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A silicate-selective polymer-supported reagent has been developed that utilizes the reactivity of silicate
to generate polyanionic Keggin structures. Heptamolybdate and heptatungstate anions are immobilized
onto trimethylammonium ligands bound to microporous poly(vinylbenzyl chloride) beads. The hepta-
molybdate complexes >90% of the silicate from a 20 ppm solution at pH 7; the heptatungstate has
a lower affinity, complexing 40% of the silicate. Complexation by the heptamolybdate remains high
throughout the pH range 3.8–10.7. Sorption is unaffected by the presence of chloride, sulfate, and nitrate
ions. The apparent rate of reaction is maximized by immobilizing the ligand on an expanded gel support:
whereas the microporous polymer requires 24 h to complex all of the silicate from a 100 ppm solution,
the expanded gel attains that level in 4 h. The rate-limiting step is thus identified as accessibility of the
silicate to the heptamolybdate rather than the rate of reaction to form the silicomolybdate. FTIR spectra
confirm silicomolybdate formation: The heptamolybdate polymer has four characteristic bands at 715,
845, 912 and 945 cm�1 and these bands get weaker as silicate reacts with the heptamolybdate; at
complete reaction, the band at 845 cm�1 disappears. The spectrum of the silica-saturated polymer has
strong bands at 900–904 cm�1 and 790–800 cm�1, consistent with the spectrum of tert-butylammonium
silicododecamolybdate.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Silica is one of the most abundant elements on Earth. All natural
water contains dissolved silica at levels of 1–30 ppm [1] with some
water, such as that in New Mexico, having levels higher than 50 ppm
[2]. The solubility of silica in water is 120–140 ppm [3]. Silica is
a major concern for power plants, desalination units and the
microelectronics industries. It deposits on the surface of boilers,
cooling systems, and reverse osmosis (RO) membranes causing
energy losses and increased maintenance costs. Scaling problems are
obviated when the silica level is<10 ppm in RO feed water at a water
recovery rate of >98% [4]. The silica concentration in water to high
pressure boilers should be <8 ppm to prevent scale formation [5].

Silica is present in water in three principal forms: suspended
solids (which is not problematic in water purification), colloidal
andratos).
rive Hastings on Hudson, NY
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silica (which can be efficiently removed by filtration and RO), and
reactive silica (the major component of which is silicic acid in
equilibrium with SiO2) [6]. Silicic acid is a weak acid, with pKa

values of 9.5 and 13.5 [7]. It is less than 1% ionized at pH values
below 7.5 and so cannot be selectively removed by ion exchange
resins from natural water. It can be removed with type 1 and type 2
strong base anion exchange resins in the hydroxide form [8] but
they are not selective (vide infra) and raise the pH of the effluent
water (which is unacceptable in most applications).

The objective of this research was to design and prepare a reac-
tive polymer for the selective removal of silicate from water. The
main prerequisite was identifying a species that could react with
silicate and be immobilized onto a polymer. Keggin anions are one
class of polyanions having the general formula [XM12O40]n�, where
M is either Mo or W, and X is one of a number of atoms, including Si
and P [9]. The heptamolybdate ion is able to complex reactive silica
to form the silicomolybdate [10] and the heptatungstate ion forms
the silicotungstate [11]. Since ionically bound species retain their
reactivity within a polymer support [12], crosslinked poly
(vinylbenzyl chloride) beads were thus prepared, functionalized
with trimethylamine, and modified with heptamolybdate and
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Table 1
Percent solids and capacities of the quaternary amine gel resins.

Counterion % Solids N content
(expt), mmol/g

N content
(calc), mmol/g

Mo capacity,
mmol/g

Cl� 22.9 4.30 4.60 –
MoO4

2� 33.8 3.44 3.82 1.64
Mo7O24

6� 61.3 2.32 2.79 3.39
WO4

2� 36.2 3.00 3.27 –
W7O24

6� 71.7 2.29 2.17 –
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heptatungstate anions by ion exchange. The sorption affinities were
then quantified and the selectivity for silicate evaluated.

2. Experimental section

Copolymer beads of vinylbenzyl chloride (VBC) and 2 wt%
divinylbenzene (DVB) were prepared by suspension polymerization
with 0.5% benzoyl peroxide as initiator [13]. Gel and expanded gel
beads were prepared in the same manner except that toluene was
added in an equal weight to the monomer when preparing the latter.
The toluene was removed after polymerization by washing the
beads with methanol. The beads were sieved and a particle size of
250–425 mmwas used. Silica solutionwas prepared from a 1000 ppm
silica standard (LabChem). Phosphate solution was prepared from
a 1000 ppm phosphate standard (LabChem). Molybdate solution was
prepared from ammonium molybdate ((NH4)6Mo7O24$4H2O) (Fisher
Scientific). VBC, DVB, Na2SO4, NaCl, KNO3, Dowex�1_2 ion exchange
resin, sodium tungstate, and aqueous trimethylamine were
purchased from either Sigma–Aldrich or Acros. Ionic concentrations
were determined by ICP-AES (Spectroflame M120E).

2.1. Synthesis of trimethylammonium chloride resin

PolyVBC beads (10 g) were placed in a 1 L round bottom flask
equipped with a condenser and overhead stirrer, 400 mL of 20%
aqueous trimethylamine was added, and the mixture was refluxed
for 17 h to give the trimethylammonium resin. After washing, the
beads were conditioned with 1 L each of water, 1 M HCl, and water.

2.2. Preparation of trimethylammonium heptamolybdate resin
(TMAMo)

The chloride-form resin (5 g wet wt.) was eluted with 1 L of
0.5 N ammonium molybdate solution (pH 5.3) and washed with 4 L
of water.

2.3. Preparation of trimethylammonium monomolybdate resin

The chloride-form resin (5 g wet wt.) was eluted with 1 L of 0.5 N
ammonium molybdate solution (pH adjusted to 7.3 with 1 M NaOH)
and washed with 4 L of water.

2.4. Preparation of trimethylammonium monotungstate resin

The chloride-form resin (5 g wet wt.) was eluted with 1 L of 0.5 N
sodium tungstate solution (pH 9) and washed with 4 L of water.

2.5. Preparation of trimethylammonium heptatungstate resin
(TMAW)

The chloride-form resin (5 g wet wt.) was eluted with 1 L of
0.5 N sodium tungstate solution (pH adjusted to pH 5.5 with 1 M
HCl) and washed with 4 L of water.

2.6. Elemental analyses

The nitrogen elemental analysis was done by digesting 0.200 g of
dry resin in 0.25 g of CuSO4$5H2O, 10 g of K2SO4, and 25 mL of
concentrated H2SO4 in a 500 mL three-neck round bottomed flask.
After digestion, 100 mL of distilled water was added and the flask
equipped with a 150 mL addition funnel and distillation apparatus
connected to a funnel via Tygon tubing in a 600 mL beaker con-
taining 50 mL of a standardized 0.100 M HCl solution. NaOH (150 mL
of 6 M solution) was added to the flask from the addition funnel. The
resulting amine was distilled into the beaker until the condensate
was neutral. The HCl solution was transferred to a 250 mL volumetric
flask and diluted to the mark with distilled water. Fifty milliliter
aliquots of the HCl solution were titrated with standardized 0.100 M
NaOH. The molybdenum elemental analysis was done similarly in
that 0.100 g of dry resin was digested with 0.125 g of CuSO4$5H2O,
5 g of K2SO4 and 12.5 mL of concentrated H2SO4 in a 100 mL three-
neck round bottomed flask. The solution was quantitatively trans-
ferred to a 250 mL volumetric flask and diluted to the mark with
distilled water. The molybdenum concentration was determined by
ICP-AES.

2.7. Determination of silica affinity

Experiments were done in 20 mL plastic vials. Silica solutions
were prepared from a standard 1000 ppm silica solution with the
pH adjusted by adding HCl solution. The contact time was 17 h
unless otherwise noted.

To compare silica affinities, enough of eachresin (monomolybdate,
heptamolybdate, monotungstate, heptatungstate, or chloride, or
Dowex� 1�2 in the hydroxide form) to give 0.10 mmol ammonium
groups was contacted with 10 mL of 20 ppm silica solution at pH 7.

To determine the effect of pH, 118 mg of dry TMAMo resin was
contacted with 10 mL of 100 ppm silica solutions with the pH
adjusted to 3.8, 5.2, 6.7, 9.1 and 10.7. The sorption isotherm was
determined by adding 10 mL of 100 ppm silica solution at pH 7 to
nine vials containing 12.0 mg, 26.5 mg, 53.0 mg, 82.0 mg, 102.2 mg,
128.1 mg, 190.6 mg, 255.0 mg and 378.7 mg of dry TMAMo resin. A
three-day contact time ensured equilibrium.

The rate of complexation by the Dowex (R) 1 � 2 (OH) or
TMAMo resin was determined by contacting enough of each resin
to give 0.167 mmol nitrogen with 5 mL 100 ppm silica solution at
pH 7 for 1 h, 2 h, 4 h, 8 h and 24 h. Selectivity was determined by
contacting enough of Dowex (R) 1 � 2 (OH), TMAMo, or TMAW to
give 0.10 mmol nitrogen with a solution of 1 mM CaCl2/0.5 mM
MgCl2/0.5 mM Na2SO4/0.5 mM KNO3 and 20 ppm silica. In studying
the effect of phosphate on silica sorption by TMAMo, 61.3 mg of dry
resin was contacted with either 10 mL of 50 ppm silica or 10 mL of
50 ppm silica and 50 ppm phosphate, each at pH 7.7.

3. Results

The hydrophilicity (as measured by the percent solids), nitrogen
capacity, and molybdenum capacity of the trimethylammonium gel
resins are given in Table 1. A comparison of the calculated and
experimental nitrogen capacities shows that full functionalization
has been achieved. The chloride-form resin retains a large amount
of water due to the ionicity of the ligand–substrate interaction. The
hydrophilicities of the heptamolybdate and heptatungstate form of
the resins are significantly less while the monomolybdate and
monotungstate are intermediate between the two. The mono-
molybdate resin has an N/Mo ratio of 2, as expected from the
charges on the cation and anion. The heptamolybdate Mo capacity
of 3.39 mmol/g equates to 0.48 mmol Mo7O24

6�/g and a ligand to
anion ratio of 4.8:1.



Table 2
Silica sorption by the trimethylammonium gel resins from solutions initially at pH 7.

Counterion %Si sorbed Final pH

Cl� 1.2 5.6
MoO4

2� 4.5 5.6
Mo7O24

6� 94.8 4.8
WO4

2� 1.4 7.1
W7O24

6� 40.5 5.1
Dowex (OH�) 96.8 10.8

Fig. 2. Selectivity of the resins for silica in the presence of chloride, sulfate and nitrate
ions.
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The extent of silica sorption by the resins is given in Table 2. The
chloride, monomolybdate and monotungstate resins complex little
silica, the heptatungstate has an intermediate affinity, and the
heptamolybdate has a high affinity. The Dowex resin in the
hydroxide form has a high affinity for silica through ion exchange
but at a substantial increase in the final pH of the solution.

The TMAMo gel resin effectively removes silica from solution
over a wide pH range (Fig. 1). There is a low level of Mo leakage in
solutions of pH 7 and below; this leakage is<1% of the total since, if
all of the Mo on the resin were to enter the solution, the amount
would be 3950 ppm. The amount in solution becomes significant as
the pH exceeds 9. The TMAW gel resin has a significantly lower
affinity for silica, complexing 42% at pH 4 and 48% at pH 10. Leakage
of heptatungstate is comparable to that of heptamolybdate.

Silica sorption by the TMAMo and TMAW resins in the presence
of other ions was investigated in order to assess their selectivity.
Resins were contacted with synthetic groundwater solution con-
taining 1 mM CaCl2, 0.5 mM MgCl2, 0.5 mM Na2SO4, 0.5 mM KNO3,
and 20 ppm silica; the Dowex (OH�) resin was also contacted. It
was thus determined that silica sorption by the TMAMo and TMAW
resins are unaffected by the presence of other ions and have
negligible affinity for other ions (Fig. 2). The Dowex resin has
a higher affinity for both chloride and sulfate than for silica. Given
the higher silica affinity of the TMAMo resin, the remaining studies
were done with it alone.

Since phosphate reacts with molybdate to form phosphomo-
lybdates [14], the phosphate ion was tested as a potential inter-
ferant in the sorption of silica by TMAMo. The resin was contacted
with 10 mL of a solution at pH 7.7 containing 50 ppm silica and
50 ppm phosphate and found to sorb 24.6% of the silica in contrast
to 91.2% sorption in the absence of phosphate.

The sorption capacity of the TMAMo resin was calculated
through its isotherm by contacting 100 ppm silica solutions at pH 7
with increasing amounts of resin (Fig. 3). The capacity was calcu-
lated to be 0.23 mmol silica/g resin.

The rate of silica sorption onto the TMAMo gel and Dowex resins
was determined (Fig. 4). The Dowex operates through ion exchange,
Fig. 1. Silica sorption and Mo leakage by the TMAMo resin as a function of pH.
which is rapid in a hydrophilic resin. The TMAMo gel resin takes
longer to reach equilibrium; this could be due to either the slow rate
of the chemical reaction forming the Keggin structure or to slow
accessibility of the silicate into the less hydrophilic polymer matrix.
In order to explore whether accessibility is the rate-determining
step, the polymer was modified by preparing it as an expanded gel.

Expanded gel resins have a more open structure than gel resins
[15]. An expanded gel trimethylammonium resin was thus prepared
which, in the chloride form, had 10.7% solids and a capacity of
4.20 mmol/g, indicating the same (complete) level of functionali-
zation as the gel resin yet at a solids that was half its value due to its
ability to accommodate more waters of hydration within its open
structure. Converting to the molybdate form gave a resin with 49.0%
solids (decreasing from 61.3% in the gel resin) while the nitrogen
and molybdate capacities remained, within experimental error, the
same as found with the gel resin.

The results in Fig. 4 thus show that a resin with an expanded gel
matrix has a greater rate of complexation.
4. Discussion

Functionalization of the polyVBC beads with trimethylamine
leads to the quaternary ammonium resin which, in the chloride form,
has a low solids level (Table 1). This is due to the inherent hydro-
philicity of the ionic ligand within a polymer network that is lightly
crosslinked. Molybdate exists in solution as different oxomolybde-
num species depending on the Mo concentration and the pH of the
solution [16]. In alkaline and neutral solutions, molybdates are
present as the monomeric [MoO4]2� ion. At Mo concentrations above
10�3 M and pH 5–6, the heptamolybdate ion becomes the predom-
inant species. Accordingly, the heptamolybdate and monomolybdate
Fig. 3. Sorption isotherm of silica onto the TMAMo resin.



Fig. 4. Rate of silica sorption onto the TMAMo and Dowex resins.
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resins were prepared from pH 5.3 and pH 7.3 molybdate solutions,
respectively.

The FTIR spectra of the two resins are different in the fingerprint
region below 1000 cm�1 (Fig. 5). The solids level increases after
exchanging the chloride ion for the monomolybdate because the
divalent ion brings the ligands closer for charge neutralization,
leaving less free volume for the water molecules to occupy. The
biggest change in solids is evident when the heptamolybdate is
bound to the ligands since it brings a number of ammonium
ligands closer together, effectively increasing the apparent cross-
linking of the network and further decreasing the free volume. The
network must be sufficiently flexible to permit rearrangement of
the polymer chains for charge neutralization of the Mo7O24

6�.
Elemental analyses show that there are 0.48 mmol heptamo-
lybdate ions per 2.32 mmol ammonium ligands or a molar ratio of
1:4.8. The anion thus has w5 proximate ammonium ligands and
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a proton must remain bound from solution to complete neutrali-
zation of the charge.

The results in Table 2 show that the heptamolybdate resin has
a high affinity for silica whereas the monomolybdate resin has no
affinity. Contact with the silica-containing solution by the Dowex
resin also shows a high affinity but leads to an increase in pH, as
expected if ion exchange were occurring, while the TMAMo resin
shows a slight decrease in pH. The TMAMo resin retains its high
affinity for silica over the entire pH range studied (Fig. 1). However,
the sorption mechanism does not remain the same across the pH
range (see below). The silica remains unionized below pH 9 and the
small amount of heptamolybdate which enters the solution below
pH 7 may be due to interstitial ion since the amount lost is the same
as that when the resin contacts deionized water. Ion exchange with
OH� is responsible for the loss of Mo7O24

6� in solutions above pH 9.
Silica sorption by the heptamolybdate resin differs from that of the
strong base anion exchange resin in that the latter prefers chloride
and sulfate anions relative to silica while the TMAMo resin is highly
selective for silica and unaffected by the presence of SO4

2�, NO3
� or

Cl� ions (Fig. 2). The results thus suggest that in neutral and acidic
solution, TMAMo sorbs silica by a complexation mechanism.
Fig. 6. FTIR spectra of the TMAW (top) a
The heptatungstate resin has 71.7% solids, indicating that it is
less hydrophilic than the heptamolybdate resin, and a nitrogen
capacity of 2.29 mmol/g. It, however, has a lower affinity for silica,
complexing 40.5% of the silica from solution under conditions
where the TMAMo resin complexes 94.8%. The lower affinity may be
due to its lower hydrophilicity. The monotungstate resin has no
affinity for silica, as found with monomolybdate. Both heptatung-
state and heptamolybdate have an affinity for silica that is inde-
pendent of pH and both have an affinity only for silica in the
presence of chloride and sulfate ions. The FTIR spectra for the
TMAW and monotungstate resins are given in Fig. 6 for comparison
to the Mo analogues. While the region between 1700 and
1000 cm�1 is similar among all four resins, and the region below
1000 cm�1 is similar between the monomolybdate and mono-
tungstate resins, that region is different for the heptamolybdate and
heptatungstate resins.

The reaction of silicic acid with the heptamolybdate anion in
solution results in the formation of the silicomolybdate Keggin
heteropolyanion [17] and this can be the mechanism within the
polymer. In acidic solution, the reaction occurs according to the
equation below:
nd monotungstate (bottom) resins.



Fig. 7. (a) FTIR spectrum of the heptamolybdate resin partially saturated with silica. (b) FTIR spectrum of the silicomolybdate resin.
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7SiðOHÞ4þ12Mo7O6�
24 þ 44Hþ/7SiMo12O4�

40 þ 36H2O

Based on this reaction and the Mo capacity of the TMAMo resin,
a theoretical capacity of 0.28 mmol silica/gresin can be calculated
which is similar to that from the isotherm (0.23 mmol silica/gresin;
Fig. 3). The FTIR spectrum of the silicomolybdate resin (Fig. 7)
supports the mechanism. There are four characteristic Mo7O24

6� bands
at 715, 845, 912 and 945 cm�1. As silica is complexed by the hepta-
molybdate resin, these bands get weaker (Fig. 7a). Once the resin
approaches complete reaction, the band at 845 cm�1 completely
disappears (Fig. 7b). The IR spectrum of the silica-saturated resin is
consistent with thatof silicomolybdate compounds with strong bands
at 900–904 cm�1 and 790–800 cm�1 [18]. FTIR analysis of a soluble
tert-butylammonium silicododecamolybdate [19] shows important
similarities to Fig. 7b and allows the assignment of 946 cm�1 to
vas(Mo–Ot), 904 cm�1 to symmetric coupling between the vas(Mo–O)
and vas(Si–O), and 798 cm�1 to the asymmetric stretch of Mo–O–Mo.

Based on Fig. 1, it is reasonable to expect that the mechanism on
the resin follows the equation above up to about pH 6.6. In solutions
with pH� 9, Mo leakage is significant and the high affinity for silica
shown by the resin is due to ion exchange and not the equation
giving the formation of SiMo12O40

4�. The pH region between 6.6 and
9 is transitional, as the extent of Mo leakage, and thus ion exchange,
becomes of increasing importance.

The heptamolybdate anion complexes phosphate to give the
phosphomolybdate anion [20] [PMo12O40]3�. It is therefore
consistent that phosphate affects the sorption of silica by the
TMAMo resin since both anions compete for the heptamolybdate on
the resin. In any application, this would be dealt with by removing
the phosphate first by any of a number of techniques, including the
use of zeolites [21], hydrotalcites [22], or precipitation [23].

The TMAMo gel resin displays relatively slow sorption compared
to the strong base ion exchange resin (Fig. 4). While it is reasonable
to ascribe this to the fact that a chemical reaction, rather than
simple ion exchange, is occurring, the results with the expanded gel
resin emphasize the importance of investigating the role of acces-
sibility in results with polymer-supported reagents. The more
hydrophilic structure permits greater accessibility of the silicate ion
onto the ligand bearing the molybdate and hence a rapid approach
to equilibrium.

5. Conclusion

Immobilization of a molybdate ion within a crosslinked polymer
does not hinder its reaction with silica to form a Keggin ion despite
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the large size of that ion. The large size of the anion limits the
overall capacity of the polymer for Si on a millimolar basis, even at
full functionalization of the polymer. Access of the silica into the
polymer is hindered if the matrix does not have a high water
content, but increasing the resin hydrophilicity increases the
apparent rate of reaction. The most important influence of the
polymer support microstructure is its effect on the water content of
the matrix which permits a greater level of accessibility of the
reactant to the immobilized ion. Current research centers on X-ray
diffraction studies to confirm the formation of SiMo12O40

4� within
the polymer. Solid state Si and Mo NMR studies are also planned.
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