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was explored.‘_ Gradually 1ncreasing ‘the' amount of ox

~%

>

A
* .The determination of various elements in crude oil and

bitumen samples has been of considerable interest to both’

4

the petroleum industries and environmental protection

agencies. . In addition to affecting _the catalyst used in the i

refining process, some of thesé elements "are potential

environmental hazards. Several analytical techniques that

have been applied"were reviewed.

A method was developed‘:for these samples using an’

Inductively Coupled Plasma (ICP) as the exc1tation source,

and a computer coupled photodiode array based spectrometer

-

as the signal processor.‘° The samples were' diluted with

_(xylene. and aspirated directly. The parameters for

51multaneous multielement analy51s (SMA) were optimized, and

prec1sion and detection limits were reported. *

Furtheqmzje, Ehe éffect of the addition of oxygen ‘gas

to the argon upply on the analytical capability of the

enhanced the analyte signal ‘and attenuated emissions from °

carbon containing spec1es and also a decrease in background

. continuum was observed.: -20% oxygen mixed in  the plasma

(coolant) gas flow was’ determined to be optimum. " Other

parameters were 1nvestigated and prec151on and detection

:limits were obtained | - .

The analytical capabilities of both plasma discharges

:‘joperating under optimal conditions were compared and the

‘result favored the mixed oxygen-argon discharge.' An.

. .
. 4 ) ’ N 14

6}

.
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. _explanation was given for the observed effect of oxygen. - ' .
Potential applications for the mixed oxygen-argon ICP were 3
discussed. ' ‘ . f
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" . "7 CHAPTER I

" INTRODUCTION

A
l"'- N

A, Importance of Trace ElemehES'in'Petroleum Products g\

The trace level cpncéntration of varidus elements in

C &
petroleum products is- of .great interest to both . the .
.'petroleum industries and environmental monitoring agencies.

Certain elemehts, -if present in the Nrefinéry~ feédstocks,

9 P

poison the catalyst during the refining procéss and " alter
the conversion and result in an undesirable'sh}fl\ih_product

o diétfibu_tiori‘.:- Nickel' and vanadium especially Iave .’ been

a2 shown to poison cracking catalysts, thus reducin gasoline '’

“ o

. “production and increasing coke production

i /
(1,2).”Because of

the large volumes of- feed processe ,'\den trace on

.ultfa-trace. concentfations graqgélly : ccumdlgte n the
- . . . ’ A Y

catalyst bed. The poisoned catalyst ﬁu;EJeither replaced

'd . N

or - rggenerated, which °~ is costly and further delays
T RN B )

production. e '

R ~On the. environmental side, 1hcreasingicénsumption of

. . N }
being released into the atmoéphe:q. Sulfur is present and

r=} . -

'bxidizes‘te sulfur diox£ce, sz, either. during refining or

‘petroleum products results in increasing -amounts of elements

S\ﬁhenv;he finished product is combusted. This highly toxic
gas escﬁpes into the atmosphere and causes "écid rain". .
6£heﬁbeigpen§s such asglgaa,:ﬁefcury}?ars%nic.and ééémium

o ~ate'nqtg;ious for their thicity; For ékémple,\tﬁe poséiSIe

hazards to'the\thirOnment from lead in gasoline have been

. .
o o e . -

.



. 1. Importance N

m : »

y

reviewed by the AMerican Petroleum Institute (API)(3). The

' devastating effects of these elements on the environment and

human life are receiving ever increasing attention.

The occurrance of- metal porphyrin compounds and the

unique relationship ”of nickel ~and vanadium have beén

studied. ‘Baker .(4) -and extensive work ’ by Falk (5) have

correlated the nature of porphyrin, metal content, fﬂd

nickel to vanadiunx ratio to the-’ age. and origin of- crude

oils. In identifying 0il pollution sources, Brunnock et
al} (6) have presented a scheme based on metal content and
included nickel and vanadium data for 27 crudes. Other

> .
schemes.for such applications based on metal contents and

'ratios have been reviewed by Adlard (7).

1)

\

B. 0il Sands Importance,"Compositi S Origin?and‘Trace

Elements

The 'Alberta 0iY ,Sands (AOS) are a 'huge‘ natural“
resource. Wlth dw1ndling supplies of conventionalv crude;

‘011, 0il sands offer a new source of petroleum which could
: Ve .

S

in time help meet our nation s future energy needs. This_/,.'

energy self-suff1c1ency is v1ta1 to maintaln our standard of

11v1ng. ,
The,oil_sands in Alberta are not unique. ,‘There are

similar deposits in the United States, the USSR, Europe,

' South America and ‘Africa. Underlying an area of some 50,000,

square kilometres and. containing nearly 159 billion cublcw,

. ¢

. metres of bitumen,' the AOSu are, vhowever,_ the largest

¢
e



" deposits in the world.

Tﬁe_value of the oil sands was recognized long ago, but
tce high cost”pf separating bitumen from sand discouraged
many earlyl large scale extraction attempts. . The rapid
increase in worfd‘pfices for petroleum products in tﬁe past

4

few years has made recovery of bitumen frcm'oil‘sands more

economical. ) . 4 . . (

2. Composition
| 0il saqd is composed of sahd,:heavy_cili/mineral—rich 
clay and water. ‘The sand makes up about 84% of cilisahdfby
weight and consists predominantly of_éioz.’ Water content
is"aboct 4% cf the oil sand by weight and is’present in the
form'of a film-which envelops %ach gfain of sand, keeping\it
] separate'from the 611. - S ;
_fﬁ~‘7The'heavy oil in oil sand, calied‘bitumen, aQeragesA
) about ll% by welght and 1s made up of 50 to 60% 011, 30 to
35% re51n ({ractlon that is soluble in pentane), and 15 tc

25%_as-aspha1tenes (fractfbn that-is 1nsoluble ‘in pentane).

In'its.raw state, bitumen kontains more aromatic bond

<

'structures than conventional oil% and the appearance is/a

e

'seml—sol1d, sticky black substance. Chemical altera
such as cracklng, are requlred to make it fluld en
transported by pipellne, hence the term

e

oil",

Prigin
‘The A&g'_afe bel

ﬂthe last period of the Mesozo1c Era, -

ed..

Cretaceous péricd

tc habe"been formed inﬁ’the-'"




‘limestone, on which the AO
-originate?'
~ deposits ~of wetg}sand. ‘While the date and origin

'.deposits tend to become more fluid with time. The oil sahds

- "which can be extracted by traditional well drilling.

'_variety of elements have been 1dentified in oil sands/

compounds, and both basic and non—bas1c nit

Metallo-organics, present initially or forme-
/ w1th surrounding :EEEral matter, include chd

--which -began- two hundred million years ago. The layers of

Rack even further.

y'believed'theory on . -id the Aog

The most w

pothesizes the migration of oil east‘-rd into )

cannot be geologically congirmed,_ the.

"young" crude oil because such hydroca

\
}

are not fluid when compared to geologically older deposjts

4, Trace'Elements

Not unlike other 'geblogicaIIYyOIder'-crudes, a arge-

include

degree,’ r ardless of source. The orga ics

'oxygeqﬁcontaining materials bsuch as napithenic acid'

-

Lo

‘mercaptans,\sulfides, disulfides, etc. as su'fur-containing

ogenous matter.
by interaction'
tlate compounds,o:

metal soaps, and oil soluble metal alkyls. he second-group

consists of impurities or contaminants whose{presence is not

D

dx@ectly related to the gene51s of the crude 311 These,are

E primarily colloidal r_ suspended " entrai ed inorganic

matérial and emulsified water containing dissoxvedvsalts.

:‘\'__ ; ) ") .
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Major levels of silicon and aluminum d&re found:

R

Apredominantly in the sand or suspended mineral/molid, and“
minor amounts of .sodium and potassium ions havei,been’
identified in the water envelope. However, the majority of "
the elements occur in the. petroleum matrix, bitumen. The

minor, and trace- elemental content of bitumen, although

small (about O. 2%) in comparison to the organic content; is

"of considerable importance. Their roles both inside and
L]

L

outside, the industry have ‘been discussed previously.

The “metal content of petroleum ash was summarized by_
Thomas (9) in 1924. Later, he summarized qualitative and
semi-quantitative data for the metal content.of crude‘oils
(10). _Hodgson et 'al.' (11) preSented semi-quantitative
spectrographic analysis of an oil sand ash. They determined
l&\\elements and reported concentration values from 25%

silicon to 0.1%;«chromium. ‘ The other elements determined
_were aluminum (12%), vanadium (83), nickel (7%), iron (6%),
copper (2%), calcium (1.6%), magnesium (1.2%), sodium

(0.8%), titanium (0 8%), lead (0. 6%), manganese (0. 3%),_and‘

, molybdenum (0.2%). ‘A 4é ‘iEd’ survey by - the U.S.

Environmental otection . Agebcy  (EPA). on potential
,pollutants i fossil ‘fuels compiigﬁ all values’?ound in the
'$~ i

literature or the metal, ,nitr09;?- and sulfur content of

%
5

~ petroleum @12) o o fﬁlgﬁ,
. C. Analytical Teqhnigues fOr the Determination of Trace
B Eleﬁénﬁs Rn_Pétroleum'Products :,éi L '
"?. l‘J' Numerous ’technigues\' have  been 'apéligd to  the

o



)

. determination of trace elements in petroleum matrices. Some

i

techniques for trace and ultra-trace determinations . —B

reviews on the subject include a chapter by Buell (13) and a

book by Kquegyan (14), both  emphasizing atomic

-

spectroscopic applications. Other reviews include books-. by

McCoy (15), Milner (8), and one edited by Hofstader gt al.
(16) surveyed the " development ' of , various Tﬁélyr.
and Eppblito (17) and Fujita (18) discussed the advantages

and disadvantages of various inétrumental techniques. Due
o

.to the vast number of techniques and applications reported,

and excellent discussions elsewhere, 6n1y a few examples

will be discussed here.

1. Chemical and éoibrimetfic Methods »

Evidently,  the methods”'first used"w;re chemicél and
colorimétric.. Using‘slightly modified colorimétriC'metbods
originally described by. wrightso; (19), Hédgsdn;determinédl
iron, nickel and vanadium in 77 crudes (20). -Dry aéhing at

600°C followed by hydrofluoric acid - dissolution was

'catiied'qut;A'Additional'information, such és deﬁth of crude

ppoduced, API gra&ity,'sulfun contén; énd'vanadfum to nickél
fatio,_;as tabuiated and used in a‘study regarding age of
the deposit. ' Similarily, Baker and Hodgson (21) analyzed 37
western Canédiaﬁ’crudéslfor mﬁgnesium as well as nickel;ané"

vanadium. The  study was made in an’effort to correlate -

- magnesium present in crude with cplgrophjll as a derivative

for pho:phjtiﬁ and mégnesiUm.ﬂ The poor séﬁsitivity of the

-

g f)methOd was recognfzed~wheh they were-unable.to determine

\ r

o



magnesium since all magnesium Qas present at trace levels.

. '""Howevety"colorimétric ’methpdS'i;ere ~still widely used
Lor a number ofﬁygaré in view of the fact thﬁt such.methods
are generally sensitive,’ utilize relatively inexpensive

eduipment, , and require comph;atively simple skills.

0vera11,_ the methods from poor éelect;vity and
lengihy processing of the) sample -to‘the bolor-devélopmeﬁé‘
stage fon‘one-elehent detgrminations. With the advent of
moré elabbrate and seﬁsitive instrumental approaches, very

littlebﬁopk‘has been reported in recé?t years.

\,

-~

2. Electroanalytical Techniques
" N .

\ ' ) . B
One- interesting early application of ‘electroanalytical
R

methods wés reported'by Samuel and Bruﬁnock-(22)’ba9ed on -
téé use of squafe wavé polarogtaphy. The oil sample was-
: tteateibwith bromine, extracted with hydrochibric acid, and
résidual o:ganic mattef was destroyed with nitric and
perchldric acids. 'Flato~(23) discussed a "Renaissance" of
elecfroanaiytical téchniqﬁes.ﬂ The most sensitive technique,
d;fferentiai_pulgé anodic stripping vqltammetrY)‘is cafried
out "Qith 5 pulse voltage superimposed upon the linearlf B

ncreasing voltage in ‘thér second step. Sensitivity is

ixcellent in the 10-10 to 10-1lly range, and a maximum of

six elements can be determinedasimulténésusly.

| The 'hgjoF drawback ' of eleétroanaiysisﬂAEo petroleum
mafrépes_ is 1ncompatibility wi#h the 'ihorganic soLution
requirements. Exléggivq sample prepa:étion is required,'énd

- the ‘esidual strong acid must be Tremoved or the final -

-
. a



3. Atomic, Absorption Spectrometry (AAS) )

: . ‘
solution buffered. This often involved the addition of

.various . ieagents,_ and the critical consideration is the

amount of contamination introduced during the entire

process, Furthermore, the elements to be determined will

dictate the choice of both the sample digestiom scheme and
the type of final analyte 'solution. Even at modest
instru@ental cost, these voltammetric methods are mainly

used to COmplement-otﬁer techniques.

Flame atomic absdrption was used for the direct

analysis of metals in oil in 1962 by Barras (24) and Spragque

'ahd Slavin (25).. The sample was=diluted in a euiﬁable

\

solvent and aspxrated into the flame. The dilution ratio
required to. e;iminate matrix effects resulted -in poor
sensitivity. Later in 1967, Barras and Smith (26;Adescfibed

a multichahpel AAR spectrometer for the analysis of copper,

~iron, nickel and vanadium. Jackson et al. (27) reporﬁed the

simultaneous defermination of wear metals in used

1

1ubr1cating 01ls w1th another multichannel AA spectrometer.

ut11121ng a silicon-target vidicon ' detector. An

'Z”»

air-aoetylene ‘flame was used and ‘precision was somewhat

poorer than nérmal for iron, magnesium, c0pper and silver.

1]

Good .correlation was obtained between this method and a

single channel method.

¢ 4

A novel particle size 1ndependent procedure for tge

ana1y31s of titanium and mdlybdenum in lubricating oil was

offered by Saba and Eisentraut (28,29)." Theawaﬁples were




treated with a mixture containing hydrofluoric and nitric
“acids and .snaken for two. minutes ‘before dilution with
B methylisobutylketone. Both accuracy and 'precision were
reasonable. |

.The significant improvements in sensitivity achievable
)

detection

compared conventional flame -‘AA); but. usually at the

expeiisé of precdsion. Improved detection limits were

reported by Runnels et al. (30) for beryllium, chromium,

manganese and aluminum- with a graph}te"furnace atomizer.
The inner surfaces of the furnace were treated‘to provide

a carbide .coating. - Both maximum atomization temperature and

rate at which maximum temperature was att ined affected the

detection limit.{'

its (up to 2iorders of magnitude better when .,

. 'by non-flame, or electrothermal vaporization a:::ff:>
. absorption spectrometry '(EVAAS), have provided better

<

Thomerson and Thompson (31) reviewed the agvantages and

‘dfsadvantages of flame and non-flame atomization techniques
and listed'typical detection limits for petroleum and other
matrices.‘ Cold vapor techniques for mercury and volatile
hydride generation schemes were outlined and various
electrothermal atomization devices were described. Welz

(32) surveyed the application of AA in industrial analysis.

He covered instrumentation (flame and furnace), analysis of -

lubricating 011 for wear methods, trace metals detection in
.waste water, polymer analysis, and control of metals in fuel
oils for high—speed gas turbines. Modifications to

'spectrometers, especially electrothermal vaporization units,

«

Ve |
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have been tremendous and the number of detailed fundamental

“"studies is still growing.

Because of the excellent detection 1limits {in the

nanogram (ng) range), with both solid and liquid sampling

capapilities, EVAAS. {s widely used as an .nltra~trace

techniqye in modern analytical laborafories. Inductively
Q . .

competing spectrochemical technique for solution analysis

with respect to part-perﬁbﬁllion (ppb) and sub-ppb

determinationd.

. 4. Neutron Activation Analysis (NAA)

The availability of lower cost high flux thermal

‘neutron irradiation facilities and high resolution solid

‘ state detectors has made NAA a very attractive tool for

simultaneous determinations at the trace level. In his

AN
thesis study on crude oils, Filby (33) usea' NAA  for the

>

analysis of 10 crﬁ&\es for 15 elements: nickel, vanadium','
cobalt, 'mercury, dron, . zinc, manganese, arsenic, gold,

antimony, selenium, scandium, copper, sodium, and.calciqn.

In an oil migration and maturation study, Hitchon et al.

(34) determined the concentrations of 22 trace elements in

88 crude oils from Alberta by NAA, and selected 11’ for

factor analysis. . In some instances, as many as 30 trace .

elements have been identified and measured in crude oils by

this technigque (35). Although excellent sensitivity can be
Vs .

achieved for many elements, it is often necessary to carry

el

10
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out :, a sepafation ’step.‘ after irradiation because of
interferences from elements such as sodium, chlorine and

bromine. NAA is mainly used to c:oss-cfaeck data obtained by

~ ™

other techniques.

5. X-Ray Fluorescence SpecRrometry (XRF$)

’This'techn“ique is well suited for soiid samples. The
main drawback in analyzing liq@id samples is poor
sensitivity. Meier and Ijnger {36) re.viewedhthe application
of energy dispersive XRFS and included ',('i‘iscussion on wear
metai- determination i}ri luibricating 0ils. Kubo et }’al. (37)
analyzed NBS fuél oil and shale. oil. Spiked' solutions _wex"e
used for calli.brat-:ion of vanadium, irou,v nickel, molybdenﬁm,

: o
zinc, and arsenic. The\ one-element spiking method works
Q .

well for samples with low wiscosity while high viscdsity

samples requir® a two-element spike tb correct for X-ray

absoerption. Determined values agree well with certified .

values. In an interesting paper, Krishnar;\ (38) claimed
sucvc‘ess 'in analyses of s)amples in any matrix with standards
in any convenient forﬁ by normalization involving
cor4r;ctions for scatteﬁring from the samiale cell. ,Resglts
weriv repbrted for zinc, iron, and 'J{ead in petroleum using
5qlid or li'quid‘ standards. | ‘A‘lthough little sample
éretreatment is necessary, enerdy dispersive XR'FS' can, Oniy
‘.\detec_.t' ;elveme'hts@;dow'n to the ppm regic'm,' and applications té

pétroleinn matrices have been limited. .
. N . . "

6. Emission Spectrometry

- Emission spectrometric methods dominated the earlier

-

G
]

&
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literature 'on trace element determinations -in petroleum

Tatrices: | Shirey (39) in 1931 may be the first to. have

reported qualitative emigsion spectrometric data for seven ¥.f/

crude oils. Rapid routine analyses with an ashing procedure
were presented by Hughes et al. (40). Calkins and Hhite
(41) were the first to analyze metals in oil d1rectiy in_
1946.. They used a quenched electrode (Eecnnique which

-

involves reliménary heating of a graphite electrdde.. The

electrode is then inserted immediately ‘into the ‘sainple,

‘ing it and thus drawing sample 'intO'.theA graphite.

S

applications ). Many variations have"been? attempted

[

since and are too numerous to mention, except for the

. hY
rotrode. z ’

>

Y ' |
Burt (43), Pagliasotti and Porsche" (44, 45) .and
Gambrill et al. ' (46), were among the first to use=othe

rotating” discs electrode . (rotrode). ™ Ehosphorus,.“oarium,

Howevet,\it'was thoroughly studied and found to have limited‘{

-

_ . : . )
calcium, and 2inc were analyzed by these researchers. The -

L~

porous cup was compared to the rotrode (46) and 10% accuracy

was claimed for both techniques. The “use of a nmgnesium'

salt of 2-ethylhex01c acid as . a spectrochemical buffer and

‘a

v

Ve
/

adm1tted1y subject to serious matrix effects arislng from

' viscosity and total composltlon of the 011 (47). Except for

a few minor ref1nements, such as the use of ° ' argon to

stabilize the spark dlscharge (48), direct analysis with the

ﬁnlgkel as the 1nterna1 standard was. reported to result 1n no

- matrix °~ dependency (45). - However, thls techn1que ig™
/

‘rotrode seems to be more un1ve¢sa11ysused than,any other ;

12
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emission technique.

7. Other Techniques

-

.H h

Excellent sensitivity -can be

b

spectrometry and plasma spectroscopic methods.

e —————— e —das

obtained

|

Simultaneous

with mass

determih%ticpsqwith sub-nancgram (ng) detection limits have

been reported” by " Morrison (49) for .Sparﬁk‘§ource"Mass

oA

Y
\Spectrometry (SSMS).

Petroleum samples

require

lengthy

preparaticn time,end_th ipterpretation of‘%he spectra is

T N o oy

complex. SSMS'wasfevaluated in an intercompanj’cbmparison

project. (14). Neither "of the

four major

laboratcries. had SSMS capabilities, and

\iaboratory had - to be chosen for the

°

task.

a commercial-

To an

-petroleum

extent,

.
thls reflects the lack of act1v1ty of SSMS in the pep431235517’/

research field. - e

Among the different versidns of'plasma’spectrcchemical

- sources, Plasma Jet Dlrect Current Arqf
gpectrometry, M1crowave Induced Plasma

and Radio Frequency Inductlvely Coupled Plasma

spectrometry - have . been utilizedA for

determinations for troleum matrlces.‘

/

W,\

gascllne by:

~

‘reported by Vigler and Failoni (50).

fange studied was 0.0001 to 0.001%,

variation.'was 1&;1%;

‘.all—hellum_ DC Plasma

(DC

: trace

'S

Plasma)

(MIP)-Epectrometryf
(RF "ICP)

level

S Quant1tat1ve spectrographig\cetermznatlon of’boron in

spectrometere,was

The concentratlon

and the coeffic1ent of

. Sample ‘preparetlon .only

lnvolved

diésclutioh;cfgthe'sample in_an, ethylalcohol buffer so;ution

[

and .addition‘bcf nickel 'heioate _interﬁal standard.  The
- ) . R : N A\

- " -~ ° - N
® L S -

°

<
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advantages mentioned ingiude 'a singlée calibration standard
for different types of compounds, a smaller volum:ETﬁ ml)

fof analysis, and lower cost. than the rotrodé‘method.

{ McElfresh ‘and Parson (51) have analyzed wear metals in
used lubricating o;ls_ with anothegy DC blasma source.
Alﬂminum, 'chromium, ccpper,' ironl .and \magnesium‘ were
determined wlth ‘limits of detectian of\\O 01, 0.11, -
0. 08, 0. 40, and 0.003 parts per mllllon (PPm) respectlvely.
The analytlcal curves for each element were linear up .to 50
ppm. The method incorporates syringe feeding of a 1:1
) xylene diluted oil sample into an: allfhelium arc ,and a _
photographlc Qdetectlon system. ~PotaSSium, was ;added_:to.
_eliminate interelement effects (suppression of icnization).‘ C v
‘on iron and Lchromiumz A platinum"line" was‘ used -as_ an ,
internal stendard line. o ’ C _ | '”¢e/[\"

A’ rather unusual‘MIP‘sefup uas‘used to determlne iron,".

chromium1 nickel,‘and-sélver in cil byTSerminﬂ(525;‘,The
sample‘was aspirated directly p; a pneumatic nebulizer.intc ' Cy
a 600 w nltfogen MIP s rce;/ Cal1brat10n curves were glven |
for concentratlons up to 30 ppm 1ron, 20 ppm chromlum or
\n1cke1, and 13 ppm silver. Standard dev1at10ns calculated
were 0.04 ppm for silver and approx1mate1y 0 2 ppm f’r the
others, High v1scosity and/slow vaporlzatlon rate of the t_'\
'sample :resulted  in poor sen51t1v1ty. ,#He" suggested
increa51ng the rate .of nebullzat1on by lowering viscos1ty

(by dilutlon) or. by ultrasonlc nebulizatlon.

,Several 'art}cles ’ have -~ been .pub11shed:( for trace

' element~'analysis _in 'petrpleum matrices using RF- @CP
- . N . 5. ) . : T . . P ’ P
oy - ) ’ i ’ ' * &

. 4 T - . . @ . . .
. . . - e . -

!
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(53-64). The earliest attempt appears to have been. reported-

by Pforr (53). These will be discussed in the next section.

D. The_lnductively Coupled Plasma (ICP) as a .
Spectrochemical Emission Source'

The first studies of the,application of the ICP-as an
- emission source in analytical spectroscopy‘fwere made by
Greenfield et al. (65)’and Wendt and Fassel (66,67) in the

early 1960's. -'The character1st1cs of thls source include

high - temperature, chem1ca1 inertness, and optical th1nness

w

and these result 1n low detectlon lim1ts, high sensitiVity,‘

and l1near responses of four to five orders of magnltude
with respect to concentratlon. Interference 'effects are
{small compared to .spectrometr1c determlnatlog§> by flame

emission, atomic - absorption, or arc-spark emission

t-;:_»

spectrOmetry. '1ﬁ'

- Analytical appllcatlons of the ICP have experlenced;x

: a
tremendous growth partlcularly the 1ntroductlon ‘of  the

- )
First commerc1al instrument in 1974 fg68) ~ Inductively
.Coupled Plasma - Atomlc Em1551on Spectroébopy (ICP-AES) w1th
”the various commerc1al v1nstruments has been Vused to
-f51multaneously analyze qualltatlvely and quantltatlvely for

- ' 4
'uP to 60 elements in 30 or more samples pegrhggru Excellent

| 7hlstorical and applicat1on reviews ~of ' the ICP include
Greenfleld et al. (69), Barnes, (70), and Dahlquist and Knoll
(71). p | S ;“L R _

\

£
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1. Application to Organic Systems

Although-most WOrk‘has‘concentrated oﬁ;équeous samples,

organic systems have been investigated - by Truitt and

Robinson (72,73), Greenfield and Smith (55),;Warren (74),

Ward et al. (75),. Dahlquist and Knoll (51), and Browner et

<

)al. T6) o L

Truitt ‘and Robinson (72)/ﬁescr1bed the 1ntroduct10n of
\.J/organic liquids into ,the ICP. A laminar flow plasma torch

~31m11ar to one described earlier (60) was used.‘ Therpower‘

necessary to sustain the plasma with organics asp1rat1ng was

observed to be higher than water. | They concluded that

'approximatelyften\times as much ‘sample could be handled in

the coolant (plasma? stream as in the central carrier stream

without extlnguishing the plasma. ThlS 11m1tation was a

7 e

torch were also studied by observ1ng yellow flares and soot

'resulting from the 1ntroductlon of large quantitites(’of

hydrocarbon vapor ‘into’ the carrier stream.

' Emi551on spectra of some hydrocarbons such as- methane,

‘ethane, propane. _heptane, octane,b and - benzene 1ntroduced

‘1nto the,plasmanerEZalso~studiedl ). .Four,spec1es were:

’v X ‘ ! " ‘ - ’ . . . )
‘.identified as’ sources of em1531on signals. These. were

CN. The effects of various 51mp1e gases;- argon, helium,
nitrogen, oxygen, and air added to ei}her the carr1%§ or'
'_coolant stream - on the emission 1nten51ty of several bands

.and 11nes were recorded. Spatial emission profiles, RF

-

AT

' power dependency,'and the effect of 1ngreasing the number of

’ - a

Aelemental carbon and hydrogen,' and. the fragments Ca and.lf

16

'result of carbon. bu1ldup on the thbes. Flow dynamics of the, o



carbon atoms in  the sample for these bands or lines.were .

also studied. e .

-Int1972,pGreenfield and'Smith (55) determined‘chrdmium
and iron in xylene.  Microlitre ‘samples (1-25 pl) were
aspigated "into a 45.5"kw mnitrogenlvcooled ‘plasma. | The
calibration graph was‘linear for chromium up to'250 ng, but
iron showed curvature even at concentrations under 100 pPpm.

The same procedure was aléb used in the analy51s of trace

'metals in organic phosphorus compounds. Standards of

-acetylacetonates of aluminum and magnesium and samples were

diluted {1 +’9) with methanol. The results obtained agreed

'reasonably well w1th results obtained by uet oXidation of

f'the samples followed by determination of the metals in’

' adueous solution.

Warren (74) reported the determination of some -trace -

_metals_" foodstuffs by a chelation/solvent extraction

- gystem employing. diethylammonium diethyldithiocarbamate~
(DbDC):and”heptan;Z-one,1 The argon ICP was operated at 2. 1 .
"kw.and.copper,°iron; and zinc were studied for11nstrumental,ﬂ

-drift but it waspfound towbe_insignificant, The-Sensitivity'

;17

 of cadmium, cobalt, copper, .iron, nickel, lead, and zinc

were compared in'both_aqueousﬁand'heptanéz-one, and found to

-Abeisimilar. No trouﬁle was experienced with carbon huildup

,.on,the’torch.'” )

" In .another chelating/solvent ektraction in complex

-matricés; Ward et al. (75) reported detection limits for[
oxine in xylene and APDC in MIBK - at pH 4 and 9 for 15

' elements., _Otherv‘elements were, studied but were - not

e L.
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‘quantitatively extracted by either ‘solvents.hil Withf ?,”:

* - preconcentration factor of 10, these values were equivalent
< . .

Voo

or_-slightly ‘better . than determination in :water. . A

comparison was made}for a seawater sample, and at 50-foldv

preconcentration, detection limits were significantly better

(1 to 2 orders of magnitude) in MIBK or xylene systems than_

direct,_analy51s for applicable elements. ~ Instrumental
conditions were not reported. . |

Dahlquist and Knoll (71) studied the enhancement effect
o '  of organic solvents. Varying amounts of acetic acid and

g
glycerol were added and relatively small enhancements of l

to 10% were observed at 5% volume ‘acetic acid for lff

'elements.» The'use of a cobalt internal'standard reduced

such enhancements to negligible proportions, and thus the ‘
: effect was concluded to be localized in- ‘the nebulization andl

transport systems. SOll extracts with either neutral 1 0 M

s ammonium acetate solution or triethanolamine buffered DTPA

solution were . analyzed directly,, and no difficulty was

rep@rted.

sl

y
_ tolerable amounts of organic solvent aerosols in. " the ICP

-

| were 'investigated by Browner et al. (76). : Nebulization.
efficiency was compared for different solvents and & -
detailed discuSSion of various effects was presented.,~With;

"the argon lCR, oxygen- or chlorine-containing solventss.-s

appear to be tolerabre at higher levels than hydrocarbon '

|
'solvents. LA

v - o R

NI nJ-A-Uﬂ B T

Evaporation ~characteristics and theorectical maximum.ﬁ
-

i

S
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Elements in Petroleum Matrices /

\

The direct determination of trace elements in petroléum

matricesfby ICP-OES has.been reported. Published articles'

.inclgde Pforr'(Sj), Pforr and'Aribot (54),§Greenfield -and

-Varnes_ nd;Andrews'(GO Ward and Mariello-(Gl), Smith (62),

- Merryfield “and LoYd (63), and Ohls and.Sommer (645;

Pforrk(53 evidentlj pu lished the first. paper on the

direct introductio of gasoline diluted oil samples into the

- plasma in 1967. ln' later report, Pforr and Aribot (54)
f’reported detection 1limikxs of 3.6, 4.2, and 1.5 ppm - (by
_fweight), respectively, fo aluminum, iron, ‘and nickel.‘

Diluted oil was 1ntrodqced _at 50°C and the carrier gas7

—fiow(was 20 litres per hour (l 3 litres per minute, l/min)
= ¢

ith (55),”Eassel.et'al. (56 57), Peterson (58), Ohls (59),p

19

2. Application to the. Direct Determination of Traceppd”vmp_,;_/;,“”_m“!“

- An'atomizer-regulated”the'carrie gas preSsure to deliver a

'constant amount of herosol hav1 g constant particle Size;'.ﬂ

5i.The plasma was. operated at 40 MHZ'and power range from 500f

"

'#to 1000 w.'eSpectral information was recorded-with,a‘quartz
gspectrograph. '.- | 1 L
| Greenfleldu‘Zandf'jsmith’.-(a )»j_determined ‘ aluminum,
.i’cKEOmium,: cOpper, iren, ‘titanium, niCRel,. magnesium,‘vand
ﬂ .imanganese 1n samples of engine 01 . CalibratiOn:graphs were
‘ :fobtained for the first three lements at concentration
fﬁranging from 0 to 100 ppm. Except for . copper, :the‘
calibration graphs were linear. All samples were diluted in_

’the R ti of 1 2 with xyle e. and 25 pl samples'_werezv'

#:"aspirated into the plasma usi g a pneumatic nebulizer. Thép.




: in viSc051ty for the samples did not bias the analytical ,

3both Ohls (59) and by Varnes and Andrews (60). Rotrode

. /‘ ~

nitrogen, cooled plasma was operated at;7_MHz and-5.5 kw.
plasma for the simultaneOus»determinationlof wear metals in
lubricating oil, and tracé .elements in liquid fuels ‘derived

from coal. In addition, the analysis of edible oil - for

trace_elements was reported by Peterson (58) The~samples

were diluted_l:lo w/v with MIBK and aerosols formed from’

these solutions were injected into the plasma. Detection

i

limits of 0.0004 to 0.3 ppm for' 15 wear metals .in

lubricating oil were reported. ‘Theyjfound that differencesv

results. A comparison for titanium determination by this
procedure and an atomic absorption procedure (28) showed
reasonable agreement. S

Comparison of/ tracé element determination in 011 by

_ICP-AES and rotrode em1s551on spectroscopy was reported by

excitatign in a Cop atmosphere and an ICP with ultrasonic .

or: pneumatic neﬂulizer' were used. UD‘analyze vthe samples.

;o

either directly or after ashing.. ‘ Detection limits were

comparable to those obtained by pressed electrodes (59).

Results reported by a commercxal testing laboratory

using rotrode excitation were compared to argon plasma

results (60). The plasma settings were 1 8 kw at 27 MHz and’
{the viewing height was' 18 mm above the load c01l. Sample‘”
T"diIgli:ion of 1:9 w/v in MIBK was performed and the solution

was" analyzed for 12 elements.; Agreement with rotrode was.

':good for some elements but poor for others.f_ fl;i . w

'_'0: . b

' Fassel et al. (56,57) employed a 2.1 kw at 27 MHz argon

20
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-Material 5 were analyzed,‘and the comparison of ICP re

Ward and MarielIO'(61) determined sulfur, iron, lead,

~vanadium, nickel, manganese, and zinc in National Bureau of

Standardsé - .Standard ~Reference Material (NBS-SRM) 1634
residual fuel oil. - A'ZfAMHz argon ICP operating at 1700 w
was used and the observation height was 18 mm above .the load

coil, Other than sulfur and lead, good accuracy_ was
PR ° _ A o
reported.

\
V4

Another application of an argon ICP for the
_ s y

simultaneous determination:of metals in'o0il was reported by

Merryfield and Loyd (63). The sample was diluted 1:9 w/w

with xylene and aspirated into 'a 1700"w plasma.v The

dbservation height was 18 5 mm above the load c01l. Twenty

S

elements were det_ermined at .su_b-ppm» levels in a used oil
‘sample ‘and the. average pfeeision was 3.8%. Significant

nterferences were noted and corrected for. The effects of .

a detergent and of an easily ionized element, potassium,

~ .were found to be negligible. -NBS*SRM 1634 and Ge;ﬁial'
ts'

- .

.-iw1th the certlfied values showed agreement within 2%.' Three,"
oil samples were also analyzed for four elements by bgth ICPY

'and XRFS and both methods gave comparable results.

Ohls and Sommer (64) determined trace elements in 011

samples._ A 27 MHz nitrogen cooled argon plasma working at a
}c01l power of 1.5 kw- was used The observation height ‘was 8j
‘mm above the load cozl. Sample preparation included a:
-10=- fold dilution wzth xylene and particle distribution using'“

‘ﬂ an ultrasonic bath. Detection limits for 13 elements rangedv_

from 0;001.ppm_for'calciumvtO'O.l ppm for.aluminum. Except

@ .

oA
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.samples.' -

for boron, precision ‘ranged’ between 0, 3% to 0.5%._ No

residue of carbon was notjced in the torch using nitrogen as

coolant.

3. Problems and Difficulties Encountered with Analysis
Involving Matrices with High-Organic Content
J
The aspiration of organics into the plasma is not "as

tr1v1al as that of "an aqueous solution. This may be

reflected by the limited published literature associated

with analyses involving high or 100% organic matrices. In

addition to- gradual -carbon buildup at the torch, which

2

' eventually extinguishes the plasma, certain organics, such

as alcohols and chlorinated hydrocarbons, have been reported'

to be difficult to introduce 1nto the plasma without
rapidly extinguishing it. Even if . present only in small

amounts, they may cause sputtering in the plasma. A new

tuning system is sometimes necessary to overcome the problem

-'for a certain solvent, and thus limits the flexibility of

the instrument. Viscosity or surface tension ifferences
for diffesenc mixtures or = solvents also affect " the
analytical résults.' For ekample, nebulization efficiency is

_different for benzene, xylenes, and nitrobenZene under free

or controlled aspiration with a pneumatic nebulizer (76)

This can result 1n_ the . erroneous interpretatibn of data.

The use of a peristallic ‘pump is generally recommended. to'

regulate the sample introduction rate for samples which

differ only slightly in‘viscosity,vfor example, diluted oil

L

In- addition to theg argonj and hydroxyl lines, the

.
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background spectrum increases in complexity with emission

~ from species ‘such as C, #H, CH, C2, and CN when aspirating
organics. Spectral interference of this nature may be
overcé%e .with a high resolution spectrometer,' thus

increasing the ' instrument cost. The other approach is to

introduce a certain amount of oxygen 1nto 5ither the carrier

or coolant flows. The effects of oxygen on the reduction of
intensity of background emitting species have been reported
(77,72, 73). ‘

The : remarkably sensitive detection limits
‘characteristic of the ICP for . aqueous determinations have
not;‘yet been realized for organic systems.; Based eon
reported detection limits, and except for' calcium, trace
element determinations in 011 are restricted to 100 ppb and
higher, depending on the procedure. Ultrasonic nehulization
wifhfﬂsolvent desoIVation has . been shown repeatedly to

provide the lowest detection limits in aqueous systems, but

“has. not beén applied to matg}ces containing high organic

content._ This may stem from the lack of understanding of

'analyte spec1es - organic solvent 1nteractions.

o
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~ CHAPTER II

EXPERIMENTAL FACILITIES AND PROCEDURE

“

A. Experimental Facilities : | &

A detailed descriptiéh of  the speétrochemicai emission

source and measurement systems -used in this investigation

will be presented. : ﬁasica$ly,‘ it consisted of a
radiofrequency inductively coupled plasma as the excitdtion
source and spectfal radiafiou from the plasma was decoded by
either.a nmnoch;omator*photomultiplier tube (PMT) d%tectof
systeh, or a photodiodé array (PDA) based direct “reader
s&stem. A minicompuﬁe: with software develoﬁed in our
iaboratory was used:for daﬁa ;cquisition“and reduction. A
. schematic block diagram is shown in Figure 1.‘
1. 12 - . | .

A Plasmé—fher& ICP;SOOO (Plasma-Thgrm, Inc., Kresson,
N.J;) f‘radiofrequéncy inductively éoupied ~plasma ‘was
, employéé. .An-itemized description is presented in Table I..

The inductively coypled plasma discharge is -initiated
by a “Eésla discharge which partiallf iénizes. a flowing

gas, usually argdn. An .oscillating magnetic field, induced

by the alternating \current in the ‘load coil,.'causes_‘

»

additional ionization. ‘Thus the' plasma is formed (Figure

‘42). " The plasma and auxillary gas flows are tangentially

introduéedf intov:an ICP torch, which consisté of three

coaxial aqﬂ concentric quartz;tubes.

AN

~
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MEASUREMENT
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- : TABLE I ,
. "‘)
ICP Specifications : ,
. ‘ o N . D
| 3 ‘ S &
: . . Plasma . ICR 5000 | | A J
. ‘ — . » , . ©
~ ' Manufacturer ~~ Plasma-Therm Inc., Kresson, N.J.
RF Generator ' Model HFS 5000D Sy,
Frequency 27.12 MHz .
. ) o : . ~. : '
Power Control Automatic;.Model_APCS-3 .
Power Available o 5.0 kw . o
. B L _— o : S
Matching ' ' ' AMN-5000E Auto Matching Network P
e : ) ) . o
Load Coil : _ Silver-plated copper coil, -
4 turns, 2.5 cm i.é.. - . . k .
. . [
Y * . . : ' B g . 1
. ' " g |
. | B
]
€ : .
~ ® ©
é .
=~
; ' | s
, .
a
P
C . |
o A - '.\ < P
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 The plasma torch - used is shown in Figure 3. The torch

'suppled by Plasma-Therm has a constricted outlet for the
_ central, or injector tube.- This central tube was replaced
with a 2.0 mm internal diameter thick wall tube to provide a

-‘more laminar flow of ‘sample carrier gas through the ‘torch.

-~

The injector portion of this tube was ground and’ tapered to

allow a better torodial flow at the tlp, and thereby reduce’
sal_t depo51t or_carbon buildup. ‘This type of’ torch proved

~to be easy to construct, and is manufactured here at the

o

Chemistry Department Glass Shop. |

. B . - L ’ ﬁ i
2. PMT Measurement System

'A Heath Scanning Monochromator Model EU—700-'70 w1th'
'accompanying Electronic Control Unit Modelq EU-700 51 were '
used. The plasma was " imaged with a magnification of -0.5.0n .
-the entrance Sllt of the monochromator by a quartz ler) .
. _This monochromator has a focal length of 350 mm and 1s a

smgle—pass Czerny-'rurner design with- folding mirrors to

provide entrance and exit beams on a’ cbmmon optic axis.

¢

The precision plane grat/ing of 1180 lines per mm blazed at .

e

"250 mm gives’ better thag 0. l nm resolution.

An: 1P28 PMT was. mounted at the "exit slit and powered by )

e

and enclosed in a Heath Photomultiplier Module EU-702- 30.

The. operation voltage ranged from 400 to 700 Ve Spectral

A

coverage with this PMT J.s from about 185 to 650 ‘nm. Purging
with nitrogen is necessary for measurement under 200 nm.-'
'rhe current output of the PMT was converted into a voltage'

'“signal with amplification/filtering by a KeithiP\Current

)

YA .
v . v ; ‘ - . . . . .
T - 7 . . . . . N . . ?
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_ Amplifier Model 427 (Keithly Instruments . Inc., Cleveland, .

e L - ' - : !
Ohio). ‘For spectral tracing, a Heath Strip Chart Recorder
Model EUW-20A - was used. Eitherv linear or 1ogarithmic

‘response can - be selected with the incorporation of a Heath
PN

W

-«Module EU-20- 28.". o y" . |
l Digital data conversion was performed by a Digital
Equi;ment Corp. (DEC) Laboratory Peripheral System Model
LPSll . This ‘data acquis1tion unit contains all the
electronic components for connection to external analog,

'digital, ‘and timing signaIS‘and 1nterfaces directlybto a DECA

"« PDP- Ll/lO 51xteen blt m1n1computer.m ‘The minicomputer was

=¥.operated under the RTll 02C disk based operating system.i
Programming was- in Fortran agd Macro assembly language.j

~ Mass. storage was available by means of DEC RK 05 cartridge°
7disks.v Alphanumeric and graphic display was available w1th:'
Aa 'DEC VT—55wv1deo terminal.. Hard copy output was available"

' . from the. 1nterna1 printer of;the VT—SS,{; DEC Writer II, orl
.a Zeta Incremental Plotter §er1es 100/1200 (Zeta Resear:h

.HCorp.,.Lafayette, Calif ) . o

. ' ' s ' , | l- . o .

- 3. PDA Measurement System

The computer coupled photodiode array readout systems

used in this work have been\developed in thisllaboratoryy_f

.'iover ,the last eight years. ' Two, systems were used in":

"decoding spectral information. \3\ numbér of articles have

b_been published about these systems by Horlick et al. (78¢"
79)._ R R ) o

.q‘

The first system used was the vertical" spatial em1591onli o

e
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,profiling system. O ln this system an array of 250. o

, photodiodes 25 4 pm (0 001 in ) wide by 25 4 pmk(O 001 in. )

tall. is mounted vertlcally in. the exit focal plane of a

-Heath Monochromator Model EU-700 70. With a magnification
f bO 25 of the plasma at the entrance slit, this system
allows direct readout of a 25 4 mm (1 in ) portion of the

source for vertical spatial emission inten31ty (80, 81)

- The second photodiode array based system uses a 1024

velement PDA. B Each diode is 25.4 pm (0.001 in.) wide by
- 430- pm (0 017 in.) tall.“This‘array isfplaced‘horizontally

Jin the exit focal plane of a. Heath Monochromator Model

EU-FOO 70.' As. the effective width of the 1024 element PDA -

,is 26. 01 ,mm (1.024 “in})\3and “the disper51on of'.the

_monochromator is approximately 2 nm/mm at 250 nm, a spectra1'

"'Jw1ndow of . roughly 50 nm '1s achieved.‘v; Thls co?binatlon .

'allows coverage of a large spectral region w1th reasonable'

‘_resolution. The . ‘image magnification was. 0. 5’,

' The computer-based data acquisition system operates at.

up. to 20 kHz, and the_ PDA is clocked at this rate._'

‘Integration times of either array cooled to about —200C.1
-'-can vary from 0 1024 to over 50 seconds between readout

.cycles. : Indiv1dual readout cycles ‘¢an. be‘ stored underh
@

‘ computer control, or can. be time averaged and background

‘.subtracted. A Tektronix Differential Amplifier‘ AM 502

,()f .-

'(Tektronix Inc.,\Beaverton, Oregon) 1s used to amplify and-

A.ffilter '7the photodiode array E signals '_ prior to

'analog-to-digital convi:sion.: A/D conversion clocking wasdk

vprovided by the photodi de array electronics.i The remainderf

31
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' of the _data acquisition and readout systems are. similar to..

that described earlier. The program used for data f

acquisition was ADCPDA and PDAPLT was used for the plotting

'of spectral scans, These are included in the Appendix.
4. Sample Introduction' | |

| The most widely used aerosol generation system is the
pneumatic nebulizer (crossflow or. concentric), together with

v.a dual cylinder Scott- type spray chamber. The aerosol

';produced is carried by ‘the sample carrier gas and 1njected

* into the center of the plasma (Figure 4) Sample delivery

could either be- frte uptake'by the venturi effect, or pumped

}by a peristallic pump. The nebulizer breaks up the solution'

into small droplets, and the spray chamber of a certain

geometry~ discriminates ’ against f-the larger ' droplets.;-

{However, this combination results in about 3% of the aerosol

'actual y reaching ‘the plasma. 0bv1ously, much of the sample

“5Ysolution is wasted. A more eff1c1ent system that will';u”d
“deliver a more unaform and finer mist may result in higheri_
o : senSitivity and a more precise result.:» The "'MAK" fixedy:
..crossflow nebulizer together with the Model 200 Expansion .a
| h'Chamber fitted with the removable baffle (Figure 5), . 3
e)fslightly more efficient and also more precise than the most;

.]popular'setup (82) i A separate argon supply (e g. a 100 lb.

32

bpcylinder) capable of delivering 200 psi pressure provxdesul ik;

--fgas flow for/the nebulizer. The fixed glas?’bridge bGCWeen"-¥v-”“'

':;the two capillaries eliminates the necessity for realignmentdh..'

fffcommon to most crossflow nebuliéers.i This results in goodf'

.. —‘\. PR ¢+



 PIGURE 4.

" Aerosol generation sys® m -and torch as

sembly
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| long term'reproducibility. The long and narrow capillary
wiwtogetherwuwith .them.high,wpressuremnappearsn-to damp out
variation, ‘functionallv similar to a low pass filter in
electronics, and’ results‘ in excellent long term stability.v
- The - plasma is " typically initially formed with only the
plasma and. auxillary gas flowing. Typlbal flow rates are 15
and ]. 1/min. Two different procedures were pOSSlble for

xylene introductdon into the plasma. The earlie me‘hod

involved aspirating water to form the central channel, and
then switching over to organics. Since “Xylene. is sparingly‘

soluble in water, acetonitrile was aspirated immediately ‘

rcompletely ’ saturated with - acetonitrile-' before xylene

introduction. Although this method ‘required 3 to 4 minutes,

mainly as. gash-out ‘time for the - different solvents, thedé.h

g was mofé\than sufficient time to gradually adjust condition

to those most suitabIe for organics.- o

1

fhl later method involved direct introduction of

,,xylene. After the plasma waélformed, xylene was aspiratedf

xylene, the tuning @nust be set to previously determinedi '
' values that are most suitqble for organics, or the abrupt,'
introduction of xylene may extinguish .the 'plasma. _*?he'

auxillary flow must be increased slightly (greater than 1,'

after ,water. In this manner, the . spray chamher ‘was.

jan 10 seconds, but care must be taken to ensure “that
Optimum settings are selected, or the plasma may extinguishf-

and the torch could eaSily be damaged. Before~aspiratingh

35

'J?to7'punch a hole’ in the plasma. This method requires less

l/min) or carbonization of the central and intermediate .

.-‘\
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tubes may occur. In more se”!Ee cdses, ablation of these
. A e

' quartz tubes occurs instantaneously. - This is due to an
apparent_drop in the discharge when erganics arg introduced..

'B. Sample Preparation

1. ‘Considerationl"' o L
. | As-discussed previously; direct analysis of the sample
or a diluted form is preferred over the dry or wet oxidation
approach.  Risk of contamination,lloss of.analyte, ahd also
sampleilpreparation ‘time is greatly 'reduced., "The thick,
sticky6 nature‘ of raw bitumen ﬂmakes it ‘impractical - to
:, aspirate the sample directly by a pneumatic nebulizer at
room temperature and atmospheric pressure. Although ,at'
"‘elevated temperatureg and pressd.b vbiLumen mayr be fluid.
‘g.enough and could be forceefed,'such extra handling reduces
‘the\simpliCity of manipulation that is desired. v
l_u The other alternatives for direct analySis of this
‘ semi-solid substance may be limited. ' Recent 'studies of
, solid _ sampling a approaches include | electrothermal"
T,jvaporization (83 84), laser vaporization (85.86), and direct
‘“sample insertion in " a modified graphite electrode (87 64).
"Practical sample sizes of up to 20 mg can be analyzed. This
'ﬂfﬂﬂmicrosampling capability is undesirable in ‘this study due to
':»ithefnotorious inhomogeneity of bitumen. A large number of
'ysamples from the same batch must be analyzed in this manner

' in: order to obtain a representative result. ' This would

“fgreatly increase overall analysis time.iho



aspirated easxly.

' The only viable 'alternative' is to dissolve' both the
B {f o

sample and standard in an organic solvent. This will ensure

sample homogeneity and present it in a form that can be

2. Solvent Selection

The two most popular organic solvents for oil dilution

: and chelation/solvent extraction are- methyl isobutyl ketone

(MIBK) and xylene. Chelating reagents in these solvents are

,used extensively in extraction or preconcentration for

aqueous'samples. They have also been used for‘dilution of

.foil samples. Other solvents which have excellent_solubility

‘include benzene,' toluene; some ketones, and chlorinatéd

hydrocarbons..\ﬂowever, the selection is limited when the
x : R -

.

plasma burning characteristic“ is also considered. Except.

for xylene, toluene, and»some ketones'including MIBK, these

: solvents cause sputtering 1ngthe plasma,\and result in poor

stability. ' For crude 0il »and bitumen, only xylene and

\toluene have the deszred solubility.-'Xylene was chosen - so

- e -

?that alcomparlson.with Other reported results may'be made}

rl

3. Sample Dilution

Different production ‘bitumen 'samples ‘may be quite

lidifferent in v1scosity, and must be diluted by xylene to

lfachieve similar v1scosity. A dilution factor of ten times
Cor. more is necessary. | Although a more diluted solution'
| (say, a factOr of 100), corresponds more c103ely to a
: matched viscosity,‘such a. procedure is undesirable because;‘

;it increases the detection 11m1t 81gnificantly. Thus_thea

37
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following procedure ‘was embldyed.'

-ﬂ——m>>~Both ‘the sample and reference were prepared in the ‘same-
anner. A 5 g sample was weighed into a nitric acid washed,

dryva3 oz glass vial. Then 45 g of ACS grade xylenes was

<o
added. The vial was then capped to prevent eVaporation

loss, and shaken suffic1ently to ensure perfect mixing. A

Mettler Top Loading Balance P1200 with a taring feature
‘speeded the operation.

C. . Standards | ' o . v

"~ For the quantitative determination of‘elements‘present

"in the sample, theiinstrument'must‘beocalibrated. Since the-
_ — v )

concentration_of the eiements are‘related to the measured
N [V . . ’ . . .
intensity of the analytical lines, standards of known
elemental concentratlon‘ must be used. Single element

National Bgreau of Standards (NBS) organometallic standard

. reference. 4materials.v and Conostan ' standards (Conostan

@ I o . ‘ A
Division, Continental O0il Co., Ponka Cit .) were

used. Conostan base oil was used»as a bl and as a base

2
_011 for calibration standards._"‘

AThe slngle .element organometalli‘ 'standards,_éere

‘ individualiy prepared aecording, to instruotions- supplied.
_ Depending on' the 'particular \oonpound, 'preparation;‘tines
(including drying in the de551cator) ranged from a féw hours.
to over one day. 1 Eurthermore,. some of the reagents
'necessary for dilution and enhanced. stability werev not

_common stock reagents,i and resulted 'in further delays.

N

'Conostan standards, on the other hand, were available in a‘.’

\'. ; s R i .
. - P .
- . P
- ‘ L

-
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.01l matrix, and@ thus required 1little preparation. Their

AuﬂgguraGYLﬁt.BPbrPQM,levels has“beenmquésuipned._”?However,w,

‘the prepared sinélé element solﬁtipn%h‘were all compatibié
énd_ w éj combined to give arlnultielémeht stdck“_soiution.
SRM 15:; residual fuel oil would have been appropriate for
fhis  id;ésti§ation, Sqt. was unavailable because of stock

depletion.

By - abptopriate serial 'dildtions of - the desired

combinagion of elements Qith the base oil, ‘diffe;ent
‘"concentratioqs% of - multielement - reference oils %ere
: " b ™ . ‘

prepared. - Tbé‘,conEentratiohs in/the reference "solutions

‘ranged from 0.01 to 1000 ppm, and contained vanadium, iron,

.and nickel. These solutfdns were used to evaluate the basic

«

39

analytical performance of the * ICP. The :xylene dilutibn i\

' procdedure was identical to’that for the sample. -

\

\\
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CHAPTER III . | .

<

. EVALUATION OF THE ARGON ICP

o

Qualitative Spectral Tracing

: c ' ' : &
The appearance of the ICp discharge with xylene.-

.

aspirating is quite different when compared to that when an‘

w0

.aqueous .solution  is aspiratingv (Figure 6). The~'more

prominent features include _an infénse -green  sheath

.

) enveloping the 1ower region of the plasma, a violet tail

flame, and_ a very distinéuishable centnel channel~

,bulleé{ It has been well eStablished that.higher~power is
. hecessary to run organics. lthough it 1is possible to

\ operate at 1 kw with;much compromise better - stability is

- . >,

Echieved when the power Settlng is 1 5 kw or higher.

Wavelength scans from 190 to 600 nm at three. different

Ly

heights in the analyte channel prov1ded an insight to

hackground emitting/-spec1es when xylene (or typically'
- hydrocarbon) was aspirated. These ‘'spectral - trac1ngs are

' reproduced in Figure 7L ' The spectra emltted were very

complex,,_with major emitting constituents being Ar, of

(193.1,247.9 nm), OH (280-330 nm), CN (350-422 nm), CH ., .-
(387~431' nm)j, 'and"Cé‘ (437;600'"nm)g : .Ni‘rogen from thew

N
atmosphere or as impurlties in “the gas supply condg\%uted -to

'the 1ntense CN emission high ‘in the plasma. The spectrumi

Obtalned from the plasma when ‘no organio sample was beingg

introduced was also recorded.xﬂ It consxsted mainly of argonp

2

~1ines, OH bands, and a continuum; : o e AJiA N

< s <. o "' \
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’ vertical height above the lo

A

/

A o a6

‘B, Optimization of Power and Flow Rate Parameters .

A

~

To accomplish simultaneous multielementfanalySiS'(SMA);

A we mustn establish a set of compromise conditions. This .{ yll ¢

- means selecting a common set of plasma operating parameters

- that. will give the best overall performance for all elements

‘being investigated. .The_~three_ critical parameters that'
greatly influence the analytical signal are (1) the* -

observation height above the load coil,'(2),the RFlpover'

} coupled into ‘the plasma; ,and;‘(3):‘the ,flow,:ratef'of"the_

aerosol carrier gas.

Spatial emissionf studies- ”ﬁhichki investigated_ the

response of line‘ intensity to changes in ‘RF power and"

aerosol flow rate in aqueous systems have been reported from _

<>

this laboratory. 'These include Edmonds and Horlick (80) and

Horlick and Blades (81) : This investigation employed a

' , similar~ system. The instrumehtation was described in the

prev1ous chapter. The concept is shown in Figure 8.,
A 256 element PDA was: positioned vertically at. the exit

focal plane of a monochromator. With a magnification of

v*—O 25, this configuration allowed simultaneous monitoring of

‘

. a 25 4 mm (l in ) portion of the plasma.l Analyte emiSSion

inten51ty information ‘can thus be a uired as’ a function of

’i (Figure 9). 'E‘Thefn

-Gf'
general shape of a 'hump .. That 1s, the emission intensity '

observed initially increases, lreaches a maximum and " then

-

decreases, forming an emission intensity peak or umximum.l'~ifu

. ‘._‘_" o : S s (R T
o R B N 3 . Y. T .
i i R . - Lo
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i7f19ﬁ!p'9.. Analyte apatial amission intensity information,ﬂ’
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|
should give the best performance.

However,- the position of this peak maximum is very.
7dependent on the carrier gas flow rate.. The plot in Figure'
-.10 represents vertical spatial profiles of the VII 309 311“

‘\

.line when the aerosol vflow rate was varied.‘ Curves a“\

v—-.-~-~-~—~~——~-—~Measuring the signal—— at- the position -when- this- peak occurs~-~~-:'—---1-

L B

through e. represent flow rates of 0 6,. 0 7, 0. 8, 0. 9, an'd*'\ o

‘-.'Il.O_.l./min.- The emission intensit s plotted from 0 to 25

:-mm‘abov'e the- load coil, centered on the. analyte channel.

g The peak intensity increases from 0 6 to 0 8 l/min, and then‘

decreases from 0 8 to 1 0 l/min.‘ The RF power was kept '

*constant at 2 0 kw. K

Increasing the’ flow rate resulted in'more aerosol

reaching the plasma. HowGVer, it . also _ decreased the

re31dence time in the discharge. . Thus it is not surprismg S

to see that the peak intensity increases and shifts higher

when the flow rate increases.‘_ -At- higher»- flqg rates (that_.'

vs‘ The VII 309 311 peak emission is relatively unshifted by'

1 7\5 kw (b) to 2 0 kw (c)._ Further increases in RF power to

s 2 25 kw (d) and 2@& (e) result in slight enhancement. |
S -, '

When othgr lines or elements are studied, the observed

- trends are similar. _' Although slightly improved performance.:'

R _v-'i shorter res:.dence time), some analyte virtuélly passes

through unexcited, and thus decreased intensity is observed.f"

'*fr. increasing the power from l 5 kw (a) to 2 5 kw (e) A‘i )

B

&5 B .The effect of varying RF power is shown in Figure 11.:

_,rsigtﬁficant enhancement in. intensity is observed from 1. 5 tov‘ o

and stability were achieved at 2 5 kw, this power setting . "_

. L. --“ o PR - R R 3 ,,‘_



RELATIVE INTEMSITY

e

..0_’

FIGURElO Effect of varying aerosol flow rate on vanadlum
spatlal emission prof:.les at - the 309 311 nm lme. o

Curves a-ro 6, b==0 7, cso 8, d—O 9, a.nd e-=1 o l/mln."
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FIGURE 11 'Effect of vary.mg RF power on vanad:.mn spatial —
BER '}'f"‘emJ.ss;on prof:.les at the 309 311 nm line. N Curves

‘ - a=l.5, b=l 75, c=2 0, d=2 25, and e-=2 5 kw. '_ e
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time. The 2 kw maximum power output of most commercial

instruments further discouraged any comparison to be made.
) . . P} . . ' .

Thus the power setting.was kept at 2 kwi :The compromised

N

condition for analysis is-summarizgg'in Table: II.

c. Quantitativelaﬁsuits
. The PDA based'direct reading'spectrometer described in
the preVious chapter was used predominantly in this study.

The 50 nm spectral window allowed simultaneous detection of .

a large number of lines with reasonable resolution.

The analytical lines were selected on. the baSis of

highest sensitivitynwith no'spectral intefr rence.-

'shown with the calihration'curves_obtained-vh)sFigurevl2.

The curves-'obtained'xare linear over ‘several”!orders. of

magnitude, and the slope of the log log plot for Vv and Ni is

.“-

essentially unityr' Detection limits (DL), here defined as'

)

twice/the standard deviation of background (1.e.‘2o ), and

prec151on (relative standard deviation) for V and Ni,'are’

»

shown in Table III. The prec151on was determined from six

. 'consecutive runs at concentration levels approx1mately 100
V times the DL.- The minimum level that can ‘be quantitatively

determined is normally con51dered ‘to ‘be 5 times DL, or 100 oo

Although these values are ndt‘ spectacular at- first

s

*‘glance,,it should be noted that these results ‘were obtained

“-with”a PDA. It is generally agreed thaf the-sensitivity of

the PDA is roughLy 2 to 3 orders worse-t‘an‘the PMT. Thusf'

B our' resu ts are comparable to those\ reported by otherv-v

xn 1

* L N g . ‘ B .

. 'i;.,' ) - : - - . ) TR
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Operating Parameters - Ar ICP

forﬁaid incident‘power .
| ief;ectéﬂ éoweri ‘
Plasma gas

Auxiliary gas
Cgrrierngas

Solution uptaké“ratg

, | R
Observation zone above loa%fboil

" TABLE 1T

2000 w .

<l w

argoh 15 1/min

-érgon 1 1/min"
v‘éfgon 0.9Al/miﬁ, .
1.5 mI/min (1.3 g/min)

*14;i57mm s ~
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‘\LUATION OF AN Oz-Ar ICP ROR

DETERMINATIONS IN ORGANIC MATRICES o

\General »»S“urv'ey of "A"M_ixed Gas" 1CP

After ‘the discovery of ‘the ICP "\d_i'scharge for

-

.spectroc)iemical ‘analysi‘s,_ Greenfield et al. (77) in 1965v.;

A e, o PSR s r . CHAPTER IV_ — A,v___y,. [, ,‘_m it ‘ S

reported the‘first study on' the use'of argon, helium',

nitrogen, air, and oxygen gase@ for the ICP. They/-\concluded

: that dniy argon should be us‘ed to carry sample aerosol,
since the other gases resulted in- decreased em1951on
4 : ) )

fintens:l.ty. " The . use of .a 20% oxygen-BO% argon mixture gave,

better se'hsitivrty than a 100% argon plasma, although their

attentions ‘were focused on a hlgh power nitroge%‘aooled

remove the carbon band systems whtn organic solvents M :

aspirated.. No values were ngen, but their find"mgs were (

eacouraging. . Sub,Sequent papers from Greenfield's research

group (88 55 89 90) demonstrated the feasxbility of such'

, diatomiq gas (nitrogen and‘ oxygen) cooled plasmas. -

-
. IR

-

RIS h introduction of organics and the effects of

[V

vcnitrogen,r oxygen, ‘helium,— %1r in an ICP were

ﬂn investigated by 'rruitt and Robinson (‘}‘2 73).‘ f,'In' the/

. " .. ,"h . " -

preliminary report (72) v theiseaegases were added to an argon

plasma discharge.-_ @They found that it was’ possible to

\

replace all of the argon i,‘n ﬁhe coolant (%lasma) stream .&wl’}

other gases below 2 kw*ﬁme.r 1 At similar power levels,

- - _ ', _' . o A
AL L e o
Y s . T MR R e 5

PR

| plasma. They further conc‘luded that oxygen could be used t;o-u‘ el

¢

¥ S-S



v

; the -center »tubev, >but’ not by air or oxygen. They found that.

in general, introduction of any of the gases into the center

A

58 -

'argon could be replaced completely by nitrogen or helium in’

stream resultéd in severe contraction of the core.‘ A»"

e

lqi;ne and band intensities 'in the spectrum were observed in

)-

* 'the core and secondary region’s, ané to a lesser extent from
-‘.the tail flame. . They ~observed the effects as nitrogen,
oxygen, air, and helium replaced argon in the coolant stream’" -

._,and recorded spectra when dry nitrogen, dry oxygen, and air

) Q»\vrere used as’ coolant.

-‘elements9;‘ 'rhus only 8pectral background information ‘was

!

emissu:n profiles of organic compounds introduced 1nto the
plasma Were discussed. Four species were identified as
p

‘re&xction in the line-to—background ratio a.nd reduction of‘;‘

l

In a later report (73), emission spectra" and spatial -

w

$Ources to emissio,n s_ignals- and were characteristi-c..of,

? [

""-‘"""hYHrocarbonst. .\ 'l'hlesev 'gragments were“'carbon, hydrogen, ‘Cz,,

and CN. The effects of var°1ous simple gases (argon, helium,'

‘coolant stream in the presence of n-heptane) on the emiss:v.on

‘1ntensity of these bands and lines were summarized. *The-

x ) ¥
effeét of RF power on emission, intensity for’ n-é>ctang and

the effect of the concentration and number of carbon atoms

- on emiss;.on inten31ty were also discusse'l!" HoWeVer,_exceptw

_for carbon, there was no mention of sens:.tiv1ty for other'

i

\

. discussed with no refergnce made for; specif ic analyta.cal
. lmes for the elements.. @ LT

celet - B e RN oo
. L. . P L ' .

. . . .
- - e L 6.

,_v.n\trogen, oxygen, .and air, added to either the carrier - Or ..
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d‘if‘ferﬁent gases in the coolant (plasma) streamr Argon gas

4é::eenfield et al. (90) pre%ented spectral((-‘background_‘

59

N .c' N
.. A .
P . ‘ ~ . .
* I . .
o . o .

" gcans of .an ICP plasma -at dilfferent powers' and with"b w

was used for both plasma (auxillary) and negulizer gasesr.:'

= )
witMe\variant being the coolant (plas gva:i. A viewing»

T A

‘height - in the tail :£lame of 45 mmebove the base of the.\;
‘-’fplasma was used. They compared the spectral background of
- an argon-nitrogen plasma operated at 2 to 7 kw ‘and showed
...*_partial dissociation. of molecular \species ~at a higher

power. Methanol or an’ aqerus ~solution ~of _‘chromium,

N

N
aitrogen cooled di&schﬁrges at 5 kw and the backgrounds were

,comp&’red. . Similar to the effect of high power, oxygen

5

-cooled plasma was operated at 27.12 MHz xhnd 3 kw.

4

. 'had .a f'a'irly .complic“ated 'mo‘lecular speétrum arising .fr.omg

.02 and 02+ spec1es. "Ni't‘rOgeh 1n the coolant resulted‘

O .

-sen51t1v1ty of?an argon-oxyge;x plasma was a-lso significantlyv,
| : ."'lower than ag‘r‘aggoq-uitrogen plasma. They, suggested ‘that |
: the choice 'of um high
'_ .;'organic speciesvﬂi%ld be - en)g;r‘ﬁy ‘dependent on the elemental

H&:*Tinterest._}, }Z,”‘ B }" B

: Recentl | *Ohls. ‘and- So r l 64 "'s-tudied ~r ‘the
: Yr‘ -b;m"_" mn""!(( ) - ‘

"analyticglggpplication of an air-ar‘:gon ICP source. The' air'

D

vanadium, and iron were aspirated into argon, oxygen, or
' ;completely g.removed both the C2_-Swan and the CN ba‘nds: but
‘ 1n “a. lower ,“ba,ckground continuum below 280 nm. ,' The

@wer or oxygen to reitove the~<

Although L

":higher,,apolant and intermediate gas flows were used (28 l,__ o

t'_determinations in aqueous ‘ media : }.nﬁcated that th

';"air/mui) and 15 l Ar/min respectivelyg their results on ..

. '.»
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" performance of an’ hir cooled pl/m ‘%as slightly better than

~ .

v : a nitrogen .cooi‘(d or pure argon plasma. ~ This air cooled’
v ‘-.plasma with a total of 16 1 Ar/min flow actually offered no «
? savmgs in argon gas consumption compared to most ICAP'

'operated at ‘power levels below 2 kw. “'No explanation wasv" 1 ré?

“\ | given for the enhancement,vbut the general belief is' that .
"»argon supports -the discharge whereas v"c-oolant"- aigr--- pre_v-ve‘nts_-k'_‘_.f '
the ‘hot &ischarge from damaging the torch. -

However , all‘ ‘_ these studies , involving quantitative_‘l | |

. 1‘.evaluations have the discharge operated at substantiallyv- e

) -'higher nominal power levels (up to 10 kw) ‘than a pure érgonv

! -QICP discharge,' and thus provide"np s:.gnificantﬁoperating i

“cost’ reduction. ‘ More recent xed gas sj:udies h f:ocused;l':i

v_on~ nitrogen ,cooled plasmas operated at 1ower pOWer. | Theseﬁ o b ovR
"f.‘.g-_..;:include Greenfield and HcGeachin 1(92), Greenfield and Bums;}i_‘ “ .
(93), Montaser and Mortaz&vi (94), Ebdon et al. (95 96), #nd -
B ) Choot and Horlick (97). ‘l'hey all repor'ted on the ease of ‘
@ ;operation of such nitrogen cooled plasmas\ and of. s:.milar: -
.performance when compared to a pure argon discharge.»
_ .“.*I*‘,"' ,'a- preliminary report, Barnes 4’a_jnd”j Meyer . (98)
| sustained a 100% nitrogen ICP at 14 3 kw with. a conventional_'vf .
iilspectrodhemical system, simﬁ*ar ‘Eo fhat described by Scott'
}t ‘all (99)._ This nitrogen plasma, waﬁstudied to Verify the"
“‘validity of calculated predictions by Barnes and Nikdel*'fiir
| '_(_1Qo). -No conclusive | sta.tements wer:e ' made on the

"performance of this discharge, but thi:s study may encourage
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*’decreased the argon background, a Verv intense emission from
'Imo;ecular nit.rogen species can be observed at the optimum

E ¢~,he1ght.‘ When organic samples ‘were aspirated, a very mtense f

cyanogen emission occurred.)g 'rhis phenomenon was reported by

,_ Jrruitt and Robinson (73),/Greenfie1d et a]:., (90)_, and wasv

-

a?so observed in our laboratory.

\ N “ o . l ...i'

By 4 using a high resolution spectrometer, ~ Ohls 'and‘

er (40) anai!ced wear metals in lubricants wit}p;a l 5 .kw

s,aai'trogen cooled plasma, -b'ujt; their results were ; only BT

. comparable ‘to other‘-"-.-stm1es with an argon ICP. iy :rhe high
R ;w__v.:é'_lm .

plasma and auxillary flow rates,_ 12 . 2/min and 10 8 1

£
a . —.‘;, ..

Ar/min respectively,.may suggest that this approach is not
* ,wsuperior to conventional ICP analysis although no residue of
4 ""'ficarbon could b‘e,_ noticed in the torch using nitrogen as.
"coolant.r 'rhe torch shown in E'igure 2 provides a better flow -
':'..,"_Vat the binjector t1p and completely elminates any carbon ]
deposi-t...vb " It appears that at least w1th the reported

/ »';,‘

‘v-l'.ires/\Tfts,. a. 8 mixedr nitrogen-argon ICP will not,- 1mprove o

. 0 . . x‘.{ .:;1 o 'J_;':v 24 “ :
e _"_-elemental ‘Qleterminations in organid solvents. . We w1ll thus

N-J)

wer&

plasma gas Supply
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. Flowtubes.' 'rhe incorporation of these rotameter-mixersi B
allowed for both plasma and aerosol carrier flow variations

from 100% Ar to ‘)0% 02, or for any intermediate value to

. R Y

ce be y independently.‘, Compen' :ion_ was made for the

S

o ditferences’% specific gravity (Ar = 1 380' 02 = 1. 105, o
Q' air - L. 00) to ensure a constant volumetric flow. he ‘ new
, .""-“-plumbing layout further.' plI‘owed any gas supply/‘/tl:.r thanO
o argon to be changed even when the plasma was running.. '. K
_ The ICP discharge was ' produced by starting the plasma
with argon in the plasma: and auxillary gas, under impedance,
matching condj,tions hest suited to the argon discharger--‘-”
' Withlthe argon discharge sub.st,aivn‘ed, a hole was punched w1th“~'
eit;her»dry ar.gon or argon with xylene aerosol.- Oxygen was‘”
-introdux:ed first into the carrier gas and argon flowﬁwas‘ ': ~..~%
| o reduced proportionally to ensure constant volumetric flow."f.-
Similarly, oxygen was mixed into the plasma gas. With the' |
introduction of oxygen the autgmatic tuning network retuned
itself and the reflected pbm’fr increased.._, The manual tuning-‘ T
knob was adjusted to give the lowest reflected power. By- S
following this simple procedure,: the desired amount of - 02_"
could be mixed in less than 20 seconds. Welding grade.A

.

oxygen was used and was sa sfactory. _ No major conl:aminant_j :

l
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with the xylene aerosol carrier argon, the central bullet

[manner. ' 'I'he auxiliary flow lifts or lowers the plasma and-

S “.':prevent ablation of the torch. T

2 Optimization of Parameters

.’.diminished in i‘)tensity (Frame b). | Addition of a small
‘amount of - 02 to the plasma gas appeared to lift the whole

: plasma (Frame c).y Introducing a small amount to both

carrier and coolant flows had the combined effec’t (Frame

d). When 20% 02 was mixed into the coolant gas,. “the size

- of the disqharge was greatly reduced (Frame e). "Addi.t‘ion of‘,
up 'to 50% 02 further ‘reduced : lthe dimension of_ the .
'-"_.'discharge (Framd\ f) The addition of 02 appeared to |

’result in a "hotter" and slightly elongated plasana 'rhis |

'observation is shared by Ohls and Sommer (64)

O'ur reasoning for '%nly mixing 02 ‘."in\_ "either ‘the

: carrier or plasma flows Was as- follows.' It is generally
_agreed that for an argon ICP, plasma gas, which may be
,termed coolant gas eH.ncorrectly, \ @As respons:.ble .for ‘

oo 5
: ,sustaining the discharge. 'rhis ehould&be obvious usince grit'

\

V.Qis the only gas flow nece‘ssary to initiate xand austain the

' _,‘plasma. o 'I'he_;" aerosol carrier flow, in addition Ato

thea-sole purpose, at least in our experimental setup, 1s to"_

u co

-:central channel 1n the plasma. Thls gas may interact w1th Dl

theur analyte at this point in time in some poorly understood L

f‘.“.transporting the analyte,-punches a hole and maintains the .




o addit-ion to the parameters previously described, the optimum

'established. . "The instrumentation for vertical spatlal
profile studies was used and has been described previouslly.;
| The plasma was sustained at different levels of 02,
"vand the carrier flow rate was var1ed at ‘each combmation of
'02 and Ar. The flow rate at which, maxlmum emission was
"observed was compared to those at other combmitlonsl Thxs
result is summarlzed in Figure 14. Increa51ng ‘the amount of
"0y fromv O% '(a__) ‘to '20% (d) resulted in emissmn

erhancement, with little or no enhancement with further

.- .
. R :
- N . . . B

’

H_'Tamount of 02 .in both the. plasma “and’ carrler flows must be

R

”,ad'"ditions of <02 (30%,e) _The peak maxima also Shlfted ‘&

towards the load co11 w1th 1ncreas:.ng amounts of 03 in

_';-‘--'lv-,_vir, \",both plasma and carrler, th.ch is expected s:.nce the actual

plasma discharge visually decreases in s:Lze.‘ Increasmg o

K : \

Qj ufurther ﬁ'-mcreased- reflected power - and decreased

‘stabllity. Thus 208 02 in the plasma gas w1th a small

amount of 02 1n the carrier gas operatlng at 2 kw (Flgure.

1'14 d) was selected. , The comprom:.se condltxons after other

":elements were studled are outl:.ned in Table IV.

Qualitatug Spec’tral Tracmg

R Wavelength, Scans of.f background in‘tensity'ﬁ ’.v'species

centered at 8 mm above the load co1l were recorded (F1gure

4!

containing—mele"ﬁlar emission are greatly red&ced. A ‘more’

B &
e

"detailed look at the " effect of 02 ‘on . the spectral

-

Sis 1y

h"g d,j,’_ 15).‘- It 1s apparent that background continuum and carbon'

| ?;‘U.;'ﬁkground is shown in Figures 15 through 19-. Curves ar b,
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7 FIGURE 14..

LHEIGHT, we

Q

:Combined effect of the amount of oxygen in the

'plasma flow and varying aerosol flow rate on

}’s_ B ,‘Curves a=0%, b-5%, =108, d-ZO%, and =303 02. .

" :

»»vanadium spatial profile at the 309 311 nm line.

¥
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____A-;!.__..A____, r,_d _,_-and e %represenrﬁ 0, 5, lgﬁ—zﬂu, ,and»-—BO%—---025--~-;——When we e

. 'menitored the region from: 14 to !'6 mm . (centeré’d at 15 ‘mm) ; *j
,? - above the’ lbad coil, We observed that inoreasing\ the amount N '
ot T of oxygen reduce§ emission ﬁ*om cﬁn en (\f:‘tg\;re 16) ana ’ o
w‘ﬁ%‘,,. ' ¢2 Swan B%nds (Fxgure 1‘7)‘2"" Howevér, 4& background
o cantinuum lavel appeared to ﬁsé from g tnu a . .
| gradgél ﬂecrease \@s pbservgd"with 'furth a1t ipns:/ﬁf. “

?'3; g i R
u,gouf, when we‘ mon;.tored the 2% regj,on centered at & M above - ”
'. pr LR

T

A ' o ‘ -
Ehé lqad coil, l} th th%ﬂackgrouﬁd conti uﬁm and emisslon

‘ ) | & from : wcyénogel* (B ,;' ’re w* 18)- and "Cz'@“Swan (Figuré 59)_ 'A”. :’? 3
. 3W de&reased”iwi‘th acfd‘lt:ldn of 02; L J Bl ﬁﬁ’“. " -*;' | , ef.{
Lo 4 : Quantltative ﬁééalf:‘ ﬁ @ vf’ ‘ ‘ :. ./ > °-~' o | .. ':"‘ ‘
v Calibsation curves and the w;velengths ‘at whlch théy %" " ":

were gneasqred are
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tGMPARtSON‘”OF‘Eﬂ ERIMENTAL —RESUL‘I‘S—RND“FUTURE CONS I DERATEQNS B
Y W A..',Comgaris'o‘njfo’f"[lOO& Ar Wi-t'h, :20% ’ovfz‘-.-Ar,AI.CP- - .
Wavelength scans from 190 to 600 ‘nm for a 100% Ar
discharge cen*red at 15~ mm above the 10ad coil with a 2 mm. - "

aperture and a 20% 02 discharge centered at 8 mm show some

interesting facts (Figure 21) Alﬁgough the backgroun&
continuum is higher at the 8 mm regi@n ‘for the 20% 02

’ discharge, the speotrum, is «s:lgnificantly cleaner. . L,e ’

- . .‘lines are observe.d and the moiecular te "‘,‘:d-imimsh:
:l ' enormous:y in’ intehsity. . Sucfkground _ 'e";g:se W

& for ther}“(ﬁ._i’ozﬂdischarge. B ."',' ‘

The /

increase :l:,n sensitlvity for vanac‘ltum and ;

the calv bration curves -.i(Figure 22). At least a factor of 4
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TABLE VI

Ratdo of Detection Limit and Precision

~

ELEMENT /T;’NAY;;?LENGTH RATIO OF DET. LIM, RATIO GF RSD
' ¢ “-<\j','./ NM 8 15 MM/ 8 MM -

v oo 309,311 ~ 2.4 2.0
| 311,071 So20 2.2
T 0167 - 20 27
| 232,003 3.1 2.5
A , . .




85,

PR

)

Wad “NOTLVYLNIINOD

noZ'8gz 3y G

295°652 34 Q

295°6€2 34 g
h02'8¢Z 33 U

wmsT O

uoxy 103 muo.mm uotjexqries 3o QOMMH,MQEOU ‘gz ddnord

0G0T

00007

00000T

ALTSKILNE 3A1IVI3Y

.

<

\U



o

B. Explanation of the Effects of Oxyden
\

i
heggbeen studied by Q@rious authoré (101—103}. The plasma
discharge is in a state close to Local Thermal Equilibrium
(LTE), in which this equilibrium xists: |

Arp + e~ @ Ar+ + 2e” (Equa\fon l)
Both atomic and ionic excitatlonsq occur in tﬁe plasma.

Neutral atom excitation (103) occurs by the collisionnof a

fast’ electron, e~f with the analyte X,

X +e-g @ X* +e7s (Equation 2),

with the. production of an excited atomlc analyte and a slow v

~

electron. Ionic egcitation (102,103) is .explalned by

“gennlng Ionlzataon and the energy is available from argon

metastables. {Colllslon of a metastable with the analyte
results in ionization and exc1tatlon, and the excess energy
is carried~away in the formiof kinetic energy of the free
electron. : | | ‘

‘5 + Arpg @ x+* + Ar + e~ . (Equation 3)

The discharge with the Og%Ar mixture described in

7

Chapter IV "is visvally smallet' in size than a 100% Ar

plasma. When 02 is mixed in the plasma (coolant) gas, the -

higher thermal conduct1v1ty of oxygen as compared to argon-

N

compresses the argon discharge. This may explaln the

pushlng or "thermal pinch"” effect. The discharge'éppears

smaller because moleculaf oxygen emi551on is very weak in
the visible region of the spectrum, and the visible
disoharge still belongs to argon; | g:\ \

i

Excitation of an analyte s§301es in a 100% argon plésma"
v \ |
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At the RF ‘power that we are _operet;ng, _afgon is
believed to sustain the discharge. This visually smaller
argon discharge has higher electron density, and thus
increases the probability 1of atomic excitation.  This
inorease in electron density shifts’Equation 1 to the left
and proouces more argon metastable, and thus Penmning (ionic)
ignization is also increased. 'This.may be the reason for
the observed'enhanoement of analyte emission intensity. The
_ smaller argon discharge also accounts for the fact that
emiesion'maxima ocours at relativelyiiower regions in the
plasma, as is evident by spatial studies.

The redgctlon in carbon, - cyanogen, and C2 emission 1is
most l1ke1y the result /of ox1dat10n of these - spec1es by
‘oxygen. This was also stated by Greenfleld (77) and Traitt

and Robinson (73). Attenuation of molecular emissions

further corresponds to a lower background continuum.
< R M )
C. OQuantitative Bitumen Results ~

Determination of some elements in different bitumen

samples obtained through the Alberta Researeh Council are

7/ R
‘'summarized in Table VII. These samples are numbered in

decreasing viscosity values.. oL

Both vqnadinm‘and nickel concentrations are faifly high
and this- has been well documented. They are mainly

concentqpted in porphyrln compounds. The result for iron
~,

was somewhat sur%rlsing. No explanation c%nld be given for

. Iy -
the apparently e%tremely low levels~in samplés 3, 4,'and 5.
7

{

\
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Bitumen

.

TABLE VII

Quantitative Bitumen Results

Concentration, ppm -

I<
, -
m s
=
| oad

. - . o .
163, .4 57
233 © 108, 9 116
136 - 31

74 ’ - 11

92 - L 8

W

Athabasca Bitumen

Cold-Extractéd From Tar Sand with Benzene

Athabasca Produced Bitumen

GCOS Bitumen From Hot Water Process Purified by

~Dilution, Centrifuging and Naphtha rRecovery Ash

Co6ld Lake Demulsified Bitumen

Imperial 0il Steamflood Operation

ﬂloyaminster Heavy 0il - Sparky Formation

Husky Primary Production Treated Crude

Athabasca Produced Bitumen

AMOCO Fireflood (COFCAW) Pilot Plant

o

f Ash

0.07%

0.67%
0.08%
$.05%

0.07%
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\\\"_“d;aiibration, organic compounds of the elements are usually

Ead

t Approqch

selecting standard reference materials for

employed in a matrix that mimics the sample. The two

different types of standards studied in this iqvestigation,

although widely used, still leave much to be desired. The

time needed for preparatibn of NBS single element standard

ranges from a few hours to over two d
: . . . ) ) : . a
required are fairly exotic. Conostan standards are easy to

use because they .are already dissolved in an oil matrix, but

their accuracy has been questioned. ; Stability of some:.

Conostan standards, éspecially boron, is also a concern.
Temporary stock dépletidhs, as experienced for NBS SRM€1634
residual fuel giL, further necessitates the need for other

standard mgzgfials. o - E

Thé variation in physical and chemical properties

between different matrices and solvents fofbids calibration
or étandardizatioq using a‘giffereﬂt matrix or s&lvent than
thg one containing the sample. The .preferred éroceduré is
to dissolve both the sample and standafd in the»same solvent

N)

or solution.

‘fi}Certain organic solvents have gobd solubility for both
water. and other organic reagents. A three component - one

:vphase\mixed solution can be nebulized with ease. Thus we

ptoppse the folldking scheme. It takes advantage of the

comprehensive stQck of agqueous standard solutions in most

and the reagents

[
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laboratories and “the low purchase or preparation cost,

together with the simplicity of mixed solvent for analysis.
Three components - acidié:;;\;ater (aquéous'sﬁgpdard),

. .
tpe sample (synthetic crude or bitumen), and a "universal"”

L

solvent such, as ~tetrahydrofuran (THF) - may be used.
Preliminary- multlsolvent m1sc1b111ty stﬁdles have shown that
a system w1th the following comp051t10n o o ’j

is totally ‘miscible and, doee} not segg;%te out during

analysis.\\Q(gligigi;yfresnlbe)ggow that sensitivity for an

element such as calcium’is -slightly poorer in this mixed

10 g 011,,10~ml ac1d1f1ed

- solution as compared to single element aqueous solutlon
A ) : 2 "
determination, but the conditions were not optimized.. More
. v ~
work ‘is neededr to verify the feasibility of such an
) , /"\""—;r’ . '
‘approach. [ \

-

2. Other Solvent;\\\ ‘ o

There is al&ays a demanding need for \ahe -use of
non-toxic or iess hazardous‘;eagents for analyéis. This 1is
to reduce risk for the analyst and gsher persoonel. An
excellent sglvent for sample diseolutioo such as benzene,
widely used in the 50's and 60's, is now regarded as ak\\vﬁ\
extremely .dangerous material. Less toxic suoeiitUted
derivates of benzene ,such_ as xylene o:q toluene, although
stilll hazardoﬁg; are widely used because of desirable
solubility. A plasma with either solvent or MIBK aspirating

can be sustained withgut difficulty at power above 1.5 kw.

As described in Chapter II, one can observe an intense green

-— \ ’
.



sheath due to C2 bands enveloping the plasma. With

toxicity, ~.solubility, purity, and "plasma burning

characteristics" in mind, there are only a 11m1ted number of

solvents available. - In addition to xylene, toluene, and’

MIBK, acetonitrile and cyclohexanone may be considered.

Acetonitrile has plasma characteristics similar to,that of

xylene, s and  offers no significant improvement.
Cyclohexanone, on the other hand, 1s a—powerful solvent, and
the plasma formed with the solvent asplratlng is very
stable. Backgroundkoontinuum and molecular emission is also

less intense relative to xylene. In addition, it‘is also

desirable as the "universal" solvent as decribed in the

. -

mixed solvent approach.

— Lt
4
3. Improved Stability by 02 Addition _ -

The additioh of a suitable amount of oxygen imppovee

both prec151on-(and detection limits for4 the elemen
studled. - Thls seems to result from the fdrmatlon of a
"hotter and’ more, stable plasma. Wlth this in mind, we
attempted to asplrate other solvente into the" discharge
known to rapgdly extingoigh a normal 100% Af-ICP;

“Benzenei a very powerful solvent, is widely used. A 2
Kw plasma,diécharge with benzene upteke of 2 ml/min is ver;
peculiar_(Fiéure 24a).> In additionito poor etability,'it_is
extgemely luminous. An elongated discharge is formed, and
the axial channel appears much brighter and w1der. The

extra , 1um1n031ty is pected to be from combustion of

éarbon. /Unburned ' carbon particles race through the

O
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discharge and are noticed at .the tail flame. Adddtion of a

~

3
small amount of 2 in the aerosol carrier flow (Frame b)

resulted in a more Xtable discharge with no unburned carbon

particles observed at the tail flame. When 20% Oz is

mixed in, the‘ plgsmé formed is very stable and appears
Qimilar to’one with xylene aspirating (Frame c). Similar !
beﬁavior is also observed For hexane. This enhanced
stability has endrmqus potential. | |
" Hexane and benzene aré both very common gﬂf;motographic

| reagents, but no reference on tﬁese'solv%pts;has been cited

when HPLC is coupled to ICP (IO&). This may be the result
of pooF.plasma stability. Addition of 03 should t‘hus,‘

enable such applications‘ and extend thé_ analytical

]

capabilities of ICP.
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APPENDIX

SOFTWARE . FOR PDA ACQUISITION, REDUCTION AND PLOTTENG

ADCPDA - Data Acquisition and Reduction Routine

P

-

Purpose: To acquire and process data from'the

photodiode array.
B ’ .‘ ' "7 R -~
Author: Originally,ﬁritten by D. Hull and modified by
M. Lau.
’ : - TN . .
- S .
Subroutines: PLOT55, FGDLPS and SYSLIB.

. ' . . ) ’_‘ ) . ~'
Operation: The operator rs required to input a sample

name, the number of scans, and the number of p01nts.

Background corrections can also be performed. The

program accesses the system data automatlcally: After

' data iiguisition, the operator‘then has the option of
plotting‘the data on the VT55 screen,- listing the
.data,-locating peak of interest,>5ubtracting spectrum,
and summation of a serieg ofvohannele. In addition,
the operator can store the data on disk, return to the
: start of the prpgram, or exit to the monitor. For)

further detalls, see the progtam listing.
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400

000 nnn

J 7103

DIMENSION TJTLE(S)vDAT(3)vA!(!O)'C'1040)vE'1040)
DIMENSION JUNK1(3)» JUNK2(3) -

INTEGER%4 " AC1040) - :
INTEGERX2 B(1042),D(520) +NDIOD(30) yNDIODN30) |

EQUIVALENCE(E(513)»D(1))
EQUIVALENCE(R(¥) vE(1))
EQUIVALENCE(AC1),C(1))
COMMON/DRH/AINS»NF ¢+ IBKD

“»  INFEGER ATTACH» SELGRs STATUSs N» HGRD, YGRD's MARKERr ORIGIN,

1 VECT» CURPOS» ERASCR, ERALINy DISFLYs ESCCMD': UP, DOWN: HOME
1 ESCRNy ELIN, ENHOLD: DSHOLD'» COFY» ENPRNT/s» DSFRNT» KELL

DATA DAT» TITLE/3%0, »3%0 ./

DATA ATTACH» SELGRs STATUS» N» HGRIs VGRDs MARKERs ORIGIN.
1 VECT» CURPOSs ERASCRy» ERALINs DISPLY, ESCCHMD'» UF» DOWNs HOME:

1 ESCRNr ELIN» ENHOLD» DSHOLD» COPYr ENPRNT» DSPRNT, BELL
1709192531 425146¢7:¢819» 10111v12r 131650861729 74175:91992993¢94+99507/
CALL DATE(DAT)

~ WRITE(7,52)DAT
o 91 I=1,1040 : .

~ C(I)=0. . —_— _ .
R(I)=0 _ , o . 9
FORMAT(’ ‘»3A4) : : . . .
WRITE(7+53) -

. FORMAT(’ “»’INPUT SAMFLE NAME IN 3A4-FORMAT.’)
READ(S?S1yEND=120)TITLE
FORMAT ¢3R4) - . ’ R
WRITE(7,54) .

FORMAT(’ “»’/INPUT #SCANS.’)

PEAD(S-S?:END=120)XNS ] :
WRITE(7+55) : . .
FORMAT(’ “y’INPUT OPDINTS.') , , .
READ(S:S?:END 120) XNF . ® L /
NF=IFIX(XNP) ‘ ” - Y
NS=IFIX(XNS) = . . o S
FORMAT(F10.0) . . ‘ .

URITE(?véB) _

FORMAT(’ “»’DD YOU WISH BACKGROUND SUBTRACTION? YES=1y NO=0’)
=READ(5;59:END 120)BKD

NS=IFIX(XNS)

NFP=IFIX(XNP)

IBRKD=IFIX(BKD)

NF=NP+4 v

ACOUIRE'DhTA WITH SURROUTINE FGDLPS. .

v

CALL FGDLPS S e 3
CONVERSION OF.-DATA FROM INTEGER¥4 TO REAL )

PO 90 J=S.NP © : . ;
C(J=-4)=AJFLTCA(D)) ’ :
‘NP=NP-4 - T , ‘ 5 : !
7 C(NP+1)=XNS : ' : - k
* CINP42)=XNF - - 4

© CANF43)=BKD _ X

CALCULATION OF MAXIMUM» MINIMUMr AND RANGE OF VALUES, 1
-C(NP+4)=C(1) R - '
C(NP$5)=1, .
C(NP+6)=C(1) -
C(NF+7)=1,

Do 1ooo I=2,NF .

v

HAXIHUH AND SUBSCRIPT DETERHINATION.'

" IFCC(NP+4) LT. C(I))C(NP+4)-C(I) . o .
IFC(C(NP+4) LEQ. C(I))C(NP+5)aFLOAT(I) -~ . ) .




Sé

unnmn’

7

Se

7

0N

101

® 103
102

150

1

‘ EXIT=5y

(I)=D(I)+101
ALL PLOTSS(Ny~NPLOTD)

HINIHUH AND' SURSCRIPT DETERHINATION.

IF C(NP+4) «BT, C(I)IC(NP+4)=C(I)
IFUIC(NP+4) .EQ. C(INICINP+7)=FLOATCI)

RANGE DETERMINATION.

C(NP+8)=C(NF+4)-C(NP+6)
WRITE(7+356) (C(NP+1),Im4,8)

FORMAT( ™ ‘v "MAX= ' yF10.,0¢2Xy’@’+F35.0r’ MIN='»F10.0, .
"1 2Xe ‘@’ 9F5.09’ RANGE='/,F10.0) ' ' :

PROCESSING REQUEST.
WRITE(7,57)

FORMAY(‘ ‘»’PLOT=1, LIST-Z- PEAK LdCATE-3r RESTART=4:,
‘URITE DISK=6r READ DISK=7, TOTALS=8: SUEF BKGD=9")

CALL PLOTSS(DISPLYrOsBELL)
READ(S5»S8,ENL=120)NTEMF.

FORMAT(12)

CALL PLOTSS(ESCCMDyHOME»O)

CALL PLOTSS(ESCCMDsESCRN:O)

GO TO(1007200!300!400!500!600v70078009900)rNTEHP
GO TO & .

DISPLAY A PLOT OF DATA ON THE VT-55 SCREEN.

-

NPLOT=NP - -

WRITE(7,101)

FORMAJ (’ *+’NORMALIZED PLOT? YES-I: NO=0D ‘)
READ (5,59 END=120) XNORM

IF(XNORM .EQ. 1.0)SCFAC=C(NP+8)

IF (XNORM .EQ. 1.0)G0 TO 102

WRITE(7+103) . -
FORMAT(’ ‘»’ENTER SCALING FACTOFR: FIO 2)
READ(S5,59,END=120)SCFAC

CONTINUE

PO 150 I=1,NP
B(I)=IFIXC(CCIT)I-C(NP+6))%100, )/SCFAC)
_CALL PLOTSS(ESCCMD»HOME»0)

. CALL PL 55/Esccnn.sscsn.o>'

CALL PL S(®TATUS,547,476)

CALL PLOTSS(SELGR»0+0)

CALL PLOTSS(CURPOS»0:0)
UPITE(71170)TITLErDATrC'NP+1)vC(NP+2)rC(NP+3)
WRITE(7956) (C(NP+I1)9Im4,8)

CALL PLOTSS(HGRD+»1+0,0) .

IF(NPLOT .LE. 512)6G0 TO 151

CALL PLOTSS(STATUS:551,472)

CALL PLOTSS(SELGR»1+9)

CALL PLOTSS5(HGRD»1,101)

IF(NP .BT. S12)NALOT=512

CALL PLOTSS(SELGFr0»0)

. CALL PLOTSS(ORIGINs0»0) .
"CALL PLDTSS(N»-NFLOT:R)

IF(NF ,LE, 512)G0 TO 153
NPLOT=NP-512 , o -
CALL PLOTSS(SELGR»1+0)

DO 156 I=1,NPLOT

0

ALL PLOTSSC<DISPLY»O0,KELL)

‘READ(S5:58¢END=120)NSTOP y

CALL PLOTS3S5(ESCCMD»HOME»O)
CALL PLOTSS(ESCCMDrESCRN+0)
CALL PLOTSS(8TATUS,0,1023)

.. 60 7O 6 N

v/r
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S e NeNyl

OO O.

170

WOOMmA

44

-]

310

311

320
67

THIS SECTION LISTS THE DATA ON THE VT-3S COPIER.

CALL PLOTSS(ESCCMD HOME»O)
CALL PLOTSS(ESCCMDsESCRN:0)
CALL PLOTSS(DISPLY»O»RELL?
WRITE(7,170)TITLE/DAT+CINP+1)sC(NP+2)+sCINP+3)

WRITE(7+54) (C(NP41):Im4,8)

' FORMAT(’ *¢3A4»3A4,3X» “NS=’yF10.0+3Xs ‘NP="1F10,0,
"1 3X»'BKGD=’»F10,0)

DO 250 I=1,NP+8,100

DO 251 J=Is1495¢S
WRITE(Z+83) 39 (C(K) e KmJp J4+4)
IF(K «BT. (NP+8))00 TO 252
CONTINUE

. READ(Sy 38/END=253)NSTOP

CALL PLOTSH(ESCCMDsHOME»O) .
CALL PLOTSS(ESCCMD/ESCRN»O) "
CONTINUVE

FORMAT(’ ‘v X492Xe*> 93(F10.001X))
CALL PLOTSS(ESCCHDsHOME,O)

CALL PLOTSS(DISPLY»O»BELL)

READ (S, S8+END=120)NSTOP

GO TO0 120

THIS SECTION DETERMINES PEAK LOCATIONS AND DISFLAYS
THE LOCATION AND' PEAK VALUE ON THE VT-55,

CALL PLOTSS(ESCCMDsHOME»O)
CALL PLOTSS(ESCCMIIESCRNsO)
HRITE(?:I?O)TITLEvDAT:C(NF+1)vC(NP+2)rC(NP+3\
WRITE(7956) CCINF+I)y124,8) N

" WRITE(7964)

v

FORMAT(“ “y“ENTER THE . THRESHOLD;FI“ o0

'READ(5v590END=12O)THRES ,

FORMAT(” “,/POINT NO., AMPLITUDE * Y@
no 320 J‘lvNP o
NCNT=0

WRITE(7+46)

DO 310 I=JsNF

IF(C(I) .LT. THRES)GD TO 310'
IF(C(I+1) GT. C(I))G0 TO 310
IF(C(I) LE., C(I-1))B0 TO 310
WRITE(7,47)I9Ct(I) ,

‘NCNT=NCNT+1

J=1 .

IF(I .6E. NP)GO TO 320

IF(NCNT .EQ. 20’60 TO 311 *

=1

IF(I .GE. NP)GO TO 320 i "
READ(5¢58, END=120)NSTOP ) T
CALL PLOTSS(ESCCMDyHOME,O)

CALL PLOTSS(ESCCMDYESCRN,O)

CONTINUE

FORMAT(S5Xr14+6XyF10,0)

CALL PLOTSS(ESCCMI»HOME D)

CALL PLOTSS(DISPLY»OsRELL)

READ( 5,58, END=120)NSTOF

CALL PLOTSS(ESCCMD'ESCRN. 0)

60 To 120 3 .
THIS BECTION WRITES THE DATA ONM nxsxgnnn NAMES THE DATA FILE.

REWIND 1 .
HRITE'?:170)TITLEvDATnC(NP+1)vC(NP+2)rC’NP+3‘
URITE(?:SG)(C(NP+I)vI-418)

URITE(?r??O)
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onn

700
720

0o0n

900
920

930

o

BOOO

00

80s

882
801

881

810

840

eis

!
/
/

-7 . ~N

CALL ASSIGN{Ir'DK?FFNl.DhT’!-I-'NEU'-‘NC'.I)
WRITE(1)(DAT(1)sIm1,3) :
WRITE(1)(TITLECI)»Im1,3)
WRITE(1)(C(I)oIn1¢NP+B)

ENDFILE 1~ .

CALL CLOSE(%)

G0 TO 120

THIS SECTION READS DATA FILE FROM DISK.

WRITE(7,720)
FORMAT(’ ‘9’ ENJER DATA FILE NAME AS $-————v (,DAT).*+/)
CALL ASSIGN(1, /DKSFTN1.DAT s=1r’OLD’s’NC*r1)

READC1) (D yIm1y3) ‘

READ(1) (TITLE(I)yIm1,3)

READ(1) (C(I)sIn1,NP+8)

ENDFILE 1

CALL CLOSE(1) )

GO TO 120

THIS 8£CTIbN7READS PATA FILE FROM DISK.

>

WRITE(79720) ’ .
FORMAT(’ ‘»’ ENTER DATA FILE NAME AS #——r—e- C.DAT).’v/)
CALL ASSIGN(1y’DKIFTN1.DAT’s=1,°0LD*»’NC’r1) '
READ(1) (JUNK1(I)»I=1,3)
READ (1) (JUNK2(1)rI=1,3)
READ(1)(ECI)»I=1,NP+8B)
ENDFILE 1

ALL CLOSE(1)

930 NQO=1,NP
C(NQ)=C(NQ)-E(NQ)
C(NP+3)=]1

. 80 TO 1010

Y

THIS SECTION CALCULATES THE TOTALS FOR SéLECTED
FORTIONS OF THE DATA.

PO 805 UJ=1,30 -

Al(J)=0

NDIOD(J)=0

NDIOND(J)=0

CONTINUE

CALL PLOTSS(ESCCHMDyHOMEO)

CALL PLOTSS(ESCCMDYESCRN»O) -
"RITE(7'170)TITLEIDATIC(NP+1)DC(NP+2)1C(NP+3)
WRITE(7+56) (C(NP+I)rI=4,8)

JR=0 . . .
WRITE(?7,882) i

FORMAT(’ *y’ENTER THE STARTING POINT ¢ AND @& OF éblNTS.r’/r

17 ENTER EXTRA CARRAGE RETURN TO COMMENCE PROCESSING. )

READR(5+8681»END=120,ERR=801)DIODE »DIODEN -
FORMAT(2F10,.0) '
- IF(DIODE .EQ. 0)B0 TO 810

 MReJR$1 |

NDIOD(IR)=IFIX(DIODE)
“NDIODNCJR)=IFIX(DIODEN)

IF(JR .BGE. 30)GO TO 810

G0 TO 801

CALL PLOTSS(ESCCMD,HOME,O)

CALL PLOTSS(ESCCMD/ESCRN,0O)
WRITE(77170)TITLEsDAT+C(NP+1)9C(NP42) »C(NP+3)
WRITE(79S6)(CINP+1) s Im4,8) ’

WRITE(7,840) , .

FORMAT(’ ‘3¢ START NP TOTAL’)

DO 814 K=1,JR

DO 818 L=NDIOD(K)» (NDIOD(K)+NDIODN(K)~1)

AL CK)=AT(KI+C(L) ~

~ 3
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WRITE(7+8SS)NDIODR(K) +NDIODN(K) sAL LK)
FORHAT(JX-!Qv!X-110F12.0)

CONTINUE . o ' v
READ (5, 58/,END=120,ERR=120)NSTOP £
60 TO 120 ‘

THIS SECTION CAUSES AN EXIT FROM THE PROGRAM.

STOF
END

Q
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. PDAPLT - Plotting and Smoothing of

Spectral Data

\

Purpose: To plot, with=the XY-Plotter, flodEting point

photodiode array'data acquired by ADCPDA.
, & .
Author: Written by D. Hull.

Subroutines:  XYLIB, SYSLIB, and# /F.

Operatign: This routine requires the number of data
points, and a file name infut to_ access a file *.DAT.

. Smoothing of data is carried out by simplified east -

squares pfocedhres from Savitzky and Golay; See the :

program listing qu furtber details. o
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=000

NOO©O

701
110
111

0

onon

100
1320

3/

OO 0O0

o000

0 0
O

eOMO000OD

000

1

Y

DIMENSION - .
DIMENSION XAXIS(7) o YAXIS(7) ¢ TITF(?)
INTEGERX2 DELK(4)

DATA DAT»TITLE/3%0.¢3%0,/ " “
DATA DBLK/SRDKO-BRHA{rSRA »3RDAT/

"THIS SECTION RESTARTS PR??RAH BY CLEARING X & Y ARRAYS.,

- CALL PLOTST(0.005,'IN’)

CALL PLOT(B.5+0.0,-3)
“CALL PLOTNID

DO 701 I=1,1040

XCI)=FLOAT(I)

Y(I)=0.0 i

‘unxts<7.x1o> 5 -
FORMAT(’ ‘¢’ INPUT ¢ DATA PDINTS.
READ (5» 111 ) XNF X
FORMAT(F10.0) .
NP=IF IX (XNF)

«
-

_WRITE(7+50)

" FORMAT(’ ‘y‘REAL" DISABIv AXIS=2, PLOT=3,

»SMOOTH=S, EXIT=6)
READCS)S1INTENF
"ORMAT(12)

.

IF(NTEMF .LT. 1 .OR. NTEHP‘oGT. 6)G0 TO 1

GO TO(100s500,600+700,900,800) s NTEMP

THIS SECTION READS DATA FILE £ROM DBISK.

WRITE(7»120)
FORMAT(’ ’»’ ENTER DATA FILE NAME AS x

CALL ASSIGN(1,’DK: FTNI.DQT’v-lr'OLD ?’NC’»1)

READ(1)(DAT(I)»I=1,3)
REAH(;)(TITLE({):I=1:3)
READ(1)(Y(I)sI=1,NF+$8)
ENDFILE 1 .

CALL CLDSE(IJ

THIS SECTION DOES BOOK KEEPING ON THE DATA ARRAY .,

DO 491 1I=8,1,-1
Y(NP+24I)=Y(NP+I) -

THIS SECTION SETS THE MYNIMUM VALUE TO 0.0 AND
THE MAXIMUM VALUE TO BE EQUAL TO THE RANGE FQR

PLOTTING PURPOSES .

~

Y(NP+6)=Y (1) .
Y(NP+7)=FLOAT(4) o Wi
Y(NP+8)=Y(1) ’
Y(NP+9)=FLOAT(1)

DO 1000 I=2,NF

MAXIMUM Aun-sunscnxPi‘DETERHINATION{
IFCY(NP46) LT, Y(I))Y(NP+6)=Y (1)

IF(Y(NP+6) +£EQ, Y(I))Y(NP#?)-FLOAT(IX'

MININUM AND SUBSCRIPT DETEkHINATIDN.

IF(Y(NP48) 0T+ Y(I))Y(NP+B)=Y(])

IF(Y(NP+8B) .Eﬂ. Y(I))IYINP49)=FLOAT(I)

]

hY

<

~

TXTLE(S)VDAT(S)vX(IOGO)-Y(IO‘O)vF(IO‘O) o

-

_ THIS SECTION SELECTS THE PART OF THE PROGRAM TO BE EXJICUTED,

RESTART=4r

"CALCULHTION OF MAXIMUMy MINIMUNMY AND RhNGE[ﬁ? VALUES,

.
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495

493

494

503

S04

S50

.

A

110

RANGE DETERMINATION.,

Y(NF+10)=Y(NF+6)-Y (NF+8)

IF(NTEMP .EQ, S)BD TO 495
. DO 492 I=1,NFP .

Y(I)=Y(I)2Y(NP+8) :

" Y(NF+6)=Y(NF+64)~ Y(NP+9) n

Y(NF+8)=0.0
URITE(7v493)TITLEoDATrY(NF+3)vY(NP+4)-Y(NP+4) .
FORMATC(’ “9»3A4y3A4,3X»'NS='F4,093Xs ‘NF=‘vF4,0,3¥y 'BKGl="’9F4,0)
WRITE(7+494) (Y(NF+I)rI=6+10) ’

FORMAT(’ ¢ ’MAX=’3F10.0+,°@°7F4.0r’ MIN='yF10,0"

1-'@"+F4.0r‘ RANGE='»F10,0)
GO 7O 1 \\-

THIS SECTION DRAWS THE AXIS OF THE PLOT.
CONTINUE :

FORMAT ¢ 7A44)

WRITE(7+510)

FORMAT(’ ‘s’ ENTER THE TITLE FOR THE XAXIS, 28 CARACTERS MAX.')
REAL(S5»502) XAXIS o ‘
WRITE(7,503)

FORMAT(’ '/, "ENTER THE TITLE FOR THE Y AXIS, 28 CARACTERS - MAX )
READ(S»502)YAXIS ’
WRITE(7+504) BT

FORMATC” ‘s ’ENTER THE TITLE FOR THE PLOT, 28 CARACTERS MAX. ‘)
READ (5,502)TITP -

XMIN=0.0 . ) A

XMAX=Y (NF44) : S R
WRITE (77505) L /
FORMAT(* “3 XMIN=O & XMAX=NF.’

1 ¢ ENTER 1 TO CHANGEs CARRAGE RETURN IF NO CHANGE DESIRED.’)

- READ(SyS1)INTEMF }
IE- (NTEMF (NE. 1)B0 TO 506
WR1 E(7v507)

v

FORMAT(’ ‘9 "ENTER NEW VALUES FOR XMIN.AND XHAXv 2F10.0,° G
REQD(S-S?S)XHIN;XHAX . ’
YMIN=0.0 ° ) '

YMAX=Y (NP+6) : ,

URITE(?:SZO) .

FORMAT(’ ‘¢ -ENTER X AND Y AXIS LENGTHSr 2F10.0.7) !

REAID (57525 ) XLONG YLONG ..
FORMAT (2F10.0) _
WRITE(7v494) (Y(NP+1)yI=6y10)

WRITE(7,420)

FORMAT(’ ‘s’ NORMALIZED PLOT=1, SCALED PLOT=0.’)
READ(S+S1)NTEMF °

IF (NTEMP .ED. 1360 TO 550 . - -
WRITE(7+625 S
FORMAT(’- “»/ ENTER NEW VALUE FOR Y RANGE, F10,0.7) 7
READ(S;III)YHAX : -

X(NP+1)=XNIN

X(NP+2) = (XMAX=XMIN) /XL ONG : .

Y(NP+1)=YMIN . . '

Y(NP+2) = (YMAX-YMIN) /YLONG

CALL PLOTST(0.005s IN‘) -9 - .

CALL PLOT(1:5+1350s-3) ’

CALL AXIS(0.0+0.0sXAXIST=28sXLONG»0,0sX(NP+1) yX(NP+2))
CALL AXIS(0:0,0.0rYAXIS»+$28+YLONG»90.0rY(NP+1)sY(NP+2))
CALL PLOT(XLONG»O»+3) )

CALL PLOT(XLONG»YLONGr+2)

CALL PLOT(OsYLONG»42)

CALL PLOT(O0s (CYLONG40.5)»+3)

CALL SYMBOL(0s(YLONG+0.5)+0. 14-117?.0.29) .

CALL PLOT(0.0s0.0s43) - ~

CALL PLOT(-1,5+-1.0+-3) - -

CALL .PLOTND o o ' .

60 TO 1’

. Qs [ I

Y TP S
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600

OoOn000o0n |,

9?99

.58

910
915

916

P26

930
935

934

937

THIS SECTION FLOTS THE DATA.

WRITE(7+610) 1 :
FORMAT(’ “»‘ CHANGE Y-RANGE? YES=1, NO=CARRAGE RETURN)
READ(S»51)NQ _

IF(NQ .EQ. 0)GO TO 611 .

WRITE(7,625) _ :

READ(S»111)YMAX °

X(NF+1)=0,0 _ : _
X(NP+2)=XNF/XLONG _ . B
Y(NP+1)=YMIN '
Y(NP+°)-(YHAx-YHiN)/YLONG
CALL PLOTST(0.005s'IN’)
CALL PLOT(1.5¢1,0,-3)
CALL LINE(XrYsNP»100+0)
CALL PLOT(0.0+0.,0s+3)
CALL PLOT(-1,5s-1,0,~3)
CALL PLOTNID -

GO TO 1 “

THIS SECTION DOES SMOOTHING OF DATA RY SIHPLIFIED LEAST

SQUARES PROCEDURE FROM SAVITZKY hND GOLAY»
ANAL . CHEH.:Jb(B)vP1627(1964)

WRITE(7,999%)

FORMAT(* *¢*INFUT FILTER SIZE:’s/+/r’ 1x5 FOINT FILTER’»

/vy’ 2=7 POINT FILTER s/9* 329 POINT FILTER’»
/v’ 4=11 POINT FILTER’» .
/v’ 5=13 POINT FILFER’+/r’ 6=15 POINT FILTER’y
/s’ 7=17 POINT FILTER’v/¢’ B=19 POINT FILTER’r/v
* 9x=21 POINT FILTER’)
READ(5+58»ERR=900yEND=1 )NGO
FORMAT (I2) '
Gy T0 (910v9”0v930794079507960797079901990)INGO
00 P15 I=3»(NP-2)
Fal)=(((=CY (I~ 2)+Y(I+2)))*3+((Y(I 1)+Y(I+1)))*1"
1 +((Y(I)))*17)/35) -
DO 916 I=3»(NF-2) -
Y(I)=F(1) .
Y(1)=Y(3) 2
Y(2)=Y(3) .
Y (NF-1)=Y(NF<2)
Y(NF)=Y(NP-2)
‘G0 TO 91 )
DO 925 I=4,(NF-3)
FCI e ((=CY(I=-3)4Y(I43) ) IR24 ((Y(T-2)4Y(I+2)))%3
1 +0YCI=1)4Y(I41)))%6+((Y(I)))¥7)/21)
DO 926 I=m4y(NP-3)
N YD) =F (1) :
L Y(1)=Y(4)
Y(2)-Y(4)
Y(3)mY(4) - :
Y(NP-2)=Y(NF-3) ’ .. .
Y(NP-1)=Y(NP-3) :
Y(NF)=Y(NP-3)
GO T0 91 ’
DO 935 I=S,(NP-4) o
FCI)m(((=~CY(I~4)4Y(1+4)))%21
1 +((Y(I-3)+Y(I+3)))314
2 +((Y(I-2)+Y(I+2)))l39+((Y(I-1)+Y(I+1)))‘54
3. +0(Y(I)))XS59)»/231) -
DO 936 I=Se(NP-4) _
Y(I)=F(1) R
DO 937 1I=1,4 - -
Y(I)=Y(S)" . . . .t

A WN

i

Y(NP-I+1)=Y(NP-4) ’ B : R

80 T0 91 ‘
s , ;

111



940
945

P46
94?7

930
955

966

967

970
923

976
977

980
985

986
987

99C
995

996

99?7

TR

GI N

W N -

LI -

Do 985 “I=10s (NP-9)

S OIN -

L AL S L R

,+((Y(1—1)+Y(I+13))!B4+((Y(I2))t89)/429) _ n

+C(Y(I2))%43)/323)
DO 976 I=9,(NP-8)_
Y(I)=F(I) T , ,
DO 977 1I=1,8 ‘ , .
Y(I)=Y(9) - : » : ' - -
Y(NP-I+1)=Y(NP-8) ) : .

‘+((Y(I-1)+Y(I+1)))1264+((Y(I)))¥2§9 72261Y n ;’;m

N

) [
—
N

DO 945 I=4y(NF-5) _

FOCII=C((=(Y(I-5)4Y(I4+5)))%3¢ . .
+((Y(I-4)+Y(I+4)))#94((Y(I-3)+Y(1+§)))*44, ‘
+OY(I=2)4Y(I42)))1%649 . ) ;

DD 946 I=és(NP-5) .
Y(I)=F(I) 7 / . N
DO 947 1I=1,S : g : ‘
Y(I)=Y(6) K : L
Y(KF-I+1)xY(NF~5) .

60 TO 91 -
DO 955 I=7,(NF-6) - a ,

FOID=C=CY(I=6)4Y(I46)) ) %11 B

HOOYCI=4)4Y (I44)))K94 ((Y(I~-2)4Y(I+3)))%16

HOOYCI=2)4Y (T42) ) 24214 ((Y(I-1)+Y(I+1) ) )x24

+((Y(I)))%25)/143) : '

JI0 956 I=7,(NF-6) ) S~
Y(I)=F(I) - :

DO 957 I=1,6 ' : ‘ L
Y(I)=Y(7) : '
Y(NF~I+1)=Y(NF-§) .

GO TO 91 : N

DO 965 I=8y(NP-7) . :
FCI)=(((=CY(I=204YCI+7)))IR7B-( (Y(I~6)4Y(I46)))%13 '

+HOOY(I~5)4Y(I45)) ) K424 ((Y(I-4)4Y(I+4)) ) %87 -,

HOOYCI=304Y (I43) ) )X1224 (Y (I-2)4Y(142))) %147

FOOYCI=1)4Y (T41)))K1624((Y(1)))¥167)/1105)

DO 966 I=By(NP~7)

Y(I)=F(I)

DO 967 1I=1,7
Y(I)=Y(8)

Y(NF=I+1)=Y(NF-7)

GO TO 91 -

DO 975 I=9,(NP-B) Ry
FOD ==Y (I=B)+Y(I+8) ) ) K214 (~(Y(I=7)4Y(I147)) 3 %6,

HOOYCI-6)4Y(I46)))R7+((Y(I=-5)+Y(I45) yX¥18

HOOYCI-A)4YCT+4))IX274 ((Y(I=3)4Y(I+3)))%34 : J

HOOYCI=2)4YCI42) ) ) X394 ((Y(I~1)4Y (I4+1) ) ) %42 : 1

AP,

5%

60 TO 91 ' | : 1 v {

F(I)-(((-(Y(I-9)+Y(I+9)))¥136-((Y}I-B)+Y(I+GL))*51 3
+((Y(I-7)+Y(I+7)))*24+((Y(I-6)+Y(§+d)))*89 i Pt 8 1
+OYCI-5)4Y(I45)))K1444 ((Y(I-4)+Y I1+4)))%189 . 7 .
FOYCI=3)4Y(I43)))%2244((Y(I-2)4Y(142)))%249 . :

DO 986 I=10s(NP-9) - ; . .
Y(I)=F(I) ' !
DO 987 I=1,9
Y (IImY(10)
Y(NF-I+1)=Y(NP-9) . .
GO TO 91 ' , : LY ]
DO 995 I=11+(NP-10) 4 - _ o
FUII =~ (Y (I-10)4Y(I410)))%17 :
~((Y(I-9)4Y(I49)))I%76 - :
+CCYCI-8)4Y(I48) ) )RP+C(Y(I-7)4Y(I47))) %64
+OYCT<6)4Y(I46)))IX1494 ((Y(I-5)+Y(I+5)) ) %204
HOCY(I~4)+Y(144))) %2494 (CY(I-3)4+Y(I+3)))%284 .
HOOYCI-2)4Y(142)) )R3094 (C(Y(I-1)4Y(I4+1)))%324 ,
+0C(Y(1)))%329)/3059) : .
DO 996 I=11,(NP~10) . .
Y(I)=F (1) T
DO 997 I=1,10 - : :
Y(I)=Y(11) * ' . : ' v .
Y(NP-I41)=Y(NP-10) : e S
60 TO %1
1

2 . 2




n

2

. i
THIS SECTION CAUSES AN EX

CALL PLOTST(0,005» IN%) "
CALL PLOT(8.5:,0.0+-3)
CALL PLOTND

STOP

END

i

Y
;7’FR

OM THE PROGRAM.
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