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ABSTRACT

The aim of this study was to investigate the removal of phosphate (P) using ammonium-func-
tionalized MCM-41 (A-MCM-41). Batch experiments were performed with A-MCM-41 under
various conditions including the adsorbent dose, reaction time, initial P concentration, and
solution pH. The results showed that the phosphate removal in the MCM-41 (initial P
conc. = 2 mgP L−1) was negligible with the percent removal of ≤1.0% at the adsorbent dosages
between 0.5 and 2.0 g L−1. In the case of A-MCM-41, the percent removal increased from 73.6
to 100% as the adsorbent dose increased from 0.5 to 2.0 g L−1. This indicated an enhancement
of the phosphate removal due to the surface modification of the MCM-41 through the func-
tionalization of the ammonium group (NH3

+). The results also demonstrated that the phos-
phate removal by the MCM-41 was minimal throughout the acidic and alkaline pH conditions
(3.1% at pH 3.5; ≤1.0% at pH 5.4–10.7), whereas the phosphate removal by the A-MCM-41
was effective throughout the acidic and neutral pH values (94.7–97.6% at pH 3.5–7.4). In
highly alkaline conditions, however, the phosphate removal by the A-MCM-41 was greatly
reduced (3.4% at pH 10.7) due to the competition of the hydroxyl groups (OH−) with phos-
phate ions for sorption sites. The results indicated that the pseudo-second-order model was
most suitable for describing the kinetic data with the parameter values of qe = 1.86 mgP g−1

and k2 = 183.98 g mgP−1 h−1. The Redlich–Peterson isotherm fits well with the equilibrium
data, with the parameter values of KR/aR = 7.90 mgP g−1 and g = 0.83.

Keywords: Mesoporous silica; MCM-41; Phosphate; Sorption; Surface functionalization

*Corresponding author.

1944-3994/1944-3986 � 2015 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 10839–10849

Maywww.deswater.com

doi: 10.1080/19443994.2015.1038590

mailto:naengie@snu.ac.kr
mailto:kjh85@snu.ac.kr
mailto:songbkim@snu.ac.kr
mailto:yisanghyup@kist.re.kr
mailto:plead36@kist.re.kr
mailto:changgu@kist.re.kr
http://dx.doi.org/10.1080/19443994.2015.1038590


1. Introduction

Phosphorus is an essential macronutrient for the
growth of living things on the earth. However, when
an excessive amount of phosphorus exists in aquatic
environments, it causes eutrophication in water bod-
ies, leading to a rapid accumulation of algal popula-
tion in lakes, reservoirs, and coastal waters. Algal
blooms are a widespread environmental problem
around the world, posing a great threat to aquatic
environments and drinking water treatment facilities
[1]. Various methods, including chemical, biological,
and membrane technologies, have been applied in
order to reduce the phosphorus concentration in
wastewater before it is discharged [2]. Among these
methods, adsorption is widely used for the removal of
phosphorus primarily due to its cost-effectiveness and
simplicity of operation. Various adsorbents, such as
activated carbons, industrial by-products, metal
hydroxides, and calcium/magnesium carbonates, have
been applied for phosphorus adsorption [3–6].

Mesoporous silica is a form of silica with large pore
diameters ranging from 2 to 50 nm. Mesoporous silica
has a large surface area with high chemical and thermal
stability. The most common types of mesoporous silica
materials are the Mobil Crystalline of Materials 41
(MCM-41) and the Santa Barbara Amorphous 15
(SBA-15). Researchers modified mesoporous silica
through the impregnation of aluminum (Al), iron (Fe),
and lanthanum (La), and used them as adsorbents for
phosphate removal from aqueous solutions [7–11].
Zhang et al. [12] prepared La-doped MCM-41 and used
it for phosphate adsorption. Li et al. [13] synthesized
Al-containing MCM-41 from coal fly ash in order to
remove phosphate from aqueous solutions. Recently,
Hamoudi and colleagues [14–17] prepared mesoporous
silica (MCM-41, MCM-48, and SBA-15) functionalized
with an ammonium group (NH3

+) for the removal of
phosphate from aqueous solutions. They characterized
the phosphate removal by ammonium-functionalized
mesoporous silica at high phosphate concentrations
ranging from 32 to 224 mgP L−1. It was reported that
the phosphate concentrations in the secondary effluents
from the municipal wastewater treatment plants were
<8.0 mgP L−1 [18,19]. Therefore, further experiments
are required at low phosphate concentrations to
improve our knowledge regarding the performance of
the ammonium-functionalized mesoporous silica in
phosphate removal. The aim of this study was to
investigate the removal of phosphate using ammo-
nium-functionalized MCM-41 (A-MCM-41). Batch
experiments were performed using A-MCM-41 under
various conditions, including adsorbent dose, reaction
time, initial phosphate concentration, and solution pH.

2. Materials and methods

2.1. Synthesis and characterization of A-MCM-41

The A-MCM-41 was synthesized in the laboratory.
First, the mesoporous silica MCM-41 was synthesized
according to the procedures reported in the literature
[20]. Briefly, 205 mL of ammonia water (25 wt.%, Dae-
jung Chemicals & Metals) was mixed with 270 mL of
deionized water (Direct-Q, Millipore) at room tem-
perature. Then, 2.0 g of cetyltrimethylammonium bro-
mide (CTAB, ≥99%, Sigma-Aldrich) as a template
(surfactant) was dissolved into the solution and stirred
for 1 h to form hexagonal arrayed micelle rods. Then,
10 mL of tetraethylorthosilicate (TEOS; ≥99%, Sigma-
Aldrich) was added as a source of silica. After 2 h of
crystallization via stirring, a white precipitate was
obtained, filtered, and washed with 2 L of deionized
water to neutralize the pH. The washed precipitate
was dried under a desiccator overnight and then cal-
cined at 550˚C in air for 4 h in order to remove the
surfactant. After cooling, MCM-41 powder was
obtained via fragmentation with a mortar and pestle.

Second, A-MCM-41 was prepared from the syn-
thetic MCM-41 powder using methods modified from
the literature [16]. Four (4.0) grams of 3-aminopropy-
ltrimethoxysilane (APTMS; ≥97%, Sigma-Aldrich) as a
functional monomer was mixed with 100 mL of
methanol (EP grade, Reagents Duksan) and refluxed
for 3 h. Then, 6.0 g of MCM-41 powder was added to
the mixture, stirred, and refluxed for 24 h. The result-
ing precipitate was filtered and washed with 500 mL
ethanol (EP grade, Reagents Duksan) in order to
remove the unreacted functional monomer. Then, the
precipitate was washed again with 1 L of deionized
water, filtered, and dried at 105˚C in air overnight.
After cooling, the precipitate was treated with 0.1 M
HCl (diluted from HCl, EP grade, Reagents Duksan)
for 6 h to functionalize the ammonium group on the
surfaces of the MCM-41. After acid treatment, the pre-
cipitate was filtered and dried again at 105˚C in air
overnight. Finally, A-MCM-41 powder was obtained
via fragmentation with a mortar and pestle.

The characteristics of the MCM-41 and A-MCM-41
were determined using various techniques. Field emis-
sion scanning electron microscopy (FESEM) and
energy dispersive X-ray spectrometry (EDS) analysis
were performed using a field emission scanning elec-
tron microscope (Supra 55VP, Carl Zeiss, Germany).
Transmission electron microscopy (TEM; JEM-1010,
JEOL, Japan) was used to take images of the meso-
porous silica. The particle size was determined from
the TEM images. N2 adsorption–desorption analysis
was performed using a surface area analyzer (BEL-
SORP-max, BEL Japan Inc., Japan) after the sample

10840 J.-K. Kang et al. / Desalination and Water Treatment 57 (2016) 10839–10849



was pretreated at 120˚C. From the N2 adsorption–des-
orption isotherms, the specific surface area, average
pore diameter, total pore volume, and mesopore vol-
ume were determined by Brunauer–Emmett–Teller
(BET) and Barrett–Joyner–Halenda (BJH) analyses. The
mineralogical and crystalline structural properties
were examined using low-angle X-ray diffraction
(XRD; D8 Discover, Bruker, Germany) with a CuKα
radiation of 1.5406 Å

´
at an exposure time of 1,800 s.

The infrared spectra were recorded on a Bomem
MB-104 (Abb-Bomem Inc., Quebec, Canada) Fourier
transform infrared (FTIR) spectrometer using KBr
pellets.

2.2. Phosphate sorption experiments

Phosphate removal experiments were conducted
under batch conditions. All of the batch experiments
were performed in triplicate. The desired phosphate
(P) solution was prepared by diluting the stock solu-
tion (1,000 mgP L−1) that had been made from the
potassium dichromate (KH2PO4, EP grade, Reagents
Duksan). The batch experiments were performed at
30˚C using 50-mL polypropylene conical tubes. The
first set of experiments examined the phosphate
removal as a function of the adsorbent (MCM-41,
A-MCM-41) dose. The experiments were conducted at
an initial P concentration of 2 mgP L−1 with an adsor-
bent dose of 0.5–2.0 g L−1 in 30 mL of solution. The
samples were collected after 1 h and filtered through a
0.45-μm membrane filter. The phosphate concentration
was analyzed by the ascorbic acid method [21]. The
phosphate concentrations were measured at a wave-
length of 880 nm using a UV–vis spectrophotometer
(Helios, Thermo Scientific, Waltham, MA, USA).

The second set of experiments examined the phos-
phate removal as a function of the solution pH (adsor-
bent (MCM-41, A-MCM-41) dose = 1.0 g L−1 in 30 mL
of solution; initial P concentration = 2 mgP L−1). The
0.1 M NaOH (EP grade, Samchun chemical) and 0.1 M
HCl solutions were used to adjust the pH of the reac-
tion solution from 3.5 to 10.7, and the pH was mea-
sured using a pH probe (9107BN, Thermo Scientific,
USA). The samples were collected 1 h later. The third
set of experiments examined the reuse of the A-MCM-
41 for phosphate sorption (adsorbent dose = 1.0 g L−1

in 30 mL of solution; initial P concentration = 2
mgP L−1). For each round of the third experiment,
desorption of the phosphate from the A-MCM-41 was
performed by dispersing the adsorbent in 0.1 M HCl
for 1 h. Then, the A-MCM-41 was air-dried overnight
and reused for the sorption experiments.

The fourth set of experiments was performed as a
function of the reaction time at an adsorbent
(A-MCM-41) dose of 1.0 g L−1 and an initial P concen-
tration of 2 mgP L−1. The samples were collected after
various reaction times in order to analyze the phos-
phate concentration. The fifth set of experiments was
conducted as a function of the initial P concentration.
The adsorbent (A-MCM-41, 1.0 g L−1) was added to
30 mL of the phosphate solution (initial P concentra-
tion = 2–100 mgP L−1) and the samples were collected
1 h later.

2.3. Data analysis

All of the parameters of the models were estimated
using MS Excel 2010 with the solver add-in function
incorporated into the program. The model parameter
values were determined by nonlinear regression. The
coefficient of determination (R2), chi-squared coeffi-
cient (χ2), and sum-of-squares error (SSE) were used to
analyze the data and to confirm the fit to the model.
The expressions of R2, χ2, and SSE are as follows:

R2 ¼
Pm

i¼1ðyc � yeÞ2iPm
i¼1ðyc � yeÞ2i þ

Pm
i¼1ðyc � yeÞ2i

(1)

v2 ¼
Xm
i¼1

ðye � ycÞ2
yc

" #
i

(2)

SSE ¼
Xm
i¼1

ðye � ycÞ2i (3)

where yc is the calculated adsorption capacity from
the model, ye is the measured adsorption capacity
from the experiment, and ye is the average of the
measured adsorption capacity.

3. Results and discussion

3.1. Characteristics of the A-MCM-41

The FESEM images of the MCM-41 (Fig. 1(a)) and
A-MCM-41 (Fig. 1(b)) indicated that both the MCM-41
and A-MCM-41 had a sphere or rod-like morphology.
The TEM image (Fig. 1(c)) showed that the A-MCM-41
had a hexagonal shape with a regular arrangement of
pores. The EDS pattern of the A-MCM-41 (Fig. 1(d))
indicated that silicon (Si) was the major element in the
A-MCM-41. In the EDS pattern, nitrogen (N) appeared
due to the surface functionalization. In the EDS pattern,
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Fig. 1. Characteristics of the A-MCM-41: (a) FESEM image of MCM-41 (bar = 1 μm); (b) FESEM image of A-MCM-41
(bar = 200 nm); (c) TEM image of A-MCM-41 (bar = 50 nm); (d) EDS pattern of A-MCM-41.

Table 1
Physical characteristics of MCM-41 and A-MCM-41 synthesized in the laboratory

Particle
sizea (nm)

BET surface
areab (m2 g−1)

Total pore
volumeb (cm3 g−1)

Average pore
diameterb (nm)

Mesopore volumeb

(cm3 g−1)

MCM-41 527.9 ± 100.1 1239.5 0.92 2.97 0.85
A-MCM-41 637.2 ± 124.9 112.8 0.14 4.80 0.12

aData from TEM image analysis.
bData from N2 adsorption–desorption analysis.
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Si was evident at the peak position of 1.740 keV as the K
alpha X-ray signal. N was evident at the peak position
of 0.392 keV as the K alpha X-ray signal.

The physical characteristics of the MCM-41 and
A-MCM-41 are presented in Table 1. The particle size
analysis indicated that the A-MCM-41 had a size of
637.2 nm, which was larger than that of the MCM-41
(527.9 nm). From the N2 adsorption–desorption iso-
therms (Fig. 2), the BET surface area of the MCM-41
was determined to be 1,239.5 m2 g−1 with a total pore
volume of 0.92 cm3 g−1, an average pore diameter of
2.97 nm, and a mesopore volume of 0.85 cm3 g−1. For
the A-MCM-41, the BET surface area was 112.8 m2 g−1

with a total pore volume of 0.14 cm3 g−1, an average
pore diameter of 4.80 nm, and a mesopore volume of
0.12 cm3 g−1 (Table 1). In comparison with the
MCM-41, the BET surface area and the total pore vol-
ume of the A-MCM-41 were reduced due to the sur-
face functionalization [22]. The average pore diameter
increased slightly from 2.97 nm to 4.80 nm during the
surface functionalization with APTMS. Similar find-
ings were reported by Javadian et al. [23] who

functionalized hexagonal mesoporous silica (HMS)
with amine groups. They showed that in comparison
with HMS, the meso- and micro-pore diameters of
NH2–HMS increased during the surface functionaliza-
tion. They attributed this phenomenon to the entry of
aminosilane groups into the pores during the surface
functionalization, which resulted in the expansion of
the pores [23].

The low-angle XRD patterns of the MCM-41 and
A-MCM-41 are shown in Fig. 3(a). The XRD pattern of
the MCM-41 indicated two peaks at 2θ = 2.44 and 4.18,
and these peaks were indexed to (1 0 0) and (1 1 0)
reflections, respectively, a characteristic of hexagonal
mesostructures [24]. The XRD pattern of the A-MCM-41
demonstrated that the main peak signals of the
MCM-41 became less noticeable or disappeared in the
A-MCM-41, possibly due to the partial collapse of the
regular mesoporous structure during the functionaliza-
tion [9]. In the FTIR spectra of the MCM-41 (Fig. 3(b)), a
broad band at approximately 3,449 cm−1 along with the
peaks at 1,634 and 965 cm−1 corresponded to the vibra-
tion bands of the silanol groups (Si–OH). They were

Fig. 2. N2 adsorption–desorption analysis: (a) BET curve of MCM-41; (b) BET curve of A-MCM-41; (c) BJH curve of
MCM-41; (d) BJH curve of A-MCM-41.
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involved in the surface modification with silane cou-
pling agents [25] and became less noticeable after the
surface functionalization. The bands at 1,095 and
800 cm−1 were attributed to the stretching vibration of
the Si–O–Si groups. In the FTIR spectra of the A-MCM-
41, a broad band at approximately 3,249 cm−1 along
with the peaks at 1,627 and 946 cm−1 corresponded to
the vibration bands of the silanol groups (Si–OH). The
bands at 1,053 and 794 cm−1 were attributed to the
stretching vibration of the Si–O–Si groups. The peak at
1,511 cm−1 was the vibration band of the ammonium
group.

3.2. Phosphate removal by A-MCM-41

The phosphate removal by both the MCM-41 and
the A-MCM-41 as a function of the adsorbent dosage
is compared in Fig. 4(a). In the case of the MCM-41,
the phosphate removal was negligible with the per-
cent removal of ≤1.0% and the sorption capacity of

<1.0 × 10−3 mgP g−1 at the adsorbent dosages of 0.5–
2.0 g L−1. In the case of the A-MCM-41, the percent
removal increased from 73.6 to 100% as the adsorbent
dose increased from 0.5 to 2.0 g L−1. Meanwhile, the
sorption capacity decreased from 2.64 to 0.90 mgP g−1

with an increase in the adsorbent dose from 0.5 to
2.0 g L−1. Solution pH at equilibrium (pHeq) decreased
slightly from 3.31 to 3.09 when adsorbent dose
increased from 0.5 to 2.0 g L−1. The results showed an
enhancement of the phosphate removal due to the
surface modification of the MCM-41 through the func-
tionalization of the ammonium group (NH3

+).
The phosphate removal by both the MCM-41 and

the A-MCM-41 as a function of the solution pH is
compared in Fig. 4(b). In the case of the MCM-41, the
phosphate removal at a pH level of 3.5 was 3.1% with
the sorption capacity of 0.057 mgP g−1. The phosphate
removal became negligible at a pH between 5.4 and
10.7 with the percent removal of ≤1.0%. In the case of
the A-MCM-41, the percent removal at a pH of 3.5
was 94.7% with the sorption capacity of 1.77 mgP g−1.

Fig. 3. Low-angle XRD patterns: (a) and FTIR spectra; (b)
of MCM-41 and A-MCM-41.

Fig. 4. Phosphate adsorption to MCM-41 and A-MCM-41:
(a) effect of adsorbent dose; (b) effect of solution pH.
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At pH levels between 5.4 and 7.4, the percent removal
remained at 97.2–97.6% with a sorption capacity of
1.80–1.82 mgP g−1. As the pH increased to 10.7, the
sorption capacity decreased sharply to 3.4% with the
sorption capacity of 0.063 mgP g−1. The results demon-
strated that the phosphate removal by the MCM-41
was minimal throughout the acidic and alkaline pH
conditions, whereas the phosphate removal by the
A-MCM-41 was effective throughout the acidic and
neutral pH levels. In highly alkaline conditions, how-
ever, the phosphate removal by the A-MCM-41 was
greatly reduced due to the competition of the hydro-
xyl groups (OH−) with the phosphate ions for sorption
sites. Similar findings were reported by Saad et al.
[14], who showed that the phosphate capacity of
ammonium-functionalized MCM-48 was the highest at
a pH of 5.0 and decreased drastically at a pH level
between 8 and 10.

The phosphate removal upon the reuse of the
A-MCM-41 (adsorbent dose = 1.0 g L−1 in 30 mL of
solution; initial P concentration = 2 mgP L−1; reaction
time = 1 h) is presented in Fig. 5. In the first adsorp-
tion, the phosphate sorption capacity was determined
to be 1.86 mgP g−1. In the second cycle, the phosphate
sorption capacity decreased slightly to 1.74 mgP g−1.
The phosphate sorption capacity in the third cycle
remained at 1.78 mgP g−1. The results demonstrated
that A-MCM-41 could be reused for the phosphate
sorption after washing with Cl− concentrated solution.

Literature reported that two mechanisms can be
involved in the adsorption of phosphate ions to
ammonium-functionalized mesoporous silica. First,
phosphate ions can be adsorbed to the surfaces of the
mesoporous silica through electrostatic attraction
[14,26]. Saad et al. [14] reported that negatively

charged phosphate ions could be adsorbed to the
positively charged ammonium sites on ammonium-
functionalized MCM-48 via electrostatic attraction.
They also reported that phosphate adsorption to
ammonium-functionalized MCM-48 decreased at
higher pH because the surface charge of the adsorbent
became neutral and lost electrostatic attraction toward
phosphate anions. Second, phosphate ions can be
adsorbed to the surfaces of the mesoporous silica via
anion exchange [15,17,27,28]. Hamoudi et al. [15]
reported that in the adsorption of phosphate to ammo-
nium-functionalized MCM-48, chloride (Cl−) acted as
an anion exchanger. Chloride anions, which were pre-
sent as counter anions on the surfaces of functional-
ized MCM-48, could be exchanged by phosphate in
the solution.

3.3. Kinetic sorption model analysis

The phosphate removal by the A-MCM-41 as a
function of the reaction time is shown in Fig. 6(a). The

Fig. 5. Phosphate adsorption to A-MCM-41 during the
reuse of the adsorbent.

Fig. 6. Phosphate adsorption to A-MCM-41: (a) effect of
reaction time; (b) effect of initial phosphate concentration.
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phosphate sorption to the A-MCM-41 was a rapid
process. After 10 min of reaction time, the sorption
capacity was 1.80 mgP g−1 and increased slightly to
1.86 mgP g−1 within 1 h, remaining relatively constant
at 1.86–1.88 mgP g−1 thereafter. Meanwhile, the phos-
phate concentration dropped from 2.0 to 0.14 mgP L−1

within 1 h of reaction time and remained relatively
constant at 0.14–0.12 mgP L−1 thereafter.

The experimental data (Fig. 6(a)) were analyzed
using the pseudo-first-order (Eq. (4)), pseudo-second-
order (Eq. (5)), and Elovich (Eq. (6)) kinetic models as
follows [29]:

qt ¼ qe 1� e�k1t
� �

(4)

qt ¼ k2q
2
e t

1þ k2qet
(5)

qt ¼ 1

b
lnðabÞ þ 1

b
ln t (6)

where qe is the amount of phosphate adsorbed
(adsorption capacity) at equilibrium, qt is the amount
of phosphate adsorbed (adsorption capacity) at time t,
k1 is the pseudo-first-order rate constant, k2 is the
pseudo-second-order rate constant, α is the initial
adsorption rate constant, and β is the Elovich adsorp-
tion constant. The kinetic model analysis is presented
in Fig. 7(a). The kinetic model parameters are pro-
vided in Table 2. The values of R2, χ2, and SSE indi-
cate that the pseudo-second-order model was most
suitable for describing the data. In the pseudo-second-
order model parameters (Table 2), the value of qe was
1.86 mgP g−1, whereas the value of k2 was
183.98 g mgP−1 h−1. The rate constant k2 was used to
calculate the initial adsorption rate constant (h) at
t → 0 with the following equation [29]:

h ¼ k2q
2
e (7)

The value of h was calculated to be
634.98 mgP g−1 h−1, which was two orders of magni-
tude lower than that (α = 3.70E+05 mgP g−1 h−1) from
the Elovich model.

3.4. Equilibrium isotherm model analysis

The phosphate removal by the A-MCM-41 as a
function of the initial phosphate concentration is pro-
vided in Fig. 6(b). The sorption capacity increased
with an increase in the initial phosphate concentration

from 2 to 100 mgP L−1. At the lowest concentration of
2 mgP L−1, the sorption capacity was 1.88 mgP g−1.
The sorption capacity increased to 13.20 mgP g−1 at
the phosphate concentration of 25 mgP L−1 and further
increased to 16.55 mgP g−1 at the highest concentration
of 100 mgP L−1. The percent removal decreased from
99.5 to 21.7% with an increase in the phosphate con-
centrations from 2 to 100 mgP L−1. The pHeq was
observed to be 3.83 ± 0.03.

The experimental data (Fig. 6(b)) were analyzed
with the Freundlich (Eq. (8)), Langmuir (Eq. (9)), and
Redlich–Peterson (Eq. (10)) isotherm models as follows
[30]:

qe ¼ KFC
1
n
e (8)

qe ¼ QmKLCe

1þ KLCe
(9)

Fig. 7. Sorption model analyses: (a) kinetic model; (b)
equilibrium isotherm model. Model parameters are
presented in Tables 2 and 3.
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qe ¼ KRCe

1þ aRC
g
e

(10)

where Ce is the equilibrium concentration of the phos-
phate in the aqueous solution, KF is the Freundlich
constant related to the adsorption capacity, 1/n is the
Freundlich constant related to the adsorption intensity,
Qm is the maximum adsorption capacity, KL is the
Langmuir constant related to the affinity of the binding
sites, KR is the Redlich–Peterson constant related to the
adsorption capacity, aR is the Redlich–Peterson con-
stant related to the affinity of the binding sites, and g
is the Redlich–Peterson constant related to the adsorp-
tion intensity. The equilibrium isotherm model analy-
sis is presented in Fig. 7(b). The model parameters are
provided in Table 3. The values of R2, χ2, and SSE indi-
cate that the Redlich–Peterson isotherm was most suit-
able for describing the data. In the Redlich–Peterson
model parameters (Table 3), the value of KR/aR was
7.90 mgP g−1, whereas the value of g was 0.83. The
maximum sorption capacity from the Langmuir model
(Qm) was determined to be 14.97 mgP g−1, which is in
the range of the phosphate adsorption capacity
(6.4–18.1 mgP g−1) of the ammonium-functionalized
mesoporous silica (MCM-41, MCM-48, and SBA-15)
reported in the literature [14,15,17]. The amount of
functional groups on the A-MCM-41 could be
estimated from the element N data from the EDS
analysis (Fig. 1(d)), which indicated that the N content
of A-MCM-41 was 3.32 mmol(N) g−1. Note that
14.97 mgP g−1 (Qm from the Langmuir model) is
equivalent to 0.483 mmol(P) g−1. Therefore, the maxi-
mum amount of P adsorbed on the A-MCM-41 was
calculated to be 0.146 mmol(P) mmol(N)−1.

4. Conclusions

In this study, the phosphate removal by the A-
MCM-41 was examined. The results indicated that the
A-MCM-41 was effective in the removal of phosphate
with the maximum sorption capacity of 14.97 mgP g−1.
The phosphate removal in the A-MCM-41 was rela-
tively constant in both acidic and neutral pH condi-
tions, whereas the phosphate removal decreased
sharply as the solution pH approached highly alkaline
conditions. The results indicated that the pseudo-sec-
ond-order model was most suitable for describing the
kinetic data. The Redlich–Peterson isotherm fits well
with the equilibrium data. The results of this study
demonstrated that the phosphate removal by the
MCM-41 could be enhanced through the surface func-
tionalization of the MCM-41 with an ammonium

group. In addition, the ammonium-functionalized
MCM-41 could be reused as adsorbents for the phos-
phate removal through regeneration process.
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