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which is characteristic of the clements prescnd and their concentrations in the sample.
Their analytical uses are described in this section.

8.3.1. X-Ray Absorption

[f the wavelength of an X-ray beam is shon cnough (high energyy, it will excite an atom
that is in its path. In other words, the atom absorbs X-rays that have cnough cnergy 1o
cause it o beopme excited. As a nule of thumb, the X-rays emittcd from a particular
clement will be absorbod by clements with a lower atomic number, The ability of cach

clement to absorb increases with atomic numbser.
Beer's Law indicates that
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where g, 5 the lincar absooption cocflicient; x, the path length through the absorhing
maierial; Py, the X-ray power before entering sample: and P, the X-ray power leaving
sample.

Howe ver,
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where g is the mass absorption cocfhicient and p is the density.

But

P = {ﬁfﬂ) (.21

where O is a constant; No the Avogadro's number; £ the atomic number; A, the atomic
weight; and A the wavelength of the radiation.

It can be seen that at a given wavelength, g is proporional to Z* divided by the
atpmiic weight. This elationship is shown in Fig, £.32, The set-up for X-ray absorption is
alightly different than that for XBF, as seen in Fig, 8.33. The sample is placed directly
in line with the X-ray twhe, in a configuration very similar to UV VIS absorption
spectrometny. The parameter measuwred is the decrease in indensity of the incident
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Figure 8.32 Relationship between slonic mumsher and X-ray ahsomption coellicient.
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Figure 8.33 Xqray atsorplxoan. The sample 15 placed hetween the X-ray whe and the detectorn. The
milemsiy ol the source 15 fy. The mensiay of light reaching the defector aller passing thmough a
samgle of hckness 8 & L. P wiall be less than §y 4 absomion ooours.

beam afier passing through the sample. The same detectors described for XRF may be
uwsed for X-ray absorption spoctrometry. Older systems and cument medical systems use
photographic film for detection {radiography .

The most familiar example {and the oldest use) of X-ray absorption docs not provide
chemical information, but rather physical information. That is the wse of X-ray absorption
in modical radiegraphy, but it iz based on the relationship between absorption cocfficicn
and atomic number, For example, the human am consists of flesh, blood, and bone. The
flesh or muscle is made wp primarily of carhon, nitrogen, oxygen, and hydrogen, These an
all low atomic number clements, and their absomptive power is very low, Similarly, blood,
which is primarily water, consists of hydrogen, oxygen, plus small guantitics of sodium
chloride and trace materials. Again, the absomptive power of blosd is guite low. Incontrast,
hone contains large quantitics of calcium and phosphorns, primarily as caleium phosphate.
The atomic numbers of these clements are considerably higher than those mentioned
b fore, and a0 the absorptive power is considerably higher. When an X-ray piciure is
taken of an am, the x-radiation penctrates the muscle tissue and bloosd quite readily,
but is absorbed significantly by the bone. A photograph of this absorption indicates the
kscation of the bone in the am. The procedure is routinely uwsed in medicine to detect
broken bones.

Anather application of X-ray absorption in medicine is to define the shapes of
arterics and capillarics. Momally the blosd absorbs only poorly: however, it is possible
i inject a solution of strongly absorhing cesium iodide imo the veins. The material is
then swept along with the blosd and follows the contours of the anerics. An X-ray
video is recorded as the highly absorhing cesium iodide Aows through the aneries,
showing the contours of the anerics. This can be used to idemtify breaks in the veins or
anterics that could cause intemal bleeding. Such intemal bloeding can be the cause of a
sroke . The tochnigue may alse be used to indicate a buildup of coating on the inside of
the veins. This is panticularly dangerous in the heant, where deposits of cholesterol nestrict
the How of blood through the heant. I this is lefi unchecked, a hean attack will nesult.
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X-ray abaorption can be used to diagnose this problem and to lecate exactly the position of
deposits. Surgery is made much easier by this techmigue.

In the field of metallurgy, applications of X-ray absorption include the detection of
vipids or the se gre gation of impuritics, such as oxidies, in welds and other joints. Figune #.34
shoows anidealized X-ray abaorption photograph of a mechanical weld that comains voids
ar intemeal holes. Swch holes indicate that the weld is mechanically weak and might break
i wse . IF the weld is weak, it must be strengthened 1o form a sufficiently strong joint. This
e of nondestnuctive testing is wsed 1o check the manufac turing quality of ships, aincraft,
bridges, and buildings. It also used to chock these struciunes during routine maintenance.
X-ray absorption is rowtinely used for measuring the thickness of thin metal [lms.

The technigue of X-ray absomption canalse be used to determine the levels of liquids
in encloscd vessels or pipes without opening or breaking them, The same process can
b used 1o detect metal suppons or metal fillings inside constructed ohjects as diverse
as buildings and small works of an. A major advanage is that X-ray technigues an
wsuwally nondestnuective. Semetimes aftists paint over old paintings, using the canvas fior
their own work and covering unrccognized masterpicces in the process, Using X-rmay
absorption, it is possible toneveal the covered painting without removing the top painting,
When wsed to examine a metal horse sold for several million dollars as anancient Greek
ant picce, X-ray absorption showed that the horse contained intemal metal supports and
was thercfore a fake. This was done withouwt destroyving the an picoe, in case it had
heen authentic.

For clememal amalysis, X-ray absorption is not paricularly useful. As we saw in
Eq. {8,103, the mass absomption cocfficien needed for the Beer's Law calculation
[Eq. (8. 199] must be cakulated from the weight fractions of clements presemt in the
sample. The weight fractions are uswally unk nown, Quantitative analysis by X-ray absom-
tion is usually only used for the determination of a kigh stomic number ¢lement ina matrix
of lower stomic number elements. Examples inc lude the determination of lead or sulfur in
hydrocarhon fuels, and the determination of Pt catalyst in polymers, where the difference
in meass abeorption cocfficients betweon analyte and matrix is large. One approach to guan-
titative analysis using X-ray absomption s hased on the measurement of the imensitics of
two or mone monochromatic X-rays passed through the sample. This is called X-ray pre-
izrential absonption analysis or dual-cnergy transmission analysis, The analysis depends
an the selective absomption of the iranamitted X-rays by the analyie compared with absonp-
tion by the rest of the sample {the matrix), The sensitivity of the analysis also depends on
the difference in mass absomption cocficients of the amalyte and sample matrix for the
transmitted X-rays; a big difference nesulis in a more sensitive analysis. The analyic

p—Blow hales

Figure 834  X-ray shzomtion pholopraph of a mechanical weld.
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oonce mration calculation inany absomption methed requines that the thickness and de nsity
of the sample be known and requires a homogenous matrix for accurste quantitative
resulis,

REill EXAFY

Aorecent development in the use of X-ray absoaption is a technigue called EXAFS,
cxiended X-ray absorption fine structure spoctroscopy. A samplk is placed in a beam of
A-rays and the incident and transmitted inensitics ane measured as the cnergy of the
X-ray boam is vaned, A plot of the absorption vs, cnergy gives us the position {cnergy)
and exact shape of the absorption edge for the clement being measured. The cxact
cnergy ol the ahsorption cdge and s shape, the “hne struciune ™, docs change shightly
depending on the oxidation state of the clement and the number and type of neancst
neighbor atoms. This change in position of the absomption edge is analogous tothe chemi-
cal shift scen in NME. EXAFS docs provide oxidation state information and maolecular
structure information, unlike nomial X-ray absorption or X-ray fluorcscence, which anc
arictly elemental analysis technigues, Details of the spectral imerpretation of EXAFS
are beyond the scope of this ook, The interestod student can consult the text by Teo
and Joy listed in the hibliography .

8.3.2. X-Ray Diffraction

¥-ray diffraction or X-ray diffractometry (XEDY) is a technigue that is useful for the
malysis of solid crystalline or semicrystalline matenials, Most organic and inorganic
compounds, minerals, metals, and alloys, and many types of polymers form crystals and
can be analyzed by XRD. XRD can provide the exact crystal stireciure of a pure single
cryatal matcrial. In addition, XRD can provide the gualitative and guantitative identifi-
cation of the molocules presemt in pure crystalline powders or mixiuncs of crystalline
powdcrs,

The ions or molecules that make up a crystal ane amanged inowell-deined positions,
called a crystal lattice. Figune 835 is anclectron micrograph of the {110} plane of crystal-
line silicon. Three coondinates, called Miller indices, identify the plane inspace; the Miller
inddlices fior this planc are 1, 1, and (0. The light spots ae individual S atoms, As canbe scen,
they ane amanged in a very regular pattern in the 2D plane. The dark arca is the cmpty
space or inerstitial space between the atoms in the lattice. A crystal is a 30D well-
ardered amay of atoms. An illustration of a typical crystal structure, greatly magnified,
i5 shown in Fig. #.36{a) As we cxamine the struciure of the crystal, we sce that the
Wins o atoms or malecules form plancs in three dimensions. You can imagine sacking
ilentical plancs of 5i atoms on top of cach other to create a 30 crystal, for example.

Figure 8.35 An eledron mucragraph al the {1 10} plane in crystallime silicon.
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Figure 8.36 J{a) A porion of a 3D crysial lsttice. The unil cell, or basic repeating unil, ol the
bMtice 1% shown in heanvy oullne. The black dots represent the sloms or doms or madecules that
nuke up the crysal. (hy A cubic umit cell, wath the comers of the cell located 3 1 unit fmom the
arigin {oh. The tnamgular plane drawn within the unit cell mtersects the rais o 12, the yaxis
At 142 am the zaxs a1 1. This plane has Miller melioss of (2210 {©b A lamaly of plhnes shown
ma 210 laflice.

The umit cell, shown in heavy outline in the lattice, can be moved in three dimensions 1o
rocreaie the entire enystal latice. The unit cell is the smallest volume that can be used 1o
describe the entine lattice. A Cantesian coprdinate sysiem is used to locae points, directions,
and plames inoa crystal lattice . A wnit cell has i origin at the imtersection of the three axes,
and is designated by its edge lengths in the o, v, and 2 directions and by three angles. An atom
fmolecule or ion) in the crystal lattice is a point, identified by its o v, and 2 coordinstes.
A plane is identified by its Miller indices, the reciprocals of the intersection points of the
plane with the =, v- and z-aues For cxample, suppose the unit cell is a cube, with edges
cgual to | unit of length on each axis as shown in Fig. 838b). A irnangular plane is
shown within the unit cell. The plane intersects the raxis at 12, the y-axis at 12, and
the zaxis at 1; it has intercepts of 12, 1/2 1. The reciprocals are 2.2, and 1, so the
Miller indices for this plane are (2210, A plane that is paralle] tooa given axis kas an inte moe pt
of infinity; the reciprocal of infinity is 0, ['What axis is the (1 10) plane in Si paralle] 107 Draw
the {1 100 plane in a cubic unit cell such as the one shown in Fig, 8386 b)]. A crystal latice



