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he presence of silica in ultrapure water has
long been recognized as an important issue
in several areas of research and routine

testing. In particular, applications in the microelec-
tronics industry are known for their sensitivity to
silica, but instruments such as weatherometers, au-
toclaves, and clinical analyzers also require silica-
free water to avoid instrument defection and erro-
neous results. Hence, the avoidance of silica in the
final purification system should be a basic and pri-
m a ry concern. It is therefore extremely important
to have a well-designed pretreatment system to re-
move the bulk of silica and avoid silica release.
While some pretreatment methods and systems are
very efficient in removing silica, others have low ef-
ficacy due to the materials used or to system mis-
use. The most widely used water purification tech-
nologies are deionization (DI), reverse osmosis
(RO), and electrodeionization (EDI). Their effect on
and pertinence for silica removal are discussed in
terms of silica chemistry and behavior under differ-
ent conditions. Data are presented to compare these
purification methods.

Silica structure: Equilibria in water

The difficulty in removing silica is directly linked
to its chemical structure. Generally speaking, silica
refers to a variety of chemical structures containing
silicon (Si), and is present in water in three main
forms. Suspended particles or granular silica, as-
sumed to be polymers of SiO2 linked with O–Si–O

covalent bonds,1 are usually not directly an issue in
water purification lines and will not be considered
here. Colloidal silica, which can be a source of
membrane and resin fouling in water purification
processes, is efficiently removed by floculation, fil-
tration, and reverse osmosis.

This paper focuses on reactive silica, the third
and most critical type of silica encountered in wa-
ter. Reactive silica is described as the portion of total
silica reacting readily in the molybdate colorimetric
t e s t .2 The major component of reactive silica is
monosilicic acic Si(OH)4, which is in equilibrium
with silicon dioxide and water (Eq. [1]). The equilib-
rium is pH and temperature dependent.2 The solu-
bility of SiO2 also depends on total SiO2 c o n c e n t r a-
tion, on other analyte concentrations, and on
organics present in water.3 At higher concentrations
(120 mg/L at 25 °C and pH 6–8), SiO2 precipitates as
amorphous silica.2 Silicic acid is in acid/base equi-
librium with silicate SiO(OH)3

– (Eq. [2]). The pKa
value is averaged at ca. 9.5 (25 °C, 0.6 M N a C l ) ,4 , 5

even though discrepancies are observed in the mea-
surements and estimates2,4–7 due to sensitivity to ex-
perimental conditions and because silicic acid is in-
volved in competititive equilibria. The second
acidity is measured at pKa ca. 13 to form a b i s -i o n-
ized silicate SiO2( O H )2,2 – 4 a species that can form
scaling with bivalent cations such as Mg2 +. Silicic
acid can also dimerize to Si2O ( O H )6 (Eq. [3]) and
S i2O ( O H )5

–, minor forms in aqueous solutions that
react positively, however, in the molybdenum col-
orimetric test.4
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Hence, the “silica issue,” even restricted to the

most abundant reactive chemical form, silicic acid,
is a complex series of interconnected equilibria, all
depending on water conditions. This versatile be-
havior makes it very difficult to accurately predict
the effect of silica on a purification medium or pu-
rification line. However, assumptions can be made
considering equilibria. At natural water pH (6–8),
Eq. (2) is displaced toward Si(OH)4, and silicic acid
is very weakly ionized (less than 1% below pH 7.5).
Also, Eq. (1) remains on the Si(OH)4 side, and Eq.
(3) is neglected (<5%). The discussion on reactive
silica can therefore be restricted to Si(OH)4, keeping
in mind that reality is much more complex.3

Si(OH)4 i SiO2 + 2 H2O (1)

S i ( O H )4 i S i O ( O H )3
– + H+ i S i O2( O H)22 – + 2 H+(2)

pKa 9.5 pKa 13

Si(OH)4 i Si2O(OH)6 + H2O (3)

Deionization and silica

Cation exchange resins, commonly used for DI,
are not expected to ionize silicic acid very effi-
c i e n t l y. Indeed, amine groups of cation exchange
resins have a pKa in the range of 10–11, which is
v e ry similar to the pKa of silicic acid (9.5). In addi-
tion, at pH 6–8, a very small portion of silicic acid is
displaced to silicate, the form that can bind to the
positively charge sites of the resin. Resins do, how-
e v e r, have a certain capacity to retain silica, likely
because Eq. (2) is displaced toward silicate forma-
tion as it binds to the resin. However, the total ca-
pacity is limited when all sites of the resin are occu-
pied by analytes or silicate.

Two experiments were performed with two dif-
ferent resins commonly used in ion exchange ser-
vice DI bottles, and were fed by two various water
types. In the first experiment, a 2.2-L volume of
mixed-bed resin was used under the following con-
d i t i o n s : tap feed water, with a conductivity of 798
µS/cm and a silica concentration of 13.4 ppm. Con-
ductivity and silica were monitored over time.
(Note: Silica concentration was determined by a
spectrophotometric method with a silica–molyb-
date complex. Reagents used were from Hach Co.
[Loveland, CO]. Conductivity was measured using a

conductivity meter [Yokogawa, Tokyo, Japan]).
Data are reported in Table 1 and results are shown
in F i g u re 1. A low conductivity, <0.063 µS/cm (i.e.,
resistivity >15.9 mΩ/cm) was measured for 100 L,
while the silica level in product water increased
consistently (4–80 ppb). Even more striking was the
silica level (1.383 ppm) for a conductivity that was
only 0.625 µS/cm (resistivity 1.6 MΩ/cm). As can be
deduced from the data, no direct correlation can be
established between ionic and silica rejection. Silica
leaks right from the beginning, even though ionic
rejection remains above 99.9%.

In the second experiment, 750 mL of ion ex-
change resin was used under the following condi-
tions: tap feed water with a conductivity of 170
µS/cm and 21 ppm of silica. Data on silica concen-
tration and conductivity were recorded and results
were plotted (F i g u re 2). Once again, a silica break-
through was observed before the rise in conductiv-
i t y. In both experiments, not only does silica break

Figure 1 Silica and conductivity monitoring in DI water:
experiment 1.

Figure 2 Silica and conductivity monitoring in DI water:
experiment 1.

Table 1
Feed water: Conductivity 798 µS/cm, silica 13.4 ppm,

flow rate 60 L/hr; resin bed volume: 2.2 L
Resistivity Conductivity Silica Ionic Silica

Feed (M Ω/cm) (µS/cm) (ppm) rejection rejection
water (L) 25 °C 25 °C (%) (%)

3 16.9 0.059 0.004 99.99 99.97
20 16.9 0.059 0.003 99.99 99.98
40 16.9 0.059 0.005 99.99 99.96
59 16.9 0.059 0.008 99.99 99.94
79 16.9 0.059 0.013 99.99 99.90
99 15.9 0.063 0.08 99.99 99.35

112 9 0.111 0.272 99.99 97.97
119 5.6 0.179 0.391 99.98 97.02
129 1.6 0.625 1.383 99.92 89.70
138 0.35 2.857 5.4 99.64 59.70
148 0.1 10 17.7 98.75 Release
158 0.05 20.408 32.2 97.44 Release
178 0.03 32.22 27.3 97.22 Release
188 0.02 50 24.3 93.73 Release
198 0.01 111.111 20.1 86.08 Release
217 — — 14.7 — Release
263 — — 13.7 — —
283 — — 13.4 — —

It is extremely important to have
a well-designed pretreatment
system to remove the bulk of
silica and avoid silica release.
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through, but release of silica bulk also occurs. The
same pattern was observed with feed waters of very
different conductivity (798 and 170 µS/cm) and sil-
ica content. Silica release might be different from
one resin to another (shape of the curves in Figures
1 and 2), but the final outcome was similar in both
experiments.

Because silica is weakly ionized, it cannot be
measured by monitoring conductivity and remains
undetected in water. Silica and boron have previ-
ously been shown to be early breaking elements.5 , 8

A strong and rapid breakthrough of silica is possible
at any time, which can be very detrimental to ex-
periments or to instruments connected to DI. Resin
are also sensitive to fouling caused by colloidal sil-
ica. Difficult to quantify and measure, this insidious
contamination significantly reduces resin capacity.
Silica leakage also reduces pack capacity and the
overall efficiency of polishing systems.

Reverse osmosis and EDI

Reverse osmosis and silica

Although silica is one of the most difficult inor-
ganics to handle for reverse osmosis, this purifica-
tion method is extremely efficient in removing col-
loidal sil ica (>99%). The implementation of
polyamide thin-film composite membranes has al-
lowed silica rejection of 97–99% to be reached, and
the avoidance of silica scaling over a wide pH
r a n g e .2 Such a high rejection can hardly be based
on salt valence, since silicic acid was not signifi-
cantly ionized. It is proposed that this excellent re-
jection at the membrane was based on the size of
the hydrated silicic acid.

Data recorded in the research department at Mil-
lipore SAS ( S t . - Q u e n t i n - e n - Yvelines, France) using
R i O s ™ systems (Millipore SAS ) (Table 2) are in
agreement with the findings of others regarding the
v e ry high silica rejection by RO. Results of several
silica measurements obtained with very different
water types show consistently good (97.3–98.7%)
silica rejection. Although conductivity of permeate
is still high, typically 12–15 µS/cm in these experi-
ments, the level of silica remains stable over time,
as long as feed water does not change dramatically.
No silica breakthrough is expected, since RO is a
continuous purification process.

Electrodeionization and silica

Electrodeionization is a process that combines ion
exchange resins, selective semipermeable anionic and
cationic membranes, and direct current (DC) electrical
potential. Membranes permeable to either anions or
cations are arranged in alternating series to create
channels. When a direct current voltage is applied, the
migration of anions and cations to the respective an-
ode and cathode causes ions to be removed from so-
called diluting compartments, and to be collected in
concentrate compartments. The diluting compart-
ment streams combine to form the purified product
w a t e r. The addition of mixed-bed ion exchange resins
accelerates the kinetics of ion removal by allowing
ions to move along the more conductive medium pro-
vided by the resin. The ion-exchange resin in diluting
compartments facilitates the mass transfer of weakly
ionized species, such as silica, mainly due to water-
s p l i t t i n g .9 The fraction of ionized silica is then greater
than in the absence of current, and the equilibrium is
constantly displaced as ionized silicate is quickly re-
moved by a DC electric field. Several experiments were
performed, and typical values obtained with an Elix
module (laboratory EDI module that delivers 3 L of
w a t e r / h r )5 are given in Table 2. EDI placed after RO en-
sures a stable level of silica, typically below 10 ppb,
and a constant conductivity below 0.2 µS/cm (resistiv-
ity above 5 MΩ/ c m ) .

Conclusion

A DI system produces water of high resistivity,
but for a limited period of time, before resins are ex-
hausted and need to be replaced. In DI systems, a
sudden and important breakthrough of silica even-
tually occurs before resistivity drops. The silica level
must be permanently monitored to avoid contami-
nation. Moreover, regeneration of resins with

strong acids and bases often creates defects in the
resin beads. Therefore, batch regeneration of resin
beds used in DI bottles leads to variations in water
q u a l i t y. Reverse osmosis is clearly the method of
choice for removing the bulk of silica. In conjunc-
tion with EDI t e c h n o l o g y, such as in an Elix sys-
t e m ,5 it allows the delivery of water with constant
conductivity (5–10 MΩ.cm) and a stable level of sil-
ica, with no silica breakthrough. No resin regenera-
tion is required for these systems since they are self-
regenerating. The combination of reverse osmosis
and EDI technology is highly recommended for ob-
taining water that can be safely used to feed instru-
ments or water polishing systems. Experiments are
currently under way to evaluate the impact of DI
tank switch and replacement on water quality and
silica leakage.
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Table 2
Reactive silica concentration (ppb) in tap,

RO, and Elix ®* (RO-EDI) water
Tap feed RO RO EDI
water permeate rejection (%) product
9000 230 97.5 —
4600 110 97.6 —
5000 133 97.3 —
9350 — — <10
7100 92 98.7 8

13,000 290 97.8 9
*Millipore SAS.
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