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Abstract—Previous applications of the method of known additions for quantitative X-ray fluorescent
analysis have assumed a linear relationship between peak intensity and concentration of the element
being analyzed. This assumption is true for soils or sediments containing small amounts of the
element in question, In this paper, an equation is derived which takes into account both absorption
and enhancement and thus is applicable to samples containing high concentrations of the element.
The equation was tested by analyzing an artificial soil sample containing 60% kaolinite and 40%,
hematite, i.e. the sample contained 28% by weight iron. The fluorescent analysis utilizing the equation
derived here resulted in an iron content of 27%. In addition, nine soils from Hawaii were analyzed
by this method and the results of these analyses compared with analyses by atomic absorption. The
agreement between the two methods is good. It is concluded that the method and equations proposed
here provides a reliable measurement of elements in a soil sample which contains high concentrations

of the elements in question.

INTRODUCTION

This paper describes a quantitative X-ray fluorescent
method to determine the amount of various elements
in soils and sediments. The basis of the analysis is
a comparison of X-ray fluorescent peak intensities of
the element in the sample with intensities of the same
element in specimens of the original sample plus
known additional amounts of the element in question.
In other words, the element to be determined is used
as an internal standard. Although use of the element
to be determined as an internal standard was suggested
by many authors, a linear relationship between the

peak intensity of a particular element and its percen-
tage in the sample. Such a relation, however, is
usually governed by the matrix effects which include
both absorption and enhancement as shown below,
therefore a direct correlation is impossible.

Birks (1959) gives a complete derivation of the equa-
tion for expected fluorescent intensity. Both absorp-
tion and enhancement are taken into consideration
in that derivation. If an assumption is made that the
exciting radiation is monochromatic, the following
expression is obtained for intensity;

Qs

intensity and the concentration of the element was I, = — g~ (mpescbp +ugescbrioly
assumed (Adler, 1966; Birks, 1959; Handy and '*  (mesce, + ppesedy)p
Rosauer, 1959; Jenkins and deVries, 1967). This )
assumption is true only when the concentration of
the element in the soil and the additional known where
amounts are rather low. Otherwise, due tg the f:ffects I, = expected fluorescent intensity of some char-
of absorption and enhancement the relationship be- .
- . . . acteristic line of element x;
tween the intensity and the concentration is not linear 0. — excitation constant of clement x;
(Adler, 1966 ; Birks, 1959; Blokhin, 1965 ; Cullity, 1967; I i intensity of the primary ra diatior’r
Jenkins and deVries, 1967; Miiller, 1972). The method po \SIty p Y ’ L
. . p, = density of element x in the layer dl which is
described here takes both absorption and enhance- R )
. . . . shown in Figure 1;
ment into account and is applicable to soil samples .
L ) : . p = density of the sample;
containing high concentrations of the element in . i £ th e f
tion §p = Mass gbsorption coefficient of the sample for
queshon. the primary radiation;
THEORY 1, = mass absorption coefficient of the sample for
For a direct quantitative analysis of a sample, it is the ﬂuorescept rad.1at10n; o _
necessary to have a relation between the measured ¢, = angle at which primary radiation strikes the
" — surface of the sample, as shown in Figure 1;
Investigations sponsored by U.S. Army Research Office ¢, = angle at which fluorescent radiation emerges,

and the Engineering Research Institute, lowa State Univer-
sity.
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as shown in Figure | ;
L = the distance from the surface of the sample
to the layer di, as shown in Figure 1.
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Fig. 1. Primary and fluorescent radiation paths through a
thick specimen.

The expression, (u,cscg, + ppescey), in equation
(1) accounts for absorption and enhancement, which
was verified experimentally by Beattie and Brissey
(1954).

Now, if L is allowed to go to infinity and p./p is
expressed by x, which is the weight fraction of the
element to be measured, equation (1) becomes simply:

_ QxIpox
(upescd, + upescd )

By definition, mass absorption coefficients, x, and
iy can be expressed as:

Hp = x.u'xp + (1 - x):u'mp = x(:u'xp - )ump) + ,ump; (3)
:uf = x:uxf + (1 - x).u'mf = x(:u'xf _ Hmf) + :umfs (4)

@

I,

where p,, and p,,, are mass absorption coefficients
of the element being determined and the matrix
material for primary radiation, respectively. Para-
meters i, and u,, are mass absorption coefficients
of the element being determined and the matrix
material for fluorescent radiation, respectively.

Substitution of equations (3) and (4) into equation
(2) gives:

I = Q1
T xl(bep — Hmp)eSChy + (p — kg descPr}
+ {tmpCscd, + pn cscd .
%)

The terms {(it,, — My )C5¢h, + (of — iy )esc, ) and
{tmpescd, + pmrcscdy} are constants, and can be
designated as 4 and B, respectively. Therefore, equa-
tion (5) becomes:

_ Ol

Ira Ax+ B’ ©

The. matrix effects (i.e. absorption and enhancement)
are accounted for in this equation by the parameters
Q. A and B. As is shown by the following
analysis, these effects can be eliminated by addition
of known quantities of the element being determined
to the sample.

When a known quantity of the element being
determined is added to the sample, this mixture is
referred to in this paper as the specimen. However,
it is usually more expedient to add a compound of
the element rather than the pure element. Therefore,
in addition to the element in question, other ele-

ments are added to the sample. Let C be the known
added weight fraction of the element in the specimen
and k be the weight fraction of the element in the
compound added. Then, the weight fraction, Cy, of
the elements other than the element being determined
can be obtained from:

Co= % C. )
Now, the weight fraction of the sample in the specimen
is (1 — C — C,) and the unknown weight fraction of
the element in the specimen is (1 — C — Cy)x. There-
fore, the total weight fraction of the élement in the
specimen is:

X=(0-C—-Cy)x+C. 8)

Substitution of equation (7) into equation (8) gives
C

X=<1—-;>x+€. )

Obviously, the mass absorption coefficients of the
specimen for primary and fluorescent radiations will
be different than those of the sample. These coeffi-
cients can be expressed in the following manner;

1—k
u;=Xuxp+<1—X—T )

1-k
X ﬂmp+ Tcﬂop
or
1—k
H’p = X(.uxp - ”mp) + C(T
X Hop — —% ump>+ Hmp  (10)
and
1—k
By = X(they — phms) + C(T
1—-k
X Hog — Tﬂmf) + lmyss (11)

where i, and y, are mass absorption coefficients of
the specimen for primary and fluorescent radiations,
respectively, and p,, and p,, are mass absorption
coefficients of the added elements other than the
element being measured for primary and fluorescent
radiations, respectively.

Now, fluorescent intensity, I,., produced by the
total amount of the element in the specimen can be
expressed as:

_ Oulp X
(W,cscd, + presedy)

Substituting equations (10) and (11) into equation
(12), and recalling that the terms {(u,, — Humplcscod,
+ (itey — Mmplescd,} and {p,c50h, + papescd;} are

(12)

I,
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the constants A'and B, gives:

Qx IIIOX

-k
AX+B+C —k— (,uop_:ump)

Ifc"__-

X cscdy + (5;—")%, - umf)csccbf}. 13)

The term {(1 — k/k)(u,, — Mmplescd, + (1 — kfk)
(Hoy — Hmy)esce} also is a constant which can be
designated as D. Thus equation (13) takes the follow-
ing form:

Qulp X

I, = —=xm= 14
I*” 4X 1+ B+ DC (14)

Then, by dividing equation (14) by equation (6), the
ratio of the peak intensities produced by the specimen
and the sample can be expressed as follows:

I,  X(Ax+B)

I;.  X(AX + B+ DC)

The value of X as defined by equation (9) can be
substituted into the above equation to give:

C
I {(1 - z)x + C} {Ax + B}

Y R

C BC
sz—ATx2+ACx+Bx—-7<—x+BC

or

A
Ax? — TCxZ + ACx + Bx + DCx
By subtracting 1 from both sides of the above equa-

tion, one can obtain the following equation:

I . ~ BkC — BCx — DkCx
" Akx? — ACx* + AkCx + Bkx + DkCx’

(15)

Ifx

By letting I, /I;. —1 be equal to I and grouping
the terms, equation (15) becomes:

_ C(Bk — Bx — Dkx)

T C(Akx + Dkx — Ax?) + Akx? + Bkx

and
o c Akx + Dkx — Ax? N Akx? + Bkx
T Bk — Bx — Dkx Bk — Bx — Dkx)’

(16)
Now letting
_ <Akx + Dkx — Ax2>
Bk — Bx — Dkx
and

B Akx? + Bkx
"= \Bk — Bx — Dix)’

equation (16) becomes a linear equation:

%= mC + n. a7

If C, the concentration of the element added to the
sample, is plotted vs C/I, a straight line will be
obtained with a slope of m and an intercept of n:
From these experimentally determined values it is
possible to compute x, the unknown weight fraction
of the element in the sample.

By adding 1 to the expression for m and then divid-
ing it by n, all the unknown quantities are eliminated
except x, and the following equation results:

m+1_k—x
n kx

(18)

Solving equation (18) for x, the following expression
is obtained:

kn

= mE D (19)

where, once more, m and n are experimentally deter-
mined slope and intercept and k is the weight
fraction of the element in the compound added.

EXPERIMENTAL PROCEDURE AND RESULTS

The method was tested by measuring the iron
content in an artificial soil composed of 60%, kaolinite
and 40%; hematite, i.e. the artificial soil contained 28%;
by weight elemental iron. In addition to applying the
fluorescent method to the artificial soil, eight soils
from the islands of Oahu and Kauai were analyzed
for their iron contents and the results of the fluores-
cent analyses compared with the results of wet
chemical analyses.

A GE-XRD-5 spectrogoniometer was used in- the
experimental fluorescent analyses of soil samples.
Specimens were prepared by adding known quantities
of hematite to them. Tungsten radiation operated at
50 kvp and 25 mA was used for excitation. The fluor-
escent radiation was analyzed using a flat NaCl
single crystal and a gas flow tube detector (10%
methane + 90% argon). The diffraction peak corres-
ponding to the K, characteristic radiation of iron
1 =19373A) and (200) spacing of NaCl crystal
(2.82 A) was recorded on a strip chart recorder (at
40.14° 20 angle). Relative integrated intensities were
determined by measuring the peak areas above the
base line using a planimeter. )

The representative samples of each soil were mixed
with five additional known amounts (between 5 and
20%) of a chemically pure Fe,O;, to prepare the
specimens. Steel rings 4.5mm thick were used as
sample holders to satisfy the assumption of infinite
thickness of the sample, which is necessary for equa-
tion (2). Sample holders were made large enough not
to intercept the excitation radiation and were checked
by blank tests. For consistency of volume and weight
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Fig. 2. Experimental results of artificial soil containing 28%,
iron.

percentages, specimens were compressed into rings at a
constant porosity.

Three separate intensity measurements were made
on each soil sample and specimen, and the intensity
ratios calculated using the average intensities. The
values of C/I were calculated and plotted vs C.
The slope, m, and intercept, n, of the resulting line
were determined by regression analysis for each soil
series. Equation (19) was then used to calculate the
amount of iron in each soil. Note that, in this
particular study k is equal to 0.7 which is the weight
fraction of Fe in Fe,O5. Figure 2 is the graph of
C/I vs C for the artificial soil. Figure 3 shows
a typical C/I vs C plot with the regression line
drawn for Lihue soil series. The good linear fit of the
experimental data is partial verification of the reliabi-
lity of the theory.

The fluorescent analysis of the artificial soil resulted
in an iron content of 27.0% which is in good agree-
ment with the 28.0% iron in the sample. The calculus
method of error analysis revealed that at the 5%
significance level the calculated iron contents is from
25.5%, to 28.5%.

The natural soils used to test the method are from
the islands of Oahu and Kauai, Hawaii. All are
basalt derived Oxisols and Ultisols and are quite rich
in iron. Samples for iron analysis were prepared by
mixing the trimmings from thin-walled tube samples
from 3 different borings and various depths within the
B horizon. The mixture was then quartered with a
sample splitter. In this way, it was attempted to analyze
the material that is representative of the B horizon.
Data on sample site location and the geologic and
climatic setting are given by Tuncer (1976). The
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Fig. 3. Graphical solution of equation (17) for five experi-
mental points; as exemplified by Lihue soil series.

method described above was utilized to determine the
percentage of elemental iron in those soils.

The natural soils were analyzed for iron content by
atomic absorption spectrophotometry. Colorimetric
analysis was used on the natural soil samples as well
as on the artificial soil.

For the atomic absorption analysis, about 0.5 g of
each sample was covered with 20 m! of a mixture of
perchloric, phosphoric and nitric acids in the ratios
2:2:1 by volume. The mixture was heated to remove
all easily oxidizable organic material and to fume
away the nitric and phosphoric acids. After cooling,
the mixture was diluted with 100 ml of distilled water
and filtered to remove the insoluble residues. The
resulting clear solutions were diluted to known vol-
umes, usually 500 ml, and analyzed for iron in a
Perkin—-Flmer 305B atomic absorption spectrophoto-
meter with an oxidizing air-acetylene flame and a
single element hollow cathode lamp. The absorption
line to determine the iron was 327nm and the
working curve was from 0-80 ppm. Three replicate
dissolutions of each sample were analyzed and the
results agreed within 1%

The same digestion process which was used for the
atomic absorption analysis was used for the colori-
metric analysis. The color reagent was 1,10 phenanth-
roline and the method of analysis is that described
by Diehl (1970, p. 315) and the instrument used was
a Technicon AutoAnalyzer. The data for the fluores-
cent analysis and the two chemical analyses are shown
in Table 1.

DISCUSSION AND CONCLUSION

It is recognized that in both of the chemical
analyses used to check the results of the fluorescent
analysis there is the possibility of errors arising from
the fact that natural soils are chemically complex
materials and the presence of ions other than iron
may give misleading results. Lee and Giiven (1975)
observed that iron determinations by atomic absorp-
tion are subject to severe interference by silicon and
aluminum. In order to minimize such errors in the
atomic absorption analysis, the 372 nm absorption line
was used in the range of 0-80 ppm because of the
exceptional lack of adjacent non-absorbing lines.
Similarly, the 1,10 phenenanthroline was used for the
colorimetric analysis because few ions interfere with
the formation of the color. However, there is greater
deviation between the fluorescent results and the
chemical results for the analyses of the natural soils.
This is interpreted as being due to the complex chem-
istry of the natural soils.

One possible source of uncertainty in the X-ray
fluorescent analysis may come from the determination
of the baseline. A small variation in the location of
baseline may change the measured peak area and such
a change would be reflected in the percentage of the
element in question.

On the basis of these results, it is concluded that
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Elemental Fe content

Soil Series by fluorescent analysis

Elemental Fe content
by atomic absorption

Elemental Fe content
by colorimetric analysis

(Wt. %) Wt %) wt. %)

Molokai 11.4 13.5 14.1
Lahaina 119 12.7 12,6
Wahiawa 124 14.3 15.3
Lihue 143 14.3 15.7
Manana 16.3 17.1 16.8
Paaloa 17.3 18.9 18.7
Kapaa 24.8 26.5 25.0
Halii 28.1 30.4 31.4
Artificial soil

(28% Fe) 27.0 No data 26.6

X-ray fluorescent analysis with the method of known
additions and the equations which take into account
the absorption effects of the added internal standard
provides a fairly reliable measurement of elements in
a soil sample which can be used at higher concentra-
tions and at nonlinear ranges of the concentration—
intensity relationships.
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