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In this study, the application of ordered mesoporous silica (OMS) doped with various metal oxides (Zr, Ti,
Fe and Al) were studied for the removal of (ortho) phosphate ions from water by adsorption. The materials
were characterized by means of N, physisorption (BET), powder X-ray diffraction (PXRD) and transmis-
sion electron microscopy (TEM). The doped materials had surface areas between 600 and 700 m? g~ and
exhibited pore sizes of 44-64 A. Phosphate adsorption was determined by measurement of the aque-
ous concentration of orthophosphate using ultraviolet-visible (UV-vis) spectroscopy before and after
extraction. The effects of different metal oxide loading ratios, initial concentration of phosphate solution,
temperature and pH effects on the efficiency of phosphate removal were investigated. The doped meso-
porous materials were effective adsorbents of orthophosphate and up to 100% removal was observed

under appropriate conditions. ‘Back extracting’ the phosphate from the doped silica (following water
treatment) was also investigated and shown to have little adverse effect on the adsorbent.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Phosphorus (as phosphate ions) is an important element that
is widely used in agriculture as a fertilizer and in industry as a
detergent. However, the use of phosphorus poses many problems,
notably eutrophication, when it is released into aquatic environ-
ments [1,2]. The Irish Environmental Protection Agency (EPA) has
identified eutrophication, resulting from excess phosphorus input,
as the greatest threat to Irish waters [3]. Eutrophication leads to fish
deaths and the degradation of habitat with loss of plant and animal
species [4]. Rapid decomposition of dense algae (fertilized by phos-
phate) scum with associated organisms can give rise to foul odours
and promote growth of cyanobacteria. These blue-green algae can
form extensive blooms that may be toxic and increases in cyanobac-
terial dominance of phytoplankton have been reported worldwide
for natural lakes [5]. Eutrophication can also promote parasite
infection and amphibian disease. This is due to the increase in pri-
mary production resulting from excess nutrients which enhance
the growth, reproduction, and survival of herbivorous snails, which
are hosts for a trematode fluke parasite [6].
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In wastewater treatment, phosphate removal is a significant
challenge and many strategies have been employed. Current
abatement and remediation of phosphorus in wastewater can be
simplified into three categories, namely: (1) chemical precipita-
tion [7,8], (2) sorption by suitable adsorbents [9,10] and finally (3)
biological removal methods [11]. Traditional approaches involve
chemical precipitation using flocculants based on iron or alu-
minium salts. Chemical precipitation is an effective method of
phosphate removal but is problematical as it requires accurate
and variable dosing due to variations in effluent quality/quantity
and sophisticated control systems are required. Also, large vol-
umes of chemicals are required for this method creating handling
and storage problems. Treatment using chemicals additionally
results in higher sludge production and associated problems of
disposal and treatment [8]. Biological removal methods have
proved to be reasonably efficient at phosphate removal from
contaminated water [11-13]. However, they are generally quite
expensive and require complex aerobic effluent cycling for com-
plete treatment. Phosphate adsorbent technologies are generally
based on trace amount of metal ions, e.g. Cu(ll), Co(Il), Fe(IIl),
AI(IIT), Y(IIT), La(lll) and Mo(VI), being immobilized on inert
polymers/resins or inorganic solids [9]. These adsorbents have
been highly investigated and utilised due to their selectivity for
anionic compounds particularly at trace pollutant concentrations
in aqueous solution. More recently Can and Yildiz [14], Cheung
and Venkitachalam [15] and Oguz [16] used natural compounds
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such as fly ash as a process of phosphate extraction. Red mud,
treated wood products and clays and have also been used as
successful methods of adsorbing phosphates from wastewater
[17-19].

Ordered mesoporous silica(OMS) has proven to be a good adsor-
bent of materials such as metal ions and amino acids [20-22]
due to their high specific surface area, controlled pore diameters
and controlled morphology, e.g. spheres, rods and disks [23]. OMS
is mechanically robust, non-toxic and environmentally friendly.
Much research has recently focused on using OMS functionalized
with selective ligands, for metal ion adsorption studies [20,24,25].
Mesoporous silicas doped with transition metals and lanthanide
oxides have been shown to be promising candidates for phosphate
adsorption [24-27]. Ou et al. [26] successfully removed phosphates
from wastewater using lanthanum oxide doped mesoporous SiO5.
It was discovered that the adsorption rate and capacity of phos-
phate removal increased with increasing La/Si molar ratios. This
success of this method, however, is as a result of very high quan-
tities of lanthanum (Si:La 5:1M). As a result the ordering of the
mesoporous structure is decreased and this reduces the surface
area to 244 m?2 g~1. This is a more costly method and reduces the
robustness of the material in industrial conditions. Hamoudi et
al. [28] used ammonium-functionalized mesoporous MCM-48 sil-
ica as an absorbent of nitrate and monovalent phosphate anions
from aqueous solutions with 88% successive removal of phosphate
ions. This method requires a lengthy and complicated synthesis of
materials and requires a great deal of time for phosphate removal.
This paper extends this work by simple synthesis methods and by
comparing a range of active OMS dopants and optimising their
activity. This provides an extremely useful method at removing
very low levels of phosphate present in wastewater. This method
also allows for 100% phosphate recovery and the reuse of the adsor-
bent.

2. Experimental
2.1. Synthesis of metal doped mesoporous silicas

Molar ratios of 20:1, 40:1 and 80:1 zirconium doped meso-
porous silica (Zr-OMS) was prepared by methods similar to Barreca
et al.[29]. The triblock copolymer P123 (EO,9PO79EO59) was added
to a mixture of the zirconium acetylacetonate (Zr(ACAC)4) and
tetramethoxysilane (TMOS). A homogenous solution was obtained
by stirring at room temperature for 30 min. Water (4.0 ml) was
added to this solution and heated to 313K in a water bath.
Hydrochloric acid (2.5 M, 1.0 ml) was added dropwise over a 2 min
period. The methanol generated as a result of the acid hydrol-
ysis was removed on a rotary film evaporator at 313K. The
solid product was aged in air at 313K for one week. Samples
were then calcined in air at 723K for 24 h. Analogous iron and
aluminium doped mesoporous silica (Fe-OMS, Al-OMS) was pre-
pared in the same way with the exception that iron (IIl) nitrate
nonahydrate, (Fe(NO3)3-9H,0) and aluminium nitrate nonahy-
drate (AI(NOs3)3-9H,0), respectively, were added to the triblock
copolymer and tetramethoxysilane to make a homogenous solu-
tion.

In situ titanium doped mesoporous silicas (Ti-OMS) were pre-
pared with Si:Ti molar ratios of 20:1, 40:1 and 80:1. The precursor
used for the titanium doping was titanium tetra-isopropoxide,
(Ti[OCH(CH3)32]4). The samples were prepared in a similar man-
ner to that outlined for the Zr, and Fe doping with the exception
that acetylacetone (ACAC) was added to the titanium precursor at
a molar ratio of 2:1 (Ti/ACAC) [29]. This was added to adjust the
titanium oxide precursor hydrolysis rate so that it is compatible
with that of TMOS.

¥y =0.591x - 0.018 —— 0.2 ppm
R =0.999 ~ 0.4 ppm
14 0.6 ppm

=== 0.8 ppm
~~~~~~ 1.0 ppm
e, 2 PPN

Absorbance (au)

0.24

02 04 08 o8 10 12 14
Concentration (ppm)

Absorbance (au)

0 == T T T
400 600 800
Wavelength (nm)

=
1000

Fig. 1. UV-vis spectroscopy calibration data for orthophosphate based on Murphy
and Riley method [31].

2.2. Characterization of mesoporous powders

Powder X-ray diffraction (PXRD) profiles of the mesoporous sili-
cas were recorded on a PANalytical X'Pert diffractometer, equipped
with a CuKa radiation source and X’Celerator detector. Incident and
reflected beam Stoller slits of 0.26 were used with a programmable
divergent slit to maintain a 10 mm footprint at the sample. Sample
heights were determined at 8 =26 =0 at the point when the sample
reduced the primary beam intensity by 50%. The surface areas of the
calcined mesoporous silica catalysts were measured using nitrogen
BET isotherms at 77 K on a Micromeritics Gemini 2375 volumetric
analyzer. Each sample was degassed for 5 h at 473 K prior to a BET
measurement. The average pore size distribution of the calcined sil-
icas was calculated using the Barrett-Joyner-Halanda (BJH) model
from a 60 point BET surface area plot. All the mesoporous silicas
examined exhibited a type IV adsorption-desorption isotherm typ-
ical of mesoporous solids [30]. Adsorption isotherms were used to
calculate mean pore diameters and distributions.

2.3. Phosphate removal

Standard solutions of ppm (mgl-!) type quantities of
orthophosphate were prepared from potassium di-hydrogen
orthophosphate powder. Adsorption measurements were carried
out by the addition of known amounts of doped silica (typically
1 wt%)to 25 ml of the phosphate solutions. Adsorption periods were
generally 10 h. The solid was then removed by filtration and the
amount of phosphate remaining in the liquid was determined using
UV-vis spectroscopy. The method employed for orthophosphate
quantification is based on the Murphy and Riley molybdenum-blue
UV spectroscopic technique [31]. The orthophosphate was com-
plexed with ammonium molybdate under acidic conditions and
reduced using ascorbic acid. Antimony was then added as a catalyst
to accelerate the colour development. The concentration of phos-
phate can then be determined from the intensity of the blue colour
produced. A standard calibration curve was constructed in the
working range of 0.2-1.2 ppm. The measurements were carried out
over the wavelength range of 400-1000 nm. The molybdophospho-
ric acid peak at 890 nm is clearly visible and a standard calibration
curve was constructed from known concentrations of phosphate
solution, as shown in Fig. 1.
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Fig. 2. PXRD patterns of un-doped OMS and (A) Ti-OMS, (B) Fe-OMS, (C) Zr-OMS and (D) Al-OMS. Each is compared to the undoped sample.

2.4. Adsorption performance evaluation

The adsorption performance is expressed as metal uptake, ge
(mgg~1), and can be expressed as follows:

m(ge — qo) = V(Co — Ce) (1)
or
qezw, for go = 0 2)

where ¢, is the phosphate uptake under initial conditions and ge is
the phosphate uptake under equilibrium conditions on the doped
OMS (mgg~1); Co and Ce are the initial and equilibrium concentra-
tion of phosphate (V) in bulk solution (mg) respectively, V is the
volume of the aqueous phase (ml), and m is the mass of the sorbent
(OMS) in grams [32].

3. Results and discussion
3.1. Characterisation of samples

Typically PXRD data for undoped samples of mesoporous silica
can be seen in Fig. 2 along with data for Ti, Fe, Zr and Al doped
samples at molar ratios of Si:dopant of 20:1, 40:1 and 80:1 (A-D).
In general three reflections are observed in the region 260 =0.5-3°.
These reflections can be indexed to the (100), (110) and (200)
diffraction planes of the hexagonal plane (as labelled in Fig. 2(A)).
In general, the inclusion of all the dopant metal ions results in
decreased long range order of the OMS as is evident from the broad-
ening of the (1 00) reflection seen and the increasing overlap of the
(110)and (200) reflections.

Fig. 3 shows the nitrogen adsorption/desorption isotherms that
were obtained for undoped and doped materials. All display the

°20

typical type IV isotherm which represents a mesoporous structure
[33]. This data suggests that even though long-range pore order
is being lost on metal ion inclusion, the mesoporous nature of the
materials is being maintained.

The pore size distributions for undoped and doped samples are
shown in Fig. 4. For the undoped sample the pore size distribution
curve exhibited a well-defined maximum at 65 A which generally
remained around the same value (given experimental error) on
metal ion inclusion except for the highest doping levels where a
clear decrease was observed for the 20:1 doped samples. This is
consistent with filling of the pores [29]. The Ti, Zr, Fe and Al mod-
ified graphs display relatively narrow pore size distributions with
little broadening compared to undoped material. The data suggests
that the doped materials do have a small change in pore size distri-
bution (probably due to distribution of the dopant) but the reduced
long-range order observed by XRD cannot be explained by pore size
effects and it would seem likely the loss of order is due to decreasing
periodicity in the pore alignment.

Table 1 summarises the physiochemical properties of the
undoped and doped samples. As might be expected, the surface
area and pore volume are progressively reduced as the dopant con-
tent is increased. Again the data is consistent with maintenance
of pore size and a decrease in pore arrangement periodicity. The
structure of the OMS prepared here are confirmed in Fig. 5 which
shows indicative TEM images for doped materials [29]. Doped
samples consist of areas of well-defined hexagonally arranged
pore structures as well as areas with a more worm-like struc-
ture where the parallel pore structure is lost. Fig. 5(A) and (B)
are typical of all 40:1 doped materials and contain large regions
of parallel pores. For 20:1 doped materials (Fig. 5C), the TEM
data clearly shows a loss of hexagonal ordering and micrographs
are dominated by these “worm hole” structures. As might be
expected, the 80:1 doped materials (Fig. 5D) show regions of very
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Table 1
Physiochemical properties for undoped and metal doped OMS.

Sample d Spacing? (A) Surface area® (m2g-1) Pore volume (cm3g1) Pore diameter< (A)
Un-doped silica 81 787 0.20 60
Zr

20.1 ratio 87 667 0.11 48

40.1 ratio 85 694 0.13 54

80 1 ratio 80 718 015 64
Ti

20.1 ratio 85 610 0.08 42

40.1 ratio 88 683 016 62

80.1 ratio 83 660 0.18 63
Fe

20.1 ratio 83 630 0.11 44

40.1 ratio 85 717 012 52

80.1 ratio 85 660 0.18 63
Al

20.1 ratio 81 612 0.08 50

40. ratio 85 645 0.09 60

80.1 ratio 83 730 0.15 61

2 As determined by PXRD.
b As determined by nitrogen adsorption (BET method).
¢ As determined by nitrogen adsorption (BJH method).

high order and are consistent with the well defined PXRD data
obtained.

3.2. Orthophosphate removal at room temperature

Phosphate adsorption plots (% phosphate removed from a
1mgl-! phosphate solution using 1% by weight doped silica in the
solution) for the metal ion doped OMSs are shown in Fig. 6. Note
that 100% removal is equivalent to an uptake of 4.5 mg (phosphate)
g1 (of silica). Not shown in the data is the undoped OMS as it did
not adsorb phosphate in measurable quantities. Generally, the 80:1
doped samples showed little activity towards phosphate adsorp-
tion for all materials prepared here. However, the 20:1 and 40:1

materials show reasonable activity towards adsorption. Typically
the data shown in Fig. 6(A-D) with the 20:1 doped samples gener-
ally showing the highest adsorption capacity and fastest adsorption
rates for all four materials with the Ti-OMS and Zr-OMS removing
all of the orthophosphate present (100% removal within the first
2-4h). Fe-OMS is somewhat different in that the uptake of phos-
phate for the 20:1 and 40:1 samples follows a similar trend whilst
the 80:1 samples gives and almost identical uptake to the higher
loadings after the 10 h adsorption period. Overall, it can be con-
cluded that the Fe-OMS is the most promising sorbent—the 20:1
doped Fe-OMS removing 94% compared to the 89% removed by
the 40:1 sample and after the 10 h period the 80:1 doped sample
had adsorbed 84% of the phosphate present. Since, in some cases

Fig. 5. TEM images of doped materials: (A) Ti-OMS 40:1, (B) Fe-OMS 40:1, (C) Zr-OMS 20:1 and (D) AlI-OMS 80:1.
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the adsorbed amount is constant and below 100%, the data sug-
gests that either the amount of dopant present limits the amount
of phosphate removed or that the adsorption is equilibrium limited
because of arelatively weak interaction between the phosphate and
the surface.

3.3. Adsorption mechanism

The adsorption mechanism of phosphate onto inorganic mate-
rials has been widely investigated and found to be specifically
adsorbed on inorganic materials through a ligand exchange mech-
anism with a reactive surface hydroxyl [34]. This effect was
demonstrated by Shin and Han [35] where the adsorption proper-
ties of phosphate were investigated on an aluminium impregnated
mesoporous silica surface. It was concluded to bond through mon-
odentate complexes. This is consistent with previous studies where
the evidence is pointing to a ligand exchange mechanism [36,37].

In the case of equilibrium limited adsorption it is expected
that the amount adsorbed on the OMS (uptake) would be strongly
dependent on solution concentration. For this reason, the effect
of initial orthophosphate solution concentration (0.5-7 mgl-1)
against uptake for the materials prepared here was investigated
as summarised in Fig. 7. All samples display complex behaviour
as a function of phosphate concentration and a well-resolved peak
adsorption is observed. This can only be rationalised by a weakly
bound phosphate species and is consistent with an equilibrium lim-
ited adsorption process. Fe-OMS appears to display the greatest
affinity to phosphate ions at high concentration levels.

The equilibrium nature of phosphate adsorption also manifest in
studies of the effect of solution temperature and the most promis-
ing samples, 20:1 and 40:1, were used to adsorb orthophosphates

at different temperatures as shown in Fig. 8. The graph shows that
for the Ti, Zr and Al samples, increasing temperature (from room
temperature up to 50°C) was accompanied by a decrease in the
phosphate uptake. This is consistent with a weak co-ordination
mechanism and as the temperature increases orthophosphate is
desorbed from the surface. The Fe-OMS samples show the lowest
change in uptake with temperature suggesting that this dopant has
a greater binding energy than the others. This is consistent with the
greater uptake of phosphate by the materials seen in Figs. 6 and 7.
Analternative explanation for the role of iron may be that the higher
temperatures allow greater dispersion of the active material pro-
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Fig. 9. Distribution diagram for phosphate ions present different species a as func-
tion of pH [39].
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viding greater surface areas for adsorption [34]. This seems less
likely because of the consistency of the other results presented
earlier.

3.4. Orthophosphate removal at varying pH levels

In the case of equilibrium limited solution processes, pH has a
strong effect on adsorption and it is essential that the effect of pH
is studied on phosphate uptake to the metal modified OMS sur-
face [34]. The pH range in which the phosphate bonding process
occurs may be the most important factor in determining the per-
formance of any materials as pollution mediated adsorbents and
municipal wastewaters usually have a relatively neutral pH which
is usually in the range of 6-7 [38]. Hence, reactions should be

1

(i) — 1ppm
-+ P removed
———————— P recovered

Adsorbance (au)

Wavelength (nm)

engineered to have optimum performance in the appropriate pH
zone.

The solution chemistry of the orthophosphate ion is shown
explicitly in Fig. 9; it is clear from the diagram that between pH
2 and pH 12 H,PO4~and HPO42~ are the dominant species. Under
very acidic conditions H3PO,4 is more prevalent as is PO43~ in
extremely basic conditions. The concentration of H,PO4~ is higher
for pH below 7 whilst HPO42~ species prevail for pH between 7 and
10[17,39].

Fig. 10(a-d) shows the adsorption results from 20:1 and 40:1
doped samples at different pH levels (from pH 7 to 10). This study
revealed that the adsorption ability of the metal oxide doped OMS
was highest for neutral pH conditions and around the normal pH
strength of contaminated waters. It can be seen that because of

——Ti 40:1
--==-= Tj 40:1 (NaOH)

(i)

Counts

°20

Fig. 11. Graph (i): (A) initial UV-vis spectroscopy results of a 1 ppm phosphate solution, (B) UV-vis spectroscopy result of 1 ppm phosphate solution following sorption with
Ti-OMS and (C) solution produced by phosphate recovery. Graph (ii), a PXRD of a Ti doped sample before and after phosphate removal using NaOH (see Fig. 2 for details).
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Table 2
BET surface area of Ti 20:1 doped OMS after NaOH (0.2 M) washing at different
intervals as determined by nitrogen adsorption (BET method).

Ti 20:1 5min 10 min 15 min 20 min

667 224 280 398 441

the complex solution chemistry of the orthophosphate ion, condi-
tions that are markedly alkaline or acidic conditions result in much
lower effectiveness for these materials as potential adsorbents of
phosphate.

3.5. Adsorbent recovery/phosphate removal

The eventual commercial use of these materials may be depen-
dent on delivering large scale economic synthesis and/or recycling
of the adsorbent. It was found here, that the adsorbent can be read-
ily re-generated after use by a simple base treatment. After the
sorbent was used to remove phosphate (1 mgl-! solutions using
normal adsorbent amounts) the Ti-MS samples were washed for
20 minina0.02 M NaOH solution followed by air drying for 4 h. This
resulted in removal of essentially 100% of the adsorbed phosphate
from the 1 ppm solution as shown in Fig. 11. The OMS sample s little
affected by this process as shown in Fig. 11 which shows a PXRD of
Ti-OMS before and after phosphate removal by base. Within experi-
mental error, the diffractograms are similar. However, repeated use
of the adsorbent does decrease the effectiveness of the materials
and uptake is reduced to around 75% of initial activity on extended
use. This is due to the hydroxyl radical from the NaOH corrodes the
silica framework [40] which in turn reduces surface area as shown
in Table 2.

4. Conclusions

Here we present a simple and efficient method for the removal
of phosphate from waste water using modified mesoporous metal
oxides. This study involved the synthesis of a series of differ-
ent metal oxide doped mesoporous silicas and their application
in the removal of orthophosphate from simulated waste water.
A variety of parameters were investigated such as molar ratio
(Si:Zr, Ti, Fe, Al), initial orthophosphate concentration, pH and
temperature.

The results indicate that the adsorption process is equilibrium
limited. This data has shown that undoped mesoporous silica has
little or no bonding affinity for phosphate, however when a metal
oxide is grafted to the surface it has proven to be an efficient
adsorbent, showing removal percentages of up to 100%. The max-
imum adsorption capacity was found to be 4.5mgg~! and this is
close to that achieved by other materials [14,15,18,39]. It was also
found that pH and temperature play a major role in orthophosphate
uptake. The regeneration ability of the doped material was also
investigated and showed little or no discernible affect to the adsor-
bent. Therefore, it is ease of synthesis, low toxicity, high adsorption
capacity and ease of regeneration that make these materials effec-
tive in phosphate removal.
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