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ABSTRACT

Laser Induced Breakdown Spectroscopy (LIBS) is used to analyze metal
impurities in water samples. The experimental setup is equipped with a
Nd:YAG pulsed laser, a sample viewing digital camera, a seven channel
grating spectrometer and gated CCD detection system. Wavelength cali-
bration of the spectrometer is doneto ascertain resolution and proper iden-
tification of elements. Synthetic standard solutions containing 21 metal
impuritieswere prepared for quantitative estimation of theimpuritiesin the
water samples. Minimum detection limits for all the elements were deter-
mined, afew partsper million (ppm) detection limitswere obtained for most
of the elemental standards. Water samples collected from different districts
and localities of Jeddah city were analyzed. The analyses of samples were
done against the calibrated standards. Analysis results show no contami-
nation of highly toxic metalslike As, Cd, Hg and Pb. Other elements were
present in trace amounts. Some of the elements could not be detected due
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to poor sensitivity of the system for those elements.
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INTRODUCTION

Exposure to excessive concentrations of heavy
elementsproduces adverse effectson human health and
cause many diseases such as cancer, anaemia, kidney
and liver damage etc. These elementsenter our bodies
viafood, drinkingwater andair, and someof themreman
inside for the lifetime of the individual. We need to
monitor their intake and prevent inadvertent overdose
by monitoringthequdity of especidly thedrinkingwater.
Minute concentration of some of the heavy elementsis
toxic and hencewe need an analytical techniquewhich
can detect and quantify heavy elemental presence at
traceleve indrinking water.

L aser-induced breakdown spectroscopy (LIBS)

a so sometimes called | aser-induced plasmaspectros-
copy (LIPS) or laser spark spectroscopy (LSS) has
developed rapidly asan analytical technique over the
last decade!*4. Thetechnique employsalow-energy
pulsed |aser and afocusing lensto generate plasmathat
vaporizesasmall amount of asample. A portion of the
plasmalight is collected and aspectrometer disperses
thelight emitted by excited atomicandionic speciesin
the plasma, adetector recordstheemission signals, and
electronicstakeover to digitizeand display theemis-
sion spectrum. The spectraare used to determinethe
sample’s elemental constituents. The initiation, forma-
tion and decay of the plasmaare complex processes.
The spectra observed change asthe plasmaevolves
temporally. Soon after initiation, continuum andionic


mailto:mrzavi@kau.edu.sa,
mailto:manrazvi@hotmail.com

ACAIJ, 8(2) June 2009

A.H.Bakry and M.A.N.Razvi

203

spectraare seen. As the plasmacools, these arefol -
lowed by spectrafrom neutral atoms. Spectra anaysis
of theemissonswill yied afingerprint of thechemical
and atomic speciespresent. Quantitativeestimationis
usually done against standards of known concentra-
tions. The LIBS technique has been demonstrated to
have high senditive, downto few parts-per-million con-
centrations, higheementa sdectivity, needsnoor little
samplepreparation andit takesvery littletimefor sample
andyss.

LIBSof liquidsareard atively new technique. The
location of the plasmaformation can beinthe bulk so-
[ution (under thesurface of theliquid), a thegas/liquid
interface (on thesurface of theliquid), orinaflowing
sample. The emitting species areidentified by spec-
trally and temporaly resolving the plasmalight(>Y.

Cremers, Radziemski, and Loreewerethefirst to
determinelimitsof detection (LOD) for Li, Na, K, Rb,
Cs, Be, Mg, Ca, B, and Al in aqueous solutiong*?,
WithaNd: YAG for excitation and amonochromator/
PMT for detection, they concluded that the method was
sufficient to excitetheadkali metalsand thetechnique
could be useful to detect speciesinwater at moderate
to high concentrations. Somedisadvantagesthey found
weresdlf-reversa at high concentrations, which causes
adipinthe center of an emissonlinebecausetheedges
of the plasma are cooler than the coreresultingin a
stronger emission from the core than the edges, and
noisemay occur dueto large particlesor heterogeneous
sampleresultingin perturbations of theplasmacharac-
teristics. Another disadvantage of using abulk solution
isthe plasmatemperatureissignificantly lower thanthe
temperatureof plasmaformedinagas, resultinginlower
excitation capabilities. Creamersand Watcher applied
theLIBS of solutionstechniqueto determining uranium
insolutionfor possibleuseby nuclear fud reprocessing
facilities. The surface excitation where solution was
placedincylindrica glassvidsto minimizehandling of
thetoxicliquid, they observed plasmafor timesof or-
der several us*a.

Nakamura, et d. gpplied theLIBS of solutionstech-
niqueto determining colloidal ironinwater for possible
useby dectric power plantsfor controlling boiler water
quality. Their experiment was based on forming the
plasmaina flowing solution; thiswould alow electric
power plantsto savewater and time by using an on-
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linemonitoringtechniqueduringtheflushing processusad
to check water quality. They reported LIBS detection
of Fe concentrationslessthan 20 ppb!**4. The quick-
freeze method for thequantitativeanadys sof tracemetd
ionsinliquidswasintroduced. Usingthisprocedurewith
calibrated samples, well-characterized linear working
curvesweredetermined for Naand Al water solutions
over the 0.01-1% concentration range™®. Fichet et a.
used LIBSfor the measurement of twelvedementsin
twoliquids: water and oil[*6.17,

On the other hand, LIBS has been applied to the
andyssof liquidsamplesusinglaminar flowsof thelig-
uid. Inthiscase, the detection limitsreported werein-
sufficient for thedirect application of thetechniqueto
environmental samples; pre-enrichment wasrequired
[18-20]

Pu et a. demonstrated two pulse laser-induced
plasma spectroscopy for analysis of lead carbonate
colloids. Thelead emissonswere much enhanced, while
thebackground continuum interferencewasminimized.
Thedetection limit for lead was shown to be 14.2 ppb,
compared with 13 ppm achieved by conventional |aser
induced breakdown spectroscopy of leadionsinwater
and 210 ppb for lead aerosols?!. Lead and sulphur
wered soandyzed in environmenta samplesby atwo
pulse technique by Burakov et a?. Lead in water
samples was determined by Godwal et al.?%. Using
doubl e pul se technique sampleswere al so analyzed
underwater by Giacomo et al.*4, whereasheavy met-
asinliquidswereanalyzed by Diaz Pace!® by con-
verting theliquidsto solid samples.

Our research objectivesin thiswork are detection
of heavy metasindrinking water throughout old Jeddah
water pipelinesusing laser induced break down spec-
troscopy (LIBS) and measuretheir concentrationsa ong
with thelimit of detection of our system.

MATERIALSAND METHODS

With theobjectiveof detecting heavy metd impurities
in mind, asuitable LIBS spectrometer system from
Ocean Optics, USA (mode LIBS3000) wasselected
and procured. Theexperimental system, Ocean Optics,
USA (modd LIBS/3000), consstsof aNd: YAG pulsed
laser working at itsfundamenta wavel ength 1064 nm,
giving about 100 mJ/pulse energy in 5 nsec duration.
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TABLE 1: Observed waveengthsof prominent linesof Pure
Aluminium, Copper and Nickel metals. Cor responding stan-
dard wavelengthsof theselinesfrom NI ST databasear ealso
listed. A largenumber of linesareobserved, however only a
few arelisted below

Element and NIST Observed I%rr]rn(]))r
ionization Wavelengths Wavelengths (NIST-
state (nm) (nm) OBSD)
1 Al ll 281.6185 281.647 -0.0285
2 All 308.2153 308.36 -0.145
3 All 309.2710 309.377 -0.106
4 Al ll 358.6557 358.709 -0.054
5 All 394.4006 394.384 0.0166
6 All 396.1520 396.117 0.035
7 Al ll 466.3056 466.341 -0.036
8 Cull 217.941 217.859 0.082
9 Cull 219.2268 219.365 -0.139
10 Cul 324.754 324.839 -0.085
11 Cul 327.396 327.445 -0.049
12 Cull 490.9734 490.895 0.078
13 Cul 515.324 515.311 0.013
14 Cul 521.82 521.777 0.043
15 Ni Il 221.6482 221.6228 0.254
16 Ni | 341.4764 341.531 -0.0546
17 Ni | 345.8460 345.875 -0.029
18 Ni | 349.2956 349.297 -0.0014
19 Ni | 352.4536 352.461 -0.0074
20 Ni | 356.6372 356.638 -0.0008
21 Ni | 361.9391 361.927 0.0121
]
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Figurel: Schematic of theexperimental setup

Thelaser beamisfocussed onto the surface of thetarget
viaa25cmfoca length plano convex lens. Thesystem
hasan attached digital camerafor viewing thesample,
which usesthesamefocussinglensto ensurethelaser
getsfocussed at the desired position on the sample.
The plasmaemissioniscollected by an optical fibre
bundle. The system has aseven channel spectrometer
covering arange of wavel engthsfrom 200-1000 nm
and CCD (charge coupled device) detection system. It
has aresolution of 0.1 nm. The entireinstrument is
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controlled by acomputer programme and the software
displaysthespectra. The softwaread sohastheprovison
of identifying spectra lineswith the hel p of adatabase.
Figure 1 gives schematic diagram of the experimental
setup.

High purity (99.9 % or higher, from Merc and
Aldrich) sdtsof themetalsare used for preparation of
standardsin doubledistilled and de-ionized water. The
plastic bottle containersare thoroughly washed, rinsed
with distilled water several timesand dried. Master
standards having 1000 parts per million (ppm) of the
following elements are prepared and stored and then
standards containing 500, 250, 100, 50, 20, 10, 5, 2
and 1 ppm were made from the master standards by
successivedilution method. Thedementsincluded, Ag,
Al, As, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mg,
Mn, Pb, Se, Sr, Tl, V and Zn. Apart from thisamulti-
element Perkin EImer Interference Check Standard 18
which contained some of the aboved ementswasa so
usedinthestudies.

Teflon sample holdersthat can accommodate 10
agueous samples simultaneoudly were designed and
fabricated. It isablock of Teflon with square cross
section of 15x15 mm and length 115 mm consisting of
10cylindrica pitsof 6 mm diameter, 10 mm depth and
separated by 5 mm aong itslength. About 0.3 mL of
sample can be accommodated in each pit. They were
thoroughly cleaned before use.

RESULTSAND DISCUSSION

We have carried out performance testing and
wave ength calibration of the spectrometer, using pure
solid metal samplesof Al, Cuand Ni. Typical spectra
obtained for Ni metal isshowninfigure2. TABLE 1
showsthewavel engthsof someprominent linesof these
e ementstakenfrom theNationd Instituteof Standards
and Technology (NIST), USA database. The
wavel engths obtai ned with our spectrometer and the
differencesarealsolisted there.

Wehaved so sudied thevariaion of Sgnd intengity
by varying the laser power and delay time (between
laser pulse and gating the detection system). As
mentioned above, both these parameters play avery
important role-inidentifying the speciesand obtaining
limitsof detection of the experimental system. These
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Figure 2: Spectrum of pure Nickle metal taken at low
laser power, delay of 2.5 microsecondsand aver aged for 5
pulses. All theexpected prominent linesof Ni areobserved,
besides some strong lines of nitrogen, oxygen and

hydr ogen arealso seen
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Figure3: Signal-to-background ratiovariation with delay
time, for atypical spectral line. Thelaser power waskept
constant. The solid line is a Gaussian fit through data

points, showingamaximum at 2.5 us
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Figure 4: The signal intensity at variouslaser energies
for two linesof Naimpurity element at a concentration
100 ppm. Theblack squar esrepresent 589.0nmlinevaria-
tion whilethered dotsshow variation for 589.6 nmline.
Thedelay timewaskept fixed at 2.5 us
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Figure5: Intendty Calibration curvesfor someof theele-
ments. The data pointsareaveragevaluesfor 5-8 mea-
surements. Thedatawasrecor ded at 40-70 % laser ener -
giesand adelay timeof 2.5 us

studies were conducted for al the elements under
investigation, using standard samples of different
concentrations, at varioustransitionsand by varying
delay timeat severd laser powers. However, only some
typicd resultsareshowninfigures3and4. Thevariaion
of signal to background ratiowith delay timesisshown
infigure 3. Onecan clearly seethat it showsamaximum
at 2.5us and the behaviour ismore or lesssimilar at
different laser powers. However, some e ements show
an oscillatory behaviour showing gradually decreasing
maximaat 2.5, 4 and 6us. Variation of signa intensity
withlaser power for 589.0 nmand 589.6 nmtransitions
of Naisshown at constant delay timein figure 4. It
followsamost alinear variaionwith powers. A smilar
behaviour isobtained for amost al other elements.

In order to get quantitative estimate of the heavy
metd impurities, weranthesynthetic Sandardsof various
elements prepared as described in the previous section.
Theintensity calibration curveswere obtained for al
the elements of interest. Some typical curves are
displayedinfigure5. Theseresultsaresummarisedin
TABLE 2for dl thestandards prepared. Quantification
of the samples is carried out on the basis of the
calibration curves by running each of the samplesat
least fivetimesand mean and standard deviationsare
estimated for each of the samples. Theseresultsare
presented in TABLE 3.

The spectrometer isthe heart of theinstrument as
far asthe correct identification of the constituentsand
quantitativeanaysisisconcerned. Wavelength caibra
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TABLE 2: Intensity calibration resultsand deter mination of
lowest detection limit

Rangeof Lower
Serial Element Wavuelggths conc. limit of
no. detected detection
[nm]
[ppm] [ppm]
L 281.6, 308.2,
1  Aluminium, Al 3092 1-1000 3
2 Arsenic, As 228.8 1-1000 5
3 Barium, Ba 553.5,455.4  1-1000 3
4  Beryllium, Be 234.8 100-1000 65
. 422.6, 443.5,
5 Cadcium, Ca 3033, 396.8 1-1000 3
. 226.5, 231.2,
6 Cadmium, Cd 5378 1-1000 3
324.7, 327.3,
7 Copper, Cu 5105 50-1000 35
Iron, Fe 238.2,248.3  1-1000 3
9 Mercury, Hg 253.6,398.3 10-1000 5
. 404.7,
10 Potassium, K 766.4,769.8 1-1000
Magnesium, 279.5, 280.2,
11 Mg 85,2 1-1000 1
12 Manlaa:ese’ 257.6,403.7  1-1000 2
13  Sodium, Na 589.0,589.6  1-1000 1
14 Lead, Po  283.3,287.3 10-1000 5
15 Strontium, Sr 407.7, 460.7 1-1000 3
16 Thallium, Tl 351.9 100-1000 75
: 290.8, 309.3,
17 Vanadium, V 4379 100-1000 85
18 Zinc, Zn 213.8,481.0 1-1000 1

tion and resol ution of the spectrometer system plays
thekey rolein proper identification of the constituents.
These parametersneed to be ascertained even before
one proceedswith sampleanaysis. Our interest liesin
elementd andysswherethespectrd linesarequitewdl
separated from each other for the same element and
therefore amoderate resol ution would suffice. How-
ever, therecan be spectrd interferencesat somewave-
lengthsfrom other speciespresent in thesampledueto
rather limited resol ution of theinstrument. Thismay lead
to wrong i dentification and erroneous quantitative esti-
mate. Hence care must be exercised in choosing spec-
trd lineswhich arefreefrom spectra interferencefrom
other species. We carried out wavelength calibration of
the spectrometer using puremetasin solid phaseand
aso dissolved in solutions. Wefound that dl the promi-
nent lines are observed in the spectra of these pure
metalsandtheerror inwavelength caibrationiswithin
theresolutionlimit of the spectrometer. Hencethecali-
bration of the spectrometer isestablished. TABLE 1

summarisesthe wavelength calibration results. How-
ever wefound that the software provided does not cor-
rectly identify theelementa species. Thiswasmainly
duetolimited resolution (0.1 nm) of the spectrometer
and proximity of severd linesof different dementswithin
theresolvablewavdengthintervad.

Thechoice of lineswasa so based ontherelative
intengity of thetrangtions. Very strong lineswoul d suffer
from self reversal and lead to erroneous quantitative
estimates and very weak lineswould not be detectable
at low concentrations. Based on these observationswe
have taken care to choose such spectral lineswhich
have no interferencefrom the expected impuritiesand
have moderate transition strengths. The quantitative
estimation was carried out at least on three different
linesof each metallicimpurity, inorder toobtainamore
rliableandysis.

LIBS technique for liquid samples poses some
specid problems. Thedensity of aqueous solutionsis
relaively low ascompared to solids. Thisleadsto poor
limitsof detection for liquids. Thesecond problem arises
dueto splashing of liquid sampleout of the holder and
into thechamber asdroplets. Thishappensdueto shock
waves and acoustic waves generated by the focussed
laser pulses at the surface. Some of the liquid gets
condensed at thefocussing lens, thereby reducingits
transmission and lower laser power densities at the
sample surface after afew laser shots. Thefocussing
lenswastherefore cleaned after every samplerun. We
alsotried freezing the solutionsintoiceusing liquid
nitrogen. Thishd ped insolving theproblem of splashing,
however wedid not observe any increasein thesigna
intengity. Thisisexpected, asthedensity of iceisamost
thesameasthat of water, infact alittlelower. However
we noticed amarked improvement insigna intensity
for somewesker trangitionsof severa e ements. Using
those lineswe could obtain substantially improved (a
factor of 10-35) lower limitsof detection.

Theintengty cdibration of variousimpuritiesvs. their
concentration wascarried out very carefully for reliable
quantitative estimation. Thiswasdoneafter optimizing
thelaser energy and pulse delay time parametersfor
each oneof theimpurities. Thelaser energy for amgority
of the elementswas kept around 60-70 % level. And
the pulse delay time was kept fixed at 2.5 us. The
standardsin the concentration range 1-1000 ppm were
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Figure 6: Spectrum of a typical water sample collected
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TABLE 3: Summary of analysisof 165water samplesfrom
different localitiesand districtsof Jeddah city

No. of M ean
Seri samples Standard
ial o conc. .
no. Element c_ontamlng it Observed deviation
in total 165 %
samples [pPpm]
1 Aluminium, Al 57 10 15
2 Arsenic, As - - -
3 Barium, Ba 133 15 8
4  Beryllium, Be - - -
5 Calcium, Ca 165 156 17
6 Cadmium, Cd - - -
7 Copper, Cu 5 50 19
8 Iron, Fe 148 40 10
9 Mercury, Hg - - -
10  Potassium, K 165 140 16
11 Magnesum, 165 114 15
Mg
12 Ma”&a:ese' 48 25 23
13  Sodium, Na 165 188 10
14 Lead, Pb - - -
15  Strontium, Sr 59 9 15
16  Thallium, Tl - - -
17 Vanadium, V - - -
18 Zinc, Zn 148 16 15

run. Sometypical resultsare presented infigure5. The
limits of detection (LOD) for al the elements are
determined based on these curves. The results are
presented in TABLE 2, and asisevident from thetable
the LOD obtained are not very good for anumber of
heavy meta impuritieswhich aretoxic. Thisismainly
dueto low dengty of theagueous sol utions, asmentioned
above. Many other researchers have also faced this
problemwith liquid samplesand adoublepulse LIBS
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techniqueisintroduced to overcomethislimitationin
sensitivity. The sengitivity obtained by usissimilar to
those obtained by othersintheliteraturewithasingle
laser pulse LIBStechnique. Our instrument does not
havethefacility of dual laser pulses.

Water samplesfrom different locditiesand districts
of Jeddah city were collected in cleaned plastic
containers. Threeto eight samplesfrom each locality
weretaken on different daysand in all 165 samples
wereanalysed. Onetypica samplespectrumisshown
infigure 6. Theresultsof analysisaresummarisedin
TABLE 3. Itisclear fromthedatain thetablethat no
samplescontained highly toxic metal impuritieslikeAs,
Cd, Pb and Hg. Theamount of Ca, K, Na, Mg were
found to be substantia in the 100-200 ppm rangeand
whileFe, Zn and Mn werefound to be 10-50 ppmin
many samples. Thedetection limitsfor somee ements
likeV, Be, B, Se are high and these e ementswere not
detected in the samplesfor that reason, or one can say
their concentrationislower than therespective detection
limits

CONCLUSION

In thiswork we have taken up analysis of water
supplied through pipelinesand tankersfor domestic con-
sumption. Laser Induced Breakdown Spectroscopy
(LIBS) isused to detect presenceof metdlicimpurities
inwater samplescollected from different locaitiesand
districtsof Jeddah city. Wehave carried out analysis of
165 samples. Theandysisshowed that dkai and alka-
lineearth d ementsare present inthe sampl es, however
these are not toxic at the concentration detected by us.
No highly toxicimpuritieslikeAs, Hg, Pb, Cd etc. could
be detected during our research. Thisessentially means
thewater supplied through the pipelines contains ac-
ceptabl e concentrations of the elements, for the most
toxic eements. However, thelowest detectionlimitsfor
some elements are very high and those were not ob-
served inthe samples. Thelimitsof detection could be
improved by using adouble pulse LIBStechnique.

It must be mentioned that contamination of drinking
water isnot limited only to heavy meta sseepingintoit;
there are a host of other chemical and biological
contaminantsthat canmakeit unfit and unsafefor human
consumption. Determination of thesefall outsidethe
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scopeof thiswork, and would require other techniques.
TheLIBStechniqueisbest suited for and limited to
determination of elemental and especially metallic
impurities
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