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Absuact. The analysis of Trace clomenr in diffonent kinds aof waiers is deseribed, 1wsing a procancen tralion
rezhnigquue om inn exchunge loaded Filler papees. The Ners were anddyzexl craplaying an e tey Gispelsive
M oray Muarescepee syeren characierizod by radiaisotonic cxeitalian sriTees and gas T oTRHl sl o semi-
conductor deteclars. The detection Ltz of the methoed were experimenially derermined ard the Aomenial
Towgks in typical waters were med-ured

1. Introdocticn

The determination of trace element concentralion in walers constileles an analytical
problem of considerahble praclicil impartanee and ol developing nterest. In faet i is
indispensable For cunlrolling walcr pollution caused by industrial discherpes and has
promise [or the cvalustion ol waler utilizability lor industrial and alimentary
TPLrEh s

As an example, Table ¥ gives the maximum admissible concentration of trace
elements in drinking water according to the lmlian Public Health Law. The
application of these laws requires that relatively simple and geperally reliable
monitoring methodologies be used, which allows boch the monitoring staffs and the
interested ndustries 1o compare the waver characteristics wiih legal requirements.

Lisually, for the determination of such small concentrations, analytical lechniques

TABLE I

Limiling comcenerations {in ppm} of some metals in drinking waler
acearding ra the Malian Fublic Health Law

Coruvebraton Clonceniration

Element I E betrenl fppm
AE 1 Fe a3
MAs 0.0 Hg .00
Ba 1.0 kn s
Cd T M3 |0
riil 1.0 Fh 0.0%
Crvl 0,08 Se .
Cu .5 n 10

Barer, Afr, ord Soif Polferion P 97800111, Al Kivkir Rerreed
Copwright 0 19IR by 1x Neidel Pubiishing Companp, Dordrecht, Holiond
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such as atomic absorption, alomic emission, activation analysis, mass spectrometry,
colorimetric methads, electrochemical methods ete. are employed. The X-Ray
Fluoreseence (XRF) technigque has recendy achieved considerable imporance in the
determination of race ¢clements. The XRF may be induced by protons, by the more
common and simple radioisolopic sources emitting low energy X or gamma rays, or
by minjaturizedt X-ray mbes. The XRF wchoigue does nor have sufficient sensitivity
for directly analyzing liquids, but it does very well for a simple pre-enrichment
stadium employing ion-exchange resins or ich exchange resin loaded filter papers.
The coupling of iom exchange resins to X-rays energy dispersive fluoresence analysis
is very successful as Lhe resins and the filter papers containing resing codstitutes an
ideal matrix becaose of the tow atomic number of its constituents.

A large body of references is available on the characteristics of the resins and om
the employment of ion-exchange resins loaded filter papers coupled to various
analvdcal techniques, while daia concerning the coupling of XRI' analysis te an
entichment siep employing ion exchanpe resins are still scarce (Helynska ef al, 1971;
Law and Campbell, 1974; Leyden, t974; Van Gricken e? ai., 1976; Smith and Mas,
1976; Wundt et al., 1976).

In Lthis work a systematic study has been carried oul on ion-exchange tesia loaded
rapers, using an X-ray energy dispersive equipment. This permils a eonlcmpoarary
quantitaiive analysis with good precision, simplicity and reproducibility of most gl
the ions present in solution, Adsa a systematic study has been conducred on the
cepruring by the resins of the ipns [rom the selotion being filtered and of the optimal
pH valoe.

Finally, ail condidons allowing a quantitative delcrmination of the concentration
of the 1ons in different waters have been studied and siandardieed,

2. Apparatas

Drifferent experimental arcangements have been emploved for different kinds of ions.
To measure the amount of major ions in water, for example Ca in nateral or mineral
walers, or ions in industrial effleentz, a “single element’ apparatus has been setup. 1L
consists of & gas propordonal counter coupled te a sealed-off radigisatopic source, a
linear amplification chaio, a single channel analyzer and a scaler-timer.

For the analysis of solutions containing a large vancly of ions, it is necessary to
analyze the filter with a semiconduoctor detecior for X-rays and o employ 8 rolti-
channel analyzer. Therefore, we emploved [or light elements [Z <15, Xy -rays
analysis) and for heavy elements {Z > 75, X, -rays analysis) a S{Li) detector &6 mm
diameter x 3 mm thickness with 180 eV resalution at 5.9 keV and an enlrance window
of 15 gm. For Lthe analysis of medium elements (30 < Z <60) a Ge(Li) detector 12 mm
diamerter » 3 mm thickness has been used with 400 ¢V resolulion at the 32 ke Ba-X;
peak. For elemnents having atomic number Z <22, a 2 Ci H3¥/Zr radioisctopic source
has been employed. For elements ranging [rom 20 to about 38 (X,.-rays) and from
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TAHLE 1L
Chaice of the radinisouopic sowree wad of Ui deector ag 3 function of the alomic number 2 of the clemwenl
19 b aralvzed
Detertor
Radiosaramic ~ingle dernend melticlcmen|
z sOurCE analysis analysis
1622 [Xg-raye] HYEr {2 i Thin witwlow Xe-gas SuLip-seroeonducoor
PrOL ciMImiber detectlor
2275 (M -ravs] Po (10 miCi} Me—pas peop. COWNLET Ki(l i-semicanductor
datecior
35540 | X p-rays) Am (5] mCi He-pus prop. COufiTet G Lipscmiconduelac
dereciar
4535 (X p-cscape praks) AmE! 5P mCT Kr—gas prop. counler
N2 (6 -ruys] PuZ¥® [ 1rmCi) Xe—pas prop, CounTer S [ipsemicondus lor
detector
B 242 (X -ercape peaksl Puid¥ (11 mL1) Kr—pas prop. counicr

abont 73 to 92 (X, rays), a 10 mCi Pu®* radioisolopic source was emploved, and for
elements ranging from about 40 toabout 6, a S0 mCi Am?! source wasemployed.

A summary ot sourpes and detectors emploved in the present work iz given in
Tuble [1. More details about X-rays detectors and radioisotopic scurces can be
Found in a previous paper {Cesareo ef 2., 1976).

3. Results and Discwssinn

In the present study, ien exchange resin loaded (ilter papers, prodoced by Whatman
Inc. were employed; their characteristies sre listed in Table 1IL. Their average atomic
number is about Z = 7 (deduced by transmission measurements} and their thinness
render these filiers optimal for XRI® analysis as they approximate well samples
called ‘chin’® in literamare,

TABGLE I

Physical properies of some resin | oaded fillers
Filier SA-Z %n-2
Hesim Lype Amberlite IR-120 Amberlite IRA-120
% Resinin paper 45 . %0%0 45500y
Rezin lorm Mat -
Thick reess (10 0D 0,33 0.35
Flow rate Tast Fast
Exchange capacity 0.2 tue 15 meqg

Wselul pil range 1-14 -1z
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In the case of *Lthin samples’ one can write that the XRF counts relative to the i-th
ions absorbed by the resin filter are given by the expression:

N; = NoKe (Br) o i (1—1/5) G m counts 5 M

where N, is the aumber of photons s of energy £, emited itom the source and
directed on the filter, K is the geometric efficiency, r(#;} is the intnnsic efficiency af
the detector at energy L; corresponding to the X-rays emitied by the element 4, o, is
the fluorescent yield of the ith element and pn ; (in g ¢m 9 is the phoroelectric mass
absorption ceefficient of element 7 at the energy F|, J; is the ahsorption coefficient
of element { at the energy £, edge jump rato, & the cancentration of Lhe ith element
and 7z {in g cn~%} is the mass per unir area of the filrer.

It can be deduced from Equarion (1) that the fluorescent counes A; are independeni
of the presence of other clements within large intervals of concentration (Cesareo
er al, 1976; Rhodes, 1974), that the fluorescent counts N, are directly proportional
i the mass per unit area of the #th element, and thart it is possible to evaloaie the
concentration of the elements present in the sample to be analvzed by employing
omly one standard sample of any one of the elements. In fact, from the measurements
obtainet) with such samples, the product N, X can be evaluated, and therefore, sinee
wi, Hpi and J; are accurately known, it is possible to deduce the conceniralion of any
other of the elements present in Lthe liler, as long as the ialringic detector’s elficiency
is known {Giaugue 7 oi., 1973).

3.1. EXTRACTION TCECIINIQUE

We have compared lour difTerent extraction techniques with ion-exchange resin
loaded filter papers: passage of the solution through the Filter with aid of a peristaltic
pumyy;, with aid of an hour glass system: by dropping 1t on a separztory funnel; and
bv bathing the fitter in the solutioa.

The Frst Bliradon technique permits a rapid flow of the solution through the filter
and presents several advantages when using a peristaltic pump with several wbes in
paraliet, but il does nol allow, without considerable difficulty, the passage velocity
ol the solution to be varied conlinvously. This technique cannot be used for filiering
very small quantities of solurion [few ml) and it infroduces some perturbaticn in the
circuit.

The second technique bas the advantage of using both faces of the filter ta obtain
a very homaogeneous deposit, but it is unsnitable for varnable volumes of solulion
and does not allow the pazsage velecity of the solution Lo b varicd,

The third technique consists of passing the solution Lthrough the liler wsing a
dropping procedure which allaows the passage velocily ol the sohition and the volume
of the solulion e be varied with ease. [t furthermors parmits the conirgl of the
collection of ions at any passage of sohition, and to attain sufficiently hompepeneous
depasit of the filter as long as one takes care to create a larpe (low o that the filter is
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complerely bathed. The filtration velocity in such case must be of about 10 ml of
solution mint,

The bathing technique has been used with granular resing with pood results, and
warks very well for very small quandties ol solution, For 2 compleic ionie captare
with resin filter papers this filtration lechnigue requires on the other hand rather
long inlervals of dme. In the case of biological liquids where filtering of more than a
lew thl of ligquids 15 pot possible, the immersion of a filter in the liquid allows an
almost compilete trapping of the ions.

Onee the filtration technigue was sclecled, the fallowing oplimizatan steps were
carried out:

1.1.1. Choosing the number of Filtralmons

It 15 necessary to obiain almosi complete ¢xcraction of the ions from the selution. Tt
has been sxperimentally determined that with 6 to 14 passages the filcer coltects &5 to
5% af the ions. 1f a homogenenus depasit is desired, particularly for light elemenis
XRF analysis, it 15 necessary Lo altemate the fliering on the two faces of Lthe Mler.

3.1.2. Choaosing {he Optirmal Pilfration Volume

The exchanging capacity of a filter is 0.2 m eg for cationic resins and 0.15 meq for
anionic ones. This correspends to an ionic trapping which is for exampie 4 mp for
the Ca?' ions. Therefore the filter ruhs out of its exchanpge capacity for a larger
amount of filtered elements. For the maximiam trapping of 1ons having 8 much
smaller concentration than Ca, for example congentration of the order of parts per
million or less, Lhe optimum volome 1o be Mlered 15 the maximom one relative Lo the
mazjority ien present in the solution. For example in Figure 1 are shown the Sr
(0.14 ppo1y and Zn (0.4 ppm) connts versas the filtered volime in the case of

‘Fingpr’ mineral water, where a volume of abowut 300 ml is sufficient to salurate the
Ca content,

3.1.3. Chnosing the pH of the Sofution

The optimum capturing zone of the filter of the SA-2 type in refarion to the pH of
the solution is for pH < 4. This has been verified employing standard solutions of
Cu?! and varying the acidity. In fact there is an optimum trapping for pH= 3. A
different behavior, on the other hand is obtained with standard solutions of Mn?-.
In this case the capluring follows rather a constant function with no dependence by
pHup 1o pH = 7. In our case walcr samples were filtered at pH = 4.

3.2. AESOLUTE DETCEMINATION (IF THE CONCENTRATION

The following conditions must be folfilled in erder to achieve an absolute determin-
alicn of the concentration of the ions in the solution to be filiered:

- that the filter musc colleet al least 90 o 95% ol che jons of the solulion. This
condition can be controlled by analyzing successive filters containing the residual
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Fig_ 1. Sirontium and £n counts versus the filtersd voloroe af *Flugs” water.

ions of the already filtered solution. An ¢xample i shown in Figure 2, In any case
with a sufficient number of passes the ions in solution can be almost completely

callected;
- that the

distribution of the jons on the fileer b approximacely pniform. This

condition has been tested for many cases and for different elements, enabling us to

determinge a minimuoam decrement of the counts from the cenier to the border of the
Mlter:
r
i’
L .
i - ca = .
1 s
-
7 _,' P n . T
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Fig. . XRF specirum af 25 ml of tap water atter  passes Ibrough a8 oo exchinpe resin losded Mller -

(upper curve) and aler socerasive 8 passes through a second filter [lower oorve).
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- that there be a lincar relation between the concentration of the analyred ions and
the relative counrs. This condidon is of particular importance and has been verilied
with standard solutions ol various concentrations and for various jonic forms. It
was lound 1o be satisfactory as long as the saturation condition of the filter was not
reached (Figure 3);

- that it is verilied that the sample is thin in order to employ the linzar relation (1).
This hypothesis is verified when the condition:

MHE,) + E;)) =1 (2)

holds, or with oplimum zpproxmation, when m{u(F;) + #Eq) = 0.05. For the
maximuin deposit on the filter, this approximation yields the valucs shown in Fipure 4.

When the absorption ol the X-rays by the analyzed element by the filter is taken
into accaumt, Equation (1} can be wrillen:

N~ NoK e{Ey) e (1 — LAF)y e WE2E G coynts 5! {1

The intrinsic efficiency of the detecior for the fluorescent X-rays of cnergy F,
is 100% in the encrey range from S to 18 eV, For lower energies it is 9%6% for Ca
X-rays, 93 % for K X-ruys and 836% for C1 X -rays.

The values of &; are lisled in Bambynek ef g2, (1972) and 50 are ihe values ol .f,
(Clark, 1974) and pip; (McMaster ef af, 1969). For this latter parameter it must be
noted thae the: photaelectric effect due to the contribution of the X, lines of uranium,
For the Pu®? source, that is L, = 13.5 ke¥ (relative intensity 35%), Ly = 16.8 keV
{r.i. 53%) and L, = 20.2 keV (r.i. 13%) can be approximated wilh as if there is a
single line at 16 kY.

T T [ T

(T
a3 o 3 E pom e

Fig. 3. <Calibrdtion curve For the delermination of the Co? ' jons conlend in wacer soiorign eollactad on
Sh-2 resan loaded Filrers.
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a8 function of atomic munber 7 and of the exciliog §punce,

Finally, standard samples consticuted by varable quantities of Co ([rom 1 1o
200 pe e~ and of Co (from 10 to 150 pg cm ) were used. From the counis
obtained with these standards using constant geomeiry, we have obtained the value

of N, K.

3.3 MINIMUM DITECTION LIMITS

The minimum detcetion limit of the technigue depends critically on the congentration
of the major ions present in the water analyzed (generally Ca), the radinisolopic
sourge, the detector and the measuring time. Using the semiconductor detectors
deseribed, and the Pu®® and Am?! sources, the approximate minimum detection
lisnits in a measuring time of 4000 s are given in Table 1V,

3.4, CALCIUM AMALYSIS OF WATERS

The analysis of Ca content in different waters was carried out using Lthe simple
instrumentation described in Section 2, which had a 2 Ci H/Zr radioisolopic source
and a thin window Xe gas propartional counter, The resulis, obrained during 100 s,
are plotted in Figure 5 and are comparced in Table ¥ to the results obeained with
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TARLE IV

Approximative MDD {in pph] of the X R} techoigue
using ion exchange resin loaded Flier papers;

measurims Limwe: 4000

Ca 2005040 &r 30100

Ti 54200 {d 15-=0
Mn T-3 Ba 19-20
Fe b3 Pt -6
Cu -1

FAL -6

i1} 1.5.5

I:IH

T T T
1 ) 3

T

P (T[T

Fig. 5. €alibraticn curve of the Ca ions concentralwn in dif ferent hisds of water, Radisissonic source:
M2 2 Ci) Measuring time: 100 =,

TABLE V
Analysis oI Ca in different waters cmploying ibe XRF rechnigue and taditood

it huomcs

Ca cunwenl (o ppm) with {Caconlent lin ppm) with
Water the XEF fechnique teaditionat methods
Fuegi T 11
La Bawcchelta 42 !
Mepi 15 s
Egcria 107 L1}
Peschiera 161 —
Anpia 157 14
Sangemimi aiy 340
&N

lermrelle A4
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Fig. 6, XEF sncetrum al 250 ml e “Fiupei’ mineral water colberied vn o S4-2 Dl Badioisulopic
gaurer; P {10 mCiy, Measoring fime; 4000 <.

traditonal metheds. it can be observed that the averape deviagon between XRF
analvsis and the resules of the other analyses is about 7%. A lttle difference can he
abtained batween the counts on the two faces of the samc llier because al self-
absorprion of Ca X-rays by the filter itself. This ¢lfoel requine measuring both Faces
separately and assuming an average value of counts.

Ga
Mik
o " T
7 —
L
1
At - -t Cu £
S I ki
1 - - '
1
S
""‘-n,,r- 2Tz '.,-..._#. .. L .
'.wﬂ:"‘.—_q'l =t ."-
'\-—l"i“l""h“-
T L T
!
1 o kK zH

climnne

Fip. 7. XRF speciram of 50 ml of *Nepi' mmeral water colbecred on a 5A 2 filier, Radinisobopic sowrce:
Pur2M 1) mi ). Measuring time 0¥ 5,
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1.5. MULTIELEMENT ANAIYEIS OF WATERS

For contemporanecus muldelement analysis of walers, scmiconductor detectors
heve been nsed. Figures 6 to 9 show specira of mincral and tap water samples. Fhe
rasults obtained for samples of mineral and tap waler are summearized in Table Vi
and compared to the available results of analyscs carried out with other methuods
(chemical analysis, aromic absorption, colorimetric methods erc.). As can be nalad,
the agreement is generally good.

TADLT %I
Cuantilahve resulis for different wailer cantples by XRF analysisand by rraditional oetheods (in peinen tlweses),
{ancentrulionio ppnL

Waler
Llernent Mep* Fperia* Fiugpi® Appa* Peschicrat*
K . 43 H3{TH 213} 3506R) S
Ca 15{T5) S8 {1007} 14(13) 1304140 140
Mn AT 1.1 0. Q. S
Fe Q.20 LE) a1 LR 5] = R
Cer — 00z — G
Mi T Taw J1.015 0.0 2.7
Cu 03 1003 7.007 — 006
¥n oanR — 00 —_ 10
As o —_ i3
Sr Gaid. 53 1.1 AR 1.3 L
d — — o= — 0.03
Sn narr (]| 006 (EX] )
Nh — - — — 0.al
Ba o [1-4 LS LY ) D
— — .03

Pb - —

*Mincral watcr
¥ Tap wate|
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Fig. 9. XET cpectrum af 500 ] of 1ap warer collected on a S5A-2 filler. Radioisotepic sounte: Al
(50F meCi). Measuring time: 1014 5.

1.6, FYALLATION OF THE CRREORS

A correcl evaluation of the error in the delermination of trace element concentration
in waters is difficult because of the varicly of their erigin. It may in fact depend on
the fullowing reasons; crrors due to (he use of standard samples and Lo the computa-
tion of the paramelers of Cquation (2'); counting sLALSECS;, errors doe to ingormect
usc of extraction lechpique; inhomogeneity of the collection in the filier cle. By
analyzing these various sovmees of error it can be surmised that the error doe io
counting statistics and or duc Lo the employment of standard samples and o
Equation (2" ranges around 20%. An incorrect use of the filtration Lechnigue can
lead to errors which can be very much larger.

4. Conclusion

A mulielement analytical techmigue based on Lhe radicisotopic X-ray fluarescence
has heen develuped and applied to the studies of natural waters. A rapid pre-
enrichment step utilizing ion exchange resins loaded papers, followed by X-ray
analysis of the fiter paper permits the simulianeous measurements ol a large
number of trace constituents, Samples of mineral water and of tap water werc
analvzed. :
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