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CHAPTER I. INTRODUCTION

SUMMARY

In this chapter recent literature data on analytical techniques

for the determination of elements in rain water are given. Problems

due to the storage of rain water samples are discussed. The scope

of the present investigation is limited to 15 elements: Na, Al, Cl,

V, Cr, Mn, Fe, Co, Cu, Zn, Br, In, Sb, I and U.

1.1. GENERAL

The elemental analysis of rain water may yield information on the

extent and origin of atmospheric pollution. Particles with a

diameter of less than *v» 10 pm are removed from the atmosphere

by wet precipitation mainly. Monitoring the composition of rain

water over a period of several years discloses possible trends.

For this purpose, the rain water samples are often collected over

a period of a month, which implies that the available volume is

mostly larger than hundred ml.

Smaller samples (< 25 ml) are obtained in investigations of

wash-out processes during individual rain showers.

Various analytical techniques are used for the determination of

elements in rain water. Table 1-1 presents some recent literature

data on non-radioanalytical techniques.

Radioanalytical procedures are entirely restricted to thermal

neutron ac 'ation analysis. Only a few papers are known dealing

with the multi-element analysis of rain water by neutron activa-

tion. Table l-II summarizes these literature data.

The literature data show that neutron activation analysis needs

still improvement in order that multi-element analysis of small

rain water samples becomes possible. The methods to be developed

should be simple, accurate, reproducible and have low detection

limits.



Table 1-1

RECENT NON-RADIOANALYTICAL METHODS FOR THE DETERMINATION OF TRACE ELEMENTS IN RAIN WATER.

Authors

Harris et al

(1969)

Lazrus et al

(1970)

Drozdova et al

(1970)

Sample
volume

100 ml <

>

r

100 ml<

Element

F

Cl

Br

Pb

Zn

Cu

Fe

Mn

Ni

Mn

Ni

Pb

Fe

Method

lion-selective
r electrode

s.

, A.A.S.

Emission
''spectroscopy

-

Limit of
determination

(ug.r1)

20

100

100

1

1

1

1

1

1

-

—

Concentration-range
found

20 - 1000 ug.l"1

0.25 - 34 rng.l"1

4 - 650 ug.l"1

average concn.

34 ug.r1

107 ug.l"1

2i ug.r1

12 ug.r1

4.3 Mg.r1

1 - 43 ug.l"1

i - 20 ug.r1

1 - 48 ug.l"1

3 - 200 Ug.l"1

Remarks

Preconcentration

is sometimes

necessary.

Elements are

preconcentratod

by extraction.

•

Preconcentration

by evaporation

is necessary.

Ref

[1]

[2]

C3]

I
va



Table 1-1 continued

Rattonetti

(1974)

Slanina et al

50 ul

50 ul

5 ml

10 ml

3.0 ml

4.0 ml

3.0 ml

0.5 ml

0.5 ml

5.0 ml

1.0-5.0 ml

50 ul

50 ul

50 ul

50 ul

1.0-5.0 ml

Pb

Cd

Ag

In

NO3-

so4
2"

F

Cl

Ma

Fe

Cd

Pb

Zn

Cu

Ca

„ Â.A.S.

spectrophoto-
metry

nephelometry

ion-
> selective

electrode

> A.Â.S.

•

0.2

0.03

0.001

0.01

50

500

50

10

500

10

20

0.01

1

0.01

0.1

10

1 - 50 ug.l"1

0.03 - 20 ug.l"1

0.002 - 0.2 ug.l"1

•

0.1 - 30 ag.l"1

0.5 - 50 mg.r1

0.05 - 200 mg.r1

0.02 - 100 mg.l"1

1 - 1000 mg.l"1

0.05 - 20 mg.l"1

0.01 - 2 mg.l"1

0.1 - 10 ug.l"1

2 - 200 ug.l"1

0.01 - 2 mg.l"1

2 - 200 ug.l"1

0.05 - 10 mg.l"1

Preconcentration

is necessary

for Ag and In.

[4]

[5-7]

The meaning of the symbols is: - not mentioned

A.Â.S. atomic absorption spectrophotometry

o
i



Table l-II

RECENT RADIOANALYTICAL METHODS FOR THE DETERMINATION OF TRACE ELEMENTS IN RAIN WATER

Authors

Cawse

(1974)

Method

instrumental neutron

activation analysis

after preconcentration

of 100 ml rain water

jy evaporation.

(thermal neutron flux

• 5 x 10 cm .sec

and

1 x 1014 cm"2.sec"1).

Elements

Na,

V,

Co,

Br,

Sb,

Ce,

Th.

Al

Cr,

Zn

Rb

I,

w,

, Cl

Mn,

, As

, Cd

Cs,

Au,

, Sc,

Fe,

, Se,

, In,

La,

Hg,

Limit of determination

(yg.i"1)

Na:

Al:

Cl:

Sc:

V :

Cr:

Mn:

Fe:

Co:

Zn:

As:

Se:

100

100

600

0.005

4
2

7

10

0.15

15

5

0.3

These limits

mination are

Br:

Rb:

Cd:

In:

Sb:

I :

Cs:

La:

Ce:

W :

Au:

Hg:
Th:

of

30

20

200

0.5

0.3

40

0.1

3

0.3

10

0.8

0.7

0.1

deter-

based on

rain water samples

from industrial areas.

Na

Al

Cl

Sc

V

Cr

Mn

Fe

Co

Zn

As

Se

Br

Sb

Ce

Concentration-range
found

1.7 -

0.06

2.7 -

0.01

1 - .

0.6 •

1.2

63 -

0.08

18 -

1.0

0.2

22 -

0.1
0.1

• 108

- 150

• 200

- 0.7

38

- 34

- 77

2700

- 23

380

- 2.0

- 1.6

970

- 1.5

- 2.7

mg.

mg.

mg.

ug.

Mg-

yg«

ug.

ug

yg

yg

yg

yg

yg

yg

r1
fi

r1
r1
r1
r1
r1
r1
X

L

1

.r1

.r1

.r1

.r1

Ref

[8]



Table l-II continued

Bogen

(1974)

Duce

(1965)

Instrumental neutron

activation analysis

after preconcentration

of 1 - 25 liter rain

water by evaporation

(thermal neutron flux

= 3 x 10 cm .sec )

Neutron activation

analysis of 8 ml of

rain water. Separa-

tion of Cl, Br and I.

(thermal neutron flux

- 1 x 1013 cm"2.sec"1)

Na,

Cr,

Br,

La,

Cl,

Cl,

Mn,

Ag,

Sm.

Br,

K, Sc,

Fe, Co,

In, Sb,

I

-

-

Na

Cl

K

Sc

Cr

Mn

Fe

Co

Br

Ag

In

Sb

La

Sm

Cl

Br

I

0.18

0.16

0.39

0.01

0.1 -

4.6 -

27 -

0.07

1.4 -

0.07

1.4 •

0.73

0.13

0.04

1.77

8.4

3.4

- 1.65

- 3.45

- 1.97

- 2.8

• 12

• 77

4020

- 4.2

• 21

- 9.1

- 2.6

- 4.6

- 1.9

- 0.41

- 4.23

- 15.0

- 7.6

mg.

mg.

mg.

ug.

ug.

Ug>

Ug-

ug.

ug.

ug.

ug.

ug.

ug.

Ug

mg

ug

Ug

r1
r1
r1
r1
r1
r1
i-1

r1
r1
r1
r1
r1
r1
i"1

r1
r1
r1

[9]

[103
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1.2. STORAGE OF TAIN WATER

If it is not possible to start the analysis of a water sample

immediately after collection, considerable care must be taken to

avoid changes in concentration of trace elements during storage. The

adsorption of ions from aqueous solutions to the container wall

depends upon several parameters such as nature of the ions, container

material, other ions present, contact time and pH of the solution.

Many recent investigations are concerned about the preservation of

solutions of Hg(II) C11-17]. Even acidification to a pH of 1 of the

Hg(II) solution is insufficient to prevent losses of Hg to the container

wall (polythene and glass). Feldmann [18] shows that the storage of a

Hg(II) solution is possible during a long period in glass or polythene

by adding HNO. (5%) and K.Cr 0 (0.05%). Adsorption experiments on

Cd [19], Pb [20] and Co, Zn, Rb, In, Sr, U, Cs, Ag and Fe [21] under

various conditions (but not in rain water) show that possible adsorp-

tion can be prevented by acidification to a pH of 1.

We investigated the adsorption of V, Cr, Mn, Fe, Co, Cu, Zn, Br, Sb,

I and Hg from rain water to a container wall by applying radio-tracers.

Aliquots of 100 ml of rain water filtered through 0.45 um membrane filters

were transferred to polythene bottles of 250 ml and spiked with various

radionuclides. The pH's of the solutions were adjusted to 1 or 4

(̂  pH rain water) by adding HN0_ and they were kept in the dark for

the rest of the experiment to inhibit the growth of algae.

During one month aliquots were taken at regular time intervals and

counted. The results are summarized in table l-III and figure 1.1.

In agreement with previous investigations it was found that:

- at a pH of 4 the adsorption of iron and mercury on polythene from

rain water is serious.

- adsorption of iron from rain water can be eliminated by lowering

the pH to 1.

- adsorption of mercury cannot be prevented by lowering the pH to 1.

Hence, the sampling of rain water for the analysis of mercury should

be performed in another way. Van der Sloot [22] describes a method for

the determination of mercury in sea- and fresh water by neutron

activation after preconcentration of mercury on active charcoal. This

preconcentration method was adapted for sampling rain water in the

case of Hg. Rain water collected by a separate polythene funnel,

percolates through a small column of purified charcoal (0.5 gr charcoal,

10 x 70 mm). The neutron activation procedures after this preconcen-

tration step are described extensively in reference [22],
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Table l-III

SUMMARY OF THE RESULTS OF TEE ADSORPTION EXPERIMENTS USING RADIO-TRACERS*

Radio-tracer

48.,

51
Cr

54,
Mn

59.
Fe

60,
Co

64
Cu

65
Zn

82
Br

125
Sb

131,

203,
Hg

+ = adsorption

H00%

a
ISa.

a
<
LU

S50%-
LU
O

tr
UJ

a.

Chemical
form

Polythene

pH - 1 pH » 4

V0,

CrO

Mn

2-
4

2+

Fe
3+

Co

Cu

Zn

Br

Sb

I

2+

2+

3+

Hg2+

= no adsorption

(Hguil.pH=1J

(Fé|m(.pH=A)

10 20
TIME (DAYS)

30

Figure 1.1. THE ADSORPTION OF Hg(II) AND F e ( I I I ) ON POLYTHENE AT pH 1

AND U AS A FUNCTION OF THE TIME.
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1.3. SCOPE OF THIS INVESTIGATION

This thesis deals with the development of methods for the analysis of

rain water samples by neutron activation, either purely instrumentally

(INAA) or including a simple chemical separation (NAA).

The choice of elements is governed by their relative importance as

well as by their nuclear properties and the availability of other

appropriate analytical techniques.

Hements determined are Na, Al, Cl, V, Cr, Mn, Fe, Co, Cu, Zn, Br, In,

Sb, I and U. In the case of iodine the separate determination of I0_

is reported. This addition yields important information on the origin

of iodine in rain water.
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CHAPTER 2. ACTIVATION ANALYSIS

SUMMARY

This chapter deals with the principles and practical aspects of

activation analysis which are of direct importance in the analysis

of rain water.

2.1. PRINCIPLES

2.1.1. GENERAL

Activation analysis is a method for elemental analysis, based on the

irradiation of samples and standards [1-2].

Activation is performed by irradiation with elemental particles,

which causes the transformation of a very small fraction of the stable

atoms into unstable species which have a finite probability of decay.

Samples and standards are compared by measuring the radiation which

accompanies this decay.

Advantages of the method are:

- it is not influenced by temperature, pressure or the chemical state

of the element to be determined,

- it is often possible to perform a multi-element analysis purely

instrumentally by Y~ray spectrometry,

- for many elements, the sensitivity is very high or even the best

available,

- after irradiation, there is no risk of contamination of the sample

by reagents. If chemical separation is necessary, this can be

greatly facilitated by addition of an excess of the element to be

determined, which serves as a carrier.

Disadvantages are:

- irradiation is possible at a few places only,

- during ^ 2 months a year irradiations are not possible due to

maintenance of the reactor,

- in order to determine different molecular species, it is necessary

to separate the compounds prior to the irradiation,

- intense irradiation of organic material and liquids causes always

difficulties and is often impossible,

- working with radioactive samples implies safety precautions.
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E < 0.5 eV
neutron

2.1.2. NEUTRON ACTIVATION

Activation with neutrons is by far the most important. As all determi-

nations reported in this thesis are based on it, this is the only technique

considered here. Neutron activation analysis can be divided into three

groups according to the energy of the neutron used:

a) thermal neutron activation

b) epithermal neutron activation 0.5 < E

c) fast neutron activation E

neutron

Thermal and epithermal neutron activation are the most important.

They usually give rise to exothermic (n,y) reactions. Fast neutrons

cause endothermic (n,p) or (n,a) or (n,2n) element transformations.

The sensitivity of fast neutron activation is less than that which

can be reached by thermal and epithermal activation. In this investi-

gation, only thermal and epithermal neutrons were used.

< 100 eV
neutron

> 100 eV

The equation which underlies activation analysis is:

NAv •
. dE (2.1)

The meaning of the symbols is:

N = number of active nuclei,

f = weight fraction of the element to be determined,

G = sample-weight, in g,

a = relative elemental abundance of the nuclide to be activated,

N. = Avogadro's number,

-1X = decay-constant, in sec . The half-life, Tj, is related to \

by the equation Tj = —r—,

t. = irradiation time, in sec,

t_ = decay-time after the end of the irradiation, in sec,

M = atomic weight of the element concerned, in g,

2a„ = microscopic cross-section for activation (in cm ) for a

given neutron energy-interval,
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-2 -1
* = neutron flux (in cm .sec ) for a given neutron energy

interval,

E = neutron-energy, in eV.

The integral a_ . *„ . dE stands for the reaction probability,

j E Ci

in sec , per stable nucleus.

It is customary to reshape equation (2.1.) in two ways.

- The product AN is called the activity (abbreviated as Act.),

expressed in désintégrations sec . The analytical signal is directly

proportional to it.
- The integral is usually replaced by a normal product:

. dE (2.2)

with: a_ = average absorption cross-section for thermal neutrons,
2

th

m cm ,

-2 -1
thermal neutron flux, in cm .sec

-2 -1
$ = epithermal neutron flux, in cm .sec *

2
I = resonance integral, in cm .

Thus one gets:

Act. = ——- . a . N (1-e

-Xt,

») e (2.3)

•1,
If Xt « I, the factor (1-e ) reduces to Xt.. Thus for long-lived

radionuclides, the induced activity is proportional to the irradiation

time.

2.1.3. ANALYTICAL APPLICATIONS

When samples and standards are counted under standard conditions, there

exists a constant ratio between the activity and the count-rate of the

sample, C, expressed in counts.min

C = 60 . Y • Act (2.4)
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Tha specific count-rate is defined as the count-rate per unit mass: C/G.

Both the count-rate and the specific count-rate are directly proportional

to the weight fraction f. The result of a measurement is expressed as

the number of counts, Â. The relation between A and C is:
T

f m dt (2.5)

T stands for the counting-time in minutes,
m

Combination of (2.3), (2.4) and (2.5) yields:

^ „ -Xt,

A = 6O.Y. LS
-AT

I#e> e (2.6)

If XT « 1, the last term reduces to T .
m m

If samples and standards are irradiated and counted under identical

conditions equation (2.7) holds:

sample

standard

sample

standard

'sample

standard

-Xt
(e 2)sample

-Xt.
(2.7)

'standard

2.2. PRACTICAL ASPECTS

An activation analysis consists of the following steps:

- preparation of the sample

- irradiation

- cooling

- chemical separation (if necessary)

- counting

- computation

The following remarks can be made on the various steps of the analysis.

Preparation and irradiation of the sample

Flux and irradiation time are chosen to get a reasonable count-rate.

Most irradiations are performed in a thermal neutron flux of
13 -2 -1

^5.10 cm .sec for periods varying from 0.1 minute to 48 hours.

The thermal neutron flux is always accompanied by an epithermal and

fast neutron flux which together are of the order of ^ 10% of the thermal

flux. Cooling-times vary from ^ 60 seconds to ̂  2 weeks.
i.
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Various polythene capsules are used for irradiations up to 30 minutes
13 —2 —1

in a flux of t> 5.10 cm .sec . The sample capsules and their

corresponding polythene shuttles are shown in figure 2.1. For longer

irradiations in a high thermal neutron flux the use of quartz ampoules

is mandatory. Figure 2.1. shows one of the used quartz sample ampoules

and the aluminium irradiation capsule.

Figure 2.1. VARIOUS SAMPLE-AND IRRADIATION CAPSULES.

1 PRS-1 shuttle

2 FASY shuttle

3 PIF-A1 can (80 x 25 mm)

a polythene sample capsule (80 x 15 mm)

b polythene sample capsule (75 x 25 mm)

c polythene sample capsule (18.5 x 9.4 mm)

d quartz sample ampoule (50 x 20 mm)

The 45 MW High Flux Reactor at Petten was used for all activations.

This reactor offers a variety of irradiation facilities. The main

characteristics of the used facilities C33 are:

a) Fast rabbit system, FASY (figure 2.2.)

13 -2 -1
Thermal neutron flux: 3.5 x 10 • cm .sec .

Sample capsule: 18.5 x 9.4 mm (see figure 2.1.)
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Sample volume: 0.8 ml

Irradiation time: 2 min.

Return time to counting position: 0.3 sec.

Irradiation of water is allowed up. to 2.5 minutes.

After the irradiation the shuttle is removed automatically during

its return to the lead cell in the reactor building. The sample

capsule is stopped just before the detector.

Figure 2.2. THE FAST RABBIT SYSTEM (FASY)

A MULTI-CHANNEL ANALYZER

B LEAD CELL

C OPERATION PANEL FOR THE IRRADIATION

b) Pneumatic rabbit system, PRS-1 (figure 2.3.)

13 —2 — 1
Thermal neutron flux: 5.9 x 10 cm .sec .

13 -2 -1
Fast neutron flux: 0.53 x 10 cm .sec .

Sample capsule: (80 x 15 mm) and (75 x 25 mm) (see figure 2.1.)

Sample volume: £ 15 ml.

Irradiation time: 4 min.

Return time to radiochemical laboratory: 3 minutes.

Irradiation of water (ice) is allowed up to 5 minutes.
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Figure 2.3. THE PNEUMATIC RABBIT SYSTEM IN THE HIGH FLUX REACTOR

AT PETTEN.

c) Poolside isotope facility, PIF

13 13 —2 -1
Thermal neutron flux: 4.3 x 10 - 9.7 x 10 cm .sec ,

\ (see figure 2.1.)

Fast neutron flux: i> 0.15 x thermal neutron flux.

Quartz sample ampoule: 50 x 20 mm

Aluminium irradiation containers: 80 x 25 mm

Irradiation capacity and time: up to 30 Al-cans can be irradiated

during units of 24 hours.

No irradiations of water are allowed. Samples have to be evaporated.

Within this facility there exists a considerable variation of the

flux with the place. Therefore each sample is equipped with a flux

monitor to measure the relative neutron flux. In this investigation

the flux monitors consist of small rings (•*> 23 mg) of pure iron.

(No flux monitors are used in the fast rabbit system and PRS-1 as the

samples and standards are irradiated one by one in exactly the same

position.)
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co en

The reaction Fe(n,y) Fe, Tj = 45 d is applied for the relative flux

measurement. As At. is always much smaller than unity, it follows from

equation 2.6 that the induced activity is proportional to the product
(Vth + IV • V 58

Here, the quantities an and I refer to Fe. If the neutron-spectrum

remains constant, the ratio of the specific count-rates of the flux

monitors is equal to that of the specific activities induced in the

samples.

Cooling

After irradiation in the FIF, the complete cans are cooled for some

time to allow the short-lived radionuclides in can capsules and

samples to decay.

Chemical separation

If the induced radioactivity cannot be assayed by y-ray spectrometry

only, chemical separation is applied. One of the following three

lines of approach can be followed:

- isolation of the radionuclide involved,

- group separation,

- elimination of the interfering radionuclides.

The first two possibilities were chosen in the course of this inves-

tigation. The determination of I and Br are based on the separation

of the element (chapter 4), whereas that of V, Co, Cu, Zn, In and Ü

is performed by liquid-liquid extraction with a non-specific chelating

agent (chapter 6).

Counting

The y-ray spectra are recorded with a 3 x 3 inch well-type Nal

or a 45 cm coaxial Ge(Li) detector.

The first device has a low resolution but a high efficiency. It is

applied after isolation of a single radionuclide and in radiotracer

experiments. In multielement analysis counting is usually performed

with a coaxial Ge(Li) detector.
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The outcoming pulses are fed into a preamplifier and sorted by a spectro-

meter to obtain a y~ray spectrum. This consists of a number of sequential

energy intervals (channels) which together cover the whole spectrum. There

is a linear relationship between channel number and energy. The spectrum

consists of a continuum, due to the Compton-effect and discrete photopeaks.

The position (= energy) of the latter is characteristic for the radio-

nuclide involved.

Figures 2.4. and 2.5. give the y-ray spectra for Co (Tj = 5.26 y;

E =1173 keV and E = 1332 keV) recorded with the previously mentioned
Y Y
detectors.

2.0

Figure 2.4.

05 1.0 15
Er in MeV

THE y-RAY SPECTRUM OF 60Co RECORDED WITH A 3 x 3

INCH WELL-TYPE Nal DETECTOR.



- 26 -

10

pulsar

Figure 2.5. THE y-RAY SPECTRUM OF Co RECORDED WITH A 45 am3

Ge(Li) DETECTOR.

Computation

The y-ray spectra are recorded on magnetic tape. This is read into the

computer. The spectra are scanned for peaks from low to high energy. A
i • J r- j t. t • content (n+l)th channel , , _cpeak is defined by the ratio — • •' . ; greater than 1.05.v J content n th channel °

Criteria for symmetry and Gaussian-shape are applied. The base line is

assumed to be straight. The statistical error due to the counting

statistics and the subtraction of the continuum is reported. Corrections

for decay and flux differences are applied.

The calculation of the determination limit is based on the definitions

given by Currie C4J. The determination limit of measurements of radio-

activity is given by:

f *"B * 11 + ( 1 + r * J
where 1/k is the requisite relative standard deviation and p the

number of counts of the blank.
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2.3. SOURCES OF ERRORS

2.3.1. GENERAL

Each step of the procedure entails its own sources of errors.

Sample preparation

Contamination is often the main source of error during the sample

preparation. Prior to the irradiation adjustable pipettes with dis-

posable polythene tips should be used for the transfer of aliquots

to sample capsules.

When the sample is not transferred to a fresh container after the

irradiation, a contribution from impurities adhering to the outside

of the capsule and of the capsule itself may occur.

Irradiation

Variations in flux can be an important source of error during the

irradiation. These can be compensated by application of flux monitors.

The total error in the relative flux measurements is of the order of 1-2%.

Errors due to irrepreducible distribution of the water sample over the

capsule during the irradiation should be avoided by placing the samples

and standards in identical fixed positions in the shuttle.

Cooling

Errors can be avoided by maintaining a consistent administration.

Counting

Counting is subject to both systematic and statistical errors.

Statistical errors have the following origins:

- uncertainty in the preset counting time,

- irreproducible variations in the position of the counting vial,

- irreproducible variations in the distribution of the sample over

the vial.

The first error can be neglected; the second can be suppressed suffi-

ciently by application of perspex vial holders.

The irreproducible distribution over the capsule however can lead to

an appreciable uncertainty in the case, of powdered or granulated samples

but not for liquids.

Systematic errors stem from three sources:

- differences in sample and standard volumes,

- losses due to pile-up,

- losses due to dead-time.

The first error is easily avoided. Its effect can be determined

experimentally (section 2.4.).
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The second error is due to distortion of the pulse height.

Ideally, the output wave shape of the preamplifier should have a single

exponential decay to the baseline. In practice, an oscillation around

the baseline is often observed. If the next pulse follows soon enough,

it will begin on the tail of its predecessor and will be distorted in

amplitude. (Figure 2.6.)

distortion
normal pulse |_

distortion

baseline

Figure 2.6. PILED-UP PULSE WAVE FORMS SHOWING EXAGGERATED

AMPLITUDE DISTORTION.

As the fractional loss is the same for all radionuclides during the

measurement of a sample, the obvious remedy is the use of a puiser of

a known frequency. Its signal is fed into the preamplifier. The energy

(= time x pulse-height) is chosen so that no interference occurs with a

real photopeak. Results are given in section 2.3.3.

The losses due to dead-time are corrected by the y-spectrometer auto-

matically by lengthening the preset counting-time. However, this

correction is valid only if the product XT is < 0.1. Otherwise there

exists a negative systematic error. This holds for the determination

of vanadium V, Ti » 3.75 min. The correction for this residual error

is discussed in section 2.3.4.

Computation

The statistical errors related to the determination of the peak

area are:

- the uncertainty in the counting-results,

- subtraction of the continuum.

The first error is governed by Poisson-statistics. The contribution

of the continuum is obtained from the channel just left and right of

the photopeak.
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A systematic bias may have three different origins:

- erroneous peak limits,

- errors in the interpolation of the continuum,

- interference by other photopeaks.

The first possibility is ruled out by the requirements imposed on the

computer (cf. section 2.2). The error in the interpolation can be

neglected. The deviation from linearity is small compared to the

uncertainty which is caused by the statistical error. Interference by

other photopeaks occurs in the instrumental neutron activation of

Br in rain water. Corrections should be made (see chapter 3).

It can be concluded that neutron activation shall be an accurate and

precise method for elemental analysis. The corrections for the three

important sources of errors are discussed in the next sections.

The final precision and accuracies have been determined experimentally.

They are presented in the next chapters.

2.3.2. INFLUENCE OF GEOMETRY

Figure 2.7. gives the variation of the count-rate with sample-volume
3

for the 45 cm coaxial Ge(Li) detector.

£3000

2000

1000

15 20
SAMPLE VOiUMEdM)

S 10

Figure 2.7. THE COUNT-RATE AS A FUNCTION OF THE SAMPLE VOLUME.
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2.3.3. INFLUENCE OF PILE-UP

An illustration of the benefit of the use of a puiser is the

measurement of the half-life of a short-living radionuclide like
52V (Tj = 3.75 min).

Figure 2.8. shows the measured activity of V, corrected and uncorrected

for pile-up, as a function of the time.

The determination of the half-life shows that the uncorrected data

give an erroneous value of the half-life of v.

10 15
T.ME(KN)

20

Figure 2.8. THE DETERMINATION OF THE HALF-LIFE OF V.

1) T£ = 3.93 min, uncorrected for pile-up.

2) Ti = 3.77 min, corrected for pile-up.

2.3.4. INFLUENCE OF DEAD-TIME ON THE MEASUREMENT OF SHORT-LIVED

RADIONUCLIDES

The automatic correction for dead-time losses in based on the

continuous measurement of the life-time. The measurement is stopped

when the total life-time becomes equal to the preset counting-time.

This procedure fails in the case that the involved radionuclide

decays appreciably during measurement.

Various solutions to the problem have-been published. A survey is

given by Sterlinski and Hammer [5]. There are two types of solutions:

- electronic procedures,

- mathematical solutions.



- 31 -

In this investigation we have followed the second approach. Mathemati-

cal expressions for the influence of the dead-time on the counting

result of a short-living radionuclide have been given for the case

that the total dead-time is entirely caused by the radionuclide of

interest [6].

The derivation of the dead-time correction for the general case like

the measurement of a short-lived radionuclide in a mixture of short-

and long-lived radionuclides is of interest for the instrumental

neutron activation analysis of vanadium in rain water.

The following quantities are of interest:

D = dead-time per second at time t,

D_ » dead-time per second at the beginning of the

measurement,

T = average dead-time per pulse,

(C ) = measured count rate at time t,

count rate at time t of the radionuclide of interest

(decay constant X),
<Ct>true

<C0)true count rate at the beginning of the measurement.

Dead-time causes a difference between the "true" and the actually

measured count rate according to Eq. 2.9:

<Vm (2.9)

or

<Ct>»
<Ct)true

«Vtrue
(2.10)

The value of the dead-time (D ) due to presence of all radionuclides
- all

can be read from the analyzer and is equal to D = T (C )

So Dt =

' *

(2.11)
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If we assume (C ) * decreases exponentially with the time (average

decay constant X') then Eq. (2.12) holds

T (C ) a l 1

T lVtrue
•

(2.12)

The value of D at the beginning of the measurement may be used to

define Ï ( C ^ .

If we put t = 0 in formula (2.12) and rearrange the result is

(C„)
all

O'true 1-D
0

(2.13)

Consequently, Eq. (2.12) can be rewritten as

D„

Dt =

exp-X't

(2.1A)

The result of a counting of a short-lived radionuclide

(e.g. V, Tj = 3.75 min) in a mixture of short and long-lived

radionuclides during a clock time T and extended to T' caused by
m m

the dead-time is equal to:
m l

(Ct>I « dt " dt (2.15)

Insertion of (2.14) in (2.15) gives

0 1 + exp-X't

U V(Vtrue

Tm( exp - Xt ,
J (1-D.) + D n exp-X't '

 at (2.16)
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The registrated number of counts without any influence by dead-time

would have been:

m
«VLe ' d t

<Vlrue
(2.17)

Thus the influence of dead -time can be defined as

(l-D.)X rTm
f _ 0 exp - Xt

T " (1-exp-XT ) * J (1-DQ) + D exp-X't *
m 0

exp-X't * d t *

The value of X' can be measured experimentally by observing the

decrease of D with time. The average decay constant over a certain

period T can be calculated from the equation

(2.18)

It is obvious that X' is related to the average half life: (Ti)' = 0.693/X'.

The average half life is usually of the order of 10 minutes.

Table 2-1 gives the variation of f with D_ for two values of (Ti)'

for a preset counting time of 2 minutes. The influence of (Ti)* is small.

Table 2-1

THE VARIATION OF f WITH üQ AND (T j ) 1 FOR A PRESET

COUNTING-TIM OF 2 MINUTES AND LIFE-TIME COUNTING

(Ti =

D

0

0.1

0 .2

0 .3

0 .4

0 .5

3.75 min)

(Ti)'

f
T

= 10 min

1.00

0.99

0.97

0.95

0.91

0.88

(Ti)1

1 •

0 .

0 .

0 .

0 .

0 .

ss

00

98

96

94

89

85
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CHAPTER 3. INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS OF RAIN WATER

SUMMARY

A multi-element method for the determination of trace elements in rain

water by instrumental neutron activation analysis is described. Garrma-

vay speatrometry using Ge(Li) detectors offers the possibility to

determine Na, Al, Cl, V, Mn, Co, Cu, Br and I in rain water samples

of 2.S ml after an irradiation during 4 minutes in a thermal neutron
1 3 —2 — 1flux of 5.10 cm .sec . Residues of rain water samples of hundred

ml are irradiated during 2 days in a thermal neutron flux of
13 -2 -1ä 5.10 cm .sec and after a cooling period of ^ 21 days Cr, Fe,

Co, Zn and Sb are determined. The detection limits are lower than those

reported in previous investigations3 except for Cu.

The precision is about 10% or better, except for Co, Cu, and I .

3.1. INTRODUCTION

During the last years the interest for the instrumental neutron

activation analysis (INAA) for the determination of trace elements

in environmental water samples increases due to the need for a better

understanding of the influence of man on his environment. Recently

Salbu et al Cl] presented a simple and rapid multi-element method for

the determination of trace elements in natural fresh water by INAA.

The method, which is based on Ge(Li)-gamma spectrometry and computer

evaluation of the recorded data allows the determination of up to 31

elements in Norwegian river water without any preconcentration. The pre-

cision of the determination is worse than 20% for 4 elements (Ce, Eu, Hf,

Yb), 10-20% for 16 elements (Ag, As, Au, Ba, Ca, Co, Cr, Fe, Hg, I, La,

Rb, Sb, Sm, Sr, Th) and better than 10% for 11 elements (Al, Br, Cl, Cs, K,

Mg, Mn, Na, Sc, V, Zn). The main factor which contributes to the limited

reproducibility seems to be the counting statistics.

INAA has been applied to rain water samples from the Heidelberg area

by Bogen [2]. The rain water (volume 1-25 liter) was preconcentrated

to dryness by evaporation before the irradiation was carried out.

Up to 14 elements were determined with an average standard deviation

of 25%. The sources of the elements in the analyzed rain water were

discussed.

A rather extensive investigation of INAA for rain water was made by

Cawse and Peirson [3-5]. Aliquots of 100 ml rain water were filtered
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to separate the soluble and insoluble fractions. The residue was dried

on the filter paper and the soluble fraction was preconcentrated by

evaporation to dryness on a filter paper placed at the bottom of a

polystyrene container. Two irradiations of different length were carried

out, followed by gamma spectrometry.

The scope of the facilities discussed in the previous chapter was

investigated for the analysis of rain water samples.

The detailed procedures for the determinations of 13 elements are

given in this chapter.

3.2. CHEMICALS AND EQUIPMENT

The following chemicals and equipment were used:

- nitric acid (Merck suprapur)

- ammonia (Merck suprapur)

- bidistilled water, prepared in a quartz distillation apparatus

- hydrochloric acid (Merck p.a)

- ammonium iodide (Merck p.a)

- ammonium bromide (Merck p.a)

- sodium nitrate (Merck p.a)

- ammonium chloride (Merck p.a)

- vanadium oxysulfate (Merck p.a)

- cobalt chloride (Merck p.a)

- manganese chloride (Merck p.a)

- copper chloride (Merck p.a)

- iron chloride (Merck p.a)

- antimony trioxide (Baker p.a)

- potassium chromate (Merck p.a)

- zinc chloride (Merck p.a)

- aluminium chloride (Merck p.a)

- compressed air

- suction flask with radiochemical chimney (25 mm i.d)

- membrane filters (30 mm diameter and 0.45 vim pore diameter)

- polythene vessel (volume 50 and 150 ml)

- a water bath equipped with thermostate

- a micropipette-set with disposable tips (50-iOOO pi)

- an adjustable pipette (0-5.0 ml) with disposable tips
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- polythene sample capsules (PRS-1; FASY)

- quarts sample capsules (PIF)

- irradiation capsules (PRS-1; FASY; PIF)

- iron flux monitors

- aluminium sheets

- polythene counting vials (Packard tri-carb vials)

- a coaxial Ge(Li) detector

- a 2048 channel analyzer

- a 400 channel analyzer

(see chapter 2)

3.3. SAMPLING AMD SAMPLE TREATMENT

Rain is collected at 150 cm above the ground in a polythene 2 liter

bottle through a polythene funnel (diameter 16 cm). A black bag

surrounds the vessel to inhibit the growth of algae during the storage.

If iron has to be determined, bidistilled nitric acid is placed in the

vessel prior to sampling to prevent the adsorption to the container

wall.

As soon as possible after the sampling, the samples are filtered.

The contamination during the filtration by the filter and filtration-

apparatus is minimized by the following precautions:

- the glass frit of the radiochemical chimney is replaced by a perfo-

rated polythene sheet.

- the membrane filter is washed repeatedly with dilute nitric acid and

bidistilled water before the filtration of the rain water sample is

carried out.

- the filtrate is collected in a clean polythene bottle placed in the

suction flask.

Adsorption of elements on the filter may cause serious losses to the

trace element content of the rain water sample. The following radio-

tracer experiments were performed to investigate this adsorption:

Rain water was filtered through a 0.45 um membrane filter.

The solution was spiked with appropriate radiotracers which were either

carrier-free or of a high specific activity. The pH was adjusted by

addition of nitric acid and ammonia. Hundred ml of the spiked solution

were filtrated through a 0.45 urn membrane filter. Aliquots of the
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filtrate and the original tracer solution were counted.

The results can be summarized as follows:

- the adsorption of Na, Al, Cl, V, Cr, Mn, Co, Cu, Zn, Br, In, Sb, I

and U from rain water on the membrane filter is less than 0.5% in the

pH range of 1.5 - 5.6.

- the adsorption of Fe on the filter is serious (> 30%) in the pH range

2.3 - 5.6. At a pH of 1.5 the adsorption of iron is less than 0.5%.

3.4. IRRADIATION AND THE ANALYTICAL PROCEDURES

Two pneumatic rabbit systems for short irradiation periods ( 2 and 4 min.)
13 -2 -1

in a high thermal neutron flux (3 and 5.10 cm .sec ) can be used for

the instrumental neutron activation analysis of rain water: the fast

FASY and the slower PRS-1. The first is applied for the determination

of vanadium in rain water. The second is mainly used for the analysis

of Na, Al, Cl, V, Mn and Br.

Irradiations during long periods (1-3 days) in a high thermal neutron
13 —2 —1

flux (4.3 - 9.7 x 10 cm .sec [6]) are carried out in the PIF for

the determination of Cr, Fe, Co, Zn and Sb. The detailed analytical

procedures are as follows:

3.4.1. PRS-1

- Capsules are cleaned by repeated washing with bidistilled concentrated

nitric acid and bidistilled water. Aliquots of 2.5 ml rain water are

then introduced by pipetting.

- Capsules are sealed. Each is placed together with an empty capsule

in the irradiation shuttle to reduce flux variations.

- Irradiation takes place during 4 minutes in a thermal neutron flux

of 5.1013 cm"2.sec"1.

- Samples return to the chemical laboratory in 3 minutes. The dose rate

at contact on a sample capsule is then ̂  100 mR.hr

- Capsules are opened and two ml amounts are pipetted in polythene

counting vials.

- Counting with a Ge(Li) detector connected to a 2048 channel analyzer

starts 4.5 minutes after the end of the irradiation. The usual
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counting time is 10 minutes. The data-output is stored on magnetic

tape.

- The areas under the photopeaks are determined.

- Standards are processed identically.

3.4.2. FASY

- Capsules are cleaned by rinsing with bidistilled cone. HN0_ and water.

Aliquots of 0.8 ml rain water are introduced by pipetting.

- The samples are irradiated during 2 minutes in a thermal neutron
"13 -2 -1

flux of 3.10 cm . sec . The irradiated sample automatically

arrives in the counting position in front of a 45 cm coaxial

Ge(Li) detector in a lead shielding. The average distance sample-

detector surface is 5 mm. The Ge(Li) detector is connected to a

400 channel analyzer.

- Counting in the life-time mode is started manually as soon as the

total dead-time is lower than 30%. Usually this takes 2 minutes.

Preset counting time is usually 2 minutes.

- Irradiation of the next sample is started during counting of the

previous sample. Standards are processed in the same way.

- The area under the 1434 keV photopeak of v is determined. Correc-

tions for the decay during measurement are applied.

I
$

3.4.3. PIF

- Hundred ml of rain water is preconcentrated in two steps. First the

volume is reduced to ̂  10 ml by evaporation of the rain water sample

during 6 hours on a water bath of 75 C under a continuous flow of

air filtered through a membrane filter of 0.45 urn. The residue is

weighed and the greatest part transferred to a clean quartz capsule.

The yield of this transfer is determined by weighing. The sample is

taken to dryness by heating the quartz ampoule on a hot plate under

a gentle stream of filtered air.

- The capsule and an iron flux monitor, placed under the bottom of

the ampoule are wrapped in a thin aluminium sheet.
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- The sample capsule is transferred to an aluminium capsule which is

closed by welding. Irradiation takes 2 days at a thermal neutron flux

of ä 5.1013 cm"2.sec"1.

- Samples are allowed to cool for 3 weeks.

The contents of the capsules are transferred to polythene counting

vials by at least three subsequent washings with 0.8 H HC1 containing

carrier amounts of the elements of interest.

The concentration of the carriers used is approximately 10 mg.l

- Counting is performed with a 45 cm coaxial Ge(Li) detector connected

to a 2048 channel analyzer. Usual counting time is 50 minutes.

- The areas under the photopeaks are determined. Corrections for flux

variations are applied.

- Standards are processed identically.

10

10

M

it
102

ß+

128.

56Mn
24,Na

80,Br "Ar

66,Cu

puiser

UJu

2001

channel number

Figure 3.1. A GAMMA-RAY SPECTRUM OF A RAIN WATER SAMPLE AFTER A

SHORT IRRADIATION IN THE PRS-1.

Experimental conditions: irradiation time 4 minutes, cooling time

4.5 minutes, counting time 10 minutes.
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3.5. RESULTS AND DISCUSSION

3.5.1. PRS-1

A characteristic gamma-ray spectrum of an irradiated rain water sample after

the application of the previously described analytical procedure is shown in

figure 3.1. The observed gamma energies are due to the following short
,. . ,. ... 24 M 28,. 38^, 41. 52„ 56„ 66„ 80 D . 128Tliving radionuclides: Na, Al, Cl, Ar, V, Mn, Cu, Br and I.

The obtained specific count rates of the different nuclides can be used for

the determination of the limits of determination following Currie [7].

Results are given in table 3-1. They compare favourably with those in table

1-1 and l-II. Only for Cu the determination limit by AAS is lower.

Table 3-1

THE SPECIFIC COUNT RATE AND LIMIT OF DETERMINATION OF

SOME SHORT-LIVED RADIONUCLIDES FOR INAA OF RAIN WATER

Element Radio- Tj Gamma ray Specific count rate Determination limit

Sodium

Aluminium

Chlorine

Vanadium

Manganese

Cobalt

Copper

Bromine

Iodine

nuclide

2 4Na

> 2 8A1

3 8C1

52v
5 6Mn

60m
Co

6 6Cu

8 0Br

128J.

15

2.

37.

3.

2.

10.

5.

17.

25.

3

3

75

6

5

1

6

2

measured
(keV)

h

min

min

min

h

min

min

min

min

1368

1779

1642

1434

847

58.5

1039

617

443

(counts.

2.2 x

1.3 x

2.1 x

5.8 x

1.6 x

1.4 x

1.4 x

2.3 x

1.9 x

min .ug )

103

»05

103

105

105

105

10*

104

»o5

(l/kQ=

(counts)

1300

2900

1900

200

1900

4500

2600

3700

5400

=0.1[7])

T T
LQ
(ng)

19

6

28

0.2

0.3

0.9

14

4.1

0.5

(P V 1 )
9.5

3

14

0.1

0.15

0.45

7

2.05

0.25

Data refer to the end of the irradiation:

Irradiation time 4 minutes in PRS-1.

Experimental conditions:

Irradiation time 4 minutes in PRS-1.

Cooling time 4.5 minutes.

Counting time 10 minutes.

Rain water sample volume 2 ml.



In order to investigate the reproducibility of this instrumental method

for the concerned elements, nine aliquots of a rain water sample were

analyzed.

The calculated average and standard deviation are listed in table 3-II.

Factors contributing to the random error are flux variations, pipetting

errors and counting statistics. In the case of iodine, copper and cobalt

the reproducibility of the determination is poor. The reproducibility

for the other elements can be considered as satisfactory.

Table 3-11

THE REPRODUCIBILITY OF INSTRUMENTAL NEUTRON ACTIVATION

ANALYSIS OF RAIN WATER FOR SHORT-LIVED RADIONUCLIDES

Element

Na

Al

Cl

V

Mn

Co

Cu

Br

I

Average

1

63

2

3

17

0

8

22

0

.51

.4

.65

.11

.7

.445

.0

.8

.47

concentration

mg.

mg.

Pg-

wg.

ug.

Hg-

Mg-

r1

r1

r1

r1

r1

r1

r1

r1

r1

0

8

0

0

0

0

3

1

0,

Standard
absolute

.08

.2

.06

.14

.6

.15

.4

.4

.11

mg.

Pg-

mg.

ug.

Mg.

ug.

Ug-

ug-

Kg-

r1

r1

r1

r1

r1

r1

r1

r1

r1

deviation
relat ive

5.3%

12.9%

2.3%

4.5%

3.4%

34 %

43 %

6.1%

23 %

Known amounts of the elements were added to the same rain water sample

and again ten aliquots were analyzed. In general there is a good

agreement between the determined and the calculated increments

(cf table 3-III).

Only in the case of Mn, V and Al the discrepancies between the

calculated and found concentration increments are significant at

the 95% probability level.

'fi-
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Table 3-1II

THE ACCURACY OF INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS

OF RAIN WATER FOR SHORT-LIVED RADIONUCLIDES

'if'

ft--

îy;

Element

Na

Al

Cl

V

Mn

Co

Cu

Br

I

Concentration increment

added

(ug.T1)

500

40.0

580

8.0

16.0

4.0

40.0

33.94

4.0

found

(lig.l'

440 +_

30 i

670 +_

7.41 i

14.7 +

3.84 +_

36.35 +

33.7 i

4.05 +

'>

71

8

107

0.20

1.0

0.43

3.8

1.8

0.18

95% probability interval

Instrumental neutron activation analysis of bromine based on
fin

Br (Tj = 17.6 min; E =617 keV) can lead to erroneous results

if one is not aware of the spectral interference from the double

escape peak of Cl (Ti = 37.3 min; E (D-escape) = 620 keV).

While the ratio of bromine and chlorine concentration in rain water
38 80

is of the order of ^ 0.01, the contribution of Cl to the Br
peak area can be considerable. A correction can be made if the ratio

of the peak areas of E (D-escape)/E (1642 keV) of

This ratio was determined to be 0.028.

38,.
is known.

3.5.2. FASY

The measurement of the short-lived radionuclides in rain water, using

the fast rabbit system (FASY) has some disadvantages in comparison

with the pneumatic rabbit system (PRS-1). The sample capsule cannot
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be removed using the FASY, so the contribution of the elements from the

capsule can be very serious. The specific count rate of the element

will be less due to the lower thermal neutron flux and allowed irradia-

tion time. Further, the irradiated sample volume is smaller (0.8 ml)

than the volume used in the PRS-1 (2.0 ml). So, for the measurement of

the short-lived radionuclides the PRS-1 is preferable.

Nevertheless the FASY appeared to be the method of choice for the

determination of vanadium in large series of rain water samples which

were taken during the measurement of air pollution over the whole area

of a Dutch province. [8]

3.5.3. PIF

Radiotracer experiments showed that the losses of Cr, Fe, Co, Zn and

Sb from rain water during the preconcentration by evaporation to

dryness were negligible.

Figure 3.2. shows the typical gamma-ray spectrum of a preconcentrated

rain water sample after, irradiation during 2 days in the PIF and a

cooling period of a few weeks. The main peaks observed belong to K, Cr,
59Fe, 60Co, 65Zn and 124Sb.
The obtained specific count rates and the limits of determination of

the elements of interest are given in table 3-IV.

Table 3-IV

THE SPECIFIC COUNT BATE AND LIMIT OF DETERMINATION OF

SOME LONG-LIVED RADIONUCLIDES FOR INAA OF RAIN WATER

Element Radio- Tj Gamma-ray Specific count rate*
nuclide measured

Determination limit
(l/kQ=0.1[7])

UB LQ LQ _,
(counts) (ng) (ug.l )

1600 1.6 0.0016

400 130 1.3

450 0.25 0.0025

400 6.5 0.065

800 0.8 0.008

Data refer to the end of the irradiation: Irradiation time 2 days in the PIF.

Experimental conditions: Irradiation time 2 days in the PIF;

Cooling time 3 weeks; Counting time 50 minutes; Rain water sample volume 100 ml.

Chromium

Iron

Cobalt

Zinc

Antimony

51Cr

59Fe

60Co

65Zn

124Sb

27.8

45

5.26

245

60.3

d

d

y

d

d

(keV)

320

1099

1173

1115

602

(counts.1

5.7 x

3.3 x

1.3 x

5.0 x

6.2 x

a .Ug )

io5

103

106

104

105
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10

10
4 .

103

(0

oo

10

puiser

8550

2001

channel number

Figure 3,2. A GAMMA-RAY SPECTRUM OF A RAIN WATER SAMPLE AFTER A

LONG IRRADIATION IN THE PIF.

Experimental conditions: irradiation time 2 days, cooling time 3 weeks,

counting time 50 minutes.

Nine aliquots of a rain water sample and ten aliquots of the same rain

water sample with known added amounts of the concerned elements were

analyzed for chromium, iron, cobalt, zinc and antimony. Tables 3-V and

3-VI summarize the results of these analyses. The reproducibility and

the accuracy of this instrumental neutron activation analysis are

very satisfactory.
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Element

Cr

Fe

Co

Zn

Sb

Table 3-V

THE REPRODUCIBILITY OF INSTRUMENTAL NEUTRON ACTIVATION

ANALYSIS OF RAIN WATER FOR LONG-LIVED RADIONUCLIDES

Average concentration

(yg

0

12

0

71

3

•r1)

.36

.7

.47

.51

Standard deviation

abso

(yg.

0.

0.

0.

6

0.

lute

r1)
02

9

02

14

relative

5.6%

7.0%

4.9%

8.5%

4.0%

Table 3-VI

THE ACCURACY OF INSTRUMENTAL NEUTRON ACTIVATION

ANALYSIS OF RAIN WATER FOR LONG-LIVED RADIONUCLIDES

Concentration incrementElement

Cr

Fe

Co

Zn

Sb

95% probability interval

added

(ug.r1)

4.00

200

4.00

100

3.65

found

(ug.i'

4.06 +

193.5 +_

4.11 _+

95 +

3.47 +

• ' )

0.20

12

0.19

11

0.37
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An important remark has to be made with respect to the preparation of

the counting solution after the irradiation. The residue of the

preconcentrated water is distributed as a very thin film over the

bottom of the quartz ampoule. Therefore the irradiated capsules are

washed several times with a carrier solution to get all sample out.

The distribution of the activity obtained in each washing with

10 ml carrier solution is shown in figure 3.3.

1007.

507.

1OO7

3 507.

Cr Fe Co Zn Sb
STANDARD ADDIT ON SAMPLE

1007.

50*/,

Cr Fe Co Zn

STANDARD

Sb

Cr Fe Co Zn
1
Sb

Figure 3.3. THE DISTRIBUTION OF THE ACTIVITY AFTER THREE WASHINGS

WITH A CARRIER SOLUTION IN 0.8 M HCl.
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Up to 95% of the iron, cobalt, zinc and chromium activity of the

irradiated rain water residue is leached after a short contact time

with the carrier solution. For antimony a second leaching is necessary

for complete recovery of the produced activity. The difference in

behaviour between antimony and the other elements is probably due to

the slow isotope exchange of the activated antimony and the offered

carrier.

The very slow leaching of the irradiated standards by the carrier

solution is due to the absence of a salt residue of an easy solvable

bulk compound like sodium chloride, that is present in rather large

amounts in the rain water samples.
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ily
CHAPTER 4. THE DETERMINATION OF BROMINE AND IODINE IN RAIN WATER

BY NEUTRON ACTIVATION AND ISOTOPE EXCHANGE

SUMMARY

A routine method for the determination of bromine and iodine in rain

water by neutron activation is presented. The elements are isolated

by isotope exchange between the irradiated sample and a solution of

Br» or I» in CCI,. The method is not sensitive to the chemical species

in which the halogen is present. The limit of determination

is 0.2 pg Br.l and 0.015 pg I.I for a sample volume of 10.0 ml. The

reproducibility of the method is a factor of 3 better than that of INAA.

Irradiation of solutions of iodine compounds in a high thermal neutron

flux gives rise to the formation of iodate, dependent on the presence

of NH.OH or NH,N0„ and on the irradiation time.

4.1. INTRODUCTION

The measurement of bromine and iodine in rain water by instrumental

neutron activation analysis may be interfered by other radionuclides,
24
Na (Tj=15 h), 32P (Tj=14.3 d), 38C1 (T|=37.3 min) and

ft

primarily

Mn (T|=2.6 h). As a result of this and other causes the reproducibility

of INAA of I appeared to be bad. The aim of this part of our work was

to develop a method for the routine analysis of small (£ 3 ml) samples of

rain water, based on activation to Br (T}=17.6 min) and
128

I (T{=25.2 min). The sample has to be irradiated as received, to avoid

the risk of contamination during pretreatment. The separation technique

should cover all possible species of the elements, as other forms than
ha'lides may occur [1-2],

The separation used by Duce C3] has a moderate yield and is too

laborious. It consists of addition of halide carrier, reduction to

Br (I ), oxidation to Br2<I2), extraction into CCI,, back extraction

into water containing a reducing agent and precipitation as the

silver halide.

The method presented here consists of the following steps:

a) irradiation of a 2.5 ml sample in a high thermal neutron flux

during £ 4 minutes,

b) isotope exchange between the sample and a solution of Br. or I.

in CC14,

c) measurement of the organic phase with a Nal or a coaxial Ge(Li)

detector.
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In the treatment of radioactive waste material Palâgui et al [4-5]

have given great attention to a selective separation procedure of
131

I from the other fission products by isotope exchange with Io in

an organic solvent (CCI,, C,H,, CHC1„) which is immiscible with water.

The method is fast and simple.

Application of this principle of separation (isotope exchange) to

irradiated rain water samples is probably possible for bromine and

iodine if the following considerations are taken into account.

When a solution of X. (X = Br or I) in CCI, is added to a solution

of radioactive X , the following reactions take place:

distribution of elemental halogen between the two phases:

<X2>org <X2>aq •

association reaction and isotope exchange:

(Xo) + V * (*X ")
2 aq aq 3 aq

(*XJ + X"
2 aq aq

distribution of the labeled halogen between the two phases:

2. aq

The amount of radioactivity transferred to the organic phase depends

on the distribution constant of X_, the pH, the presence of reducing

agents in the aqueous phase and the chemical form of the radioactive

halogen.

The value of the distribution constant of Br« and I. in the system

H.O/CC1, is - 20 and « 80, resp [6] which ensures that the majority

of the elemental state of the halogen concerned will be in the

organic phase when equilibrium has been reached.

The elemental halogen, extracted into the aqueous phase can be

consumed in two ways:

a) «2° HXO + X + H

this reaction will occur mainly in basic solutions, and:

b) 2e + X, 2X

a reducing agent present in the aqueous phase decreases the

elemental halogen concentration by a redox reaction.
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Both reactions cause a decrease in the exchange yield of the species

of interest.

The behaviour of different chemical forms of bromine and iodine in

the indicated analytical procedure, i.e., during the irradiation and

separation, is very important. One has to keep in mind that separation

takes place after irradiation of the water sample.

During the irradiation Szilard-Chalmers reactions and radiolysis can

play a significant part in the formation of the ultimate state of the

element of interest.

Szilard and Chalmers [7] irradiated ethyl iodide with neutrons and

observed that a large part of the radioactive iodine was present as

inorganic iodide after the irradiation. If an atom absorbs a thermal

neutron and the neutron binding energy is released as a single gamma

ray, then, as a result of conservation of momentum, the atom will

receive a recoil kinetic energy usually greatly in excess of chemical

binding energies. So, the activated atom will dissociate from its

parent compound.[8]

Water and compounds dissolved in it can be decomposed during the

interaction with high energy radiation C9-10], The mechanism of

the decomposition and formation of other compounds out of water is

as follows

ionization

H-0 -~» H„O excitation

The ionized and the excitated water molecules decompose:

H2O
+ •* OH" + H+

H20* •* OH' + H-

Depending on the ionization density, the radicals will react with

each other to form hydrogen peroxide and hydrogen or will diffuse

away from each other and be available to react with solutes.

When the water contains oxygen, the 0_-molecule acts as an acceptor

of H-atoms and hydrogen peroxide is formed:

H. + 0, HO,

H02'+ H.
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Various oxidation states of bromine and iodine are known to be stable

in aqueous solutions, i.e, X~, X., X0~, X 0 ~ and X0,~.

Little is known about their occurrence in rain water. The isotope

exchange between I , 10 and I is reported to be very fast [11-15],

that between I_ and 10» is slow and strongly pH dependent [16-17].

Some aspects of the behaviour of iodine and bromine compounds in

water during the irradiation with thermal neutrons and isotope

exchange with I2 and Br2> resp., in CCI, will be elucidated in this

chapter in order to develop a procedure for the analysis of bromine

and iodine in rain water by neutron activation and isotope exchange.

4.2. CHEMICALS AND EQUIPMENT

The following chemicals and equipment were used:

- hydrochloric acid (Merck p.a)

- ammonium hydroxide (Merck p.a)

- bidistilled water, prepared in a quartz distillation apparatus.

- nitric acid (Merck p.a)

- ammonium nitrate (Merck p.a)

- iodine (Merck p.a)

- bromine (Merck p.a)

- ammonium bromide (Merck p.a)

- potassium bromate (Merck p.a)

- monobromic acetic acid (Merck p.a)

- ammonium iodide (Merck p.a)

- potassium iodate (Merck p.a)

- monoiodic acetic acid (Merck p.a)

- carbon tetrachloride (Merck p.a)
131

- Na J1I (Philips Duphar DRN 5300)

- barium nitrate (Merck p.a)

- a micropipette with disposable tips (50-1000 pi)

- glass pipettes (4 and 5 ml)

- test tubes

- polythene counting vials

- polythene irradiation capsules (15 x 80 mm)
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- a one channel analyzer and a Nal well-type crystal, mounted in a

sample changer for 7.5 ml test tubes (for tracer experiments).
3

- a 45 cm coaxial Ge(Li)-detector connected to a 1024 channel analyzer

(Br-determination) or a Nal well-type crystal connected to a 400

channel analyzer (I-determination).

4.3. PROCEDURE FOR THE TRACER EXPERIMENTS

- Two ml of a solution of a bromine or iodine compound in bidistilled

water (O.I - 100 ug Br or I per ml) are put in a polyethylene

capsule and irradiated during 0.1 to 5 minutes in a thermal neutron

flux of 5.1013 cm"2.sec"1. If required NH4NO3, NH40H, HNO3 and
 l31I

are added.

- One ml of the activated solution is transferred to a 100 ml glass

bottle, which is then made up to the mark with the medium which is

being studied.

- After 20 minutes five ml of this tracer solution are shaken during

a few minutes with 5 ml of a solution of bromine and iodine in

carbon tetrachloride.

- The phases are separated and if possible counted integrally. The

obtained count rates are compared to that of a 5 ml aliquot of the

standard tracer solution.

4.4. RESULTS AND DISCUSSION OF THE TRACER EXPERIMENTS

4.4.1. INFLUENCE OF CONTACT TIME

The isotope exchange between I and Br with I„ and Br-, resp., in

CC14 is complete within a minute if the mixture is vigorously shaken.

4.4.2. THE EXTRACTION YIELD AS A FUNCTION OF THE HALOGEN CONCENTRATION

IN CC14

Table 4-1 shows the extraction yield, measured with Br and I tracer

as a function of the halogen concentration in the CCI,. The maximum
1 i
CCI, and 6 mg I„ ml CCI,, resp.yield, for S 12 mgr Br„ ml

(88 +_ 2)% for bromine and (89 +_ 2)% for iodine, independent of the

type of water.

is
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Table 4-1

THE EXTRACTION YIELD FOR BROMIDE AND IODIDE TRACER ADDED TO VARIOUS

TYPES OF WATER SAMPLES AS A FUNCTION OF THE HALOGEN CONCENTRATION

Br_-concentration

(mg Br2.ml~ CCl^)

12.0

6.0

3.0

0.6

0.2

I„-concentration

(mg I2.ml~
ICCl4)

10.0

6.0

4.0

2.0

0.4

Rain water

(PH=4.0)

88%

86%

85%

81%

70%

89%

89%

89%

90%

92%

Extraction yield

Bidistilled
water

(pH=5.6)

89%

89%

89%

88%

84%

90%

90%

91%

92%

92%

Tap water

(pH=7.8)

87%

85%

80%

50%

30%

89%

88%

88%

82%

82%

Surface
water

(PH=7.8)

87%

86%

82%

55%

45%

86%

86%

84%

86%

86%

Sea water

(pH=8.0)

88%

85%

80%

55%

20%

90%

89%

89%

89%

88%

Experimental conditions: (see also section 4.3,)

[Z J during irradiation 10 tig.ml

[Br ] during irradiation 10 ug.ml
13 -2 -1

Irradiation time 4 minutes at thermal neutron flux of 5.10 cm .sec

4.4.3. INFLUENCE OF THE HALIDE CONCENTRATION DURING THE EXTRACTION

The extraction yield of the halide is given in table 4-II as a function

of the halide concentration. The extraction yield is independent of the

halide concentration during the extraction.
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Table 4-II

THE EXTRACTION YIELD OF HALIDES IN WATER BY ISOTOPE

EXCHANGE AS A FUNCTION OF THE HALIDE CONCENTRATION

Br -concentration

(.g.r1)

10

100

430

4300

43000

Extraction
yield

90%

88%

88%

90%

90%

I -concentration

(yg.r1)

10

100

500

Extraction
yield

90%

90%

89%

Experimental conditions: (see also section 4.3.)«

Br -concentration: 12 mg Br„.ml CCI, during the extraction.

I.-concentration : 6 mg I-.ml CCI, during the extraction.

I -concentration during the irradiation 10 ug.ml

Br -concentration during the irradiation 10 ug.ml
13 -2 -1

Irradiation time 4 minutes at a thermal flux of 5.10 cm .sec

4.4.4. INFLUENCE OF THE pH DURING THE EXTRACTION

Figure 4.1. gives the extraction yield of Br and I as a function

of the pH. Above pH»9 the yield decreases sharply due to the chemical

reaction between the halogen and the hydroxyl ions.

4.4.5. INFLUENCE OF THE IRRADIATION TIME AND CHEMICAL COMPOSTION

OF THE SOLUTION

4.4.5.1. BROMINE

The extraction yield is equal for dilute solutions of the three bromine

compounds concerned (NH.Br, KBrO, and CH.BrCOOH) and independent of the

irradiation time.
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100%

50%

128
I - EXTRACTION YIELD

100%

50%-

80
Br - EXTRACTION YIELD

Figure 4.1. THE EXTRACTION YIELD OF IODIDE AND BROMIDE AS A FUNCTION

OF THE pH.

Experimental conditions: (see also section 4.3.).

Br„-concentration: 12 mg Br-.ml CCl^ during the extraction.

^-concentration : 6 mg I„.ml CCI, during the extraction.
- -1
I -concentration : 10 iig.ml during the irradiation.
Br~-concentration: 10 ug.ml" during the irradiation.

13 -2Irradiation time 4 minutes at a thermal neutron flux of 5.10 cm .sec
-1

4.4.5.2. IODINE

128,
The average extraction yield of I from irradiated solutions of

NH.I, KI0_ and CH„ICO0H in bidistilled water with 1^ in CCl^ is shown

in figure 4.2. as a function of the irradiation time. There is a

decrease in the fraction of the exchangeable iodine during the first

30 seconds after which the extraction yield increases to 90%.

This points to the temporary presence of a non-exchangeable iodine

species. Addition of ammonia to pH 11 causes this effect to vanish. The

extraction yield at pH 11 reached by adding KOH is smaller than that

observed in the case of NH.OH (cf. figure 4.2.).
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pH-56 IBIOEST WATER)
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1 2 3

IRRADIATION TIME (MIN)

(NH40H)

I(KOHI

1 2 5

IRRADIATION TIME (MIN)

Figure 4.2. THE l2SI-EXTMCTI01/ YIELD AS A FUNCTION OF THE IRRADIATION TIME.

Experimental conditions: (see also section 4.3.)

[I,] during extraction 6 mg.ml CCI,.
-1

I-concentration during irradiation 10 »jg.ml

The influença of the addition of ammonium nitrate is given in figure A.3.

t100
3
UJ

<*50-

&
Lü

1 2 3 A

IRRADIATION TIME (MIN) • •

i op

Figure 4.3. THE l-EXTRACTION YIELD AS A FUNCTION OF THE IRRADIAI "W

TIME AT VARIOUS NH4M>3 CONCENTRATIONS.

Experimental conditions: (see also section 4.3.)

Cl2] during extraction 6 mg.ml" CCl^. [I~] during irradiation 10 pg.ml .
[NH4NO33 = 0

•• 1

mg.ml (-•-
-1

0.05 mg.ml" (•* •-)

[NH4NO3] =0.1 mg.ml (- 1.0 mg.ml"1 (-* M ¥-)
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One of the possible non-exchangeable iodine compounds is iodate.

Addition of barium nitrate (65 mg.ml ) followed by inactive potassium

iodate (20 mg.ml ) to aliquots of the tracer solutions concerned give

rise to a precipitate of Ba(I0,)_. The I-activity in this precipitate
128

is equal to the amount of non-exchangeable I-compound.

While barium periodate is soluble in water and the isotope exchange

between 10 , I and I_ is fast, the conclusion is justified that the

non-exchangeable iodine compound must be iodate.

Clearly et al Cl8] observed in their study of the Szilard-Chalmers

reaction of inorganic iodine compounds also an oxidation of iodide to

iodate due to the radiolysis but this phenomenon was not further

investigated.

Our results indicate that two processes occur simultaneously during

the irradiation, i.e., oxidation to iodate and reduction of the formed

iodate. Possible explanations for these facts may be based either on

the Szilard-Chalmers effect or on the radiolysis. In order to make a

distinction, solutions of NH.I in bidistilled water (1 and 10 pg i'.ml"1)
131 -

were spiked with carrier-free I and irradiated as usual. Extraction
128 131

yields were determined for I and I. Differences are due to the

influence of the Szilard-Chalmers effect. Results are given in figure 4.4.,

which leads to the conclusion that mainly radiolysis products are respon-

sible for the I0~ -formation and decomposition.

Oxygen, not removed from the investigated solutions, acts probably as an

acceptor of the H-radicals, which give rise to oxidation of iodide to

iodate by the OH-radical. When the oxygen is consumed, the 10- ions act

as H-radical acceptors.
100 -I r 100

3
LU

50-

ÜJ

a

8

s
y o131i

. 1 2 8 i

50

dp

?
1

1 1 * *

" /y
***

1 2 3

IRRADIATION TIME (MIN) —
1 2 8 T , „ , „ 131

1 2 3

IRRADIATION TIME (MIN)

Figure 4.4. TEE " " I - AND '~'1-EXTRACTION YIELD AS A FUNCTION OF THE

IRRADIATION TIME.

A) [I 3 during irradiation 1 ug.ml
-1

- I
B) [I ] during irradiation 10 yg.tnl

-1.

-1

[I2] during extraction 6 mg.ml CC14. [I2] during extraction 6 mg.ml CC14
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Recently Shubnyakova et al [193 showed that during the sterilisation

of radiopharmaceutical Na I solutions by Co Y~*ays iodate is formed

due to oxidation of the iodide by the OH radicals, which are water

radiolysis products.

Addition of an excess of ammonia and ammonium nitrate prevents the

oxidation of the iodide to iodate,probably due to scavenging of the

H and OH radicals by:

and

. » ,

NO,

•H

•OH

+ *

•OH

y H-

OH

NO. H

OH

.+

4.4.6. ADSORPTION OF IODINE TO THE POLYTHENE IRRADIATION CAPSULE

It has been reported that adsorption of iodine to polythene may take

place during the irradiation [20]. This adsorption can be suppressed
• -a I

effectively by adding some NH.OH. Figure 4.5. gives fractions of I,

present in bidistilled water, as a function of the irradiation time at

various pH's and a constant initial I~-concentration of 10 ug.ml .

100

Q
i—

- 50

cc

8

1 2 3
IRRADIATION TIME (MIN)

pH= 8.0

pH= 5.6

pH= 2.0

Figure 4.5. THE ADSORPTION OF IODINE TO POLYTHENE AS A FUNCTION

OF THE IRRADIATION TIME AND pH.
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4.5. CONCLUSIONS OF THE TRACER EXPERIMENTS

Several conclusions can be drawn from the results of the tracer

experiments :

128 80
- the isotope exchange of I and Br in water with I. and Br„, resp.,
in CCI, is very fast; the extraction has a high yield,

- neutron irradiation of standard solutions of iodide in bidistilled
123

water results in the transitory incorporation of the I-atom in

iodate,

- addition of NH.OH till a pH of eleven prevents the iodate formation

and the adsorption of iodine to the polythene container during the

irradiation.

4.6. ANALYTICAL PROCEDURE

The following procedure was chosen as a result of the tracer experiments.

- An aliquot of 2.5 ml is pipetted in a polythene capsule and 50 pi

concentrated NH.OH is added if the sample is to be analyzed for iodine.

The capsule is sealed off.

13 —2 —1
- Irradiation takes place in a thermal neutron flux of 5.!0 cm .sec
during 4 minutes.

- The capsule is cooled in ice water and opened, and 2 ml of the sample

are transferred to a polythene vial which contains 3 ml bidistilled

wafer, acidified with 20 yl cone. HC1 if necessary. After mixing the

pH should be < 8.

- Five ml of a bromine or iodine solution in CCI,, containing 10 mg Br,

or 6 mg I. per ml, are added and the mixture is shaken for at least

one minute.

- Four ml of the organic phase are either pipetted in a 20 ml polythene

vial (Br-determination) or transferred to a 7.5 ml test tube

(I-determination).

The measurement is performed either with a coaxial Ge(Li)-detector
Ort ^ j np

( Br; ß and E = 617 keV) or a well-type Nal crystal ( I ; E - 442 keV)

The usual counting time is 15 minutes. Larger frozen water samples

(£ 10 ml) are analyzed in the same way for Br and I if the concentration

is small.
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- Two and a half ml aliquots of dilute aqueous solutions of NH.Br or

NH.I (- 0.1 ugr Br or = 0.05 ug I per ml) are used as standards.

They are processed in the same way as the samples.

4.7. THE DETERMINATION OF BROMINE AND IODINE IN WATER SAMPLES

The obtained specific count rates and the limits of determination of

bromine and iodine are given in table 4-III.

Table 4-1II

THE SPECIFIC COUNT RATE AND LIMIT OF DETERMINATION OF BROMINE AND

IODINE IN RAIN WATER

Element Radio-
nuclide

T| E -measured Specific count rate Determination limit
y -l -i
(keV) (counts.min .ug )

80
Bromine Br 17.6 min

128,
Iodine 25.2 min

617 2.3 x 10 (Ge(Li))

443 3.8 x 105 (Nal)

d/kQ=0.1)

(counts)

1000

2500

LQ
(ng)

2.0

0.15

LQ ,
(ug.l )

0.2

0.015

Data refer to the end of the irradiation.
** . ,. .
Experimental conditions:

Irradiation time 4 minutes in PRS-1.

Cooling time 9 minutes.

Counting time 15 minutes.

Rain water sample volume 10 ml.

The reproducibility and accuracy of the me •' were tested by analyzing

a rain water sample and a standard addition sample nine times. The

results (table 4-IV and 4-V) show that reproducibility and accuracy are

satisfactory.

Table 4-IV

THE REPRODUCIBILITY OF THE NEUTRON ACTIVATION ANALYSIS OF BROMINE

AND IODINE IN RAIN WATER

Br-concentration I-concentration

average

s

(tJg.

21

0

2

r1)
.6

.4

%

(ug.

0.

0.

7%

r1)
42

03
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Table 4-V

THE ACCURACY OF THE NEUTRON ACTIVATION ANALYSIS OF BROMINE AND IODINE

IN RAIN WATER

Element

Bromine

Iodine

Added

25

4.

<Pg

.6

97

Found

24

4.92

(vg

+

+

0.9

0.10

In order to investigate possible interference of an excess of organic material

some standard solutions with added resorcinol and humic acid were analyzed.

The results (table 4-VI) show that the interference is negligible.

Table 4-VI

THE ANALYSIS OF SOLUTIONS, CONTAINING LARGE AMOUNTS OF ORGANIC MATTER

Element

Bromine

Iodine

Added

Gig.!"')

100

100

6.0

60.0

9

1

10

30

Organic matter

.8 mg resorcinol

.5 mg humic acid

.5 mg resorcinol

mg urea.1

.r1

.r1

.r1

Found

103

101

6.3

56.5

The procedure for bromine was also applied to water samples, taken from

the river Rhine. The samples were analyzed by the ASTM method [21] as well.

Results are given in table 4-VII and figure 4.6.

The calculated regression coefficient of the line through the origin is

1.03 +_ 0.03 which indicates that a close agreement is obtained between the

two methods.
Table 4-VII

DETERMINATION OF BROMINE IN WATER FROM THE RIVER RHINE

Sampling station

Schaffhausen

Basel

Karlsruhe

Mainz

Wiesbaden

Koblenz

Düsseldorf

Bromine concentration

Found by seutïon
activation

9.5

28.4

164

236

176

241

226

Found

(ug.r1)

by colorimetry

10.0

28.0

160

260

200

230

230
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300

200

[Br] in ̂ g-l-1)

(Colorimetry)

100

/

+ f

f +

/

r i • •

100
[Br] in

200

(Neutron activation)

300

Figure 4.6. COMPARISON OF ACTIVATION ANALYSIS WITH THE ASTM METHOD

FOR THE DETERMINATION OF BROMINE IN WATER FROM THE

RIVER RHINE.

4.8. CONCLUSION

The determination of bromine and iodine in rain water by neutron

activation followed by isotope exchange with Br_ and I_, resp., in

CCI, is a rapid method with a high accuracy and a good reproducibility.
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CHAPTER 5. THE DETERMINATION OF IODATE IN RAIN WATER

SUMMARY

The determination of iodate in rain water by neutron activation

analysis is described.

Iodate is separated by anion exchange. The limit of determination

is 0,02 pg I.I for a 20 ml sample. The influence of the sea on

the composition of rain water is demonstrated by the analysis of

coastal rain water samples.

Filtered coastal rain water samples are enriched with inorganic

iodine (!„ and 10, ).

5.1. INTRODUCTION

Determinations of trace elements in environmental samples are usually

restricted to total concentrations. This approach is often insufficient

for the explanation of ""he mechanism of the migration of trace elements

in nature.

5.2. THE DIFFERENT SPECIES OF IODINE

The chemical species of iodine extant in sea water are icdide and

iodate [1-7].

Iodide and iodate are supposed to be in chemical equilibrium in sea

water over reaction (1).

51 60H (0

K = 1.0 x 10~24 [8]

The concentration of iodide and iodate in sea water are approximately:

Cl~3 = 1.6 x 10~7 M.l"1; [I0~] = 3.2 x 10~7 M.l"1.

Assuming a pH of 8.3 for sea water, the I.-concentration is 2.19 x 10

M.l or four orders of magnitude lower than the iodide and iodate

concentration.

-11
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Dean [93 investigated the total iodine content in rain water samples

taken near the coast of New Zealand. In order to explain the low Cl/I

in rain water with respect to sea water Dean suggested that organic

matter (algae/plankton) must be responsible for the high iodine

concentration in the rain water. Algae and plankton are known to be

enriched with iodine often to a level of 0.2Z [103.

Dean assumed that one liter of the analyzed rain water contains 0.5 ml

unchanged sea water and 4 mgr iodine-enriched algae.

The concentrations of the inorganic iodine species at equilibrium in

rain water as a function of the pE and the original contribution of

the sea (0.5-3.0 ml sea water / (liter rain water) ) are shown in

tables 5-1 and 5-II.

The calculations are based upon the following assumptions:

1) all iodine is introduced by the uptake of unchanged sea water,

2) only I , I0_ and I_ are present and their concentrations in sea

water are:

[I ]

[I0~3

[I23

= 1.6 x 10

= 3.2 x 10~7 M.l"1

= 2.2 x 10~U M.l"1

3) the overall reaction between the species is

51 6H+ (1)

K = 1.0 x 10
60

The following equations will hold:

ci ] e - ci ] o - I <Cl23e - (2)

ai2im -

After substitution of equations (2) and (3) into the equilibrium

expression, the concentrations of the various species at equilibrium

([I 3 , [10-3 and [1.3 ) can be calculated as a function of the pHe J e &. e
of rain water and the original sea water contribution ([I ] , Cl0o]

o J O

and [ I 2 J O ) .
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Table 5-1

THE CALCULATED INORGANIC IODINE COMPOSITION OF COASTAL RAIN WATER

AS A FUNCTION OF THE pH. (*}

pH

4.0

4.5

5.0

5.5

6.0

6.5

I~

20.41%

21.54%

24.97%

30.42%

32.91%

33.28%

IO3-

60.21%

6O.77Z

62.49%

65.21%

66.45%

66.64%

19.38%

17.69%

12.54%

4.37%

0.64%

0.08%

Sea water contribution: 1.0 ml sea water . (liter rain water)

It is expected that iodate is the major consituent in rain water,

while the iodine and iodide fractions are strongly dependent on the pH.

Table 5-II

THE CALCULATED INORGANIC IODINE COMPOSITION OF COASTAL RAIN WATER

AS A FUNCTION OF THE SEA WATER CONTRIBUTION.(*)

ml sea water . (l.rain water)

0.5

1.0

1.5

2.0

3.0

26

24

24

23

22

I~

.60%

.97%

.14%

.60%

.94%

IO3-

63.30%

62.49%

62.07%

61.80%

61.47%

10

12

13

14

15

*2

.10%

.54%

.79%

.60%

.59%

(*)pH (rain water) =5.0
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5.3. PRINCIPLE OF THE IODATE DETERMINATION

Two sensitive determinations of iodide and iodate in sea water have been

published.

-1
- Barkley et al used amperometry for iodate and a catalytic method for

total iodine [11]. Both determinations are applicable down to 5 ug.l

- Tsunogai separated iodide from iodate by coprecipitation with silver

chloride Cl2], Iodate is transformed into iodine which is determined

spectrophotometrically.

Although activation analyis of iodine as described in chapter 4 is very

sensitive it is not possible to use this method directly to the water

sample because the total amount of iodine will be determined. So it is

necessary to separate the constituents (I , I0_ and I„) prior to

irradiation. This implies the risk of contamination by the blank of

reagents and the laboratory atmosphere.

The most convenient method is anion exchange. A separation of iodide

and iodate by stepwise elution from a Dowex-2X-8(OH ) column is described

by Takiura et al [133. The authors showed that mixtures of anions can be

easily separated into four groups by stepwise elution with the eluants

listed in table 5-III.

Table 5-1 I I

GROUP SEPARATION OF MONOVALENT ANJONS BS STEPWISE ELUTION FROM A

D0WEX-2X-8 (0H~) COLUMN [13].

GROUP

1

2

3

4

0

1

5

2

ELUANT

.1 M NaOH

M NaOH

M NaOH

.5 M NaNO3

ANIONS

BO2~, F~, AsO2~, IO3~

BrO3~, Cl", CN", NO2~

NO3~, C1O3~, Br~

I~, CNS~

Elution of iodate is performed by 0.1 M NaOH but it is impossible to use

this eluant if neutron activation analysis must be performed with the

eluate due to the high radioactivity of Na (Ti*15.0 hr). Therefore,

NH.OH was used instead.
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The adsorption of iodate may be interfered by high concentrations of

chloride and nitrate as these ions have greater affinity for the resin.

This procedure was adapted to our purpose and tested in radiotracer

experiments with carrier free I, T|=8.05 d, E =364 keV.

- A small column = 0.04 g Dowex-2X-8(OH ) is used to adsorb anions from

a 2C ml sample.

- Iodate is eluted with = 10 ml 0.1 M NH.OH and collected in a polythene

capsule.

- Activation in a high thermal neutron flux is followed by exchange with

an excess of I_ in CCI, (cf. chapter 4).

- The y-spectrum of the organic phase is recorded. The area under the

442 keV photopeak of I is evaluated.

5.4. CHEMICALS AND EQUIPMENT

The following chemicals and equipment were used:

- nitric acid (Merck p.a)

- ammonium nitrate (Merck p.a)

- potassium iodate (Merck p.a)

- ammonium iodide (Merck p.a)

- ammonium chloride (Merck p.a)

- iodine (Merck p.a)

- carbontetrachloride (Merck p.a)

- hydrochloric acid (Merck p.a)

- ammonia (Merck suprapur)
131 - -1

- A I -solution: specific activity ^ 500 viCi.ml

- Dûwex-2X-8(NO- ). Before use, the resin is transformed to the OH -

form by shaking with three excess portions of suprapur I.0 M NH.0H

- glasswool

- pipettes of 4 and 5 ml

- membrane filters (30 mm diameter and 0.45 ym pore diameter)

- suction flask with radiochesnical chimney (25 mm i.d)

- micropipettes with disposable tips (50-1000 jjl)

- polythene extraction vials (Packard)

- the elution apparatus is shown in figure 5.1. The column contains

40 +_ 2 mg of dry resin. Its free volume is < 0.1 ml. The column is
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Figure S.l. TUE ELUTION SYSTEM

1 = polythene bottle (V=100 ml)

2 = eluant (0.1 M NH.0H)

3 = polythene tube (4 mm i.d)

4 = tap (teflon)

5 = glasswool

6 = Dowex-2X-8(OH~) column

7 = irradiation capsule

8 = the eluate

prepared by pipetting 200 ]xl of a slurry of 2.0 g Dowex-2X-8(0H~)

per ml into a polythene tip with a small piece of glasswool at the

bottom. Prior to use, the system is rinsed with bidistilled water.

- a peristaltic pump with 12 "tygon" tubes

- a fraction collector with glass test tubes

- polythene 5 ml test tubes

- polythene irradiation capsules (22 x 72 mm)

They are cleaned by rinsing with 5N HN0_ and bidistilled water.

- a Nal-well type detector connected to a sample changer and a multi-

channel analyzer.
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5.5. PROCEDURE FOR THE TRACER EXPERIMENTS

The performance of the column was tested as a function of the I and

10 concentration and of the concentration of the two major inter-

ferences Cl and N0_ .

131,- Iodate, labelled with I, was prepared in the following way:

a) Two ml of a 10 pg I.ml solution of NH,I is spiked with I

-1

b) The solution is irradiated during 30 seconds in a thermal neutron
„ , . ,.13 -2 -1
flux of 5. 10 cm .sec

This causes - 50% of the I to be oxidized to 10 „ (cf. chapter 4

section 4.4.5.2.).

- Hundred ml portions were prepared with total iodine concentrations of

0.16 - 160 ug.l"1. If required NH.C1 or NH.NO- were added
- -1 - -1

(0 - 36.7 mg Cl .1 ; 0 - 20.8 mg N0 3 .1 ). Aliquots were

transferred to elution units and the bottom of each column was con-

nected with a tygon tube to a 12 channel peristaltic pump.

Twenty ml was led through each column at a flow rate of 0.22 ml .min

Fractions of ^ 1 ml were collected and counted in a Nal-well type

detector connected to a multichannel analyzer.

- Elution experiments were performed on columns loaded with 0.0032-3.2

pg iodate and 0.1 M NH.OH as the eluant. The eluant is added drop-

wise to the column and the elution occurs with an average rate of

0.3 ml .min

- Similar experiments were done on columns loaded with - 3.0 ug spiked

iodide, using 0.1 M NH.OH or 2.5 M NH.NO» as the eluant.

- A labelled iodine solution was prepared by shaking an aliquot of the

radiotracer solution with an equal volume of I. in CCI, (60 jigl-.ml )

and back extraction into bidistilled water. This resulted in a

labelled solution of 'v* 20 ygl-.l . One ml of this solution

was added to 20 ml rain water and led through the column. Elution

occurs with 0.1 M NH.OH and 2.5 M NH.N0-.
4 4 3

5.6. RESULTS OF THE TRACER EXPERIMENTS

The results are as follows:

- iodide and iodine are adsorbed quantitatively under all circumstances.
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Iodide as well as iodine can be eluted with 2.5 M NH,N0o. No elution
4 3

of iodide and iodine occurs with 0.1 M NH.OH as eluant,

iodate is retained quantitatively if the concentration of Cl and

a d ^ 10 l respectively (figureNO- are lower than *v 25 mg.l and ^ 10 mg.l

5.2). The concentration ranges of Cl and NO,
— 1

Netherlands are 0.1 - 50 mg.l and 0.5 - 15 mg.l

in rain water of the

respectively [14],

10 B

Concentration (mg.r1;

Figure 5.2. BREAK-THROUGH CURVES FOR 0.21 pg 10 ~ AS A FUNCTION OF

THE NO AND Cl

CURVE A: NO."

CONCENTRATIONS.

CURVE B: Cl~
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- iodate is eluted quantitatively with ^ 10 ml 0.1 M NH^OH (figure 5.3.).

Activity

unit

i

10
Fraction eluant (ml)

Figure 5.3. ELUTION OF 0.21 ug 10 " WITH 0.1 M NH^ OH.

5.7. ANALYTICAL PROCEDURE

The following analytical procedure was chosen as a result of the tracer

experiments :

- columns are prepared and connected to tygon tubes,

- a rain water sample is filtered through a 0.45 vim membrane filter. A

volume of 20 - 25 ml is then led through the column at a flow rate

of 0.22 ml.min controlled by a peristaltic pump,

- columns are washed with 3 ml bidistilled water and transferred to

cleaned elution systems. They are eluted with 0.1 M NH.0H which is

added dropwise at a flow rate of 0.3 ml.min . Volumes of ̂  10 ml

are collected in the irradiation capsules,

.3
•3
3

''4
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- the irradiation capsules are sealed off and cooled in liquid nitrogen»

- irradiation takes place during 4 minutes at a thermal neutron flux of
13 -2 -1

5.10 cm .sec . Cooling time ̂  15 m m ,

- aliquots of 8 ml are pipetted into polythene extraction vials in which

200 vil concentrated HC1 is present and are shaken with 5 ml of I -

solution in CCI, (6 mg I„.ml ) during at least one minute,

- aliquots of 4 ml are taken from the organic phase and transferred to

test tubes and counted during 15 minutes with a Nal-weli type detector

connected to a 400 channel analyzer. The area under the 442 keV photo-
1 28

peak of I (Tj = 25.2 min) is evaluated,

- iodate-solutions (50 yg I.I ) in bidistilled water are used as standards.

5.8. RESULTS

5.8.1. ANALYSIS OF STANDARD SOLUTIONS

Solutions of potassium iodate and ammonium iodide in bidistilled water

were analyzed. The results are shown in table 5-IV. There is an increase

in the relative standard deviation with decreasing iodate concentration.

Table 5-IV

DETERMINATION OF IODATE IN SOLUTIONS OF IODATE AND IODIDE IN BIDISTILLED WATER

Concentration
added as

103- r
-1 -1

(pg I.l ) (yg.l )

49.5

24.7 14.6

4.7 55.6

0.25 2.92

Average iodate
concentration measured

(ug i.l"1)

45.6 i 0.6

22.9 + 0.8

6.3 i 0.65

0.22 + 0.04

Number of
determinations

2

3

4

3
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5.8.2. STANDARD ADDITION MEASUREMENTS ON RAIN WATER

A rain water sample was analyzed by standard addition. Figure 5.4.

summarizes the results. The straight line has been calculated by linear

regression. The iodate concentration in the rain water sample was

(0.30 +_ 0.03) ug. I«l" •

[10a]
R

[IO3-] (ug. l-j

Figure 5.4. STANDARD ADDITION MEASUREMENTS OF 10 IN RAIN WATER.

<°-3° ± °-°3> + (1
[ I O

3 " ] R A I N WATER ± °-°5> "S^ADDED

IThe limit of determination is 0.02 ug I.I for a sample volume of

20 ml (u„ = 6000 counts, !/k„ =0.1, cooling time 25 minutes).
B U.

5 , 8 . 3 . ANALYSIS OF RAIN WATER

16
I

Three successive rain water samples taken near the dutch sea-coast over

a period of ^ 24 hours were filtered and analyzed. Results are collected

in table 5-V. Sodium and chlorine were determined by instrumental neutron

activation analysis.

For bromine and total iodine, the neutron activation method described in

chapter 4 was applied.
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The average concentrations in sea water according to ref. [15] are

quoted too.

Table 5-V

DETERMINATION OF Na, C l , Br , I 0 3 ~ AND t o t a l - I IN THREE RAIN WATER

SAMPLES TAKEN NEAR THE SEA-COAST

Sample Cl Br total-I

(mg.r1) (ug.r1) (ng.r1)

2

3

sea water [15] 11.12x10

16

9

8

.2

.9

.8

!2xlO3 20

22.4

15.0

12.4

.03xl03 68.

95

58

52

3xlO3

3.

1.

1.

62.

55

63

02

1

1

1

0

.58

.02

.40

Some data of total iodine and iodate at Utrecht (70 km from the sea) are:

Sample total-I 10,"

1

2

(lig

4

4

i.r1)

.33

.91

(ug

0.35

0.13

i.r1

i °-
+ 0.

)

02

04

5.8.4. ANALYSIS OF SEA WATER

A sea water sample was taken at the beach at Petten and diluted with

bidistilled water to 500 timer, its original volume. Next three aliquots

of 12 ml were analyzed for ioc'ate and total iodine; the original

concentrations were calculaced from these data.

Results are:

I03" : 35.8 + 4.3 Ug I.l"1 and total-I : 45.3 +_ 5.0 yg.l"1

5.9. DISCUSSION

The following conclusions emerge from the analytical data.

- The determination of iodate in rain water by anion exchange and
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neutron activation analysis is sensitive and reproducible.

The ratio [IO~]/[total-I] is (0.79 +_ 0.13) for the sample of coastal

sea water and (0.48 _+ 0.12) for the coastal rain.

The expected ratios are 0.66 for sea water and 0.60 for rain water

of pH 4.5 - 4.8 (see table 5-1).

The ratio found, which is not very different from the expected value,

implies that a small fraction of the iodine in filtered rain may

consist of organically bound iodine (e.g., bound in proteins).

The average amount of unchanged sea water, incorporated in rain can

be calculated from the concentrations of Na, Cl and Br in sea water

and rain.

For the coastal rain water samples the results are:

Sample

1

2

3

Sea water contribution

[ml sea water . (liter rain water)

1.3 i 0.2

0.8 +_ 0.1

0.7 + 0.1

-1

The sea water contribution calculated from the total iodine data is

t< 40 times as high. This points to enrichment of iodine in rain.

Dean E9] assumed that micro-organisms (algae/plankton) enriched with

iodine must be responsible for the high iodine content in coastal

rain water.

However, our measurements indicate that inorganic forms of iodine

are enriched in rain water. The filtration of the coastal rain

water samples through a membrane filter (0.45 urn) eliminates the

possibility of the presence of algae (length algae > 1 urn). (It

is obvious that we have no data pertinent to the amount of iodine

in micro-organisms in unfiltered rain.)
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CHAPTER 6. THE DETERMINATION OF V, Co, Cu. Zn AND In IN RAIN WATER

BY NEUTRON ACTIVATION AND LIQUID EXTRACTION

SUMMARY

The determination of five trace constituents (V, Co, Cu, Zn and In) in

10 ml of a rain water sample by neutron activation and solvent extraction

is described. The limit of determination of the method is 0.025 yg V.I ,

0.068 ug Co.l~ !, 0.64 ug Cu.l"1, 17 pg Zn.l"1, 0.005 ug In.l"' and

0.025 ug U.I based on a sample volume of 10 ml. This is much lower than

the limit of determination of INAA with short-lived radionucli-des. The

reproduoibility of the method for Co and Cu is considerably better than

in the aase of INAA.

6.1. INTRODUCTION

Instrumental neutron activation analysis of rain water is limited by
24 38 *$fi

the interferences, caused by Na, Tj=15 h, Cl, T|=37.3 min and Mn,

T|=2.6 h. Elimination of these radionuclides by a simple chemical opera-

tion would greatly increase the scope of activation analysis.

The most obvious method to apply is liquid extraction. Preconcentration

of heavy metals from water samples by complexation with ammonium-

pyrrolidinedithiocarbamate (APDC) and extraction into methylisobutyl-

ketone (MIBK) is often used in atomic absorption spectrometry [ 1 ].

Brooks et al [2] showed that Co, Cu, Ni, Fe, Pb and Zn are extracted

quantitatively from sea water at a pH of 3.5 into MIBK after complexing

with APDC.

Mulford [3] mentioned that Ga, In and U are extractable with APDC/MIBK

but experimental conditions are absent in the paper.

APDC forms a chelate with vanadium which can be extracted into MIBK [43

but the precipitation of the APDC-complex hampers the atomic absorption.

The concentration of APDC in the aqueous solution appears to be critical

for the extraction of manganese. At low concentrations of APDC (< 0.052)

the extraction of manganese is negligible [5] while the other elements

are extracted.

It was felt that this separation technique could be applied profitable

in activation analysis if a sample volwœ of at least 10 ml were

available. «*?*£
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This would enable the use of the short-lived radionuclides v, Tj=3.75 min;
6 0 mCo, Tj=10.5 min; 66Cu, Tè-5.1 min; 69mZn, Tj=13.9 h; 116mIn, T|=54 min

and 2 3 9U, Ti=23,5 min. Possible interference of Mn can probably be

avoided by a proper choice of the APDC concentration.

The concentration-range of these elements in rain water C6D is given

in chapter 1. The determination of the first five elements in 11 ml

samples is described here. For uranium, a sample volume of ä 70 ml is

needed.

6.2. CHEMICALS AND EQUIPMENT

The following chemicals and equipment were used:

- cobalt chloride (Merck p.a)

- indium chloride (Merck p.a)

- vanadium oxysulfate (Merck p.a)

- manganese chloride (Merck p.a)

- zinc chloride (Merck p.a)

- uranyl nitrate (Merck p.a)

- hydrochloric acid (Merck p.a)

- ammonia (Merck p.a)

- bidistilled water

- ammoniumpyrrolidinedithiocarbamate (Merck p.a)

- methylisobutylketone (Baker p.a)

- membrane filters (30 mm diameter and 0.45 ym pore diameter)

- suction flask with radiochemical chimney (25 mm i.d.)

- polythene irradiation capsules (22 x 72 mm)

- polythene extraction vials (25 and 100 ml)

- polythene 25 ml counting vials

- glasspipettes of 4, 5 and 10 ml

- micropipettes with disposable tips (50-1000 pi)

- 20 ml test tubes

- a centrifuge with inserts for 20 ml test tubes

- a pH-meter

- a coaxial Ge(Li) detector mounted in a liquid sample changer and

connected to a 1048 channel analyzer.
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6.3. RADIOTRACER EXPERIMENTS

6.3.1. PROCEDURE

The following procedure for the tracer experiments was carried out:

- two ml of a standard solution which contains the elements of interest

was irradiated during 4 minutes in a thermal neutron flux of

5 x 1013 cm"2.sec"' (PRS-1).

The composition of the standard solutions was:

-1
Co :

Cu :

V :

In :

0.5 ug.ml

10

1

lig.ml

ug.ml

-1

-1

,-1

Zn :

U :

Mn :

50

0

5

.5

Pg.ml

Ug.ml

ue.ml-1

0.1 lag.ml

- one ml of the irradiated solution was added to 100 ml rain water,

which had been filtered through a 0.45 vim membrana filter. The pH

was adjusted to the desired value by addition of HC1 or NH.OH. The

pH ranged from 1 to 10,

- two ml of a freshly prepared 1% APDC solution in water was added. Final

APDC concentration 0.2 mg APDC.ml . In the case of manganese the

APDC concentration was increased till 1.0 mg APDC.ml ,

- ten ml of the tracer solution was pipetted into a polythene extraction

vial and shaken with 5 ml MIBK during 2 minutes,

- four ml of both phases and of the original spiked rain water were

counted with a coaxial Ge(Li) detector connected to a 1024 channel

analyzer.

6.3.2. RESULTS AND DISCUSSIOH

The results of the extraction experiments in the pH-range 1 - 1 0 are:

V : (72+3)% extraction in the pH range 3.5 - 5.5 (cf figure 6.1).

Mn : - not extracted with an APDC-concentration of 0.2 mg APDC.ml

- (40+3)% extraction in the pH range 4 - 1 0 with an APDC-

-1

,-1

Co :

Cu

concentration of 1.0 mg APDC.ml (cf figure 6.1).

> Complete extraction.

Zn : Complete extraction in the pH range 4 - 6.5 (cf figure 6.1).

In : Complete extraction.

U : (95+5)% extraction in the pH range 3.5 - 7.0 (cf figure 6.1).
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100%

507«

a
UJ

- \T (0.2mgAPDC.mr1)

100%

50%

MndOmgAPDCml"1)

10 10

g

o
CE

100%

50%

ZnlO.2mgAPDC.ml-1)

100%

50%

10

U(0.2mgAPDC.ml-1:

10
pH- pH-

Figwe 6.1. THE EXTRACTION YIELD OF V, Mn, Zn AND U WITH APDC/MIBK

AS FUNCTION OF THE pH.

The pH of rain water lies in the range of 3 to 6. It should be adjusted

to 5.0 +. 0.5.

An APDC concentration of 0.2 mg APDC.ml will prevent the interference

of manganese.

Two general remarks must be made with respect to the APDC/MIBK extrac-

tion systems. The solubility of MIBK in water is significant: 2.15 ml

of MIBK dissolve in 100 ml water at 25°C. [7] It is, however, reduced

by the presence of salts in the aqueous phase C7J.

1



- 83 -

So it is important that the standard solution, which consists of the

element in bidistilled water, is diluted with rain water after the irra-

diation to prevent systematic errors due to different extraction conditions.

As a rule the ÂPDC solution should be prepared on the day of the

analysis, as APDC will decompose by loss of CS_ and formation of

secondary amines [8]. This decomposition is highly unwanted since

it reduces the extraction yield.

4?

fa

si

6.4. ANALYTICAL PROCEDURE

The following analytical procedure was chosen as a result of the

tracer experiments:

- a large (> 25 ml) rain water sample is filtered through a 0.45 um

membrane filter,

- an aliquot of i1 ml is transferred to an irradiation capsule, which

has been cleaned by repeated washing with concentrated HC1 and

bidistilled water,

- the capsule is sealed off and cooled in liquid nitrogen for 10 minutes.

Immediately after, it is irradiated for 4 minutes in a thermal neutron

flux of 5 x 1013 cm"2.sec"1 (PRS-1),

- the capsule returns in the laboratory within 3 minutes after the end

of the irradiation. The radiation dose rate at the surface of the

sample capsule is ^ 200 mR.h . Ten ml of the sample is transferred

to an extraction vial,

- two hundred (il of a freshly prepared \% APDC solution in water and

5 ml MIBK are added. If required the pH is adjusted to 5.0+0.5. The

mixture is shaken for 2 minutes and transferred to a 20 ml test tube,

- the two phases are separated by centrifugation and a 4 ml aliquot is

taken from the organic layer and pipetted in a 25 ml counting vial,

- gamma ray spectra are recorded with a coaxial Ge(Li) detector in the

energy range of 20 - 2050 keV with 2,0 keV per channel,

The usual counting time is 15 minutes for the determination of V, Co,

Cu, In and U and 1 hour for zinc. The areas under the photopeaks,

are evaluated,

- one standard is prepared from the standard solutions mentioned in

section 6.3.1. by dilution with bidistilled water. They are processed

as the samples.

-Hr-
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Figure 6.2. TWO GAMMA-RAY SPECTRA OF AN APDC/MIBK EXTRACT.

1024
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6.5. RESULTS

Figure 6.2. gives the gamma-ray spectra of the extract at 15 minutes

and 4 hours after the end of the irradiation.

Using the method of Currie [9] the following limits of determination

are calculated from the observed specific count rates (table 6-1).

Table 6-1

THE SPECIFIC COUNT RATE AND LIMITS OF DETERMINATION OF V, Co, Cu, Zn,

In AND U IN RAIN WATER

Element Radio-
nuclide

* **
E -measured Specific count rate Determination limit

(keV) (counts.min g

Vanadium

Cobalt

Copper

Zinc

Indium

Uranium

51v
60mCo

66Cu

69mZn

116mIn

239U

3.

10.

5.

13.

54

23.

75

5

1

9

5

min

min

min

h

min

min

1434

58.

1039

439

417

74.

5

7

5

1

1

3

2

.8

.4

.4

.8

.3

X

X

X

60

X

X

10

10

10

10

10

(J/kQ=O.l)

(counts) (ng) (ug.l )

20 0.25 0.025

1700 0.68 0.068

70 6.4 0.64

3000 170 17

300 0.05 0.005

2200 0.25 0.025

Data refer to the end of the irradiation.

Experimental conditions:

Irradiation time 4 minutes in PRS-1.

Cooling time 10 minutes.

Counting time 15 minutes for V, Co, Cu, In and U.

Counting time 60 minutes for Zn.

Rain water sample volume 10 ml.

Ten aliquots of 11 ml from a large rain water sample, collected at the

central part of the Netherlands, were analyzed. Table 6-II summarizes

the results. The U and In concentrations were too low to be determined.

The relative standard deviations for CT and Cu are much lower than for

INAA (table 3-II).
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Table 6-II

THE REPRODUCIBILITY OF NEUTRON ACTIVATION ANALYSIS FOR V, Co, Cu AND

Zn IN RAIN WATER

Concentration

average

s

s%

2

0

8

V

.71

.22

.1%

0

0

11

(yg

Co

.463

.055

.9%

•r1)
Cu

15.23

0.68

4.5%

Zn

80.

i

9.

8

8

6

Aliquots of 11 ml of the same large rain water sample were analyzed

after the addition of known concentrations of the elements of interest.

Table 6-III gives the results of the standard addition experiment.

T cible 6-III

THE ACCURACY OF THE NEUTRON ACTIVATION ANALYSIS OF RAIN WATER FOB

V, Co, Cu, Zn, In AND V

Element

V

Co

Cu

Zn

In

U

95% probability interval.

The accuracy is rather good for all the concerned elements except

in the case of indium. About 15 percent of the added indium was lost.

Concentration increment

added

(yg

2.

1,

15,

320

0.

0.

•r1)
.0

.60

,0

081

,35

found

(yg-

2.26 :

1.56 :

14.0 j

329 H

0.069 H

0.36 <

r >
L 0-

L °-
I '•

L 13

L °«
K 0.

56

10

7

004

04
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The U-concentration of one large sample was measured by combining 5

irradiated aliquots of 14 ml.

The result was 0.015 V-g U.I
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CHAPTER 7. THE DETERMINATION OF SOME ELEMENTS IN FRACTION OF A SHOWER

SVMMARX

As an illustration of possible applications of the developed methods,

eleven sequential 30 ml samples from the beginning of a shower are each

analyzed for eighteen constituents by neutron activation analysis and

non-radiochemical methods.

A relation between the concentration and the amount of rainfall is

established. Differences in the rate of scavenging of the various species

are observed. From the results, tentative conclusions are drawn about

the ihemical compounds that are present in aerosol particles.

7.1. INTRODUCTION

Air pollutants are removed from the atmosphere by dry deposition,

adsorption to objects and wet deposition. Scavenging by wet deposition

within the cloud is called "rain-out". Any uptake below the cloud base

is referred to as "wash-out".

Various authors have discussed the dependence of the scavenging yield

in terms of a number of parameters.

Bleeker et al [1-2] measured the change in radioactivity, conductivity

and some major constituents in rain water during a shower. Rather

large sample volumes were necessary. Greenfield [3] showed theoreti-

cally that the yield of scavenging of particles by cloud drops depends

on the diameter of the particles and the duration of the shower.

Particles with a diameter less than 0.01 y or larger than 5 y will be

removed to a great extent {y 80%) after an hour of raining with an

intensity of 2.5 mm.hour

Parameters characterizing wash-out and rain-out of a given contaminant

were determined experimentally from the dependence of contaminant

concentration in precipitation on the duration of a shower by

Makhon'ko C4].

Georgii [5] analyzed rainfalls for some major constituents (NH. ,
4

SO 2- NO, and Cl ) in Frankfurt and at the Taunus Observatory, which

is located at 800 meters high on a mountain ridge about 25 km north

of Frankfurt. Because of the geographical situation, it was expected

that rain-out will be the same for both places, but that wash-out will

be important only in Frankfurt. As an important example data of

Georgii for the concentration of Cl in the rainfalls as a function of

the amount of precipitation, plotted on double-logarithmic scale, are

given in figure 7.1.
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dt 1

0.5 1 100 •DEPTH OF RAINFAa (mm)

OS 1 I X • •DEPTH OF RA1NFAU (mm)

Figure 7.1. THE CONCENTRATION OF Cl" IN RAINFALLS AS A FUNCTION

OF THE DEPTH OF RAINFALL [5].

1) Frankfurt 2) Taunus Observatory

Similar curves were obtained for NH, , N0„ and SO, . In the case of

the Taunus Observatory measurements an empirical relation exists between

the concentration (c) and the depth of rainfall (h) given by

c = constant x h~ (xci~
 = 0.25, x^Q - = 0.33).

The concentration of Cl~ is higher at Frankfurt for rainfall amounts

smaller than % 5 mm but approach those of the Taunus Observatory for

larger amounts. This would mean that wash-out is more or less complete

for rainfalls of 5 mm.

Georgii [5] and Junge LSI give a survey of measurements of other authors

and show that all observations have the same trend. Most of the investi-

gations give the average results for a large number of rainfalls. However,

Junge supposes that the concentration decrease will occur in the same way

within individual rainfalls. The experimental check of the above mentioned

supposition is possible only if reliable methods are available for the

determination of trace constituents in small rain water samples.

The elements Na, Al, Cl, V, Mn, Co, Cu, Zn, Br, In and I were determined
+ - 2-

by neutron activation analysis. The constituents NH, , NO« , F, Mg, SO^ ,

Ca and Cd were assayed by non-radiochemical methods, developed in the

Analytical Chemistry Group of the Chemistry Department at ECN.
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7.2. EXPERIMENTAL

7.2.1. SAMPLING

Samples were taken by the Institute for Meteorology and Oceanography of

the State University at Utrecht in the central part of the Netherlands.

Rain water samples of 30 ml were collected by a polythene funnel with

a sampling area of 0.64 m connected to a sample changer (cf figure 7.2.),

Sampling times were recorded automatically.

FIGURE 7.2. THE SEQUENTIAL RAIN SAMPLER OF THE INSTITUTE FOR METEOROLOGY

AND OCEANOGRAPHY OF THE STATE UNIVERSITY AT UTRECHT.

1 = polythene funnel 2 = sampling time recordep

3 = sample ahanger with polypropylene test tubes.
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7.2.2. ANALYTICAL PROCEDURES

The outline of the analytical procedures is given in table 7-1.

TABLE 7-1

OUTLINE OF THE ANALYTICAL PROCEDURES

Rain water sample (30 ml)

INAA: 2 W 8 A l , 3 8 C l , 5 2 V , 5 6 M n

* 80 128
• NAA + isotopic exchange: Br, I

3.0 ml

11.0 ml
NAA + extraction (APDC/MIBK):

4.0 ml

Ion-selective electrode

F", NH 4
+

Spectrophotometry

NO,"

Nephelometry

SO,2'

Atomic absorption
spectrometry

Ca, Mg, Cd

The details of the neutron activation analysis have been described in

the previous chapters.

The non-radiochemical methods can be characterized in the following way:

ammonium

Ammonium is determined by means of a gas sensing ion-selective electrode.

In a measuring cell a 3 ml sample is mixed with 100 yl 4N sodium hydroxide.

After stabilizing for 45 seconds the signal is read and the ammonium is

determined with the help of a calibration curve.

4.0 ml

0.5 ml

-i

A*

1
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nitrate

The sample of 3 ml is acidified with perchloric acid. After removal of

organics and suspended materials the absorbance of nitrate ct 210 nm

is measured.

sulfate

After conversion of sulfite to sulfate by oxidation with hydrogen

peroxide, barium chloride is added to the sample (4.0 ml). After 10-15

minutes the barium sulfate formed is measured nephelometrically at

530 nm.

fluoride

Measurements are carried out by means of a fluoride selective

electrode. To the sample a known amount of fluoride is added three

times. From the voltage readings the concentration is calculated.

metals

atomic absorption, flame: acetylene-air

calcium 422 nm, magnesium 285 nm

atomic absorption, fiameless technique

cadmium 228.8 nm.

7.3. RESULTS

Eleven sequential 30 ml samples from the beginning of a shower were

analyzed for the elements concerned. Results are shown in table 7-11.

The concentration of uranium was below the limit of detection, while

fluoride and indium could not be determined in some samples.

The concentration of all measured elements decreases with an increasing

sampling period.

7.4. DISCUSSION

Only extensive investigations of the scavenging process offer the

possibility to give a description of the rain-out and wash-out.

However,the results of this small-scale scavenging experiment can

give some indications about it.
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Table 7-11

THE ANALYSIS OF FRACTIONS OF A RAIN SHOWER

Sample

1

2

3

4

5

6

7

8

9

10

11

<

(mg.r1

1.6

0.8

0,5

0.2

0.3

0.3

0.4

0.4

0.5

0.2

0.2

NO3"

(mg.l )

2.0

1.6

1.4

1.4

1.4

0.8

1.0

1.0

1.0

1.2

1.4

F

(Pg.l"1)

19

23

14

15

<10

11

<10

<10

21

<10

<10

Na

(mg.r1)

1.07

0.58

0.45

0.31

0.21

0,24

0.28

0.23

0.19

0.15

0.27

Mg

[mg.l )

0.13

0.09

0.065

0.05

0.04

0.035

0.045

0.035

0.035

0.03

0.04

Al

(Pg.l )

176

170

77

119

72

57

185

46

40

35

46

(mg.r1)

6.7

4.3

2.7

2.3

2.0

2.0

1.7

1.7

1.5

1.3

2.1

Cl

ong.r1)

1.45

0.81

0.69

0.50

0.37

0.395

0.59

0.47

0.35

0.31

0.465

Ca

(mg-l"1)

0.9S

0.72

0.55

0.43

0.34

0.29

0.59

0.27

0.28

0.29

0.25

Sample

1

2

3

4

5

6

7

8

9

10

11

V

3.34

2.10

1.65

1.63

1.09

1.27

1.46

1.02

1.08

1.02

1.86

Mn

22.6

11.3

8.0

6.4

4.1

5.1

7.0

4.3

4.3

4.4

5.4

Co

(pg.l" )

1.19

1.65

0.83

0.35

0.355

0.43

0.72

0.39

0.26

0.52

0.68

Cu

(Pg.l"1)

39.4

28.5

23.8

19.2

17.1

25.1

23.8

20.1

20.2

N.D*

13.2

Zn

(Pg.l"1

131

103

68

54

32

45

53

45

20

N.D*

31

Br

20.'.

15.1

10.8

9.75

8.7

7.4

8.3

8.9

7.55

7.4

7.65

Cd

(Pg.l"1)

7.5

4.4

3.0

2.6

2.0

1.95

2.2

2.6

1.75

1.55

1.4

In

(Pg.l"1

<0.005

0.008

0.006

<0.005

<0.005

<0.005

<0.005

0.012

0.006

0.016

0.019

I

(Pg.l )

7.75

5.14

4.42

4.58

3.66

3.09

3.19

2.47

2.61

2.92

6.05

NOT DETERMINED
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The calculated concentrations of the elements are shown in figures

7.3, till 7.6. as a function of the depth of rainfall (h = rain

intensity (mm.min ) x time (min)).

The data are plotted on a double logarithmic scale, corresponding to

the way of plotting of Georgii [5], and application of several curve

fitting programs shows that the relation between the concentration (c)

and the depth of rainfall (h) can be described satisfactory by:

c = a x h (1)

» 1

10-*

1
—..

^ ^

S t >. «;

J

N s s

h (mm) -

Figure 7.3. THE CONCENTRATION OF N0„~, Cl, Ca AND Mg DURING A

RAIN SHOWER AS A FUNCTION OF THE DEPTH OF RAINFALL.
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Figure 7.4. THE CONCENTRATION 0F NH , Na , Mn, Co AND Cd DURING A

RAIN SHOWER AS A FUNCTION OF THE DEPTH OF RAINFALL,
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Figure 7.5. THE CONCENTRATION OF A l , SO 4
2~, V, Cu, Zn, Br AND I

DURING A RAIN SHOWER AS A FUNCTION OF THE DEPTH OF RAINFALL.
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Differences in rate of scavenging during the observed shower are

characterized by the exponent b of equation (1).

The values of b and their standard deviations for the various

constituents are summarized in table 7-1II.

Table 7-III

THE VALUES OF b FOR THE VARIOUS CONSTITUENTS IN A RAIN SHOWER

Element

(xlO 2)

- (50.7 + 0.8)

Mn

Na

Co

Cd

2-

- (47.3 i 0.8)

- (47.0 +, 1.1)

- (46.4 + 2.1)

- (42.0 i 1.1)

- (41.7 + 0.8)

Cl

Mg

Zn

Ca

V

Br

- (39.1 Hh 0.8)

- (38.9 + 1.4)

- (36.4 i 2.4)

- (33.3 +_ 1.4)

- (32.6 + 0.7)

- (30.1 + 0.9)

I

Al

Cu

N0„

- (28.1 + 1.1)

- (27.3 +. 2.6)

- (23.2 +. 1.3)

- (20.0 + 1.1)

In this case, chloride is easier scavenged than nitrate while Georgii [53

observed the opposite,probably due to different conditions of

measurement.
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Our measurements were carried out during one individual rain shower

while Georgii gives the average results of a large amount of rainfalls.

Differences in b-values are probably caused by differences in the

mean diameter of the aerosol particles [3]. Conversely, equality of

b-values may mean that the concerned elements, join each other in the

aerosol particles, perhaps in the form of a chemical compound.

So, the data in table 7-III suggest that e.g., Co(II) and Cd(II) are

mainly present as the sulfates or chlorides, while Cu(II) and

Al(III) are mainly present as nitrates (the concentration of iodide

is small compared to those of copper and aluminium).
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SUMMARY

In this thesis the development of methods for the analysis of rain water

samples for 15 trace elements by neutron activation is presented.

In chapter 1 recent literature data on analytical techniques for the

determination of trace elements in rain water are given. Problems

due to the storage of rain water samples are discussed.

Chapter 2 deals with the principles and practical aspects of activation

analysis which are of direct importance in the analysis of rain water.

In chapter 3 a multi-element method for the determination of trace

elements in rain water by instrumental neutron activation analysis is

described. Gamma ray spectrometry using Ge(Li) detectors offers the

possibility to determine Na, Al, Cl, V, Mn, Co, Cu, Br and I in rain

water samples of 2.5 ml after an irradiation during 4 minutes in a
13 -2 -1

thermal neutron flux of 5.10 cm .sec . In residues of rain water

samples of 100 ml, irradiated during 2 days in a thermal neutron flux
13 -2 -1

of ä 5.10 cm .sec Cr, Fe, Co, Zn and Sb can be determined after

a cooling period of t> 21 days.

The detection limits are lower than those reported in previous inves-

tigations; only for Cu the detection limit for atomic absorption

spectroscopy is lower than for the present method.

The precision is about 10% or better, except for Co, Cu and I.

In chapter 4 a routine method for the determination of bromine and

iodine in rain water by neutron activation is presented. The elements

are isolated by isotope exchange between the irradiated sample and a

solution of Br„ or I„ in CCI,. The method is not sensitive to the

chemical species in which the halogen is present.

Compared with INAA the detection limit and the reproducibility are

much better.

Irradiation of solutions of iodine compounds in a high thermal neutron

flux gives rise to the formation of iodate. Results of a further inves-

tigation of this phenomenon are given.

In chapter 5 the determination of iodate in rain water by neutron

activation is described. Iodate is separated by anion exchange. The

influence of the sea on the composition of rain water is demonstrated

by the analysis of coastal rain water samples.
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It is shown that filtered coastal rain water samples are enriched in

inorganic iodine (I. and 10, ).

The determination of five trace elements (V, Co, Cu, Zn and In) in

10 ml of a rain water sample by neutron activation and solvent extrac-

tion is described in chapter 6.

For V, Co and Cu this method is more sensitive and reproducible than

INAA.

Chapter 7 gives, as an illustration of possible applications of the

developed methods, the results of the analysis of eleven sequential

30 ml samples from the beginning of a shower.

Each sample is analyzed for eighteen constituents by neutron activa-

tion and non-radiochemical methods.

A relation between the concentration and the amount of rainfall is

established. Differences in the rate of the scavenging of the various

species are observed. From the results, tentative conclusions are

drawn about the chemical compounds that are present in aerosol parti-

cles.
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SAMENVATTING

In dit proefschrift wordt de ontwikkeling van een aantal analysemethoden

beschreven voor de bepaling van een 15-tal spore-elementen in regenwater

door middel van neutronen activering.

In hoofdstuk 1 wordt een overzicht gegeven van recente literatuur over

de bepaling van spore-elementen in regenwater. Problemen die op kunnen

treden tijdens de monsteropslag worden besproken.

Hoofdstuk 2 behandelt de theorie en praktische aspecten van de neutronen

activering die van direkt belang zijn voor de analyse van regenwater.

In hoofdstuk 3 wordt een multi-elementen analysemethode beschreven voor

de bepaling van Na, Al, Cl, V, Cr, Mn, Fe, Co, Cu, Zn, Br, Sb en I door

instrumentele neutronen activering.

De ondergrenzen van de methode zijn lager dan die van vroegere onder-

zoekingen,, behalve voor koper.

In hoofdstuk 4 wordt een routine.nethode beschreven voor de bepaling van

broom en jodium in regenwater door middel van neutronen activering, ge-

volgd door een afscheiding van de gevormde radionucliden door extractie

met een oplossing van Br„ resp. I„ in CC1,.

In vergelijking met de instrumentele neutronen activering analyse voor

Br en I zijn de ondergrenzen van de beschreven methode en de reproduceer-

baarheid beduidend beter.

Het gedrag van waterige jodide oplossingen tijdens de bestraling in een

hoge thermische neutronen flux is onderzocht. Tijdens de bestraling

wordt jodide gedeeltelijk omgezet in jodaat.

Hoofdstuk 5 behandelt de bepaling van jodaat in regenwater. Jodaat wordt

afgescheiden door anionenwisseling voordat de bestraling plaatsvindt.

De invloed van zeezout aerosol op de samenstelling van regenwater wordt

gedemonstreerd door de analyse van een aantal aan de kust opgevangen

regenwatermons ters.

Het blijkt dat deze monsters verrijkt zijn met anorganisch jodium (I„

en 103").

In hoofdstuk 6 wordt een bepalingsmethode voor V, Co, Cu, Zn en In in

10 ml regenwater bes.hreven.

Na neutronen activering worden de elementen afgescheiden door middel
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van extractie. Deze methode is beduidend gevoeliger en heeft een

grotere reproduceerbaarheid dan de instrumentele neutronen activering

in het geval van V, Co en Cu.

Als een illustratie van mogelijke toepassingen van de ontwikkelde

methoden worden in hoofdstuk 7 de analyseresultaten weergegeven van

11 opeenvolgende frakties van een bui regen.

Een 18-tal componenten werd bepaald in ieder monster door middel van

neutronen activering en niet-radiochemische methoden.

Een verband tussen de concentratie en hoeveelheid regenval is vast-

gesteld. Verschillen in uitwassnelheid van de verschillende componen-

ten zijn waargenomen. Voorlopige conclusies omtrent de chemische

verbindingen in aerosol deeltjes worden gegeven.

--••p .
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