n are
y = 0.0476x + 1.5263
R² = 0.950
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Fig. 3. Langmuir isotherm for phosphate uptake by composite of MCM-41 silica with
rice husk.
determined from the intercept and slope of the linear regressions.
The 1/n value of Freundlich isotherm model for phosphate uptake
by the synthetic MCM-41 silica with rice husk composite was 0.281
(i.e., less than unity) as shown in (Table 1), which refers to a het-
erogeneous surface with minimum interactions between the sor-
bed ions [35]. A plot of log (qe) vs. log (Ce) for the studied samples is
shown in (Fig. 4). Based on results obtained from the two applied
models, the R2 value for Langmuir isotherms (0.95) was higher than
for Freundlich isotherm (0.54), indicating that the Langmuir model
gave a better fit than the Freundlich model and therefore, adsorp-
tion of phosphate was a monolayer that takes place at specific
homogeneous sites within composite of MCM-41 with rice husk.
3.3. Adsorption kinetics

The adsorption kinetics of phosphate onto composite of MCM-
41 with rice husk after 5 m, 30 m, 2 h, 8 h and 24 h are given in
(Fig. 5). As shown in Fig. 5, by increasing the shaking time from
5min to 30 min, the amount of phosphate adsorbed increased from
11.35 mg/g to 14.92 mg/g. After 30 min, the removal amount of
phosphate showed slight increased with values range from
15.32 mg/g to 15.39 mg/g to the end of shaking time, reaching a
plateau, i.e. equilibrium was attained. Adsorption equilibrium
might be due to the decrease in the available active adsorption sites
Table 1
Langmuir and Freundlich parameters for phosphate uptake by composite of MCM-
41 silica with rice husk.

Isotherm model Parameters

Langmuir qmax (mg/g) 21.01
b (L/mg) 0.03
R2 0.95

Freundlich 1/n 0.218
k 5.24
R2 0.545
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Fig. 4. Freundlich isotherm for phosphate uptake by composite of MCM-41 silica with
rice husk.

Table 2
Parameters of pseudo-second order kinetics model.

Sorbent k2 (g/mg min) qe (cal) (mg/g) R2

Composite of
MCM-41 silica with rice husk

6.9 � 10�2 15.38 0.9999
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on the adsorbent by increasing time followed by a decrease in
limited mass transfer of the adsorbate molecules from the solution
to the external surface of adsorbent [38].

In order to better understand the kinetics characteristics,
Lagergren pseudo-second order kinetic model was applied in this
study because it was found to bemore likely to predict the behavior
over the whole range of sorption [39]. This model is based on the
assumption that the rate limiting step may be a chemical sorption
occurring through sharing or exchange of electrons between the
adsorbent and the adsorbate [40]. The pseudo-second order pro-
cess can be written as follows:

t
qt

¼ 1
k2q2e

þ t
qe

(5)

where qe is the equilibrium adsorption uptake (mg/g), qt is the
amount of phosphate adsorbed at time t (mg/g) and k2 is the rate
constant of second-order adsorption (g mg�1 min�1). Thus, by
plotting t/qt versus t, k2 and qe values can be determined (Table 2). A
good agreement of the experimental data with the second-order
kinetic model was obtained (Fig. 6). The correlation coefficient is
close to the unity, which suggests a strong relationship between the
parameters and also explains the good applicability of the second
order kinetic equation for phosphate adsorption by the synthetic
composite of MCM-41 with rice husk. The adsorption process
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Fig. 5. Kinetics of phosphate uptake by composite of MCM-41 with rice husk.
involves transportation of the solute molecules from the aqueous
solution to the surfaces of the solid particles followed by intra-
particle diffusion/transport process [41]. The intra-particle diffu-
sion can be written as follows:

qt ¼ kpt1=2 þ C (6)

where kp is the rate constant of intra-particle diffusion
(mg g�1 min�1/2) and was determined from the slopes of the lines
in Fig. 7 and C is the intercept related to the thickness of the
boundary layer. According to this model, if the plot of uptake, qt,
versus the square root of time, t1/2 is linear and passes through the
origin, then intra-particle diffusion is the only rate controlling step.
As shown in Fig. 7, the plot does not pass through the origin and
exhibited more than one step during the adsorption process. The
first step was characterized by a steep slope due to the diffusion of
phosphate ions onto the external surface of the synthetic material.
The second stage showed a gentle slope indicating a gradual
adsorption, where the intra-particle diffusion dominating
throughout this stage. Therefore, the intra-particle diffusion is not
only the rate limiting step in the whole adsorption process [42,34],
as other processes might be involved.

3.4. Effect of adsorbent dosage

The effect of adsorbent mass on phosphate adsorption was
studied by increasing the amount of adsorbent dose from 50 mg to
250 mg and the results are given in Fig. 8. By increasing the mass of
adsorbent by 50, 100, 150 and 200 mg, the removal efficiency of
phosphate increased by 36.5%, 64.13%, 68.87% and 73.35%, respec-
tively. This was expected due to the increase in the number of active
sites of adsorbent. By increasing the mass of adsorbent from
200 mg to 250 mg, the uptake efficiency increased little or none,
i.e., from 73.35% to 73.42%. Thus, beyond 200 mg of the adsorbent
mass, the % uptake of phosphate was nearly almost constant, which
could be attributed the fact that upon increasing the adsorbent
amount for the same concentration of phosphate ion (1 mM
y = 0.0649x + 0.065
R² = 0.9999
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Fig. 6. Plots for second-order model for phosphate uptake by composite of MCM-41
with rice husk.
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Fig. 7. Intraparticle diffusion model of phosphate adsorption by composite of MCM-41
silica with rice husk.
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Na2HPO4$2H2O), the number of active sites available for the uptake
of phosphate increases but a stage comes after which removal at-
tains its maximum limit and further increase in dose had no effect
as previously suggested [43]. However, further detailed studiesmay
be necessary to explain this anomalous result.
Fig. 9. Effect of pH on (a) fraction of phosphate species and (b) phosphate uptake by
composite of MCM-41 silica with rice husk.
3.5. Effect of pH on phosphate adsorption

Based on the fact that lower pH is favorable for the protonation
of sorbent surface while at higher pH region, the negatively
charged sites dominate. It is known that phosphate exists in
different species, which include H3PO4, H2PO

�
4 , HPO

2�
4 and PO3�

4
depending on solution pH (pK1 ¼ 2.2, pK2 ¼ 7.2, pK3 ¼ 12.4) [15].
The variation in the uptake of phosphate as a function of initial pH
is shown in Fig. 9a and b. The highest amounts of phosphate up-
take occurred at pH values ranging from 4.0 to 6.0, where the
dominant phosphate species is the monovalent H2PO

�
4 . This may

be related to the surface charge of the sorbent, which becomes
positive at lower pH [13]. The presence of positive charges on the
sorbent increase the attraction forces towards the negatively
charged H2PO

�
4 in the solution and therefore, led to an increase in

the amount of the adsorption. By further decreasing the pH of the
solution (about 2), the phosphate species occur in the neutral form
as H3PO4, resulting in unfavorable sorption performance at lower
pH solution [44]. On the other hand, by increasing the pH of the
solution above 7, the surface of sorbent was characterized by the
presence of negative charge sites which will exhibit strong
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Fig. 8. The effect of adsorbent mass on phosphate adsorption by composite of MCM-41
silica with rice husk.
repulsive forces towards the phosphate species HPO2�
4 and PO3�

4
and therefore, the % uptake of phosphate decreased [45].
3.6. Effects of competitive anions and determination of Kd values

The effects of various competing anions such as SO2�
4 , NO�

3 and
CO2�

3 on the uptake of phosphate by composite of MCM-41 with
rice husk are shown in (Fig. 10). Various competing anions were
used at 5� equivalent concentration of phosphate in order to
determine phosphate selectivity. The amount of phosphate uptake
decreased from 15.45 mg/g to 13.8 mg/g with the presence of sul-
fate anion. In the presence of NO�

3 , the adsorbed amount of phos-
phate decreased to 7.52 mg/g, which is about half the uptake when
there was phosphate only in solution. On the other hand, the
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Fig. 10. Effect of add anions on phosphate uptake by composite of MCM-41 silica with
rice husk (without keeping the initial pH constant).



Table 3
The effect of coexisting anions on pH and Kd values for the composite of MCM-41
silica with rice husk.

Matrix Initial pH Final pH Kd (ml/g)

1 mM of sodium phosphate 6.15 6.53 121
1 mM of sodium phosphate þ 5 mM

of sodium sulfate
5.98 6.71 98

1 mM of sodium phosphate þ 5 mM
of sodium nitrate

9.52 9.63 48

1 mM of sodium phosphate þ 5 mM
of sodium carbonate

10.40 10.27 12

M.K. Seliem et al. / Microporous and Mesoporous Materials 224 (2016) 51e57 57
presence of CO2�
3 sharply decreased the amount of phosphate up-

take with a value of 2.3 mg/g (Fig. 10). The presence of NO�
3 and

CO2�
3 strongly affected the phosphate uptake thatmay be due to the

initial pH of solutions which are 9.52 and 10.41 for nitrate and
carbonate anions, respectively (Table 3). Similar results were ob-
tained by determination of the Kd values where the higher Kd value
(121 ml/g) was given by phosphate anion alone while the lower
value (12 ml/g) was recorded by addition of CO2�

3 to phosphate
anion (Table 3). Fig. 11 shows the effects of the investigated
competing ions on the uptake of phosphate by composite of MCM-
41 with rice husk by keeping the initial pH constant at 6. As shown
in Fig. 11, no clear change was observed on the uptake of phosphate
by the synthetic composite, especially with the presence of car-
bonate and nitrate anions as compared to the previous experiment
which was carried out without keeping the initial pH constant.
These results indicated that the selectivity of the synthetic rice husk
composite with MCM-41 to phosphate is dependent on the pH of
solution. In addition, rice husk composite with MCM-41 is highly
selective to phosphate ion and therefore, suitable for the uptake of
phosphate from aqueous solutions.

4. Conclusions

Composite of MCM-41 silica with rice husk synthesized under
hydrothermal conditions showed large uptake capacity for phos-
phate removal and the maximum uptake capacity (Qmax) was
21.01 mg/g. The kinetics of phosphate uptake was fast and equi-
librium was achieved after 30 min. The phosphate uptake was
highly dependent on pH of the solution and the best removal effi-
ciency was obtained at pH 6. The adsorption isotherms and kinetics
characteristics are well described by Langmuir equation and
pseudo-second order model, respectively. The study has also
shown that phosphate uptake would be affected by the presence of
0
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and

Nitrate

Posphate
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Fig. 11. Effect of add anions on phosphate uptake by composites of MCM-41 silica with
rice husk (with keeping a constant pH at 6).
high concentrations nitrate and carbonate as coexisting anions
without keeping a constant initial pH. Rice husk composite with
MCM-41 was found to be highly selective to phosphate ion and
hence it is expected to be suitable for the uptake of phosphate from
solutions by adjusting the pH to 6.
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