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ABSTRACT

The analyzes of membrane filters is of utmost importance in characterizing the coolant chemistry in nuclear power
plants. Traditional analyzes of filters includes oxidative digestion followed by instrumental analyzes. XRF (X-Ray
Fluorescence spectrometry) can analyze without digestion of the filters. The method is much faster and demands
only a cutting step as sample preparation. By use of XRF the analytical laboratory at the Halden Reactor Project
will get increased capacity, which makes it possible to analyze more samples and improve the characterization of
the water. The method has shown to give more stable results than other methods in use, and has proved to have
good precision. New calibration methods have been developed and tested successfully against other methods. A
round robin test, attending seven laboratories from nuclear power plants, was initiated by the Halden Project to
verify the instrument. The test of standard cation exchange filters showed that conventional filter digestion results
in too low values. The XRF methodology shows very good agreement with the standard values. The round robin
test for particle filters could not confirm that filter digestion results in too low values. This was mainly due to lack of

standard particle filters and large scatter in the reported data.



INTRODUCTION

Reactor coolant can be characterized by its content of dissolved and insoluble species. The latter, or particles, is
an important factor, as it affects the transport of radioactivity to out-of-core surfaces. The dose-build-up is an
increasing problem in nuclear power plants as it affects the doses to maintenance personnel. The particle acts as
a bus for transport of activated corrosion products (mainly Co and 5CO, which cause -85% of the y-radiation)
from the core to out-of-core surfaces.

Test samples of water are collected by both grab and filter samples. A grab sample gives an instant picture (like a
snapshot or one picture of a long movie) of the condition in the coolant. Transients and non-linear continuous
changes in the coolant cannot be picked up by this sampling method. The use of filters is an integrated sampling
method, which accounts for changes over a longer period. An average value can be calculated, which is more
representative of the period in question. Integrated sampling better represents an environment where not all
parameters remain constant. An additional advantage is that ultra low levels of an element can be monitored by
increasing the volume filtrated.

The drawback, however, with filter samples is that the filter must be digested in boiling acid before it's content of
species can be analyzed by IC (ion Chromatography), ICP (inductively Coupled Plasma) or AAS (Atomic
Absorbance Spectroscopy) with graphite oven. This is a problematic process for five reasons:

1 ) Handling of the strong acids, normally HN03 or H2SO4-
2) Part of the sample can burn into the heat-affected zone in the beaker.
3) There is no guarantee that all particles have been dissolved. (Small particles may still exist with a size that

is below the detection limit of the naked eye)
4) Adsorption of dissolved species onto the walls of the beaker may occur.
5) The sample preparation is time consuming

However, the drawbacks are outweighed by the positive merits of integrated sampling.

One way to avoid the drawbacks with the digestion of filters is to use an analytical instrument where the dissolution
step is not needed. XRF (X-Ray Fluorescence) is a non-destructive method to analyze chemical elements in a
material. An x-ray source is used to irradiate the sample and cause the elements in the sample to emit their
characteristic x-rays. If the incoming photon has a higher energy than the bonding energy of the inner shell
electrons, it will knock out one electron creating a vacancy. Then an adjustment occurs in the atom by filling the
vacancy in the inner shell with an electron from one of the outer shells, and an x-ray photon is simultaneously
emitted. The emitted photon (or fluorescence radiation) has a characteristic energy, which is the difference
between the bonding energies of the inner and outer shells. A semiconductor detector is used to collect the
spectra of the sample for quantitative identification of the elements.

The advantages of using XRF to analyze filter samples are:
• No need for digesting filters
• No loss of unsolved particles by acid boiling
• No adsorption of dissolved species in the test beaker
• Increased capacity in the laboratory increases the capability to analyze more samples, and can thereby

improve the characterization of the coolant
• Faster analyzes, ca. 78 minutes compared to 45 minutes for an IC analyzes
• No sample preparation

The drawback is that the method is little tested in reactor water chemistry. Tests were conducted 15 years ago in
Sweden, but the method was not considered to be sufficiently developed. Since then, there has been considerable
progress in the development of detectors, particularly of energy dispersive detectors. The Halden Project has now
two year's experience with XRF, involving testing and method development.

The aim of this work was to test the capabilities of the XRF methodology.

Experimental

Tests have been performed to verify the calibrations performed by the instrument producer and new calibrations
have also been developed. A round robin test of filter samples has been initialized, in which the participants are
chemical laboratories at nuclear power plants. The results were used to verify the XRF spectrometer and to
compare the different analytical methods that are being used at nuclear power plants.
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Filters
Cation exchange and particle filters have been used in the testing of the instrument. Both filter types are thin films,
which make the calibration easier. XRF analyzes of thin films give no matrix effect, which results in a linear
relationship between the concentration in the sample and the detected amount of photons. Anion exchange filters
have so far not been investigated due to their high content of chlorine and sulfur in the filter matrix.

To prepare the cation exchange filters a standard solution was filtrated using a filtration unit from Nalgene. The
filtration diameter was 38 mm and the volume filtrated was 500 ml. The standard solution was made from certified
standards with the elements Mn, Fe, Co, Ni, Cu and Zn in the concentration ranges given in table 1. Tests were
performed to check the efficiency of the filters, which did not show any escape of elements through the filters.
After analyzing the filters with the XRF spectrometer, the analyzed area was cut out for comparison with three
different analytical techniques: IC (Ion Chromatograph), AAS (Atomic Absorption Spectrometer) with graphite oven
and ICP (Inductively Coupled Plasma).

Table 1. Concentration levels of the elements on the cation exchange standard filters.

Element Concentration level (pg/filt r)
Low Medium High

Mn 0.75 1.51 3.02
Fe 7.54 15.08 30.16
Co 0.38 0.75 1.51
Ni 0.38 0.75 1.51
Cu 3.02 6.03 12.06
Zn 6.03 12.06 24.13

The particle filters were prepared by placing them in the filter holders in the sampling circuit in an out-of-core loop.
The conditions are similar as in the in-core-loops, with the exception of the radiation.

Method
The methods for the filter analyzes have included a background spectrum, which is used for correcting the spectra
before quantification. By measuring several blank cation exchange and particle filters the background spectra
were tested for similarity and good results were obtained. The cation exchange filters are of type Gelman ICE-450
and the particle filters Millipore Fluoropore, both filter types have 045 pm pore size. The XRF instrument was
delivered with a method for analyzing Millipore particle filters, with calibration standards made by the instrument
producer. By installation of the instrument, methods for analyzing cation and anion exchange filters were made by
changing the background in this method.

The original x-ray tube had a continuous degradation not realized until after a while. A new x-ray tube was installed
and the instrument was recalibrated. Results from analyzing standard cation exchange filters were not in
agreement with the concentrations in the filters. Therefore an optimized method was developed, which was
calibrated with self-prepared standard filters. These filters were prepared using the same procedure as for the
cation exchange filters in the round robin test. For testing the new x-ray tube and the method, filters at each of
the three concentration levels in question were analyzed times each. The mean values are reported in the
diagrams.

Instrumentation
The XRF instrument used is a Spectro X-LAB 2000 with the following specifications:
0 Energy dispersive X-ray fluorescence spectrometer
0 X-ray tube with palladium-anode 2-50 kV)
0 6 (max. 8) installed targets in rotating target drum
* Auto sampler for 14 filters
0 Sample rotation
0 Si(Li) - semiconductor detector
0 The instrument is calibrated with a method for analyzing Millipore particle filters
0 The method is based on a model by Lucas - Tooth and Price [1]
0 A thin film is assumed, meaning no matrix effects
0 2 secondary targets:

• Compton secondary, Molybdenum
• Barkla scatter, A1203
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Analyzes of radioactive filters
Process particle filters taken from the experimental loops in the Halden reactor have been analyzed on the XRF
through 2 reactor periods. The results have been compared with the results from oxidative digestion followed by
ion chromatographic analyzes. The radiation from radioactive elements was corrected for by 'pre' spectra of the
filters taken without x-ray radiation. The 'pre' spectra were then subtracted from the spectra obtained by the
normal analyzes of the filters.

Round robin test
Seven laboratories at nuclear power plants have taken part in a round robin exercise intended to test the capability
of the XRF methodology. ICP was the mostly used analytical method, but IC and AAS were also employed. All
laboratories used an oxidative digestion process to digest the elements from the filters.

RESULTS AND DISCUSSION

Two assumptions were made concerning the homogeneity of the standard filters made from cation exchange
filters. Firstly, the elements are evenly distributed onto the filters by the filtration unit. Secondly, no migration
(chromatographic effect) of the transition metal cations occurs within the filters. Addition of a standard solution to
the filters by a syringe gave an uneven elemental distribution, and thereby a non-linear behaviour. This was due to
elemental migration caused by surface tension, and the transport increased with concentration. Diluting the
standard solution before filtration gave linear behaviour, fig. 1. The linear relationship between the concentrations
and the counts also implies no matrix effects are involved in the filter analyzes 2]. The deviation for zinc is a result
of an early state calibration, which has been replaced after this test.
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Figure 1. Linearity test of XRF response vs. added amount. Standard solutions diluted in 500 ml water were
filtrated through cation exchange filters.

Internal testing
The precision of the XRF-analyzes was tested at four concentration levels. Each filter was analyzed 1 0 times and
the relative standard deviation is reported in figure 2 The standard deviation decrease with increasing
concentration, as expected. A relative standard deviation of 1-8 % for XRF analyzes of thin films is acceptable [3].
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Figure 2 Relative standard deviation for the different concentration levels on the cation exchange filters analyzed
by XRF.

By analyzing 10 blank filters, both Millipore particle filters and Gelman cation exchange filters, detection and
quantification limits for both analyzes were estimated. The detection limit is defined as three times the theoretical
standard counting error above the mean background intensity, and the quantification limit is 10 times the
theoretical standard counting error above the mean background intensity. The values are given in Table 2.

Table 2 Estimated detection and quantification limits for the analyzes of particle and cation exchange filters on
the XRF.

Millipore article filters Gelman catio exchange filters
Element Detection limit Quantification limit Detection limit Quantification limit

(pg/filter) (pg/filter) (pg/filter) (pg/filter)
Mn 0.45 0.68 0.49 0.65
Fe 1.39 1.78 1.52 2.19
Co 0.15 0.35 0.20 0.36
Ni 0.30 0.58 0.21 0.47
Cu 0.26 0.51 0.29 0.63
Zn 0.37 0.50 0.28 0.48

The standard cation filters were analyzed by both XRF and IC. For comparing the ion chromatograph methodology
with the XRF, 15 filters at three different concentration levels were analyzed. The results obtained from analyzing
the filters first with XRF and then on IC after filter digestion are shown in figures 3-5.
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Figure 3 Comparing XRF and IC responses from cation exchange filters at low concentration level.
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Figure 4. Comparing XRF and IC responses from cation exchange filters at medium concentration level.
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Figure S. Comparing XRF and IC responses from cation exchange filters at high concentration level.

The XRF results showed good agreement with the reference values. The ion chromatograph also achieved good
agreement with the reference values, with the exception of iron. There is a tendency toward less variation in the
results from the XRF than from the ion chromatograph, which most likely is due to the fewer sources of error
introduced by the XRF methodology. The ion chromatographic method used is very pH sensitive for the element
iron 4], which probably cause the deviation for this element. For this reason it was also difficult to get a good
calibration for iron.

Process filters
An important test was to compare the XRF results for process particle filters with oxidative digestion and analyzes
on the ion chromatograph. The particle filters were taken from four in-core test loops during two reactor cycles.
They were first analyzed by XRF before digestion and ion chromatographic analyzes. Figures 6 and 7 show the
element concentrations for Fe and Ni in one in-core test loop during one reactor cycle. There are clearly some
differences between the methods, especially for iron, but a tendency towards more stable values is observed for
the XRF results, fig.6. The differences in the iron concentrations are due to pH-difference between the samples
and calibration standards analyzed by the ion chromatograph. No pH adjustment was included in the method at
this time, and as a consequence there were large deviations for this element.
The nickel concentrations from the two methods show approximately the same values with the exception of the
first four samples, fig.7. In the start-up period processes occur in the coolant circuits, which may produce particles
that are not dissolved by the oxidative dissolution.
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Figure 6 Iron concentration on particle filters from an experimental in-core loop during one reactor cycle,

analyzed by XRF and IC.
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Figure 7 Nickel concentration on particle filters from an experimental in-core loop during one reactor cycle,
analyzed by XRF and IC

Round robin test
The filters in the round robin test were self-prepared cation exchange filters and particle filters taken from an out-
of-core loop. 21 particle filters and 63 cation exchange filters were distributed to the seven laboratories. The

results for the elements Fe, Co and Ni are reported in figures 816. The results from the different laboratories
vary significantly. The XRF response was too low with the old tube, but the new tube and new calibration gave
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excellent response to added concentration. The reason for to low values after filter digestion may be due to loss
of elements in the sample preparation step. For instance adsorption on the walls of the beaker may occur. Future
studies will investigate this problem further.
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Figure 8. Iron results from round robin test, cation exchange filters, medium concentration level
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Figure 9. Cobalt results from round robin test, cation exchange filters, medium concentration level
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Figure 10. Nickel results from round robin test, cation exchange filters, medium concentration level

A new round robin test for the particle filters was initiated due to the problems with the original x-ray tube. The

results with the new x-ray tube are presented for the elements iron, cobalt and nickel in the figures 11-13. The

deviations are large for all the elements, especially laboratory has reported high values. This laboratory has

shown better results, these high values are therefore not considered to be representative. This part of the round

robin test gave no valuable information, since there are no reference values for the particle filters. The original idea

with using an XRF instrument in characterizing reactor coolant was to avoid the drawbacks with digestion of

particle filters. The drawbacks were assumed to result in measuring to low values for the elements, particularly

iron. However, this could not be confirmed from the round robin test, due to lack of standard particle filters and

large scatter in the reported data.
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Figure I 1. Iron concentration on particle filter measured by the different laboratories compared to XRF response.
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CONCLUSIONS

The two years of testing has confirmed the capabilities of the XRF-methodology. Through the internal and inter-
laboratory testing, it has been shown that the XRF gives more stable results than traditional filter analyzes. This is
probably due to the fewer sources of error introduced by this method. The tests have also shown that it is possible
to make in-house calibration standards for analyzing cation exchange filters.

The round robin test of cation exchange filters showed that conventional filter digestion results in to low values
compared with the XRF methodology. The round robin test for particle filters could not confirm that filter digestion
results in to low values. This was mainly due to lack of standard particle filters and large scatter in the reported
data.

All in all XRF-analyzes of thin films have shown to be very useful in characterizing the coolant in nuclear power
plants.
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