
hen performing trace analysis, two param-
eters are vital in order to attain the best
possible quantification limits: the experi-

mental environment and the reagents used, includ-
ing the ultrapure water used to perform blanks, di-
lute standards, and wash glassware.1 We a k l y
charged elements or elements that are not well dis-
sociated in water are not removed efficiently by
conventional water purification technologies. In
the production of high-purity water, silica and
boron are generally the first elements to break
through into purified water when the ion-exchange
resin approaches complete depletion. Much work
has been done in the past decade to remove and
measure silica.2,3 Recently, boron breakthrough was
correlated with dissolved silica and an associated
drop in resistivity.4 The study of the behavior of
these two elements through various steps in a water
purification chain is described.

Boric acid is a very weak acid with an equilib-
rium constant (pKa) value of 9.2; it is only slightly
stronger than silicic acid, which has a pKa of 9.5. At
a pH lower than 7, boron is present in its nondisso-
ciated form; at a pH greater than 11.5, it is present
in the dissociated borate form. Much attention has
been given to the interaction of these ions with var-
ious chemicals such as carbohydrates.5 , 6 N e g a t i v e l y
charged borate can be retained by anion exchange
resin. Various chemistries were tried for chromato-
graphic studies of boron.7 A synthetic polymer con-
taining a hydrophobic styrene backbone as well as a
t e r t i a ry amine and polyhydric alcohol group is
more suitable for boron removal resin. This type of
boron-specif ic resin (whose use has been de-
scribed8,9), in combination with advanced water pu-
rification system materials and configuration, en-
able the production of boron-free ultrapure water
suitable for ultratrace analyses.

Experimental

Water purification chain

The specific water purification chain used for
trace analytical applications consists of a combina-
tion of purification technologies.10 The initial water
purification system, the Elix® 10 system (Millipore,
Molsheim, France), is made up of a pretreatment fil-
t e r, a reverse osmosis (RO) membrane, and an elec-
trodeionization module. It delivers purified water
from tap water. This purified water is then stored in
a specially designed storage reservoir made of poly-
ethylene, selected for its low leaching charac-
t e r i s t i c s .1 1 The water in the reservoir is then dis-
tributed to a final polishing system, the Milli-Q®

Element system (Millipore ), to remove any remain-
ing trace contaminants. The flow schematic of this
purification chain, as well as the different sampling
ports, are shown in F i g u re 1. Samples are collected
after each purification step in polyethylene bottles
that were previously rinsed thoroughly in nitric
acid and ultrapure water baths.

In the final polishing step, two types of purifica-
tion packs are tested to check boron removal perfor-
mance. One contains mixed-bed ion exchange resin
and activated carbon. The second contains boron-
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specific ion exchange resin and mixed-bed ion ex-
change resin.

Boron breakthrough studies are performed under
challenging conditions: The purification pack is fed
with RO-treated well water containing 10 µg/L o f
boron, 0.2 mg/L of silica, and 30 mg/L of carbon
dioxide, at 15 µS/cm conductivity. The flow rate is
adjusted to 1500 mL/min to have the same kinetic
performance as normal operating conditions of the
final polishing system. Samples of water purified by
this pack are collected every 100 L and are analyzed
for boron and silica content. The resistivity of this
purified water is also monitored simultaneously. Fi-
n a l l y, the water obtained through the various pu-
rification technologies is analyzed by trace analysis.

Analytical methods

Boron analysis

To evaluate medium- to high-range boron con-
centrations in tap and purified water, a spectrofluo-
rometric method is used. This method is based on
the specific fluorescence of a complex between
chromotropic acid and boron, following the proto-
col described by Lapid et al.12 and modified by Mo-

tomizu et al.1 3 for high sensitivity and flow injec-
tion methods.  In this study, a new modified
method is developed to adapt it to the analysis of
purified water. To maximize the sensitivity, the pH
of the reagent is adjusted to 6 with excitation at 313
nm and emission at 360 nm. The chromotropic re-
agent is prepared by dissolving ethylenediaminete-
traacetic acid (EDTA) 2 Na, sodium acetate, and
chromotropic acid; pH is adjusted by adding acetic
acid. The limit of detection is 0.5 µg/L.

Silica analysis

Silica is determined by a spectrophotometric
method with a silica–molybdate complex. Depend-
ing on the concentration range, determination of a
silica–molybdate complex at 450 nm (>1 mg/L) or
its reduced form at 815 nm (<1 mg/L) is selected.
The reagents and spectrophotometer used are from
Hach Co. (Loveland, CO).

Trace elemental analysis

Trace elemental analysis is carried out using an
H P 4500 ICP-MS (Agilent Technologies, Wi l m i n g-
ton, DE). To perform multielemental measurement

W

Figure 1 Water purification chain.

Figure 2 EDI module performance: a) silica, b) boron, c) conductivity.

The conductivity or resistivity of
water is often used to express
water purity with respect to ionic
impurities.
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In the first step of the purification chain, the re-
verse osmosis membrane removes more than 90%
of ionic contaminants and silica. The efficiency of
boron rejection is still only 44%. 

After EDI, the quality is again improved. The
conductivity of EDI product water is around 0.06
µS/cm, almost the theoretical conductivity of pure
water. Silica concentration is <0.01 mg/L and boron
is <1 µg/L or below detection limits. The rejection
efficiency of total ions, silica, and boron is 99%,
91%, and 98%, respectively.

The purified water is then stored in a reservoir. In
some circumstances, storage may increase contami-
nation due to extraction from the reservoir material
or dissolution of gases from the atmosphere. Car-
bon dioxide is a major contaminant known to
cause a rise in conductivity. In the authors’ experi-
ment, a blow-molded reservoir equipped with a spe-
cific vent filter1 3 is used. Only a slight conductivity
increase is observed after overnight storage in the
reservoir. Moreover, no significant increase in silica
and boron is detected during storage.

This water quality is acceptable for many appli-
cations such as chemical analysis and glassware
rinsing. However, it is necessary to further polish
this water to meet the requirements of trace ele-
mental analysis.

Purification pack in the final polishing unit

Performance comparison of the two packs de-
scribed in “Experimental” is shown in Figure 3.

With the standard pack configuration, boron
breakthrough is observed just before the dramatic
drop in resistivity. At the end of the pack’s life, a
high level of boron is released into the purified wa-
ter in a short time. In this case, purified water is de-
livered containing a high concentration of boron
even though the water quality, as measured by resis-

s i m u l t a n e o u s l y, with the exception of boron, cool
plasma and a shield torch are used to eliminate
polyatomic interference. The ICP-MS is optimized
with 5 9Co signal intensity for sensitivity and with
3 9K, 4 0Ca, and 5 6Fe for background adjustment. For
boron-specific trace analysis, higher radiofrequency
(RF) energy up to 1200 W is applied.

A 0.5-mm-i.d. perfluoroalkoxyethylene ( P FA )
tube for sample introduction is connected directly
to a coaxial nebulizer and the sample is loaded by
self-aspiration. While preparing standards and sam-
ples, it is essential to avoid contact between the so-
lutions and the external environment. The use of a
polyethylene cover to protect the sampling bottle
prevents particulate contamination while loading
the sample into the analyzer.

The multielement solution used as a standard
was from SPEX (cat no. XSTC-331) (Metuchen, NJ).
The boron standard solution was purchased from
Kanto Kagaku ( Tokyo, Japan). Ultrapure-grade ni-
tric acid (Kanto Kagaku ) was used for the acidifica-
tion of standard solutions and dilutions.

Calibration and determination were done using
the method of standard addition. In each case, the
limit of detection (LOD) is taken as three times the
standard deviation of 10 replicates of a blank (Milli-
Q SP ICP-MS water, Nihon Millipore Ltd., To k y o ,
Japan), the limit of quantification (LOQ) being 3.33
times the limit of detection (or 10σ).

Boron is a difficult element to measure at trace
concentration levels because of its memory effect.
The injection of a hydrogen peroxide solution effi-
ciently removes memorized boron from the sample
introduction device, nebulizer, spray chamber, and
plasma torch. Before tuning the setting of the ICP-
MS, it is necessary to note its stability at designated
m / z 1 0B and 1 1B. Samples are measured from low to
high concentrations. It is recommended that the
calibration curve be performed at the end of the
a n a l y s i s : When performing ultratrace analysis on
samples such as ultrapure water, diluted standard
solutions may cause a memory effect.

Conductivity and resistivity measurement

The conductivity or resistivity of water is often
used to express water purity with respect to ionic
impurities. Built-in conductivity and resistivity
measurement equipment is used to monitor these
values.

Results and discussion

Initial purification system and reservoir

Of the water treatment steps, it is particularly
important to analyze electrodeionization (EDI). The
conductivity of water and concentration of boron
and silica during operation are shown in Figure 2.

The vast majority of contaminants in the feed
water are removed to yield good-quality purified
w a t e r. These removed impurities are concentrated
in the wastewater. The quality of EDI product water
achieves <0.1 µS/cm conductivity, <1 µg/L b o r o n ,
and 0.01 mg/L silica. The improvement in water
quality from municipal feed water to the reservoir is
shown in Table 1.

t i v i t y, is acceptable. This early boron release occurs
as a result of the low efficiency of mixed-bed ion ex-
change resin. Boron is removed by the anion ex-
change resin. However, boric acid, the dominant
form of boron in water, is not well dissociated (pKa
= 9.2). The release takes place not only because of
poor kinetics, due to the low dissociation, but also
because of reexchange of borate ions by other major
contaminants in the water, which have a higher
concentration and affinity to resin.

With the special ion exchange resin designed for
specific boron removal, there is no more boron re-
lease during the pack lifetime. The functional group
is immobilized on the resin bed substrate. The ad-
sorption of boron on the resin is specific and less
competitive with other ions than conventional
strong basic ion exchange resin. Boron breakthrough
is not observed even after the resistivity drop.

Final ultrapure water delivery system

Final ultrapure water is analyzed by ultratrace
analytical techniques. The results are summarized
in Table 2.

Boron measurement is done on both 10B and 11B.
The resulting concentration, as blank equivalent
concentration, is 13 ng/L. The final polishing unit
contributes significantly to eliminating trace levels
of boron, from 240 ng/L in EDI water to 13 ng/L in
final ultrapure water, while the calculated limits of
detection/quantification show low enough values
to execute ng/L-level analysis. For 1 1B, a detection
limit of 1.4 ng/L and a quantification limit of 4.1
ng/L are obtained.

Values for silica concentrations are under the 1-
ppb spectrophotometric method detection limit.
Furthermore, this system achieves single-ppt levels
of water quality for most elements, with many val-
ues actually being below detection or quantification
limits. For all elements tested in this study, the final
polishing unit shows excellent impurity retention,
achieving ppt-level water quality.

Conclusion

When performing ultratrace analyses at ppt lev-
els, the ultrapure water used to perform blanks, pre-
pare standards, and dilute samples should be of the
highest purity. Specific features and configuration
allow such detection limits to be achieved for most
elements. However, weakly ionized ions, such as
boron and silica, do not impact resistivity measure-
ment. Water quality is thus affected without the
user being aware of it. Specific developments to re-

Figure 3 Results with conventional purification pack (a) versus boron-specific purification pack (b) fed with RO water con -
taining 200 µg/L Si and 9 µg/L B. Feed water conditions: 15 µS/cm conductivity, 0.2 mg/L silica, 9 µg/L boron, and 30
mg/L CO2. Flow rate: 1.5 L/min.

When performing ultratrace
analyses at ppt levels, the
ultrapure water used to perform
blanks, prepare standards, and
dilute samples should be of the
highest purity .

Table 2
Trace elemental analyses by ICP-MS on ultrapur e

water (all values in ppt [ng/L])
Elix Milli-Q

system Element system
Element LOD LOQ water water
Li 0.026 0.079 0.08 0.028
B 1.4 4.1 240 12.9
Na 0.094 0.29 340 0.33
Mg 0.012 0.036 1.5 0.16
Al 0.075 0.23 5.8 <DL*(0.033)
K 2.8 8.6 22 9.6
Ca 3 9 16 9.1
Cr 0.22 0.67 0.9 <DL (0.096)
Mn 0.25 0.77 0.7 0.8
Fe 0.048 0.15 1.5 0.5
Co 0.5 1.5 0.7 <DL (0.42)
Ni 0.13 0.38 0.3 <DL (0.063)
Cu 0.075 0.23 0.9 <QL** (0.13)
Zn 2.2 6.6 55 <DL (1.4)
Sr 0.022 0.068 0.8 <DL (0.004)
Ag 0.076 0.023 0.2 0.17
Cd 1.3 3.8 0.8 <DL (0.67)
Ba 0.29 0.89 0.4 <DL (0.13)
Pb 0.15 0.45 1.2 <DL (0.1)
**DL = detection limits
**QL = quantification limits 

Table 1
W ater purification results prior to final polishing step

Conductivity Silica Boron
µS/cm mg/L µg/L

Municipal water 480 7.1 42.6
ROpermeate 12.4 0.092 23.7
Rejection by RO 97% 99% 44%
EDI concentrate 33 0.26 65.1
EDI product 0.056 0.008 <0.5
Rejection by EDI 99% 91% 98%
Water in reservoir 0.13 0.009 <0.5
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duce the breakthrough of these weakly bound ions
are proposed. Additional research is under way to
improve the sensitivity of silica determinations and
the purification of trace levels of silica in ultrapure
water. The water purification chain described in this
paper ensures constant minimal elemental contam-
ination. The EDI module shows good ionic balance
for extended periods of time without the need for
resin regeneration.

The combination of reverse osmosis and elec-
trodeionization shows good efficiency and stability
of ionic reduction. In the final water purification
unit, early boron breakthrough from ion exchange
resin is eliminated by using a special adsorption de-
vice. As a result, the combination of these technolo-
gies can provide ultrapure water suitable for ppt
and sub-ppt trace elemental analysis.
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