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polyethylene selected for its low leaching characteristics14

before further puri®cation via a ®nal polishing system. A
schematic diagram of this puri®cation chain, as well as the
different sampling ports, is shown in Fig. 1. Samples were
collected after each puri®cation step in polyethylene bottles
that were previously rinsed thoroughly in nitric acid and
ultrapure water-baths.

For the EDI step ¯ow rates of either puri®ed (product) water
or reject (concentrate) water were measured in order to
calculate the mass balance.

In the ®nal polishing step (Fig. 2), two types of puri®cation
packs were tested to check boron removal performance. The
®rst contains mixed-bed ion-exchange resins and activated
carbon. The second contains boron-speci®c ion-exchange resin
and mixed bed ion exchange resins.

Boron breakthrough studies were performed under challen-
ging conditions: the puri®cation pack was fed with RO-treated
well water, containing 10 mg L21 of boron, 0.2 mg L21 of silica
and 30 mg L21 of carbon dioxide, at 15 mS cm21 conductivity.
The ¯ow rate was adjusted to 1500 ml min to have the same
kinetic performance as the normal operating conditions of the



The multi-element solution used as a standard was from
SPEX (Cat. No. XSTC-331). It contains 28 elements and was
used to construct the different calibration graphs.

The boron standard solution was purchased from Kanto
Kagaku.

Ultrapure-grade nitric acid (Kanto Kagaku) was used for the
acidi®cation of standard solutions and dilutions.

The calibration and determination was performed by the
standard additions method. In each case, the limit of detection
(DL) was taken as three times the standard deviation of ten
replicates of a blank (Milli-Q SP ICP-MS water, Nihon
Millipore, Japan), the limit of quanti®cation (QL) being 3.33
times the limit of detection (or 10s).

Boron is a dif®cult element to measure at trace concentration
levels because of its memory effect. The injection of a hydrogen
peroxide solution was ef®cient in removing ``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,
10B and 11B. Samples were measured from low to high
concentrations. It is recommended that the calibration graph
be constructed at the end of the analysis: when performing
ultratrace analysis on samples such as ultrapure water, dilute
standard solutions might 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 was used to monitor these values.

Results and discussion

Initial purification system and reservoir

Of the water treatment steps, the performance of the EDI
technology was particularly analyzed. The conductivity of
water and concentration of boron and silica during operation
are shown in Fig. 4.

The vast majority of contaminants in the feed water are
removed to yield good quality puri®ed water. These removed
impurities are concentrated in the waste water. The quality of
EDI product water achieves v0.1 mS cm21 conductivity,
v1 mg L21 boron and 0.01 mg L21 silica.

Fig. 5 shows the mass balance of contaminants during EDI
treatment. A positive value indicates retention of elements and
a negative value indicates the release of elements that have
accumulated during the EDI puri®cation. The results demon-
strate that ionic rejection is well balanced. Electrical de-
ionization is operated under steady state conditions. The

Fig. 4 EDI module performance.



electrical current removes ionic contaminants, and at the same
time, regenerates ion removal capability.

The improvement in water quality from municipal feed water
to the reservoir is shown in Table 3. In the ®rst step of the
puri®cation chain, the RO membrane removes more than 90%
of ionic contaminants and silica. The ef®ciency of boron
rejection is still only 44%. After EDI, the quality is again
improved. The conductivity of EDI product water is around
0.06 mS cm21, almost the theoretical conductivity of pure
water. Silica concentration is less than 0.01 mg L21 and boron
is less than 1 mg L21 or below detection limits. The rejection
ef®ciency of total ions (as measured by conductivity), silica and
boron is 99, 91 and 98%, respectively. The puri®ed water is then
stored in a reservoir. In some circumstances, storage may
increase contamination due to extraction from the reservoir
material or dissolution of gases from the atmosphere. Carbon
dioxide is a major contaminant known to cause a rise in
conductivity. In our experiment, a blow-molded reservoir
equipped with a speci®c vent ®lter,13 is used. Only a slight
conductivity increase is observed after overnight storage in the
reservoir. Moreover, no signi®cant increase in silica and boron
is detected during storage.

Trace analysis is used to analyze EDI product water more

precisely. Even though the conductivity of the puri®ed water is
fairly good, large amounts of contaminants are nevertheless
detected, for example, 340 ng L21 of sodium. Levels of
impurities not monitored by conductivity meters are visualized
by trace analysis. In addition, boron contamination can be
quanti®ed at 240 ppt, whereas its value determined by the



With the standard pack con®guration (Fig. 6), boron


