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F O R E W O R D 
A D V A N C E S I N C H E M I S T R Y S E R I E S was f ounded i n 1949 b y the 

A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d c o l 
lections of data i n special areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented , 
the ir papers d i s t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are refereed c r i t i ca l l y accord ing to A C S 
ed i tor ia l standards a n d receive the care fu l attent ion a n d proc 
essing characterist ic of A C S publ icat ions . Papers p u b l i s h e d 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are o r i g i n a l contr ibut ions 

not p u b l i s h e d elsewhere i n w h o l e or major part a n d inc lude 
reports of research as w e l l as reviews since symposia m a y 
embrace b o t h types of presentation. 
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P R E F A C E 

The chapters i n this book have been prepared f r o m papers presented 
at a sympos ium on the "Ana lys i s of Pe t ro l eum for T r a c e M e t a l s " h e l d 

at the 169th N a t i o n a l M e e t i n g of the A m e r i c a n C h e m i c a l Society. T h e 
sympos ium reported o n the Trace Meta l s Project carr i ed out b y five petro 
l e u m companies to develop methods for 13 elements of env i ronmenta l 
interest (arsenic a n d se lenium, w h i c h are not metals i n the usua l sense, 
are i n c l u d e d ) . F o r the present purpose, the format of the papers has 
been changed to i n c l u d e deta i led procedura l instructions. 

E a c h author contr ibuted to the Project a n d the t e chn i ca l presenta
tions at the aforementioned sympos ium as w e l l as to various chapters i n 
this book. T o a v o i d excessive dup l i ca t i on , pr inc ip les a n d techniques 
general ly app l i cab le to trace analysis are separated f r o m the in format ion 
a n d methods specific to the g iven elements. 

N u m e r o u s ana ly t i ca l techniques were s tud ied d u r i n g the Project. 
A l t h o u g h most of the methods that are g iven i n de ta i l use some f o r m of 
atomic absorpt ion spectroscopy, other techniques were s h o w n to be 
equa l ly app l i cab le i n certain cases. 

J u l y 1976 R.  A. HOFSTADER 
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1 

Introduction 

In 1972 an intercompany project was initiated in recognition of a need 
to develop techniques for measuring trace concentrations of metals 

in oil. At that time capabilities within the petroleum industry were 
limited in general to the measurement of metals at concentrations greater 
than 1 ppm. However, in some cases much lower concentrations of 
metals in petroleum had to be measured to determine whether or not 
petroleum products are potential causes of environmental pollution. 

The Environmental Protection Agency ( E P A ) has listed certain 
elements as potentially hazardous. In accordance with the Clean A i r 
Act Amendment of 1970, EPA set final standards for mercury and beryl
l ium and gave priority to several other elements as potentially hazardous. 
In the intercompany project, 13 of these elements were studied: antimony, 
arsenic, beryllium, cadmium, chromium, cobalt, lead, manganese, mer
cury, molybdenum, nickel, selenium, and vanadium. 

The objectives of the Trace Metals Project, i n which the Atlantic 
Richfield Co., Chevron Research Co., Exxon Research and Engineering 
Co., M o b i l Research and Development Corp., and Phillips Petroleum 
Co. participated, were fourfold: to define the current state of the art, 
to develop analytical methods for application at the part-per-billion level 
using techniques available at most laboratories (10 ppb, i.e., 10 ng/g, 
was chosen as a reasonable attainable improvement of existing tech
nology), to determine the precision of the methods developed, and to 
publish the procedures and results. 

E a c h of the laboratories contr ibuted to the research a n d develop
ment of ana ly t i ca l methods, to cross-checking methods deve loped i n 
par t i c ipat ing laboratories, a n d to p u b l i c a t i o n of the in fo rmat ion w h i c h 
was der ived . A m o n g the areas of research a n d development to w h i c h the 
Project addressed itself were : sample preparat ion techniques, measure
ment techniques, a n d possibly most important of a l l , sources of error. 

T h e cr i ter ia set for sample preparat ion techniques were that the 
tota l concentrat ion of the element must be measured a n d that any neces
sary destruct ion of the petro leum matr ix h a d to take p lace w i t h o u t loss 
of the constituent to be measured. I n d o i n g this , the vo la t i l i t y of the 
meta l be ing ana lyzed h a d to be considered; for example , m e r c u r y a n d 
arsenic losses have been w e l l documented . I n choosing a m e t h o d for 
decomposit ion, b o t h the choice of mater ia l i n w h i c h the decomposi t ion 
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2 A N A L Y S I S O F P E T R O L E U M F O R T R A C E M E T A L S 

was be ing carr i ed out a n d the subsequent measur ing step h a d to be 
considered. U s i n g these c r i t e r ia a n d considerations, the f o l l o w i n g de
compos i t ion techniques were s tudied . 

• D r y ash—potent ia l loss of elements, even those w i t h re lat ive ly l o w 
vo lat i l i ty . 

• W e t ash—loss of intermediate a n d h i g h vo la t i l i ty elements. 
• D i g e s t i o n — h i g h p u r i t y reagents necessary. 
• F l a m e decomposition—^applicable to on ly certa in vo lat i le elements. 
• B o m b decompos i t i on—appl i cab le to on ly very smal l quantit ies , re 

quires very sensitive measurement techniques. 
T h e chemica l f o r m of the matr ix i n pe t ro l eum is largely u n k n o w n . 

Therefore , i n a l l the procedures used, recovery h a d to b e demonstrated 
b y to ta l matr ix destruct ion ( w h i c h converts the element to a c o m m o n 
f o rm) or b y technique w h i c h is independent of form—e.g . , neutron 
act ivat ion analysis. 

T h e measurement techniques whose roles were considered are as 
f o l l ows : 

• A t o m i c absorpt ion spectroscopy 
• N e u t r o n act ivat ion 
• O p t i c a l emission spectroscopy 
• E lec t rochemis try 
• C o l o r i m e t r y 
• X - r a y fluorescence 
• Spark source mass spectrometry. 
A t o m i c absorpt ion spectroscopy, w h i c h was ava i lab le i n most l abora 

tories, was judged to p r o v i d e sufficient sensit ivity to a l l o w i t to be used 
to s tudy most of the elements of interest. N e u t r o n act ivat ion was used 
to s tudy a l l of the elements for w h i c h i t is app l i cab le at the 10 p p b leve l . 
I n the Project , this technique was used to compare data obta ined b y 
other methods a n d to study losses d u r i n g digestions a n d storage. O p t i c a l 
emiss ion spectroscopy was used as a screening too l for the s imultaneous 
measurements of m a n y elements. E lec t rochemis t ry was used where ap 
p l i c a b l e as a h i g h sensit ivity technique to s tudy contaminat ion problems. 
C o l o r i m e t r y was eva luated where potent ia l app l i ca t i on arose. X - r a y 
fluorescence for the most par t d i d not have the r e q u i r e d sensit ivity. 
Because none of the p a r t i c i p a t i n g laboratories h a d the ir o w n capab i l i t y 
i n spark source mass spectrometry, the Project addressed itself to this 
technique on ly b y h a v i n g some analyses carr i ed out at a c ommerc ia l 
laboratory . 

A s noted, major emphasis was p l a c e d o n sources of error. T h r o u g h 
out the entire program, the researchers h a d to be aware of po tent ia l 
contaminat ion , vo la t i l i za t i on , matr ix effects, a n d interelement inter fer -
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1. H O F S T A D E R E T A L . Introduction 3 

ences. A n o t h e r important part of the Project was the cooperative deter
m i n a t i o n of the prec is ion of the methods that were developed. T h i s was 
done w i t h i n the cross-check por t i on of the program. E a c h proposed 
m e t h o d was cross checked b y at least one laboratory i n a d d i t i o n to the 
i n i t i a t i n g laboratory, i n most cases, two or three. T h e l eve l for cross 
check ing was usua l ly t w o to five times the detect ion l i m i t . T y p i c a l 
pe tro leum a n d petro leum products were used to determine the a p p l i c a 
b i l i t y as w e l l as prec is ion a n d accuracy of the methods. F r o m this phase 
of the w o r k , the investigators were able to recognize p r o b l e m areas a n d 
the details w h i c h h a d to be spe l led out careful ly . 

T h e elements, the n u m b e r of procedures w h i c h were deve loped , 
the detect ion l imi ts , the concentrat ion range at w h i c h the prec is ion was 
measured, a n d the coefficient of var ia t i on are l i s ted i n T a b l e 1.1. F i g u r e 
1.1 summarizes accuracy data for a l l of the methods that were deve loped , 
w i t h ± 2 0 % l imits d r a w n a r o u n d the theoret ical m a t c h l ine . A l l of the 
data obta ined at the i n i t i a t i n g laboratories w e r e w i t h i n the 2 0 % l i m i t 

10 20 30 40 50 60 70 80 90 

ng/g ADDED 

Figure 11. Accuracy of methods developed 
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4 A N A L Y S I S O F P E T R O L E U M F O R T R A C E M E T A L S 

20 40 60 80 100 120 140 

ng/g 

TRACE METALS PROJECT 

Figure 1.2. Comparison of results obtained by NAA with those 
obtained by trace metals project procedures 

Table 1.1. Summary of Methods Developed 

No. of 
Procedures Concentration Coefficient 
Developed Detection Level of Variation 

during Limit* Studied at Level 
Element Project (ng/g) (ng/g) Studied 

A n t i m o n y 1 10 45 10 
Arse n i c 1 5 10,100 40 ,12 
B e r y l l i u m 2 1 35 10 
C h r o m i u m 1 10 45 ,154 16 
C a d m i u m 3 10 30 15 
C o b a l t 3 2 130 6 
L e a d 1 10 — — 
Manganese 2 10 25 ,150 17 ,4 
M e r c u r y 2 10 38 10 
M o l y b d e n u m 2 10 25 ,280 15 ,4 
N i c k e l 1 10 50 ,200 16 ,4 
Selenium 1 10 50 20 
V a n a d i u m 1 10 40 ,450 2 3 , 3 

β M o s t sensitive method. 
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1. H O F S T A D E R E T A L . Introduction 5 

w h i l e a smal l percentage of those obta ined at the cooperat ing l a b o r a 
tories f e l l outside these l imits . 

T h r o u g h o u t the entire p r o g r a m neutron ac t ivat ion was used to cross 
check the data w h e r e appl i cab le . T h e elements w h i c h were checked b y 
neutron act ivat ion are : ant imony, arsenic, cobalt , manganese, mercury , 
m o l y b d e n u m , a n d selenium. F i g u r e 1.2 summarizes the data obta ined 
b y b o t h neutron act ivat ion a n d the procedures developed. 
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2 

Principles of Trace Analysis 

Unless the complete history of any sample is known with 
certainty, the analyst is well advised not to spend his time 
analyzing it (1) . 

Sampling 

Present practice in many analytical service laboratories is to present 
analytical chemist with a sample and some type of formalized analy
sis request form. Although the analyst has no control of the sample up 
to this point, he is quite often the brunt of any criticism which can occur 
as the result of any discrepancy between his work and the "expected 
results." Often, little thought is given to the handling of a sample before 
it actually reaches the analytical laboratory. Consequently, analyses are 
often performed on samples which have been improperly sampled and 
stored, or contaminated by careless handling. Milner (2) has discussed 
potential and actual sources of errors associated with sampling and 
storage of petroleum products, the main contributor to such errors often 
being contamination of the sample. 

C o n t a m i n a t i o n can be a par t i cu lar ly vex ing p r o b l e m w i t h regard to 
e lemental analysis at the nanogram leve l . I t must be remembered that 
a n y t h i n g w h i c h comes i n contact w i t h the sample, be i t sampl ing a p p a 
ratus, atmosphere, or storage container, c a n serve as a source o f various 
types of e lemental contaminat ion , i n amounts sometimes exceeding that 
of the sought-for constituent o r ig ina l ly present. Improper sampl ing pro 
cedures can thus render the most stringent sample h a n d l i n g efforts later 
a p p l i e d i n the ana ly t i ca l laboratory fut i le . 

S ince the need for ana ly t i ca l methodology capable of de termin ing 
elements at the n a n o g r a m / g r a m leve l i n petro leum products has been 
recognized only recently , s a m p l i n g procedures des igned especial ly w i t h 
regard to the u n i q u e requirements of such procedures have not yet been 
adequate ly invest igated. T h u s , i t is not possible at this t ime to offer 
prec ise ly def ined recommendations for sampl ing pe t ro l eum products . It 
is possible , however , based o n experience a cqu i red d u r i n g the course of 
the T r a c e M e t a l s Project , to offer guidel ines a n d general recommendations 
concern ing sampl ing . 
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2. H O F S T A D E R E T A L . Principles of Trace Analysis 7 

T h e ac tua l sampl ing process c a n be separated in to five d ist inct areas 
for discussion. 

( 1 ) S a m p l i n g apparatus 
(2 ) Representat ive sampl ing 
(3 ) Storage containers 
(4 ) Cleanl iness 
( 5 ) D e l a y before analysis 

A p p a r a t u s a n d procedures r e q u i r e d for ob ta in ing representative 
samples of c rude petro leum a n d pe t ro l eum products have been deve l 
oped , s tandardized , a n d documented b y b o t h A m e r i c a n Society for 
T e s t i n g M a t e r i a l s ( A S T M ) a n d A m e r i c a n Pe t ro l eum Institute ( A P I ) 
(3 , 4 ) . A S T M D 1265-55 (3 ) notes that judgment , s k i l l , a n d s a m p l i n g 
experience p l a y a n impor tant role i n the overa l l s a m p l i n g process. S a m 
p l i n g devices descr ibed i n A S T M D 270-65 ( 3 ) are constructed either 
w h o l l y or par t ly f r o m meta l , a n d experience demonstrates that such 
apparatus w i l l not contaminate the sample w i t h the element of interest. 
T h e use of l ead sheeting or uncovered l ead weights to w e i g h d o w n 
s a m p l i n g bottles w o u l d obv ious ly be quest ionable w h e n p r o c u r i n g sam
ples for de te rmin ing trace amounts of lead . T h e use of m e t a l containers 
w i t h solder seams is also undesirable . I t shou ld b e possible to m o d i f y 
or to redesign the sampl ing apparatus so that exposure to m e t a l is re 
duced . T h i s can be accompl i shed b y coat ing the meta l surfaces w i t h 
inert p o l y m e r i c mater ia l or subst i tut ing plastics for construct ion. 

F l u o r o c a r b o n materials are avai lab le as laboratory equ ipment i n a 
var ie ty of shapes, sizes, a n d forms a n d are considered to p r o v i d e a n 
i d e a l containment a n d storage mater ia l . Te f lon containers have been 
used satisfactori ly b y the T r a c e M e t a l s Project for conta in ing , s h i p p i n g , 
a n d stor ing a var ie ty of petro leum samples. E p o x y - l i n e d meta l cans a n d 
caps were also used satisfactori ly for b u l k storage a n d shipment . 

T h e in junct ion g iven i n A S T M D 270-65 (3 ) that " A l l sample con 
tainers must be (abso lute ly ) c lean , " etc. is one w h i c h m a y not be easily 
met. R e c o m m e n d e d procedures m a y not be adequate to ensure container 
c l ean ing to w i t h i n a n acceptable b l a n k leve l . T h e discussion of c leaning 
b y A d a m s ( 5 ) , a l though d i re c ted t o w a r d glass surfaces, offers m a n y 
insights into the nature of the c leaning process a n d shou ld b e consulted 
before d e c i d i n g o n a c l ean ing procedure . I n add i t i on , i t is necessary to 
a v o i d concentrat ion changes caused b y surface phenomena. S u c h changes 
c a n be m i n i m i z e d b y r i n s i n g the c lean container w i t h a f rac t ion of the 
sample before i t is filled. 

T h e stabi l i ty of organometal l i c or inorganic compounds i n a petro
l e u m matr ix is a n impor tant considerat ion i n the sampl ing process. 
S tab i l i ty studies o n selected organometal l i c standards i n pe t ro leum 
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8 A N A L Y S I S O F P E T R O L E U M F O R T R A C E M E T A L S 

matrices have been per formed as a par t of the T r a c e M e t a l s Project a n d 
are discussed i n other sections of this book. 

Standards 

Uses. T r a c e e lemental analysis methods are i n v a r i a b l y based o n 
techniques w h i c h requ i re standards for recovery studies as w e l l as q u a n t i 
tat ion . T h e use of aqueous inorganic standards to ca l ibrate measure
ments of metals i n m i n e r a l i z e d pe t ro leum samples is w e l l established. 
S u c h standards, however , g ive no in fo rmat ion about the fate of the ana -
lyte d u r i n g the c r i t i c a l sample preparat ion step. There fore organometal 
l i c standards are r e q u i r e d for trace element recovery studies o n petro
l e u m , regardless of whether the analysis is carr i ed out d i rec t ly or after 
minera l i za t i on . 

U n q u e s t i o n a b l y the best mater ia l to evaluate the entire procedure 
is a s tandard sample whose compos i t ion w i t h respect to the analyte is 
k n o w n exactly. T h e U . S . N a t i o n a l B u r e a u of Standards ( N B S ) has 
under taken the deve lopment of S tandard Rerence Mater ia l s ( S R M ) for 
trace metals i n gasoline a n d f u e l o i l ( 6 ) ; certi f ied values have been estab
l i s h e d for F e , N i , P b , V , a n d Z n i n the f u e l o i l ( S R M - 1 6 3 4 ) . I n a d d i t i o n 
in format ion values (non-cert i f ied) are g iven for arsenic, c h r o m i u m , mer 
cury , a n d manganese. 

I n the absence of a s tandard sample, " s p i k e d " samples prepared b y 
a d d i n g a k n o w n concentrat ion of an organometal l i c s tandard to a petro
l e u m matr ix must be used. Because the f o r m of most nat ive meta l species 
i n pe t ro l eum is u n k n o w n a n d m a y be var iab le , the Trace Meta l s Project 
invest igated the ava i lab i l i t y of organometal l i c materials to determine 
those best sui ted for the preparat ion of " s p i k e d " samples a n d ca l ibrat ion 
standards i n pe tro leum at the n a n o g r a m / g r a m level . 

Organometallic Standards. A n a l y t i c a l standards for petro leum 
analyses must be stable, so luble i n a w i d e range of organic matrices , a n d 
compat ib le w i t h other materials w h i c h m i g h t be present. A l t h o u g h sev
era l different groups of compounds have been suggested (7, 8 ) , a l l are 
not commerc ia l ly avai lable . A comprehensive survey b y N B S l e d to the 
preparat ion of a set of 24 compounds , m a i n l y cyclohexanebutyrate salts 
or l - p h e n y l - l , 3 - b u t a n e d i o n o complexes, w h i c h best met the aforemen
t ioned cr i ter ia ( 9 ) . F o r seven of the elements of interest to the Project , 
compounds are avai lab le f r o m the N B S as S tandard Reference Mater ia l s 
w i t h certi f ied meta l content ( T a b l e 2.1). T h e same compounds are a v a i l 
able commerc ia l l y as reagent-grade chemicals w i t h o u t certi f ication. F o r 
these, the suppl ier provides a percent meta l content w h i c h is based o n a 
ca l cu la ted va lue for the p u r e compound . O t h e r reagent chemicals , w i t h 
ca l cu la ted m e t a l contents, are avai lab le for use as standards for several of 
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2. H O F S T A D E R E T A L . Principles of Trace Analysis 9 

Table 2.1. National Bureau of Standards Standard Reference 
Compounds for Elements of Interest to the Project 

Code % Metal 
Element (SRM No.) Compound Certified 

C d 1053a c a d m i u m cyc lohexanebutyrate 24.8 
C o 1055b cobalt cyc lohexanebutyrate 14.8 
H g 1064 mercuric cyc lohexanebutyrate 36.2 
M n 1062a manganous cyc lohexanebutyrate 13.8 
N i 1065b n i c k e l cyc lohexanebutyrate 13.89 
P b 1059b lead cyc lohexanebutyrate 36.65 
V 1052b bis ( 1 -phenyl -1 ,3-butanediono) - 13.01 

oxo v a n a d i u m ( I V ) 

the elements studied . F o r accurate work , the m e t a l content of these 
reagent chemicals must be determined b y analysis. 

Severa l organometal l i c standards are commerc ia l l y ava i lab le i n so lu 
t i on , fac i l i ta t ing the preparat ion of standards i n pe t ro leum matrices 
( A n g s t r o m , C o n o s t a n ) . Genera l l y , these are m e t a l salts of organic acids 
such as octoates, naphthenates, or unspeci f ied sulfonates a n d are s u p p l i e d 
i n a heavy o i l matr ix ( A n g s t r o m , Conos tan ) at concentrations w h i c h 
range f r o m percentages d o w n to par ts -per -mi l l i on levels. Some standards 
are avai lab le w h i c h conta in k n o w n levels of as m a n y as 20 elements. I n 
a d d i t i o n to these meta l - in - o i l standards, various specialty chemicals are 
ava i lab le w h i c h m a y also be used once they are analyzed . A l t h o u g h 
these materials are general ly so ld on ly i n b u l k quantit ies , smal l port ions 
can be obta ined f r om some manufacturers (Tenneco -Nuodex D i v i s i o n , 
S h e p p a r d C h e m i c a l , etc . ) . 

Standards Selected. T h e standards selected for use i n the Project 
are l i s ted i n T a b l e 2.II. I n general , organometal l ic sulfonates were used 
to take advantage of their reported superior s tabi l i ty a n d compat ib i l i t y 
properties ( 8 ) . I n the Project , manganese a n d c a d m i u m cyclohexane-
butyrates ( N B S ) a n d c h r o m i u m naphthenate were also used to d e m o n 
strate that recovery was independent of c o m p o u n d type. F o r se lenium, 
a c ommerc ia l meta l - in -o i l add i t ive was used as the standard. D i -
laurylse lenide ( 1 9 . 0 % Se) was selected because i t was k n o w n to be 
soluble i n most pe t ro leum matrices a n d because i t conta ined metal - to -
carbon bonds w h i c h m a d e i t possible to evaluate better the potent ia l 
losses of se lenium d u r i n g sample preparat ion . F o r the same reason p u r e 
organometal l i c compounds w i t h c a r b o n - m e t a l bonds were used for a n t i 
mony , arsenic, a n d mercury . F o r mercury , a n a d d i t i o n a l test o n the 
recovery was carr ied out b y a d d i n g coa l ( N B S , S R M # 1 6 3 2 ) , w h i c h 
contains m e r c u r y i n a na tura l f o rm, to a w h i t e o i l p r i o r to sample 
preparat ion . 
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10 A N A L Y S I S O F P E T R O L E U M F O R T R A C E M E T A L S 

Table 2.II. Standards S 

Element Standards Studied 

A s t r ipheny lars ine 

B e Conostan-5000 B e 

C d Conostan-5000 C d 

N B S - c y c l o h e x a n e b u t y r a t e 

C o Conostan-5000 C o 

C r Conostan-5000 C r 

Nuodex naphthenate 

H g d ipheny lmercury 

N B S - m e r c u r y i n coal 

M n N B S - c y c l o h e x a n e b u t y r a t e 

Conostan-5000 M n 

M o Conos tan 5000 

N i N B S - c y c l o h e x a n e b u t y r a t e 

Conostan-5000 N i 

P b Conostan-5000 P b 

Sb t r ipheny ls t ib ine 

Se d i laurylse lenide 

V Conostan-5000 V 

Preparation of Standards. E v e 
avai lab le , extreme care must be use< 
reference materials are so ld o n a w 

udied during the Project 

Comment 

U s e d for recovery studies a n d 
s tandard addit ions 

O i l soluble 
C - A s bonds 
U s e d for both s p i k i n g and c a l i b r a 

t i on 
F e w alternatives ava i lab le 

U s e d for ca l ibrat i on and s p i k i n g 

Tested for recovery 
Losses noted i n gasoline 

U s e d for ca l ibrat i on and s p i k i n g 

Used for ca l ib ra t i on 

U s e d for s p i k i n g 
Stable over 20 years 

U s e d for s p i k i n g and recovery 
studies 

U s e d for recovery studies 
C - H g bond 

Studied i n comparison to sulfonate 

U s e d for sp ik ing and ca l ibra t i on 

U s e d for sp ik ing and ca l ibrat i on 

C o m p a r e d w i t h sulfonate 

R e q u i r e d stabi l izer 
U s e d for ca l ibrat i on and recovery 
O n l y p r e l i m i n a r y recovery studies 

Used for sp ik ing and recovery 
F e w alternatives 
C - S b bonds 

U s e d for s p i k i n g and recovery 
F e w alternatives 
C - S e bond 

Requires s tabi l izer 
Used for recovery and s p i k i n g 

t w h e n organometal l i c standards are 
to ensure satisfactory results. M o s t 

i g h t / w e i g h t basis, b u t d i lute s tand-
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2. H O F S T A D E R E T A L . Principles of Trace Analysis 11 

ards are more convenient ly h a n d l e d on a w e i g h t / v o l u m e basis. Conse 
quent ly the first step i n p r e p a r i n g most standards for trace analyses 
involves d i l u t i n g a w e i g h e d amount of the reference mater ia l to a 
k n o w n v o l u m e w i t h an appropr iate solvent. T h e result ing stock s tandard 
is then d i l u t e d to the desired range. E v e n at the > 1000 / A g / m l l eve l , 
s tab i l i z ing agents m a y be r e q u i r e d for some standards. F o r example, the 
N B S organometal l i c compounds must be heated w i t h 2-ethylhexanoic 
a c i d a n d neutra l i zed w i t h 2-ethylhexylamine to effect so lut ion i n xylene. 
S i m i l a r l y , Conostan provides a n unspecif ied " s tab i l i zer " so lut ion w h i c h 
is r e q u i r e d for p repar ing several standards, par t i cu lar ly for the transit ion 
metals C o , M o , N i , a n d V . W h e n d i l u t e d to the n a n o g r a m / m l leve l , 
s tabi l i ty problems can be expected to become more severe, as i l lustrated 
i n the next section. Consequent ly , d i lu te standards shou ld be prepared 
just before use. 

Storage and Stability 

T h e instabi l i ty of d i lute aqueous solutions is w e l l documented . S i g 
nificant losses have been observed after storage for on ly a f ew days and , 
i n some extreme cases, w i t h i n a few hours. Glass a n d plast ic containers 
have been used, a n d several ways to stabi l ize solutions have been recom
mended . It is general ly agreed that w i t h aqueous solutions m a x i m u m 
stabi l i ty is ach ieved by a c i d i f y i n g the solution. T h e o p t i m u m container 
mater ia l seems to depend on the specific analyte. 

C o n c e r n has been expressed regard ing the instab i l i ty of metals i n 
petro leum products as a potent ia l source of error. Powers et a l . (10) 
reported significant losses of natura l arsenic compounds f r om v i r g i n 
naphthas stored i n steel, glass, a n d po lyethylene containers. H o w e v e r , 
synthetic solutions of t r ibuty lars ine a n d tr iphenylars ine were stable for 
u p to one week. T h e r a p i d losses of natura l arsenic compounds were 
at tr ibuted to a combinat i on of ox idat ion a n d adsorpt ion. A g r a w a l a n d 
G u l a t i ( I I ) also reported losses of arsenic f r o m cracked a n d straight 
r u n naphthas stored i n soft a n d Pyrex b r a n d glass containers. 

T h e T r a c e Meta l s Project conducted a study to ident i fy the type of 
container w h i c h w o u l d prov ide m i n i m u m losses of arsenic a n d m e r c u r y 
b y prec ip i ta t ion , vo la t i l i zat ion , adsorpt ion, or dif fusion. Solutions of 
organomercury a n d organoarsenic compounds a d d e d to petro leum feed
stock were used. Because of the re lat ive ease w i t h w h i c h mercury a n d 
arsenic can be determined at sub-parts -per -mi l l i on levels i n a hydrocar 
b o n matr ix b y instrumenta l neutron act ivat ion analysis ( I N A A ) , this 
technique was used for the ana ly t i ca l measurements. T h e solutions were 
stored i n five different types of glass a n d / o r plast ic containers a n d sam
p l e d per iod i ca l ly over eight months (12 ) . T h e results of the study are 
summar ized i n Tables 2.III a n d 2.IV. 
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12 A N A L Y S I S O F P E T R O L E U M F O R T R A C E M E T A L S 

Table 2.III. Mercury Stability Test: H g Found (ng/g)a 

1 2 3 4 8 
Time: 0 week months months months months 

Sample Conta iner 
po lyethylene 101,90 104 101,100 102 101 98 
po lypropylene 95 98 98 98 100 98 
Tef lon 95 97 98 99 99 99 
soft glass 93 93 94 101 100 99 
borosi l icate glass 93 97 92 104 102 100 

a 100 ng H g / g , added as diphenylmercury . 

Table 2.IV. Arsenic Stability Test: As Found (ng/g) a 

1 2 3 ^ 8 
Time: 0 week months months months months 

Sample Conta iner 
po lyethylene 112,107 108 110 106 106 95 
po lypropylene 109 104 103 106 97 98 
Tef lon 107 103 101 107 103 98 
soft glass 112 106 100 99 99 99 
borosi l icate glass 111 112 103 106 103 102 

° 100 ng A s / g , added as triphenylarsine. 

F o r m e r c u r y no evidence of a concentrat ion decrease was f o u n d ; 
however , the arsenic results showed a possible s l ight decrease i n con
centrat ion after e ight months. I n neither case was there any effect w h i c h 
c o u l d be at t r ibuted to the type of container. 

T o determine the stabi l i ty of na tura l arsenic compounds i n petro
l e u m , various crude oils w h i c h h a d been ana lyzed prev ious ly b y neutron 
act ivat ion were reanalyzed . These crude oils were stored i n glass v ials 
a n d bottles. T a b l e 2 .V shows the results of this study. T w o sets of 
analyses were made , 15 months apart , a n d no significant changes i n the 
arsenic concentrat ion were observed. T h i s suggests that crude oils con 
ta in ing nat ive arsenic can be used as re l iable standards for arsenic. 

O n e of important aspects of the Trace M e t a l s Projects was the 
cross-check p r o g r a m of proposed ana ly t i ca l methods. F o r example , 
eva luat ion of the wet digest ion flame atomic absorpt ion m e t h o d for 
c a d m i u m determinat ion (13) i n v o l v e d the preparat ion of pe tro leum 
samples sp iked w i t h c a d m i u m cyclohexanebutyrate . Before these sam
ples were sh ipped to cooperat ing laboratories, a check of the c a d m i u m 
content showed unexpectedly l o w recoveries. T o conf irm this apparent 
loss, portions of gasoline were sp iked at the 30 n g / g l eve l w i t h c a d m i u m 
cyclohexanebutyrate a n d c a d m i u m sulfonate. T h e samples were stored 
i n Te f lon bottles a n d were ana lyzed over a month . T h e results are shown 
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2. H O F S T A D E R E T A L . Principles of Trace Analysis 13 

Table 2.V. Stability of Natural Arsenic Compounds in 
Crude Oils: As Found ( n g / g ) a 

Crude Oil No. 1971 1973 

1 360 430 
2 280 290 
3 200 220 
4 170 195 
5 10 10 
6 230 220 

° E s t i m a t e d precision based on counting statistics is ± 1 0 % . 

i n F i g u r e 2.1. T h e recovery f r o m samples s p i k e d w i t h c a d m i u m cyc lo 
hexanebutyrate gradua l ly decreased over the p e r i o d of study, b u t the 
a d d e d c a d m i u m was complete ly recovered f r o m samples sp iked w i t h 
c a d m i u m sulfonate. 

I n another study, a crude o i l a n d a kerosene were s p i k e d w i t h 
cobalt a n d m o l y b d e n u m sulfonates at the n a n o g r a m / g r a m leve l w i t h a n d 
w i t h o u t the a d d i t i o n of the "s tab i l i zer " avai lab le f r o m the suppl i er of 
these organometal l ics . T h e standard solutions w e r e stored i n Te f l on 
bottles. N e u t r o n act ivat ion analyses showed that they were stable i n the 
c rude o i l ( w i t h or w i t h o u t s tab i l i z e r ) . I n the kerosene w i t h the stabi l izer 

τ 1 1 Γ 

Cd Concentration: 30 ng/g 

DAYS STORED 

Figure 2.1. Recovery of cadmium from gasoline 
spiked with metalloorganic cadmium compounds 
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Table 2.VI. Stability of Cobalt Sulfonates 

Co Found, ng/g 

Days after Preparation 0 52 89 173 

C r u d e A 111 123 113 — 
+ 1 0 0 n g C o / g 

C r u d e A 102 128 106 — 
+ stabi l izer plus 101 ng C o / g 

Kerosene 79 45 42 39 
+ 1 1 9 n g C o / g 

Kerosene 99 127 124 — 
+ stabi l izer plus 119 ng C o / g 

they were stable over several months, b u t i n the kerosene w i t h o u t sta
b i l i z e r they deter iorated r a p i d l y (Tab les 2 .VI , 2 . V I I ) . Since the nature 
of the organometal l ic , the pe t ro l eum matr ix , a n d possibly the container 
affect stabi l i ty , the inf luence of each of these factors must be establ ished 
before trace metals analysis. 

Contamination 

T h e analyst is often unaware of w h a t can a n d does h a p p e n to a 
sample between the t ime i t reaches his laboratory a n d the t i m e the 
a c tua l analysis is completed . D e m a n d s for more sensitive methods of 
analysis have served to emphasize that a l l aspects of a n a n a l y t i c a l scheme 
must be c r i t i ca l l y examined a n d contro l l ed i f a mean ing fu l analysis is 
to result. 

M o d e r n ins t rumenta l methods of analysis have extended the l imi ts 
of detect ion for certa in elements to the po int that the detect ion tech -

Table 2.VII. Stability of Molybdenum Sulfonates 

Mo Found, ng/g 

Days after Preparation 0 52 89 173 

C r u d e A 280 293 275 — 
+ 280 ng M o / g 

C r u d e A 86 — 99 — 
+ stabi l i zer plus 92 ng M o / g 

Kerosene — 56 48 26 
+ 127 n g M o / g 

Kerosene 152 170 117 — 
+ s tab i l i zer plus 132 ng M o / g 
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2. H O F S T A D E R E T A L . Principles of Trace Analysis 15 

n ique itself no longer l imits the u l t imate sensit ivity of an ana ly t i ca l 
method . Rather , analyses are increas ingly becoming l i m i t e d b y the 
" a n a l y t i c a l b lank . " A l t h o u g h often ignored at h igher levels of concentra
t ion , the ana ly t i ca l b lank can a n d does present a f o rmidab le barr ier to 
analysis at the n a n o g r a m / g r a m level . 

T h e magni tude of the ana ly t i ca l b lank is inf luenced b y a n u m b e r of 
factors, bo th determinate a n d indeterminate . M u r p h y (14) has d is 
cussed the role of the ana ly t i ca l b lank a n d emphas ized that it is bo th 
the v a r i a b i l i t y a n d the magni tude of the b lank w h i c h u l t imate ly deter
mine prac t i ca l l ower detect ion l imits . Efforts to deve lop procedures for 
analysis at the n a n o g r a m / g r a m leve l must therefore be d i rec ted t o w a r d 
m i n i m i z i n g those factors. 

C o n t a m i n a t i o n m a y be def ined as the in troduct ion of any corn-
potent w h i c h can affect the n u m e r i c a l va lue finally a t t r ibuted to a 
constituent relat ive to the amount present pr ior to sampl ing . Robertson 
(15) has classified contaminat ion as fo l lows : 

(1 ) Posi t ive contaminat ion f rom impur i t ies i n reagents a n d the 
atmosphere or f r om desorption f rom container wal ls a n d resul t ing i n 
add i t i ve errors. 

( 2 ) Negat ive contaminat ion caused b y losses i n h a n d l i n g or adsorp
t ion , resul t ing i n subtract ive errors. 

(3 ) Pseudocontaminat ion caused b y i r r e p r o d u c i b i l i t y of exper i 
m e n t a l condit ions , result ing i n either posit ive or negative errors. 
O n l y posit ive contaminat ion is considered i n de ta i l here since i t is often 
the most significant. A d s o r p t i o n phenomena have been discussed b y 
A d a m s (5 ) a n d b y T o l g (16). Pseudocontaminat ion effects can be m i n i 
m i z e d b y c r i t i ca l evaluat ion a n d contro l of a l l aspects of the procedure. 

A n u m b e r of p u b l i s h e d papers discuss the effect of contaminat ion 
o n the ana ly t i ca l b l a n k a n d some of the extraordinary means w h i c h are 
often necessary to m i n i m i z e this effect. T o contro l contaminat ion , i t is 
necessary to understand its sources. Bas i ca l ly , a n y t h i n g w h i c h contacts 
the sample between a n d i n c l u d i n g the ac tua l sampl ing process a n d the 
comple t i on of the analysis must be considered a potent ia l source of 
contaminat ion . These sources, a long w i t h methods used i n the T r a c e 
M e t a l s Project to m i n i m i z e their effects, are s u m m a r i z e d i n T a b l e 2 .V I I I . 

Sources of Contamination and Ways to Reduce Its Effects. 
L A B O R A T O R Y A T M O S P H E R E . T h e atmosphere surround ing a sample , f rom 
the t ime of i n i t i a l sampl ing to the t ime analysis is completed , can be a 
major source of contaminat ion . C h e m i c a l laboratories, b y their very 
nature, can be sources of v i r t u a l l y any element i n the per i od i c chart a n d 
depend ing on geographica l l ocat ion a n d chemica l history of the labora 
tory cer ta in elements m a y be prevalent . T h e atmosphere i n a t y p i c a l 
laboratory , a i d e d b y heat ing a n d a i r - cond i t i on ing ducts a n d h i g h ve loc i ty 
h o o d exhaust fans, is constantly i n mot i on , resul t ing i n a n efficient d is -

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

6.
ch

00
2

In Analysis of Petroleum for Trace Metals; Hofstader, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



16 A N A L Y S I S O F P E T R O L E U M F O R T R A C E M E T A L S 

Table 2.VIII. Ways to Reduce High and Variable Blank Levels 

1. Laboratory Atomosphere 
H i g h Eff iciency P a r t i c u l a t e A i r ( H E P A ) f i ltered " c l e a n " lab located 

i n a i r f i l tered m a i n laboratory 

2. Reagents 
H 2 0 : D o u b l e d i s t i l l a t i o n of house-dist i l led H 2 0 i n quartz a n d / o r 

sub -bo i l ing d i s t i l l a t i on i n a quartz s t i l l 
A c i d s : S u b - b o i l i n g d i s t i l l a t i o n i n a quartz or Tef lon s t i l l 
Support ing electrolytes : L o n g te rm electrolysis at a H g - p o o l elec

trode 
Bases : H i g h p u r i t y N H 3 vapor used for isopiestic neutra l i za t i on of 

certain ac ids ; produced by bubb l ing anhydrous N H 3 through 
E D T A 

3. Laboratory Ware 
Dedi ca ted , single purpose glassware kept i n covered containers i n 

clean room, V y c o r b rand vessels used whenever possible for d i 
gestions and ashing. Tef lon b r a n d products can be used where 
compatible w i t h reagents, temperature, etc. 

4. Furnace Heating Elements 
S i l i c a furnace conta in ing in tegra l ly molded heat ing elements used 

for digestions and ashing 

5. The Analyst 
Teflon forceps used to handle s m a l l cells, magnetic s t i r r ing bars, 

etc. 

t r i b u t i o n of a irborne contaminants. S u c h contaminat ion can be either 
man-made or can occur f r om natura l sources. G o o d laboratory house
keep ing practices, c o m b i n e d w i t h s imple filtering of the vent i la t ing ducts 
l ead ing into a l imited-access laboratory dedicated to trace analysis, can 
often l ead to significant decreases i n a irborne contaminat ion . H o w e v e r , 
because of stringent l imitat ions on a l l owable l imi ts of contaminat ion i n 
trace e lemental analysis, i t has become increas ingly necessary to prov ide 
laboratory faci l i t ies h a v i n g a special ly contro l led atmosphere referred 
to as " c l ean" or "part ic le- free ." S u c h laboratories are s u p p l i e d w i t h a ir 
filtered b y h i g h efficiency part i cu late a i d ( H E P A ) filters a n d ded icated 
to prepar ing , h a n d l i n g , a n d storing samples a n d reagents for ultratrace 
analysis. A thorough discussion of design a n d materials necessary for the 
effective implementat i on a n d u t i l i z a t i o n of contro l led atmosphere f a c i l i 
ties has been g iven b y Pau lhamus ( 1 9 ) . 

A " c l ean" laboratory based on des ign b y M i t c h e l l (20) was con
structed as one aspect of the Trace M e t a l s Project ( F i g u r e 2.2) . T h e 
c lean laboratory is s i tuated i n a larger m a i n laboratory. A l l heat ing a n d 
a i r - cond i t i on ing ducts l ead ing to the m a i n laboratory are p r o v i d e d w i t h 
coarse fiberglass filters w h i c h remove a large amount of gross airborne 
part iculates . T h e c lean laboratory contains a H E P A - f i l t e r e d , Te f lon- l ined 
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2. H O F S T A D E R E T A L . Principles of Trace Analysis 17 

hood , suitable for H C 1 0 4 digestions (21). A quartz sub -bo i l ing d i s t i l l a 
t i o n s t i l l (22) m o u n t e d i n the h o o d is used to p u r i f y water a n d cer ta in 
m i n e r a l acids. 

S ince the H E P A filters are part i cu late filters a n d w i l l pass a c i d 
vapors, the danger of airborne meta l l i c contaminat ion resul t ing f r o m the 
flaking of corroded meta l l i c objects c o u l d exist. T h u s , stainless steel fix
tures were used a n d w e r e coated w i t h a Tef lon spray. O t h e r m e t a l sur
faces were covered w i t h a protect ive v i n y l paint . A g lass -windowed 
exit -only emergency door was p r o v i d e d for safety. 

A l t h o u g h the c lean air laboratory offers the greatest advantage i n 
e l i m i n a t i n g contaminat ion , other systems are avai lable . Portab le desk-top 
H E P A filter systems c o u l d be insta l led at l ower cost. I n add i t i on , various 
ingenious apparatus a n d enclosures have been descr ibed (5, 16, 18) 
w h i c h a l l o w basic processes such as heat ing , ashing, d igest ion, evapora
t ion , etc. to be accompl ished w h i l e m i n i m i z i n g contact w i t h the atmos
phere. 

W o r k e r s often do not real ize that such elaborate precautions against 
atmospheric contaminat ion m a y be necessary since such effects c o u l d 
appear s imp ly as h i g h a n d var iab le b lank levels. A s part of the Project, 
atmospheric l ead contaminat ion was s tudied i n a t y p i c a l indus t r ia l i z ed 
u r b a n laboratory. C l e a n 15-ml po lyethylene beakers each conta in ing 

EMERGENCY DOOR 
EXIT ONLY 

EXISTING CEILING 
COVERED WITH MASONITE 

LIGHT 
TROFFER 

j l 

MASONITE 
PANELS 

VINYL 
FLOOR 

FRONT VIEW 

POSITIVE PRESSURE FILTERED AIR "CLEAN" LABORATORY 

Figure 2.2. Positive pressure filtered air "clean" laboratory 
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1 m l of 1.5N H C 1 w e r e p l a c e d i n various locations i n the laboratory, a n d 
the contents were later ana lyzed for l e a d b y heated vapor i za t i on atomic 
absorpt ion ( T a b l e 2 . I X ) . B l a n k lead levels var i ed , w i t h the highest l eve l 
f o u n d for the beakers i n the hood . T h e c o m m o n laboratory hood , where 
most samples are prepared , is unfortunate ly the least desirable l abora 
tory locat ion i n w h i c h to per form such operations f r o m a contaminat ion 
standpoint . Part i cu late - laden a i r is constantly sweeping through the h o o d 
opening , thereby greatly increasing the p r o b a b i l i t y of contaminat ion . 

Table 2.IX. Effect of Laboratory Atmosphere on Lead Blank Levels 

R E A G E N T S . W h e n subjected to analysis b y h i g h l y sensitive i n s t r u 
m e n t a l techniques, even h i g h - p u r i t y reagent-grade chemicals conta in 
var iab le levels of e lemental impuri t ies . I n some cases, the reagents m a y 
conta in more of the sought-for element t h a n the sample itself. F o r t u 
nately , the need for u l t r a h i g h p u r i t y reagents has been recognized, a n d 
a who le n e w class of u l t r a - or super-pure reagents is emerging. N e v e r 
theless, the n u m b e r of commerc ia l ly avai lab le u l t rapure reagents, is 
l i m i t e d . E v e n those reagents w h i c h are ava i lab le m a y not be pure 
enough to use i n some procedures. T h i s is par t i cu lar ly true i n w e t 
digest ion procedures where large a c i d / s a m p l e ratios are requ ired . I n 
these cases i t is necessary to p u r i f y reagents i n house. Z ie f a n d B a r n a r d 
(17) have discussed some of the techniques a n d problems i n v o l v e d i n 
prepar ing a n d storing such reagents. 

Q u a r t z sub-bo i l ing d i s t i l la t i on stills avai lab le i n a range of prices 
a n d throughputs (22) c a n be used to p u r i f y reagents (23 ) . T h e Tef lon 
s t i l l descr ibed b y M a t t i n s o n (24) is e legantly s imple a n d can be set u p 
easily i n any laboratory. T h i s apparatus has been used i n this Project 
a n d was par t i cu lar ly suitable for p r o d u c i n g smal l amounts of u l t rapure 
f u m i n g H N 0 3 . A n apparatus for per f o rming sub -bo i l ing dist i l lat ions 
enables one to prepare sufficient amounts of a n a c i d just before use, 
thereby obv ia t ing some of the problems associated w i t h storage. T h e 
choice of vessel i n w h i c h to contain u l t rapure chemicals is not a t r i v i a l 
concern, since such containers can be a major source of contaminat ion. 

Stock quantit ies of d i s t i l l ed de i on i zed water can be prepared a n d 
stored i n ac id -washed carboys made f r o m high-dens i ty po lyethylene . 
S m a l l amounts of this stock can be further pur i f i ed b y sub -bo i l ing d i s t i l -

ng Pb Found in 1 ml of Acid 

A c i d b l a n k 
Covered 2 hr on bench 
Uncovered 2 h r on bench 
Covered i n hood 3 hr 
Uncovered i n hood 3 hr 

2 
1,1.5 
5.5, 6.2 
4.5 
25 
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2. H O F S T A D E R E T A L . Principles of Trace Analysis 19 

l a t i o n f r o m quar tz just before use. A l t h o u g h h i g h - p u r i t y water a n d 
m i n e r a l acids c a n be produced , the ava i lab i l i ty of h i g h - p u r i t y bases is 
l i m i t e d . T h i s severely restricts the range of reactions w h i c h c a n be 
considered i n deve lop ing a sample preparat ion procedure . H i g h - p u r i t y 
N H 3 vapor , w h i c h can be used either for the isopiestic neutra l i zat ion of 
certa in acids or for p r e p a r i n g h i g h - p u r i t y a m m o n i u m hydrox ide , was 
obta ined b y b u b b l i n g anhydrous a m m o n i a t h r o u g h E D T A solution. F o r 
e lectrochemical analyses, h i g h - p u r i t y support ing electrolytes can be ob
t a i n e d b y long-term electro lyt ic deposit ion at a m e r c u r y cathode i n 
commerc ia l l y avai lab le apparatus (25, 26 ) . 

G L A S S W A R E A N D O T H E R L A B O R A T O R Y W A R E . Since glass is not a 
complete ly inert mater ia l , its use as a container for samples must be 
considered careful ly . A d a m s (5 ) has g iven a deta i l ed account of the 
characteristics of various types of glasses a n d mechanisms of their inter 
act ion w i t h solutions. 

A number of problems can be avo ided b y care ful c leaning a n d 
storage of glassware ded icated to a part i cu lar purpose. Preparat i on of 
d i l u t e s tandard solutions f r o m concentrated stock solutions just before 
use w i l l m i n i m i z e problems caused b y instabi l i ty a n d adsorpt ion. 

Vessels used for reagent -a ided procedures are subjected to very 
severe condit ions, first b e i n g at tacked b y strong acids at elevated t e m 
peratures a n d then subjected to even higher temperatures i n a muffle 
furnace for long times. T h i s Project s tudied b l a n k l e a d levels, us ing 
several different types of commerc ia l l y avai lab le ashing vessels a n d f ound 
V y c o r b r a n d vessels to be the best. E a c h vessel was w a s h e d w i t h n i t r i c 
a c id , r insed w i t h de i on i zed water , washed w i t h d i l u t e hydroch lo r i c a c i d , 
a n d r insed again before use. O f the materials s tudied , on ly a fused quartz 
vessel h a d h i g h b lanks w h e n 1 m l of d i lute a c i d was a d d e d c o l d a n d the 
vessel was rotated to w e t a l l inter ior surfaces. H o w e v e r , w h e n 1 m l 
of concentrated H 2 S 0 4 was evaporated, on ly the V y c o r b r a n d vessel 
m a i n t a i n e d a l o w b lank . H e a t i n g the Tef lon beakers to temperatures 
sufficient to vo lat i l i ze the a c i d caused discolorat ion a n d resulted i n a 
l e a d b lank leve l of greater than 10 n g . L e a d b lank levels i n p l a t i n u m 
a n d P y r e x beakers after heat ing i n a muffle furnace at 450°C were also 
of the order of 10 n g . V y c o r b r a n d ware that becomes devitr i f ied shou ld 
be removed f rom service because possibi l it ies of adsorpt ion /desorpt ion 
effects are increased. 

F U R N A C E H E A T I N G E L E M E N T S . A s h i n g or heat ing samples i n furnaces 
conta in ing exposed or par t ia l l y exposed heat ing elements can result i n 
e lemental contaminat ion f r o m these elements. W e demonstrated this 
p r o b l e m b y us ing two types of muffle furnaces to study c h r o m i u m con
taminat ion . O n e furnace h a d its heat ing elements covered w i t h a ceramic 
sheet; the other was a rec i r cu la t ing type where a ir is b l o w n over the 
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heat ing elements a n d then over the sample. B l a n k c h r o m i u m levels i n 
the rec i r cu la t ing a i r furnace were consistently h igher , i n d i c a t i n g that 
the n i chrome heat ing elements w e r e contr ibut ing to the b l a n k levels. 
Muf f le furnaces can be l i n e d w i t h s i l i ca to reduce this effect. Furnaces 
constructed f r o m foamed s i l i ca conta in ing integra l ly m o l d e d heat ing 
elements have recently become commerc ia l ly avai lab le ( 2 7 ) . T h e l o w 
thermal mass a n d insu la t ing properties of the s i l i ca ensure fast heat ing 
rates a n d good temperature s tabi l i ty ; most important , however , these 
furnaces are extremely c lean, w i t h n o exposed m e t a l components. 

The Analyst. T h e analyst is often u n k n o w i n g l y a source of ele
m e n t a l contaminat ion . S i m p l y t ouch ing anyth ing w h i c h w i l l eventual ly 
contact a sample or the analyte so lut ion, such as a beaker, magnet i c 
s t i r r ing bar , disposable syringe t ip , etc., is enough to introduce significant 
quantit ies of some elements. Cosmetics m a y contr ibute substant ial 
amounts of this contaminat ion (16 ) . M u r p h y (14) has c i t ed a n u m b e r 
of often-overlooked sources of l ead contaminat ion a n d has s h o w n that 
l ead p i c k u p f r om fingers c a n be substantial . T h e anodic s t r ipp ing curves 
s h o w n i n F i g u r e 2.3 dramat i ca l l y i l lustrate this effect. T h e s t r ipp ing 
curve for an N H 4 C 1 electrolyte b lank so lut ion ( a ) was obta ined , a n d the 
so lut ion was f o u n d b y a s tandard a d d i t i o n ( b ) to conta in 10 n g of lead . 
T h e surface of the so lut ion was then just touched w i t h a finger t i p , a n d 
the s t r ipp ing process was repeated. T h e resultant curve ( c ) i n d i c a t e d 
that this s imple process in t roduced gross quantit ies of l ead as w e l l as 
signif icant quantit ies of c a d m i u m . T h i s is a somewhat art i f i c ia l example 
since one does not o r d i n a r i l y t ouch reagents. I t does, however , i l lustrate 
a potent ia l ly serious source of error i f the ce l l itself is touched. A more 
real ist ic exper iment was also done. T h e s t r ipp ing curve for another 
b l a n k electrolyte so lut ion was obta ined ( d ) a n d f o u n d to conta in 6 n g 
of lead . T h e magnet ic s t i r r ing bar used to stir the solut ion d u r i n g depo
s i t ion was removed w i t h c leaned Tef lon forceps a n d p l a c e d o n a d is 
posable tissue. T h e d r y s t i rr ing bar was then p i c k e d u p w i t h the fingers 
a n d re turned to the so lut ion, a n d another s t r i p p i n g curve was obta ined 
( e ) . T h i s s imple procedure in t roduced 7 n g of l e a d into the solut ion. 

I t is necessary to examine every aspect of the ana ly t i ca l procedure 
a n d to per form each step i n an almost r i tual is t i c manner since seemingly 
insignif icant details can cause contaminat ion that negates even the most 
care fu l preparat ion . M o s t of these problems can be e l iminated s imply . 
Te f lon forceps shou ld be used to h a n d l e smal l cells, s t i r r ing bars, or 
disposable syringe t ips. Disposab le po lyethylene gloves shou ld also be 
w o r n whenever h a n d l i n g larger items such as beakers, flasks, electrodes, 
etc. I n add i t i on , such items shou ld be kept covered as m u c h as possible. 

C o n t a m i n a t i o n can present a f o rmidab le barr ier to successful analy 
sis at the n a n o g r a m / g r a m leve l . A l t h o u g h hero ic efforts are needed to 
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2. H O F S T A D E R E T A L . Principles of Trace Analysis 21 

a B L A N K 

Figure 2.3. Lead contamination from fingers 

combat cer ta in types of e lemental contaminat ion , s imple precautions a n d 
care ful attention to exper imental details are often sufficient to reduce 
adverse effects of contaminat ion signif icantly. 

Standard Additions 

P e t r o l e u m matrices v a r y a n d often exert signif icant effects o n the 
final measurement. T h i s is i l lus trated b y heated vapor i za t i on atomic 
absorpt ion measurements i n w h i c h various crude oils were s p i k e d w i t h 
a k n o w n concentrat ion of an o rganochromium c o m p o u n d ( T a b l e 2 . X ) . 
T h e data show that the absorbance is inf luenced b y the matr ix not on ly 
i n the organic phase b u t also after the h y d r o c a r b o n has been destroyed 
b y ashing. These differences i n response indicate that the var iety of 
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Table 2.X. Matrix Effects in the Determination of Chromium 

Ratio Crude/Reagent Blanks (Response Factors 
for Added Organometallic Chromium Compound) 

Direct After Ashing 

Regent b l a n k 1.00 1.00 
C r u d e A 1.34 1.39 

Β 1.21 1.25 
C 0.84 1.07 
D 0.43 0.98 
Ε 0.78 1.17 

crude oils behave dif ferently not on ly w i t h respect to the organic matr ix 
b u t also w i t h respect to the interelement difference. S i m i l a r effects noted 
for other elements are presented i n the ir respective chapters. T h e tech
n i q u e of s tandard add i t i on can be used to compensate for some of these 
effects. 

I n the technique as general ly a p p l i e d , increas ing amounts of a n 
analyte s tandard are a d d e d to al iquots of the u n k n o w n sample so lut ion ; 
then each a l iquot is d i l u t e d to the same fixed vo lume. T h e response is 
extrapolated to a po in t o n the base l ine concentrat ion scale w h i c h corre
sponds to analyte concentrat ion i n the sample so lut ion conta in ing no 
a d d e d analyte . 

T h e s tandard addit ions technique does not e l iminate interferences; 
rather i t compensates for the effect of this sample matr ix . T h e use of this 
technique is based o n the f o l l ow ing assumptions: 

( 1 ) T h e s tandard a d d e d a n d the nat ive analyte behave ident i ca l ly 
throughout the analysis. 

(2 ) B a c k g r o u n d is nonexistent or can be corrected. 
I n add i t i on , the f o l l o w i n g condit ions must be met before the tech

n ique can be used satisfactori ly : 
(1 ) T h e technique must be a p p l i e d over a concentrat ion range 

where the response is l inear through zero. 
(2 ) T h e response must be l inear i n the u n k n o w n matr ix . 
(3 ) T h e quant i ty a d d e d should cause a change i n the ana ly t i ca l 

response that is significant w i t h respect to that of the sample. 
I n the T r a c e Meta l s Project s tandard addit ions were used i n a l l 

heated vapor i za t i on atomic absorpt ion ( H V A A ) procedures. These p r o 
cedure's use sample al iquots of 10 / J or less; consequently , a mic ros tand 
a r d a d d i t i o n technique was developed. I n this technique successive 
micro l i t er a l iquots of a f i g / m l s tandard are a d d e d to the sample solutions 
w h i c h have also been p r e p a r e d o n w e i g h t / v o l u m e basis. S ince the 
vo lumes a d d e d or r emoved f r o m the so lut ion are neg l ig ib le , the entire 
analysis is done o n a single so lut ion as de ta i l ed i n the i n d i v i d u a l p r o 
cedures. 
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2. H O F S T A D E R E T A L . Principles of Trace Analysis 23 

T h e concentrat ion of the meta l i n the sample is ca l cu lated b y one 
of the three f o l l ow ing procedures : 

( 1 ) Computation. T h e m e t a l concentrat ion is ca l cu lated b y the f o l 
l o w i n g equat ion : 

where : 
A0 is the response for the sample solut ion 
Β is the b a c k g r o u n d correct ion 
i is the n u m b e r of the a d d i t i o n ( 1,2, etc. ) 
Ci is the tota l n g a d d e d after the i t h a d d i t i o n 
Αι is the response after the i t h a d d i t i o n 
W is the we ight of sample i n grams 
F is the d i l u t i o n factor ( i f the sample so lut ion r e q u i r e d d i l u t i o n ) 

T h e average of three apparent concentrations of meta l i n the sample 
so lut ion is ca l cu lated f r o m each add i t i o n a n d the average is taken. 

(2 ) Graphical. I n this approach ( w h i c h is the convent ional one) 
the background-corrected response is p l o t ted as the ordinate vs. / * g / m l 
( or n g of meta l a d d e d ) a n d the best straight l ine is d r a w n v i sua l ly through 
the points. T h e straight l ine is extrapolated back to intersect w i t h the 
abscissa at some negative point . T h e po int of intersect ion (sign neglected) 
gives the concentrat ion of meta l i n the o r i g i n a l sample solution. 

(3 ) Method of Least Squares. I n this approach the best straight 
l ine of b a c k g r o u n d corrected response vs. μg/ml (or n g of meta l added) 
is ca l cu lated b y the method of least squares together w i t h the s tandard 
dev ia t i on of peak heights about the regression l ine . A n y points that l i e 
outside 2σ of the regression l ine are rejected, a n d the regression l ine is 
recalculated . 
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3 

Techniques in Trace Analysis 

Sample Preparation 

Most of the difficulties associated with ultratrace elemental analysis 
can be attributed, not to the detection step, but to the total process 

wherein the element of interest is removed from the sample matrix and 
presented to the detector system. Therefore, matrix destruction or 
separation and dissolution and/or concentration of the element(s) are 
extremely important in determining the total error in the analysis scheme. 
Tölg (1) has discussed the sources of such errors and suggested means 
of minimizing their effect. 

Although many papers have been published describing sample 
preparation for biological matrices and inorganic materials, few such 
procedures are directly applicable to petroleum products. This is because 
the petroleum matrix is often extremely intractable, yielding only to the 
most rigorous treatment schemes. Gorsuch (2) has discussed organic 
matrix destruction in detail, and Milner (3) has discussed techniques 
particularly suitable for petroleum matrices. Some of these techniques 
may be quite effective for analyzing elements at the microgram/gram 
level or higher but may be totally unsuitable at the nanogram/gram 
level. This is particularly true for those techniques such as reagent-aided 
oxidation, wet digestion, or fusion, which require addition of reagents 
and which result in high reagent-to-sample ratios. Resultant elemental 
contamination from the added reagents is often greater than originally 
present. 

T h e development of extremely sensitive ins trumenta l detect ion tech 
niques has further exposed deficiencies i n sample preparat ion schemes 
presently avai lab le to the petro leum analyst. I t is h o p e d that recognit ion 
of this s i tuation w i l l p rov ide some impetus for extensive research efforts 
o n sample preparat ion . D u r i n g the Trace M e t a l s Project various sample 
preparat ion schemes were invest igated, some on ly brief ly because serious 
deficiencies became immedia te ly evident. T h e cr i ter ia set b y the Project 
for sample preparat ion techniques were that for any g iven element the 
total concentrat ion w o u l d be measured—i.e . , any destruct ion of the 
petro leum matr ix h a d to take p lace w i t h o u t loss of any fo rm of the 
constituent to be measured. 

25 
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T a b l e 3.1 l ists the techniques s tud ied i n approximate order of increas
i n g ins trumenta l or p ro cedura l complexi ty . T i m e l imitat ions prevented 
invest igat ion of other potent ia l ly app l i cab le techniques. K e y observations 
resul t ing f r om this w o r k are : 

( 1 ) T h e sample preparat ion step can be the most c r i t i c a l part of a n 
a n a l y t i c a l procedure . 

(2 ) N o universa l ly app l i cab le sample preparat ion scheme has yet 
been deve loped ; e lemental characteristics often l i m i t the choice of p r e p a 
ra t i on procedures. 

(3 ) Extens ive research effort is r e q u i r e d i n v i r t u a l l y a l l aspects of 
the sample preparat ion area. 

Table 3.1. Sample Preparation Techniques Suitable for Elemental 
Analysis at the Nanogram Level in Petroleum Products 

N o n e (direct analysis ) 
D r y ashing 
D i l u t i o n w i t h solvent 
Reagent -a ided ashing 
W e t digestion or ox idat ion 
F l a m e decomposit ion 
E x t r a c t i o n 
B o m b combustion or digestion 
Oxygen p lasma ashing 

Direct Analysis. Ana lys i s w i t h o u t pr i o r sample preparat ion w o u l d 
be i d e a l since i t e l iminates the diff icult a n d t ime-consuming task of remov
i n g or destroying the petro leum matr ix a n d min imizes contaminat ion . 
Unfor tunate ly , at the n a n o g r a m / g r a m leve l on ly a f e w ana ly t i ca l tech
niques can be a p p l i e d w i t h o u t pr ior sample preparat ion . These inc lude 
ins t rumenta l neutron act ivat ion analysis ( I N A A ) a n d heated v a p o r i z a 
t i on atomic absorpt ion ( H V A A ) , w h i c h can be used for certain elements. 

W i t h direct H V A A , the element of interest must not be lost b y 
vo la t i l i za t i on or c o m p o u n d format ion d u r i n g the heat ing cycles. D u r i n g 
the Project l o w recoveries of some elements, i n c l u d i n g B e , N i , a n d P b , 
were observed w h e n us ing d irect H V A A . I n the case of B e the deficiency 
c o u l d be overcome. 

D r y Ashing. D r y ashing possesses the advantage of s i m p l i c i t y i n 
that the sample is s imp ly heated at a h i g h enough temperature l o n g 
enough for the organic matr ix to oxidize completely . F o r analysis at the 
n a n o g r a m / g r a m l eve l its use is compl i ca ted b y possible losses of certain 
elements through vo la t i l i ty , m e c h a n i c a l entrainment, or adsorpt ion. 
D e t a i l e d recovery studies for a par t i cu lar element a n d matr ix must be 
done to ver i fy that h i g h l y vo lat i le elements, such as A s , H g , a n d Se, a n d 
moderate ly vo lat i le elements, such as C d a n d P b , are not lost d u r i n g 
ashing. 
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Dilution. T h e d i l u t i o n of a sample w i t h a solvent can be an effective 
w a y to prepare viscous samples for d irect analysis, for example, b y 
aspirat ion into the flame of an atomic absorpt ion spectrophotometer or 
in ject ion into a n H V A A furnace. O f course, the solvent must not d i lu te 
the sample b e y o n d the detect ion l imits of the m e t h o d or a d d unacceptable 
contaminat ion . 

Reagent-Aided Ashing. Techniques w h i c h re ly on the a dd i t i on of 
various reagents such as sul fur ic or n i t r i c a c id , magnes ium nitrate, sul fur , 
etc. either to convert the element of interest to a nonvolat i le f o r m or to 
he lp remove the carbonaceous res idue have been studied . S u c h ashing 
aids must be chosen judic ious ly . G o r s u c h (4) has reported the results of 
extensive recovery studies us ing radioact ive tracers a n d various ashing 
aids a n d condit ions for such elements as A g , A s , C d , C o , C r , C u , F e , H g , 
M o , P b , Sb , Se, Sr, a n d Z n i n organic a n d b io l og i ca l matrices. T h e ele
ments were s tud ied at the m i c r o g r a m / g r a m leve l or greater, a n d certa in 
condit ions m a y not necessarily be d irect ly app l i cab le at the n a n o g r a m / 
g r a m level . H o w e v e r , this w o r k does prov ide a firm basis for def init ive 
studies at the n a n o g r a m / g r a m leve l . A t this l eve l the choice of app l i cab le 
ashing aids is l i m i t e d to those reagents w h i c h conta in a m i n i m u m amount 
of the sought-for element or w h i c h can be pur i f i ed sufficiently. 

V a r i o u s reagent-aided ashing decomposi t ion techniques were used 
i n deve lop ing methods d u r i n g the Project. T h e y inc lude the decompos i 
t i on of large samples ( 20 -100 g ) i n 500-ml V y c o r beakers as w e l l as sma l l 
samples (0 .5 -2 g ) i n 50 -ml V y c o r crucibles . E m i s s i o n spectrographic 
studies demonstrated that, w i t h care, reagent-aided ashing can be used 
for certain elements. 

A nove l var ia t i on of the t rad i t i ona l reagent-a ided ashing technique 
was evaluated. I n this in situ procedure , micro l i t er amounts of d i l u t e d 
samples were digested w i t h sul fur ic a c id d i rec t ly i n a carbon c u p furnace 
w i t h a p r o g r a m m e d series of d r y i n g a n d ashing steps just before H V A A 
atomizat ion . Sample " c reep ing" into the opt i ca l p a t h of the cup was 
a p r o b l e m , however , a n d the technique c o u l d not be used effectively 
w i t h commerc ia l ly ava i lab le carbon cups. I n v i e w of the m i n i m u m 
amount of sample h a n d l i n g that is r equ i red , the technique offers attrac
t ive possibi l i t ies i f changes i n design of the carbon c u p overcome 
" c r e e p i n g . " 

Wet Digestion or Oxidation. D i g e s t i o n procedures us ing various 
acids such as sul fur ic , n i t r i c , f u m i n g n i t r i c , perchlor i c , a n d other reagents, 
e ither alone or as mixtures , have been a p p l i e d w i d e l y . T h e re lat ive ly l o w 
temperatures atta ined d u r i n g the digest ion t e n d to m i n i m i z e vo la t i l i za t i on 
losses, a n d since the sample is never taken to dryness, adsorpt ion losses 
are also m i n i m i z e d . C o n t a m i n a t i o n caused b y leaching of some elements 
f r o m the container wal ls c a n be significant, however , a n d the digest ion 
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vessel shou ld be chosen accordingly . Since h i g h reagent-to-sample ratios 
occur i n the procedure , extremely pure reagents must be used. F o r 
tunately , as po in ted out on p. 18, m i n e r a l acids can be read i ly pur i f i ed 
b y sub -bo i l ing d is t i l la t i on ( 5 ) . H o w e v e r , the final digestate, usua l ly a 
strong a c i d so lut ion, m a y not be amenable to d irect analysis b y a p a r t i c u 
lar technique—e.g . , anodic s t r ipp ing vo l tammetry . 

Flame Decomposition. U t i l i z a t i o n of a petro leum sample as a f u e l 
for combust ion i n a spec ia l ly dev ised burner system, such as that de
scr ibed b y W i c k b o l d ( 6 ) , c a n be a n effective w a y to destroy large 
amounts of an organic matr ix . T h e m e t h o d is app l i cab le to those elements 
w h i c h are either vo lat i le or f o r m volat i le compounds a n d w h i c h c a n be 
t r a p p e d quant i tat ive ly i n a suitable scrubber. T h i s technique was used 
to prepare samples for c o l d vapor atomic absorpt ion determinat ion of 
mercury . Deta i l s are i n c l u d e d i n C h a p t e r 12. 

Extraction. A complete ly different approach is that i n w h i c h the 
element is r e m o v e d a n d concentrated b y extract ion f r o m the matr ix . 
L a r g e sample-to-extractant ratios can be u t i l i z e d , thus r e d u c i n g c o n t a m i 
nat ion . Because of the complex nature of petro leum, tota l recovery o n 
samples conta in ing natura l ly o c curr ing elements shou ld be conf i rmed 
before us ing an extract ion technique. T h i s can be done b y c o m p a r i n g 
the extraction results w i t h those obta ined b y independent techniques 
u t i l i z i n g total decomposit ion. 

I n the Project , extract ion procedures us ing "scavengers" w e r e inves t i 
gated. Arsen i c compounds can be removed f r o m pet ro l eum dist i l lates 
b y adsorpt ion on s i l i ca gel . R a n e y n i c k e l c a n be used as a scavenger 
for arsenic i n l ight hydrocarbons a n d for se lenium i n aqueous solutions. 
W h e n R a n e y n i c k e l scavenging was used for c rude oi ls , however , i n c o m 
plete recoveries w e r e obta ined . Because of potent ia l l imitat ions a n d 
l i m i t e d e lemental app l i cab i l i t y , scavenging techniques were not inves t i 
gated further. 

Oxygen Bomb Combustion. T h i s technique can ox id ize o rgan ic 
matter q u i c k l y a n d complete ly a n d was therefore extensively invest igated 
d u r i n g the Trace M e t a l s Project. T h e result demonstrated that oxygen 
combust ion bombs , at least as presently constructed, are unsui tab le for 
use at the nanogram leve l for the elements of interest to the Project . 
I n i t i a l studies, i n w h i c h m i n e r a l o i l sp iked w i t h 11 elements at the 
100-/i,g/g l eve l was decomposed i n a commerc ia l ly avai lab le stainless 
steel b o m b , conf irmed that the sample c o u l d be complete ly ox id i zed . 
Var i ous acids were used to dissolve the residue. Ana lys i s of the d isso lved 
residue resulted i n h i g h recoveries for most elements, i n d i c a t i n g c o n t a m i 
nat ion f r o m the b o m b wal l s . T h e b o m b was modi f i ed b y rep lac ing the 
s tandard n i c k e l sample c u p w i t h a p l a t i n u m c u p a n d b y p l a c i n g a glass 
l iner i n the bomb . W i t h this equipment , recoveries for C d , M n , a n d M o 
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were essentially quant i tat ive , b u t for the other elements recoveries w e r e 
either erratic or greater than 1 0 0 % . A d d i t i o n a l studies were made b y 
o x i d i z i n g w h i t e o i l samples sp iked at the sub -microgram leve l w i t h 
various elements i n a p l a t i n u m - l i n e d bomb. E x c e p t for C r a n d N i , w h i c h 
were h i g h because of contaminat ion , recoveries for most elements were 
l o w , suggesting incomplete d isso lut ion of the residue. Because of the 
p r o h i b i t i v e l y h i g h pr i ce of this b o m b a n d the poss ib i l i ty of caus ing i t 
i r reparab le damage, exhaustive d isso lut ion studies were not conducted . 

A go ld - l ined b o m b was s tud ied for use i n p r e p a r i n g samples for 
boron determinat ion . W h i t e o i l sp iked w i t h b o r o n sulfonate y i e l d e d 
h i g h recoveries, i n d i c a t i n g contaminat ion . 

Recent ly , decomposit ion vessels have become avai lable w h i c h con 
sist either of a Tef lon sample container enclosed i n a stainless steel jacket 
{7,8) or w h i c h are constructed ent ire ly of T e f l o n ( 9 ) . T h e steel- jacketed 
cells can be used at h igher temperatures a n d pressures t h a n the a l l -Te f lon 
cells but are subject to contaminat ion f r o m the jacket. I n any case, the 
amount of sample shou ld be chosen to a v o i d the poss ib i l i ty of deve lop ing 
excess pressure. 

A l t h o u g h des igned p r i m a r i l y for decompos i t ion of inorgan i c mate 
rials, a l l -Tef lon cells can be used for decompos ing smal l amounts ( ^ 500 
m g ) of b i o l og i ca l materials . Petro leum matrices are not easily decom
posed because of temperature restrictions a n d types of acids w h i c h can 
be used. T h e a l l -Te f lon vessels have been used for pressur ized a c i d 
so lub i l i za t i on a n d p a r t i a l decomposi t ion ( i n effect a pressur ized reagent-
a i d e d pre-ash) p r i o r to ashing i n a muffle furnace. F u m i n g n i t r i c a c i d 
has been par t i cu lar ly useful i n this system. 

Low Temperature Oxygen Plasma Ashing. L o w temperature ashing 
w i t h a radio frequency generated oxygen p l a s m a possesses a n u m b e r of 
u n i q u e features w h i c h c o u l d qua l i f y i t as an i d e a l preparat ion scheme. 
It has, i n fact, been used successfully for a n u m b e r of organic a n d 
b io l og i ca l matrices , us ing commerc ia l ly ava i lab le equ ipment (10). A p p l i 
cations to pe tro leum products have not been par t i cu lar ly successful. 
D e c o m p o s i t i o n times for heavy pe t ro l eum fractions are often measured 
i n days rather t h a n hours, thereby increas ing the poss ib i l i ty of c ontami 
nat i on a n d vo la t i l i ty losses ( r educed pressures are r e q u i r e d to m a i n t a i n 
the p lasma) a n d necessitating the use of extremely p u r e oxygen. K a i s e r 
et a l . (11 ) descr ibed a system u t i l i z i n g a 2 4 5 0 - M H z excited p lasma w h i c h 
was a p p l i e d to a w i d e var ie ty of b i o l og i ca l matrices. N a n o g r a m amounts 
of b o t h vo lat i le a n d nonvolat i le elements c o u l d be recovered w i t h y ie lds 
greater than 9 8 % , a l though a l i q u i d n i trogen cooled receiver t rap was 
r e q u i r e d for complete recovery of vo lat i le elements. A s h i n g times w e r e 
also great ly reduced , presumably because the quartz c e l l c onta in ing the 
sample was p l a c e d d i rec t ly i n the resonant cav i ty so that the oxygen 
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p lasma c o u l d i m p i n g e d i rec t ly o n the sample. T h e major disadvantage 
of the technique is that samples must be processed s ingly , thus severely 
restr i c t ing sample throughput . 

I n the Project , oxygen p lasma ashing techniques, w i t h a n apparatus 
s imi lar to that descr ibed b y K a i s e r a n d a commerc ia l ly ava i lab le i n d u c t i o n 
furnace (12), were invest igated as sources of oxygen p lasma. A l t h o u g h 
t ime l imitat ions restr icted this work , some qual i tat ive observations were 
made . A s h i n g times for various pe t ro leum matrices were considerably 
shortened i f the oxygen pressure was re lat ive ly h i g h . Dif f icult ies i n 
m a i n t a i n i n g the 2 4 5 0 - M H z generated p lasma at h igher pressures w e r e 
experienced, however , thereby obv ia t ing any advantage of shorter ashing 
times. A 1 2 . 5 - M H z generated oxygen p lasma c o u l d be m a i n t a i n e d at 
h igher pressures, a n d ashing times for various pe t ro l eum samples ( 1 0 0 -
500 m g ) v a r i e d f r o m tens of minutes to several hours. D r a m a t i c changes 
i n ashing times were observed s i m p l y b y chang ing such variables as 
oxygen flow rate, geometry of flow, surface area of sample, a n d ce l l 
geometry. A d d i t i o n a l experiments must be carr i ed out, however , before 
a prac t i ca l system can be defined. 

Flame Atomic Absorption 

Since flame atomic absorpt ion ( F A A ) has been descr ibed thor 
ough ly elsewhere, on ly a br ie f discussion is g iven here. I n general , F A A 
uti l izes an exper imental arrangement such as that s h o w n i n F i g u r e 3.1 

READOUT 

Figure 3.1. Atomic absorption apparatus (simplified) 

i n s impl i f i ed f o rm. T h e rad ia t i on f r o m a m o d u l a t e d h o l l o w cathode l a m p , 
whose cathode is made f r o m the element of interest, is passed t h r o u g h a 
flame into w h i c h the sample so lut ion is sprayed, a n d thence into a mono -
chromator w h e r e the resonance fine is isolated. T h e absorpt ion of that 
l i n e b y the atoms i n the flame is detected b y a photomul t ip l i e r , a n d the 
s igna l is demodulated , ampl i f ied , a n d recorded . T h e re lat ionship be tween 
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3. H O F S T A D E R E T A L . Techniques in Trace Analysis 31 

the observed absorpt ion a n d the concentrat ion of analyte i n the so lut ion 
is establ ished b y one of several ca l ibrat ion techniques. 

Capabilities and Restrictions. T h e characteristics of flame atomic 
absorpt ion general ly make i t attractive for trace metals analyses i n d i lute 
solut ion, but i n more complex matrices the technique is l i m i t e d . F o r 
most of the elements of interest to the Project , F A A has except ional 
select ivity a n d h i g h sensitivity. I n add i t i on , data m a y be co l lected r a p i d l y 
o n a w i d e var iety of elements w i t h comparat ive ly l o w cost instrumenta
t i on . I n complex matrices, chemica l interferences, matr ix effects, a n d 
b a c k g r o u n d absorpt ion a l l require the deve lopment of spec ia l techniques. 
C h e m i c a l interferences are general ly e l iminated b y us ing re leasing agents 
a n d h i g h temperature flames. M a t r i x effects, such as viscosity, m a y 
require the development of spec ia l compensat ion techniques based on 
matr ix match ing . S tandard addit ions procedures m a y be used to correct 
for b o t h effects. Corre lat ions for b a c k g r o u n d ( c o n t i n u u m ) absorpt ion 
caused b y entra ined partic les or incomplete combust ion products must 
be carr ied out e ither b y a sequential b a c k g r o u n d measurement at a 
"non-absorb ing" l ine or b y a simultaneous electronic correct ion based o n 
attenuat ion of a c o n t i n u u m source. 

Applications to Petroleum. I n some cases, F A A has been used 
d i rec t ly for a n a l y z i n g petro leum samples ( 1 3 , 1 4 , 1 5 , 1 6 ) . These analyses, 
i n w h i c h the sample is d i l u t e d i n a suitable combust ib le solvent a n d 
aspirated into the flame, are general ly a p p l i e d at concentrations above 
1 p p m . A l t h o u g h the use of organic solvents increases F A A sensit ivity 
for most metals , the technique was not w e l l sui ted for the Project target 
l eve l of 10 n g / g . T h i s was because the d i l u t i o n ratios r e q u i r e d to e l i m i 
nate matr ix effects caused b y such factors as viscosity a n d vo la t i l i t y w e r e 
so large that F A A no longer h a d sufficient sensit ivity. 

Indirect F A A methods, i n w h i c h the h y d r o c a r b o n matr ix is e l i m i 
nated a n d the analyte is concentrated, c o u l d have been a p p l i e d to a l l 
elements s tud ied b y the Project i f a large enough sample were used. 
H o w e v e r , since ind irec t techniques s t i l l m a y encounter c h e m i c a l ( in ter -
e lement) interferences, a m i n i m u m of 5 m l of so lut ion must be ava i lab le 
so that s tandard addit ions techniques c a n be app l i ed . Some trace metals 
have been de termined i n pe t ro leum b y ind i rec t F A A after a 100-g 
sample h a d been ashed ( 2 7 ) . H o w e v e r , ashing such large samples, p a r 
t i cu lar ly crudes or res idua l fractions, is dif f icult a n d t ime consuming . 
Su l fa ted ash procedures w e r e used i n the Project to prepare various 
petro leum matrices for de termin ing C d , C o , M o , N i , a n d V b y F A A . H o w 
ever, procedures were deve loped on ly for the first three elements, a n d 
cross-check data w e r e co l lected on ly for c a d m i u m . S ince alternate tech 
niques h a d greater sensit ivity a n d a l l o w e d smaller samples to be ashed, 
flame atomic absorpt ion was not w i d e l y used. 
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Heated Vaporization Atomic Absorption 

H e a t e d vapor izat ion atomic absorpt ion ( H V A A ) has been descr ibed 
extensively. H V A A differs f r om convent ional atomic absorpt ion i n that 
a n e lectr ica l ly heated device replaces the flame. T h e characteristics of 
H V A A are micro l i t e r sample consumpt ion , sensit ivity d o w n to p i cogram 
quantit ies , a n d a p p l i c a b i l i t y to a w i d e var iety of solutions. These charac
teristics have l e d to its w idespread use. I n pe t ro leum analyses, this 
technique has been used to determine re lat ive ly h i g h levels ( p p m ) of 
l ead i n gasoline, metals i n used oils, a n d n i c k e l a n d v a n a d i u m i n crude 
oils ( 1 8 ) . T h e T r a c e M e t a l s Project has extended app l i ca t i on of this 
technique to the determinat ion of B e , C d , C o , C r , M n , M o , Sb , a n d V 
at the 1 0 - n g / g level . 

Instrumentation. M o s t commerc ia l ly avai lab le H V A A systems con
sist of three components : a programmable power transformer, a "sheath-

TIME 

Figure 3.2. Processes in HVAA heat cycle 

i n g gas" contro l , a n d a w o r k h e a d w h i c h holds the atomizer i n the optics 
of the spectrophotometer. A n a l iquot of a sample is injected into the 
atomizer , w h i c h is cont inuously sheathed w i t h an inert gas; then a m u l t i -
step heat ing cyc le is in i t ia ted at the power transformer. I n the heat ing 
cycle , the sample is sequent ia l ly d r i e d , ashed ( p y r o l y z e d ) , a n d a tomized 
at temperatures as h i g h as 3000°C ( F i g u r e 3.2). T h e temperature i n 
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each cyc le m a y be v a r i e d b y p r o g r a m m i n g a voltage sett ing a n d a heat ing 
durat ion . F o r most p rac t i ca l appl icat ions , the background-corrected 
absorpt ion peak height d u r i n g the a tomizat ion is used for quant i tat ive 
purposes. 

A l t h o u g h there are several a tomizer designs ( 2 9 ) , the " tube furnace , " 
i n w h i c h the atoms are surrounded b y the heat ing element, general ly 
suffers fewer interferences. T w o instruments based o n this des ign were 
used b y the Project to develop procedures : the V a r i a n - T e c h t r o n carbon 
r o d atomizer , m o d e l 63 ( F i g u r e 3.3), a n d the P e r k i n - E l m e r heated 

graphite atomizer H G A - 7 0 e q u i p p e d w i t h a grooved style furnace ( F i g 
ure 3.4). Several other H V A A systems are commerc ia l l y avai lab le a n d 
are p r o b a b l y satisfactory; however , the ir app l i ca t i on to pe t ro leum was 
not evaluated. Specific details of the components a n d operat ion of the 
H G A - 7 0 a n d C R A - 6 3 have been descr ibed (20, 21). T h e bas ic differences 
between these instruments m a y be s u m m a r i z e d as fo l l ows : 

• T h e H G A - 7 0 uses a 10-100-^1 sample ; the C R A uses a 1 - 5 - / J 
sample 

• T h e sheathing gas sweeps through the H G A - 7 0 furnace whereas 
i t passes around the C R A - 6 3 tube. 

• T h e op t i ca l b e a m passes through the "cone" type e lec tr i ca l con
tacts i n the H G A - 7 0 w o r k h e a d ; the support electrodes are not i n the 
optics i n the C R A - 6 3 workhead . 

• T h e H G A - 7 0 w i t h the grooved style furnace attains a m a x i m u m 
temperature of 1950°C; the C R A - 6 3 reaches near ly 3000°C. 
F o r most elements, the two systems have comparable sensit ivity. T h e i r 
p h y s i c a l differences, however , require that different procedures be deve l 
o p e d for app l i ca t i on to petro leum. Before such procedures can be deve l 
oped , the influence of the operat ing parameters a n d the sample matr ix 
must be considered for each element. T h i s f requent ly requires consider
able effort. 
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Atomization. T h e atomizat ion temperature a n d the rate at w h i c h 
i t is atta ined influence the kinetics a n d thermodynamics of the a tomiza 
t i o n (22, 2 3 ) . I n pract ice the input p o w e r is set sufficiently above the 
temperature r e q u i r e d for atomizat ion to give sharp narrow peaks w h i l e 
m a i n t a i n i n g l inear i ty over a reasonable concentrat ion range. T h e tem
perature to be used is determined exper imental ly b y v a r y i n g the i n p u t 
voltage on the p o w e r transformer. T o obta in comparable operat ion be
tween the Project laboratories, the atomizat ion condit ions were specif ied 
i n terms of a temperature -vo l tage corre lat ion for the H G A - 7 0 (24) a n d 
b y measurement of the voltage a n d amperage diss ipated across the 
C R A - 6 3 w o r k h e a d (25 ) . M o r e m o d e r n instruments are p r o v i d e d w i t h 

Removable 
Window H o0 In 

Gas In 2 

B. GROOVED STYLE TUBE 

Cross-section of the grooved graphite tube. 

Figure 3.4. Perkin-Elmer heated graph
ite atomizer 

electr ica l feedback systems to a l l ow temperature moni tor ing ( 2 6 ) , a n d 
even more elaborate systems have been used for theoret ical studies ( 2 7 ) . 

O v e r the atomizat ion temperature range ( ~ 1200° -3000°C) , carb ide 
format ion between m a n y meta l oxides a n d graphite is favored thermo-
d y n a m i c a l l y (28). W h i l e carb ide format ion has been used to expla in 
poor sensit ivity for elements such as boron or tungsten, w h i c h f orm 
refractory carbides, l i t t le attention was i n i t i a l l y devoted to the inter 
ference caused b y carb ide format ion w i t h other elements. H o w e v e r , 
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3. H O F S T A D E R E T A L . Techniques in Trace Analysis 35 

d u r i n g the T r a c e M e t a l s Project , r e d u c e d sensit iv i ty was encountered 
w i t h A l , B e , C r , a n d M n w h e n the grooved furnace H G A - 7 0 combinat i on 
( m a x i m u m temperature 1950°C) was used (24). I n studies car r i ed out 
b y the Project, carb ide f ormat ion was shown to p l a y a part i n the a tomi 
za t i on processes for these elements. T h e detect ion l imits can be i m p r o v e d 
b y pretreat ing the furnace w i t h m i c r o g r a m quantit ies of such elements 
as l a n t h a n u m or z i r c o n i u m w h i c h are thermal ly stable at that temperature. 
T h i s technique is discussed i n C h a p t e r 6. Several alternate techniques 
have been reported to m i n i m i z e or e l iminate carb ide format ion , i n c l u d i n g 
f o i l furnace l iners ( 2 9 ) , refractory meta l furnaces ( 3 0 ) , a n d h i g h t e m 
perature grooved-type furnaces (31). A l t h o u g h these approaches m a y 
prove useful i n the future, none of t h e m was evaluated b y the Project. 

Ashing. Because various reactions occur i n the 3 0 0 ° - 1 2 0 0 ° C range, 
ashing condit ions m a y affect the atomizat ion s ignal . Salts such as sulfates, 
nitrates, a n d acetates m a y be converted to oxides. O t h e r compounds m a y 
be r educed b y the graphite to free meta l w h i c h m a y be lost b y v o l a t i l i z a 
t ion before atomizat ion , or they m a y f o rm carbides w h i c h are more 
diff icult to atomize. Losses of analytes b y molecu lar d i s t i l l a t i on have 
been reported for aqueous samples where vo lat i le inorganic salts m a y be 
f o rmed (32). V o l a t i l e organic compounds, such as tetramethyl lead , can 
be lost b y a s imi lar mechan ism (33). Studies have shown that losses of 
the analyte can be contro l led i n some cases b y a d d i n g reagents that f o rm 
thermal ly stable compounds (34). 

Sheathing Gas. T h e sheathing gas, w h i c h protects the furnace f r om 
ox idat ion d u r i n g atomizat ion , sometimes influences the response. T h e 
flow pattern, composit ion, a n d flow rate of the inert gas a l l affect the 
residence t ime of the atoms i n the optics. I n the C R A - 6 3 the gas flows 
past the furnace, a n d gaseous dif fusion is the contro l l ing factor. I n the 
H G A - 7 0 the atoms are cont inuously swept out the ends of the furnace 
so that the gas ve loc i ty m a y influence response. F o r most H V A A analyses, 
argon or n i trogen is used as the sheathing gas; however , n i trogen has 
been reported to give smaller background absorpt ion w i t h some complex 
matrices (35 ) . W i t h the C R A - 6 3 , h y d r o g e n can be a d d e d to the sheath
i n g gas to obta in a hydrogen dif fusion flame w h i c h further protects the 
furnace f r o m ox idat ion (20). T h i s add i t i o n of hydrogen can also be 
advantageous for a tomiz ing some refractory elements but c o u l d l e a d to 
pre -atomizat ion losses (25 ) . I n the Project the effect of hydrogen a d d i 
t i o n was s tudied for B e , C r , a n d M n . H y d r o g e n a d d e d to argon d i d give 
increased response for C r , but w h e n it was a d d e d to n i trogen, the response 
was suppressed for a l l three elements. T h o r o u g h studies have s h o w n a 
complex re lat ionship between hydrogen concentrat ion, d i luent inert 
gas, a n d total sheathing-gas flow rate (36). T h e procedures deve loped 
b y the Project use either n i trogen or argon alone, since they were f o u n d 
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160 

Si, Al, Cr, Cu, Fe, 

WHERE APPLICABLE 

50 500 

ng METALS ADDED 

Mg, Na, Mn, Zn, Ca, V, 

5000 

Ni, Pb, Co*, Mo* 

Figure 3.5. Interference in the determination of Co and Mo 
by HVAA (aqueous solution) 

to be adequate. W i t h the H G A - 7 0 , flow to the furnace is set at 1 1 /min. 
W i t h the C R A - 6 3 the flow rate is v a r i e d f r om 4 to 7.5 1 /min, d e p e n d i n g 
on the element. 

Matrix Effects. P h y s i c a l w e t t i n g of graphite b y petro leum samples 
a l lows these matrices to spread o n the furnace surface a n d gives rise to a 
difference i n response for different matrices. T h e H G A - 7 0 grooved 
furnace has a u n i q u e ax ia l heat profile (22) w h i c h min imizes spreading 
of organics. S p r e a d i n g i n C R A - 6 3 is m i n i m i z e d b y inject ing samples 
w h i l e the atomizer is w a r m . I m p r o v e d prec is ion was atta ined b y in jec t ing 
samples a n d standards at fixed t ime intervals . Since b o t h furnaces have 
a n ax ia l heat prof i le w h i c h results i n decreased atomizat ion efficiency 
a w a y f r o m the centra l in ject ion po int , ca l ib ra t i on standards shou ld be 
p r e p a r e d i n the same solvent as the samples to be measured. 

T h e presence of other elements i n the sample matr ix m a y also con-
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tr ibute to differences i n response. B o t h enhancement a n d suppression 
were encountered i n studies conducted b y the T r a c e M e t a l s Project. F o r 
example , as discussed i n the i n d i v i d u a l element chapters, the effect of 
14 elements a l l present s imultaneously was s tud ied at 10, 100, a n d 1000-
f o l d excesses of each for C o a n d M o ( F i g u r e 3.5) a n d for N i a n d V 
( F i g u r e 3.6). S ince F e , N i , a n d V are the predominant metals present 
i n crude oils, the ir possible interference was specif ical ly invest igated i n 
the H V A A analyses for Be , C r , M n , a n d Sb . T h e on ly interference b y 
these elements w h i c h was c lear ly ident i f ied was a suppression of the C r 
response b y V . Because petro leum matrices v a r y so w i d e l y , a compre 
hensive study of interelement interferences was i m p r a c t i c a l . S ince the 
l inear i ty of the response was independent of the inter fer ing metals , the 
procedures deve loped b y the Project used the m e t h o d of s tandard a d d i 
tions to compensate for possible interelement effects. 

1801 • 1 

10 100 1000 10,000 

ng METALS ADDED 

Si, Al, Cr, Cu, Fe, Mg, Na, Mn, Zn, Ca, Pb, Co, Mo, Ni*, V* 

* WHERE APPLICABLE 

Figure 3.6. Interference in the determination of Ni and V 
by HVAA (aqueous solution) 
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Table 3.II. Determination of Nickel in Petroleum 

Direct HVAA Indirect HVAA 

Calib. Std. Sulfated Ash 
Curve, Addi- Std. 

Sample ppm tions Additions 

R e s i d u a l F u e l 102 — — 
( N B S ; G M - 5 ) 

# 6 F u e l O i l 39 — — 
( E P A / N B S 
round robin) 

A s p h a l t 95 — — 
C r u d e A 28 ,22 — — 

C r u d e Β 0.33 
C r u d e C 0.97 
C r u d e D 0.31 
C r u d e Ε 5.5 

0.34 0.60,0.65,0.65 
0.51 1.3, 1.2,1.1,2.0 
0.15 1.9,1.9,2.1 
5.3 8.5, 8.6, 8.5 

Other 
93 ± 1.2 (certified) 

39 (round robin) 

100 (emission spec) 
29.2 (neutron a c t i 

vat ion) 
0.7 (emission spec.) 
1.7 (emission spec.) 
1.8 (emission spec.) 
10 (emission spec.) 

Direct Analysis vs. Analysis after Matrix Destruction. M a n y 
H V A A analyses m a y be carr i ed out d i rec t ly i n d i l u t e d pe t ro leum matrices . 
H o w e v e r , difficulties arise i n H V A A analyses where read i ly a tomized 
elements such as C d , H g , P b , or Sb are to be measured i n heavy petro leum 
matrices w h i c h contain a significant h i g h b o i l i n g fract ion. U n d e r c o n d i 
tions suitable for complete matr ix removal , the elements are vo la t i l i z ed 
before a tomizat ion ; i f condit ions are selected to prevent losses i n the 
ashing cyc le , the res idual organic matr ix leads to an unacceptable back
ground absorpt ion. F o r example , no suitable condit ions were f ound b y 
the Project for the direct H V A A determinat ion of C d or P b i n matrices 
heavier than N o . 2 heat ing o i l . T h i s p r o b l e m is not restr icted to vo lat i le 
elements, however , since molecu lar losses can also arise. F o r example , 
the l o w n i c k e l results obta ined b y direct H V A A analyses of some crude 
oils ( T a b l e 3.II) are at tr ibuted to molecu lar d i s t i l la t i on of vo lat i le por 
p h y r i n compounds (37 ) . I n the Trace M e t a l s Project a separate proce
dure i n v o l v i n g matr ix destruct ion of some type was used to check 
complete recovery for each direct H V A A procedure. 

E x t e r n a l sample decomposi t ion procedures, such as ashing or ac id 
digest ion, not on ly e l iminate the matr ix but also convert the analyte to 
some specific salt suitable for H V A A analyses. F o r example, the ashing 
used to obta in data i n T a b l e 3.II converted the n i c k e l to its sulfate. 
I n the Project , ind irect H V A A procedures were successfully a p p l i e d to 
six elements. T h e app l i ca t i on of these procedures, however , m a y be 
restr icted b y contaminat ion or b y reagent blanks. F o r example, exposure 
to n i chrome heat ing elements affects c h r o m i u m (see p. 19) . A l t h o u g h 
destruct ion techniques e l iminate the h y d r o c a r b o n matr ix , they do not 
compensate for interelement interferences. 
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Electroanalytical 

A resurgence of interest i n e lectroanalyt ical techniques d u r i n g the 
past several years has been descr ibed b y F l a t o (38) as a "Renaissance . " 
F o r some t ime, developments of other techniques, par t i cu lar ly atomic 
absorpt ion spectroscopy, c o u p l e d w i t h the non -ava i lab i l i ty of c ommerc ia l 
instrumentat ion , h a d caused a deter iorat ion of interest i n the prac t i ca l 
appl icat ions of electroanalysis. H o w e v e r , r a p i d advances i n e lectronic 
technology have n o w resulted i n the c ommerc ia l ava i lab i l i t y of sophist i 
cated, versati le , re l iable , yet re lat ive ly inexpensive e lectroanalyt ica l i n 
strumentat ion w h i c h is easy to operate. 

A l t h o u g h m o d e r n e lectroanalyt ical techniques are character ized b y 
h i g h sensit ivity ( sub-nanogram levels are measurab le ) , a degree of selec
t i v i ty , a capab i l i t y for mult i -e lement analysis, a n d excellent accuracy a n d 
prec is ion , these techniques have not been w i d e l y a p p l i e d for trace ele
m e n t a l analysis i n the petro leum industry , p r i m a r i l y for two reasons: 

( 1 ) the basic i n c o m p a t i b i l i t y of the pe t ro l eum matr ix w i t h the inor 
ganic so lut ion requirements of the most c ommonly a p p l i e d electrode 
systems 

(2 ) the sensit ivity a n d a p p l i c a b i l i t y of atomic absorpt ion spec
troscopy. 

Nevertheless , m o d e r n methods of e lectroanalyt ica l chemistry can , 
i n certain instances, either successfully complement atomic absorpt ion 
spectroscopy or prov ide in format ion not otherwise obtainable . A syner
gistic effect can, i n fact, be obta ined b y a combinat i on of the two 
techniques, a n d such w o r k has been descr ibed b y L u n d a n d L a r s e n (39) 
a n d b y Fair less a n d B a r d (40). C o n t r o l l e d potent ia l electrolysis is first 
used to preconcentrate the element or elements of interest o n a n elec
trode. T h i s step also separates the elements f r o m the matr ix a n d poss ib ly 
f r o m inter fer ing elements. T h e e lectroplated elements are then removed 
a n d measured b y atomic absorpt ion. T h e combinat i on of the t w o tech 
niques seems i d e a l for problems i n pe t ro leum trace meta l analysis. M u c h 
research remains to be done, however , before its a p p l i c a b i l i t y can be 
defined. 

Applicable Techniques. Several e lectroanalyt ica l techniques that 
use commerc ia l ly ava i lab le instrumentat ion (41, 42) are app l i cab le to 
trace e lemental analysis : 

( 1 ) L i n e a r sweep vo l tammetry 
( 2 ) D i f f e rent ia l pulse po larography 
(3 ) A C po larography 
( 4 ) L i n e a r sweep anodic s t r ipp ing vo l tammetry 
(5 ) D i f f e rent ia l pulse anodic s t r ipp ing vo l tammetry 
O f these, anodic s t r ipp ing vo l tammetry (43), b o t h l inear sweep a n d 

di f ferential pulse , incorporates a pre-concentrat ion feature a n d therefore 
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provides a capab i l i t y for de termin ing sub-nanogram levels of some ele
ments that is l i m i t e d only b y the degree to w h i c h contaminat ion can be 
contro l led . I n a d d i t i o n to b e i n g extremely sensitive, anodic s t r ipp ing 
vo l tammetry is h i g h l y selective. I t is app l i cab le to approx imate ly 20 
elements w h i c h f o rm electroreversible amalgams. W i t h proper choice 
of the electrolyte system, mult i -e lement analyses are possible. Prec is ion , 
accuracy, a n d l inear i ty of response are excellent, a n d quant i tat ion can be 
accompl ished either b y standard addit ions or b y use of a n interna l 
s tandard (44). 

Application of Elect roan a lys is to Petroleum Products. Because 
petro leum matrices are incompat ib l e w i t h the usual inorganic so lut ion 
requirements , extensive sample preparat ion is r equ i red before the sample 
can be transformed into a f o r m amenable to electroanalysis. Since acids 
such as sul fur ic , n i t r i c , f u m i n g n i t r i c , perchlor ic , or various mixtures of 
them are used i n decomposing petro leum matrices, treatment to remove 
or neutral ize the res idual strong ac id is r e q u i r e d before the analysis can 
proceed. T h i s often involves the add i t i on of various reagents, resul t ing 
i n h i g h reagent-to-sample ratios. Consequent ly , extremely h i g h - p u r i t y 
reagents must be used. Unfor tunate ly , f ew u l t rah igh -pur i ty reagents 
are commerc ia l l y avai lable , a n d even these may not be satisfactory for 
some analyses. T h e element to be de termined w i l l d ictate the choice of 
bo th sample digest ion scheme a n d type of final analyte solut ion. A 
c r i t i c a l consideration is the amount of contaminat ion in t roduced d u r i n g 
the entire process. Reagent p u r i t y problems are not, however , ent irely 
restrict ive because i t is sometimes possible to prepare h i g h p u r i t y reagents 
b y re lat ive ly s imple techniques i n the analyt i ca l laboratory just before 
analysis. 

C o n s i d e r i n g these l imitat ions , a procedure for l ead determinat ion 
has been deve loped as a result of the Project a n d is descr ibed f u l l y i n 
C h a p t e r 10. P r e l i m i n a r y w o r k related to c a d m i u m determinat ion sug
gests that a s imi lar technique can be used to determine other elements 
a n d can be expanded to a mult i -e lement capabi l i ty for trace metals i n 
petro leum. 

Optical Emission Spectroscopy 

T h e most important feature of opt i ca l emission spectroscopy i n a d d i 
t i on to its usefulness i n measur ing trace amounts, is its ab i l i t y to measure 
a n u m b e r of metals s imultaneously . A l t h o u g h the technique is not sensi
t ive enough to measure n a n o g r a m / g r a m concentrations b y d irect analysis , 
the metals can be concentrated b y ashing the sample. W i t h most petro
l e u m samples, ashing can easily prov ide a concentrat ion factor of several 
thousand. H o w e v e r , i n ashing, h i g h l y vo lat i le elements such as arsenic, 
mercury , a n d se lenium m a y be lost. T h e instrumentat ion is expensive 
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but , i f avai lable , permits a good semiquanti tat ive measurement for nano
g r a m / g r a m levels o f m a n y metals i n pe t ro l eum a n d a more or less 
permanent record . 

A s part of the T r a c e M e t a l s Project , a procedure was deve loped i n 
w h i c h 100 g of o i l is ashed w i t h sul fur ic a c i d a n d sufficient h i g h p u r i t y 
magnes ium nitrate to y i e l d 50 m g of ash. T h e magnes ium ni trate is 
converted to magnes ium sulfate a n d acts as a carr ier for the trace metals. 
T h e resul t ing ash is m i x e d w i t h pe l l e t i z ing graphite a n d pressed into a n 
electrode. T h i s electrode is sparked us ing a graphite counter electrode, 
a n d the resultant spectrum is recorded o n a photographic plate . T h e 
spectral intensities are then compared w i t h the intensities of standards 
that have been carr i ed through the entire procedure . 

D a t a obta ined on a jet f u e l sp iked w i t h 20 a n d 100 n g of meta l per 
g r a m appear i n T a b l e 3.III. A t the 100-ng /g leve l , the recovery is w i t h i n 
2 5 % of the amount added . S i m i l a r data obta ined on crude o i l ind i cate 
recovery of approximate ly =b50%. Some elements w h i c h m a y be present 
i n h i g h concentrat ion i n the ash, such as n i c k e l a n d v a n a d i u m , cause 
dif f iculty i n interpretat ion of the spectrum. Nevertheless , this technique 
is useful as a screening procedure to ident i fy the presence or absence of 
certain elements at trace levels before more extensive analysis. 

Table 3.III. Analysis of "Spiked" Jet Fuel for Trace 
Metals by Emission Spectroscopy 

Found, ng/g 

Added, ng/g ~Be Cd ~Co Cr ~Mn Wo Ni Pb Sb V ~ 

20 6 9 11 9 19 13 14 17 17 11 
100 85 75 123 85 113 108 128 113 115 113 

Neutron Activation 

T h e ava i lab i l i t y of h i g h flux thermal neutron i r r a d i a t i o n faci l i t ies 
a n d h i g h resolut ion intr ins i c G e a n d l i t h i u m dr i f t ed g e r m a n i u m ( G e ( L i ) ) 
or s i l i con ( S i ( L i ) ) detectors has made neutron act ivat ion a very attrac
t ive too l for de termin ing trace e lemental compos i t ion of pe t ro l eum a n d 
petro leum products . T h i s ana ly t i ca l t echnique is general ly re ferred to 
as instrumenta l neutron ac t ivat ion analysis ( I N A A ) to d i s t inguish i t 
f r o m neutron act ivat ion f o l l o w e d b y rad io chemica l separations. I N A A 
can be used as a mul t i - e l ementa l m e t h o d w i t h h i g h sensit ivity for m a n y 
trace elements ( T a b l e 3 . I V ) , a n d i t has been a p p l i e d to various petro
l e u m materials i n recent years ( 4 5 - 5 5 ) . I n some instances as m a n y as 
30 trace elements have been ident i f ied a n d measured i n crude oils b y 
this technique (56, 5 7 ) . 
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E v e n w i t h the a v a i l a b i l i t y of h i g h reso lut ion so l id state detectors, 
i t is sometimes desirable or even necessary to resort to post - i r radiat ion 
c h e m i c a l separations to e l iminate in ter fer ing isotopes a n d to i m p r o v e 
sensit iv i ty a n d accuracy (58, 59, 60 ) . These r a d i o c h e m i c a l manipulat ions 
m a y i n c l u d e any of the convent ional c h e m i c a l separations, such as p r e c i p i -

Table 3.IV. Activation Analysis Detection Limits* 

Detection Limit 
Element ng/g 

A l u m i n u m 5 
A n t i m o n y 6 

A r s e n i c 6 

5 A n t i m o n y 6 

A r s e n i c 6 5 
B a r i u m 50 
B r o m i n e 1 
C a d m i u m 100 
C h l o r i n e 100 
C h r o m i u m 100 
C o b a l t 6 10 
Copper 10 
D y s p r o s i u m 0.1 
G a l l i u m 5 
G o l d 1 
I n d i u m 0.1 
L a n t h a n u m 10 
M a n g a n e s e 6 

M e r c u r y 6 

1 M a n g a n e s e 6 

M e r c u r y 6 5 
M o l y b d e n u m 6 . 100 
N i c k e l 100 
Po tass ium 100 
R h e n i u m 1 
S e l e n i u m 6 10 
S i lver 5 
Sod ium 10 
T e l l u r i u m 100 
T i t a n i u m 100 
Tungsten 5 
V a n a d i u m 10 
Z inc 100 

a D a t a based on 1-hr i rradiat ion at 10 1 2 η c m 2 " sec" 1 and o p t i m u m counting con
dit ions. 

b E lements determined by neutron act ivat ion by the Trace M e t a l s Project . 

tat ion , solvent extraction, i o n exchange, vo la t i l i za t i on , chromatography, 
or electrodeposit ion. A br ie f discussion of this top ic has been prepared 
b y Ross (61 ) . 

Trace meta l studies of pe t ro leum have also been m a d e u s i n g the 
C o c k r o f t - W a l t o n neutron generator, a pos i t ive i o n accelerator, p r o d u c i n g 
either 2.4 or 14.5 M e V neutrons w h i c h can be thermal i zed . T h e t h e r m a l 
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neutron flux, however , is several orders of magni tude less t h a n is p r o 
d u c e d b y a nuc lear reactor, a n d therefore on ly a f ew elements m a y be 
detected i n the par ts -per -mi l l i on range (62, 6 3 ) . 

T o evaluate the a p p l i c a b i l i t y of ins trumenta l neutron act ivat ion 
analysis, the Trace Meta l s Project used the services of a c ommerc ia l 
reactor act ivat ion fac i l i t y a n d per formed the g a m m a count ing a n d data 
processing at one of the par t i c ipa t ing laboratories. T h i s technique was 
used to measure seven of the 13 elements invest igated as par t of the 
Project 's ana ly t i ca l methods cross-check p r o g r a m a n d to study sample 
storage stabi l i ty . T h e seven elements were : ant imony , arsenic, cobalt , 
manganese, mercury , m o l y b d e n u m , a n d se lenium. T h e elements not 
s tud ied were exc luded because their smal l cross-sections or short hal f -
l ives were unfavorable for measurements at the desired 1 0 - n g / g leve l . 
T h e significant nuc lear properties of the seven elements s tud ied are shown 
i n T a b l e 3.V. N o t e that the hal f - l ives of the isotopes are l ong enough 

Table 3.V. Elements Determined by I N A A and Their 
Nuclear Properties 

Prominent Calculated 
Gamma Rays Activity 

Element Isotope Half-Life (KeV) (d/m/pQ at T0) 

A n t i m o n y 122g b 64.3 hr 564 1300 
Arsen i c 7 6 A s 26.4 hr 559 3700 
C o b a l t 6 0 C o 5.3 y r 1170 9 5.3 y r 

1333 
Manganese 5 6 M n 2.6 hr 847 10 5 

M e r c u r y 1 9 7 H g 65.0 hr 77.6 125 
M o l y b d e n u m " M o 66.7 hr 141 23 
Se lenium 7 5 S e 120 days 136 1.5 

to have a l l o w e d transfer f rom the reactor to the laboratory located about 
45 miles away. T h e ca l cu lated act iv i ty indicates the relat ive ana ly t i ca l 
sensit ivity of each element a n d a ided i n select ing o p t i m u m i r rad ia t i on 
a n d count ing condit ions. 

T h e i r rad ia t i on was per formed i n a 250-kw water p o o l reactor operat
i n g at a steady state flux of 1 0 1 2 n c m " 2 sec ' 1 . T h e i r rad ia t i on t imes ranged 
f r o m one hour for A s , H g , M n , M o , a n d Sb to three or m o r e hours for C o 
a n d Se. Sample a n d standards were prepared a n d sealed i n u l t rapure 
quar tz vials . D u r i n g i r rad ia t i on the ver t i ca l reactor neutron flux profi le 
was moni tored b y i n c l u d i n g aqueous cobalt solutions spaced at regular 
intervals . A f t e r i r rad ia t i on for the specif ied t ime, the samples w e r e re 
t u r n e d to the laboratory for count ing a n d data processing. T h e count ing 
equ ipment consisted of a n O R T E C l i t h i u m - d r i f t e d g e r m a n i u m detector 
c o u p l e d to a N u c l e a r D a t a 1024 channe l analyzer . 
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T o meet E R D A ( f ormer ly A E C ) l icense requirements , the ac t iv i ty 
of each sample rece ived was moni tored w i t h a rad ia t i on survey meter, 
a n d the personnel i n v o l v e d were s u p p l i e d w i t h rad ia t i on dosimeters. A n 
excellent discussion of rad ia t i on safety a n d l icensing requirements i n 
h a n d l i n g reactor-act ivated petro leum products is ava i lab le (49). 

Sample Encapsulation. T h e p o p u l a r po lyethylene snap-cap, heat-
sealed v ia ls , used i n the i n i t i a l phases of the w o r k , were f o u n d to be 
unsatisfactory because of post - i r rad iat ion losses of mercury a n d h a d to 
be rep laced b y quartz vials . S ince 1 9 7 H g has a convenient ha l f - l i f e , 
i n i t i a l l y no spec ia l attempts w e r e m a d e to count the samples immediate ly 
after a r r i v a l f r o m the reactor fac i l i t ies , a n d they were processed whenever 
t ime a n d sample s chedul ing permit ted . T h e first set of data , obta ined five 
days after i r rad ia t i on , ind i ca ted that the petro leum stocks s p i k e d w i t h 
m e r c u r y h a d lost 5 0 - 6 0 % of the ir 1 9 7 H g act iv i ty w h e n compared w i t h 
aqueous standards; the latter showed only the expected decrease i n 
ac t iv i ty caused b y decay. A second set of the same samples was i r rad ia ted 
a n d counted the same day ; i n this case the mercury recovery was more 
near ly quant i tat ive . Repeated experiments showed that i f the samples 
were i r rad ia ted i n po lyethylene a n d counted w i t h i n four to e ight hours, 
excellent recoveries of mercury were obta ined ( T a b l e 3 . V I ) . Subsequent 

Table 3.VI. Post-Irradiation Loss of Mercury 
from Polyethylene Sample Vials 

(ng /g H g Measured) α 

Counted 4-8 hr 
after Irradiation 

103 
98 
97 
96 
97 

Counted 24-28 hr 
after Irradiation 

101 
94 
91 
90 
97 

Counted 120-124 hr 
after Irradiation 

49 
46 
40 
38 
48 

β Standard solut ion was prepared to contain 100 n g / g of mercury. 

experiments conf irmed that organomercury compounds c a n be reduced 
to e lemental m e r c u r y i n h y d r o c a r b o n matr ix d u r i n g i r r a d i a t i o n a n d the 
m e r c u r y is then lost b y dif fusion as vapor (64). E v e n w i t h p r o m p t count
i n g , however , the use of quar tz vials offers advantages. 

Storage Stability Studies Using I N A A . D u r i n g the T r a c e M e t a l s 
Project , I N A A was chosen to moni tor the stabi l i ty of pe t ro l eum stocks 
s p i k e d w i t h organometal l i c m e r c u r y a n d arsenic compounds a n d stored 
i n five containers i n c l u d i n g glass, V y c o r b r a n d , a n d plast ic . T h i s study 
was done to find the best container for stor ing a n d s h i p p i n g samples to 
members of the Project as p a r t of the p r o g r a m to cross-check n e w c h e m -
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i c a l methods submit ted for va l ida t i on . T h e results of this s tudy appear 
i n Tables 2.III a n d 2 .IV. 

Use of I N A A in Trace Metals Project Validation Studies. A s , C o , 
H g , M n , M o , Sb , a n d Se i n petro leum were determined b y I N A A as par t 
of the Project's ana ly t i ca l methods cross-check program. E x c e p t for 
se len ium a l l elements were de termined b y a 1-hr i r r a d i a t i o n f o l l o w e d 
b y gamma-ray spectroscopy. C o u n t i n g times ranged f r o m 10 m i n to one 
hour . A s a n d Sb were de termined s imultaneously w i t h a h i g h resolut ion 
g e r m a n i u m detector capable of separat ing the 5 5 9 - K e V gamma-ray of 
7 6 A s a n d the 5 6 4 - K e V 1 2 2 S b gamma. M n is one of the elements " ta i l or 
m a d e " for analysis b y neutron act ivat ion because of the large cross-section 
a n d 1 0 0 % abundance of 5 5 M n . H o w e v e r , a f a i r l y r a p i d transfer f r o m 
the reactor to the count ing faci l i t ies was necessary because of the 2.6-hr 
hal f - l i fe of 5 6 M n . 

Because of the long hal f - l i f e of 7 5 S e , se lenium was de termined b y 
i r rad ia t ing the samples intermit tent ly over one to t w o weeks w h i l e other 
irradiat ions were i n progress at the reactor faci l i t ies . F o l l o w i n g i r r a d i a 
t i on the samples were counted for u p to 15 h r to reach the 10-ng/ g leve l . 

T h e results of cross-checks c o m p a r i n g the I N A A a n d the c h e m i c a l 
methods deve loped b y the Trace M e t a l s Project are discussed i n the 
chapters dea l ing w i t h the specific elements. T h e c h e m i c a l analysis data 
i n most part represent the average of t r ip l i cate results f r o m two or more 
laboratories, a n d the neutron act ivat ion results are the average of t w o 
or more i rradiat ions a n d v a r y i n g count ing condit ions. O v e r a l l results 
are s u m m a r i z e d i n F i g u r e 1.2. 

Use of Commercial Facilities. H o w can the average ana ly t i ca l c h e m 
ist w i t h o u t a reactor of his o w n o b t a i n good defensible ana ly t i ca l results 
b y neutron act ivation? T h e f o l l o w i n g are re commended guidel ines : 

• Discuss the p r o b l e m w i t h reactor personnel . 
• If possible, do sample preparat ion , count ing , a n d data processing 

i n house. 
• Prepare samples a n d standards of i d e n t i c a l geometry. 
• Inc lude neutron flux monitors . 
• Speci fy l ength of i r rad ia t i on . 
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4 

Antimony 

Two reports of the presence of antimony in petroleum have appeared 
in the literature; both studies used instrumental neutron activation 

analysis (INAA) as the analytical technique. In one study antimony 
was found in unspecified amounts in five of the 20 crude oils which were 
surveyed (1); in the other, antimony was found in 10 crude oils in 
amounts ranging from 30 to 107 ng/g (2). 

Available Analytical Methods 

Methods applicable to the determination of trace quantities of anti
mony in organic matrices, except for neutron activation analysis, require 
the matrix to be destroyed before the antimony is measured. Wet oxida
tions using nitric, sulfuric, and perchloric acids have been used for 
samples of blood and tissue (3), and low temperature ashing has been 
used for samples of filter paper and ion exchange resins (4). 

After the organic matrix is destroyed and an aqueous solution con
taining the antimony is obtained, various analytical techniques can be 
used to measure submicrogram amounts of antimony. These techniques 
include conventional flame atomic absorption spectroscopy (5,7), anodic 
stripping voltammetry (8), polarography (9), colorimetry (10, 11, 12), 
fluorimetry (13, 14), and optical emission spectroscopy (15). Recently, 
submicrogram amounts of Sb have been determined by stibine generation 
into a hydrogen-argon, entrained-air flame of an atomic absorption 
spectrometer (16, 17, 18, 19), and heated vaporization atomic absorption 
techniques have been applied at the nanogram level (20). 

Role of Neutron Activation 

Antimony can be readily determined in petroleum at a concentration 
of less than 10 n g / g by instrumental neutron activation analysis with a 
1-hr irradiation at a neutron flux of ΙΟ 1 2 η cm" 2 sec"1. The principle 
radiation arising from the 1 2 1 Sb (η, γ) 1 2 2 S b activation and subsequent 
decay of 1 2 2 S b occurs at 564 KeV. With a high resolution G e ( L i ) detector 
antimony may be measured in the presence of 8 2 B r (550 K e V ) and 7 6 As 
(559 K e V ) , which may be found in some petroleum matrices. 

48 
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Special Analytical Considerations 

A n important considerat ion i n the determinat ion of ant imony i n 
aqueous matrices is the fact that ant imony c a n be present i n the ( I I I ) , 
( I V ) , or ( V ) valence state. T o a v o i d ana ly t i ca l problems, i t is desirable 
that the ant imony be present i n a specific valence state. T h i s is p a r t i c u 
l a r l y important i f a spectrophotometric m e t h o d is to be used because 
the reagents employed usua l ly react on ly w i t h a par t i cu lar ox idat ion 
state. M a r e n observed i n a s tudy of the use of rhodamine Β that S b ( I V ) 
c o u l d not be easi ly ox id i zed to the r e q u i r e d S b ( V ) ( 3 ) . I n w o r k o n the 
determinat ion of ant imony us ing 3,4,7-trihydroxyflavone, a reagent w h i c h 
reacts on ly w i t h S b ( I I I ) , F i d e r demonstrated that S b ( I V ) a n d S b ( V ) 
c o u l d be reduced to S b ( I I I ) b y hydroxy lamine sulfate ( 1 3 ) . 

Sample Preparation 

T h e method deve loped b y the Trace M e t a l s Project involves a 
decomposi t ion step i n w h i c h the matr ix is destroyed, f o l l o w e d b y treat
ment to ensure that ant imony is present as S b ( I I I ) before measurement 
b y atomic absorption. 

I n the decomposit ion step, the sample is heated w i t h sul fur ic a c i d , 
a n d the carbonaceous res idue is b u r n e d ofiF i n a muffle furnace. T h e 
resultant ash is d isso lved i n hydroch lo r i c a c id , treated w i t h h y d r o x y l 
amine to reduce the ant imony to the tr ivalent state, a n d s tab i l i zed w i t h 
tartar ic a c id . O t h e r ashing aids, such as n i t r i c a n d perch lor i c acids or 
magnes ium nitrate, have been used w i t h success i n determin ing ant imony 
(21), b u t these were not invest igated for use because of the observations 
r e g a r d i n g ant imony measurement b y heated vapor i zat i on atomic absorp
t i o n w h i c h are discussed be low. 

Measurement 

I n the proposed m e t h o d ant imony is measured b y heated v a p o r i z a 
t i o n atomic absorpt ion ( H V A A ) , u s i n g a V a r i a n - T e c h t r o n C R A - 6 3 
atomizer. T h e detect ion l i m i t is 2 n g S b / m l w i t h solutions of S b ( I I I ) . 
W h e n b l a n k determinations were made , no signals at the 217.6-nm a n t i 
m o n y l i n e were obta ined for 5 0 % solutions of su l fur ic a c i d or n i t r i c a c id . 
H o w e v e r , solutions conta in ing a mix ture of b o t h acids d i d g ive signals 
at the 217.6-nm S b l ine . T h e response was l inear w i t h the amount of 
n i t r i c a c i d i n the su l fur i c a c i d solutions. S i m i l a r phenomena are encoun
tered w h e n hydrogen peroxide or hydroch lo r i c a c i d w e r e a d d e d to s u l 
f u r i c a c id . These findings w e r e not invest igated further , b u t obv ious ly 
mixtures of acids must be a v o i d e d i n the determinat ion of ant imony b y 
H V A A . 
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T h e effect of i r on , n i c k e l , a n d v a n a d i u m o n the signals obta ined f rom 
ant imony solutions i n 5 0 % su l fur i c a c i d was invest igated. A n t i m o n y 
signals f r o m solutions conta in ing 15 n g S b / m l a n d 28.2 / A g / m l each of 
i r o n , n i c k e l , a n d v a n a d i u m w e r e suppressed b y 1 4 % compared w i t h 
those obta ined w h e n no metals were added . Consequent ly , the method 
of s tandard addit ions was adopted to compensate for interferences of 
this type. 

Recommended Method 

A n t i m o n y as t r iphenyls t ib ine was a d d e d to t w o c rude oils a n d a 
N o . 2 heat ing o i l i n amounts r a n g i n g f r o m 14 to 273 n g / g . T h e s p i k e d 
oils a long w i t h the ir u n s p i k e d counterparts w e r e ana lyzed us ing the 
proposed method . T h e results are presented i n T a b l e 4.1. B a s e d o n 23 
repl icate analyses at a concentrat ion of 65 n g / g or less, the s tandard 
dev ia t i on was 8.6 n g / g . 

Table 4.1. Recovery of Antimony by Proposed Method 0 

Antimony Concentration (ng/g) 

Added Measured 
Oil (as Triphenylstibine) 

C r u d e o i l A 6 65 61 
C r u d e o i l Β 14 13 
C r u d e o i l Β 54 44 
N o . 2 heat ing o i l 27 25 
N o . 2 heat ing o i l 273 268 

β U n s p i k e d oils contained < 10 ng S b / g . 
* Crude o i l A contains 76 μg V / g and 21 μ% N i / g . 

A crude o i l , a N o . 2 heat ing o i l , a n d a n a p h t h a were selected for a n 
inter laboratory eva luat ion of the procedure. Since these oils w e r e f o u n d 
to conta in less than 10 n g S b / g , t r iphenyls t ib ine was a d d e d to each of 
the oils so that the samples conta ined 46.2 n g S b / g . T h e ant imony con 
tent was then determined b y the proposed method a n d b y ins t rumenta l 
neutron act ivat ion analysis. T h e average ant imony content, as deter
m i n e d b y the in i t i a t ing laboratory , the cooperat ing laboratory , a n d b y 
neutron act ivat ion is g i v e n i n T a b l e 4.II. T h e average ant imony va lue 
for the three sp iked samples was 46.7 ± 4.6 n g / g as de termined b y the 
i n i t i a t i n g laboratory , 43.4 zt 4.5 n g / g as determined b y the cooperat ing 
laboratory a n d 53.3 n g / g as de termined b y neutron act ivat ion . T h e 
p o o l e d data f r om the t w o laboratories u s i n g the r e commended m e t h o d 
gave a va lue of 45.3 zt 4.7 n g / g . 
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4. H O F S T A D E R E T A L . Antimony 51 

Table 4.II. Interlaboratory Analysis for Antimony by the Proposed 
Method and by Neutron Activation 

Antimony Concentration (ng/g) 

HVAA 

Initiating Cooperating 
Sample Laboratory Laboratory INAA 

N o . 2 heat ing o i l 
unsp iked o i l < i o < i o 13 
46.2 ng S b / g added 47 39 66 

N a p h t h a 
unsp iked o i l < 1 0 < i o < i o 
46.2 ng S b / g added 48 48 60 

South L o u i s i a n a crude 
unsp iked o i l < i o < 1 0 < i o 
46.2 ng S b / g added 45 43 47 

Detailed Procedure 

Scope. T h i s m e t h o d can b e used to determine 10-250 n g of S b / g i n 
pet ro leum or pe t ro leum products . L a r g e r amounts m a y be de termined 
b y us ing smaller samples. 

Summary of the Method. T h e sample is d igested w i t h concentrated 
su l fur i c a c i d u n t i l most of the sul fur i c a c i d is r emoved a n d a carbona
ceous res idue remains. T h e sample is then p l a c e d i n a mufflle furnace 
to destroy the carbonaceous mater ia l . H y d r o c h l o r i c a c i d a n d h y d r o x y l -
amine h y d r o c h l o r i d e are a d d e d to dissolve the inorganic res idue a n d 
reduce ant imony ( V ) a n d ant imony ( I V ) to ant imony ( I I I ) . T a r t a r i c 
a c i d is then a d d e d to complex ant imony ( I I I ) , a n d the so lut ion is evapo
ra ted to a s m a l l vo lume. T h e ant imony content of this so lut ion is 
de termined b y heated vapor i za t i on atomic absorpt ion u s i n g the m e t h o d 
of s tandard addit ions . 

Apparatus 
( 1 ) Heated vaporization atomizer. V a r i a n T e c h t r o n carbon r o d 

atomizer m o d e l 63 ( C R A - 6 3 ) or equivalent . 
(2 ) Atomic absorption (AA) spectrophotometer, w i t h 0.5-sec re 

sponse t ime , e q u i p p e d w i t h a n ant imony h o l l o w cathode l a m p . 
(3 ) Recorder, w i t h m i l l i v o l t range (s ) compat ib le w i t h the A A 

spectrometer a n d w i t h a s imi lar 0.5-sec response t ime . A J a r r e l l - A s h 
m o d e l 82-500 A A spectrometer a n d a Leeds a n d N o r t h r u p Speedomax 
W 10 m V recorder w e r e used i n the development of this method . 

(4 ) Syringe, w i t h Te f lon t i p or Tef lon needle, capable of repro -
d u c i b l y d e l i v e r i n g 5 - / J al iquots . 
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(5 ) Micropipets, 20- a n d 100-^1 ( capi l lar ies , syr inge or Eppendor f f 
type devices are su i tab le ) . 

(6 ) Vycor crucibles, 50 m l . 
(7 ) Hot plate, cont inuously var iab le to 500°C. 
(8 ) Muffle furnace, capable of operat ion at 550°C. 
Reagents. Unless otherwise stated, reagents are A C S reagent grade. 

W a t e r is de i on ized or d i s t i l l ed . 
( 1 ) Sulfuric acid, concentrated. 
(2 ) Hydrochloric acid, 6N d i lu te concentrated hydroch lor i c a c i d 1:1 

w i t h water . 
( 3 ) Hydrochloric acid, IN d i lu te concentrated hydroch lor i c a c i d 

1:12 w i t h water . 
( 4 ) Hydroxylamine hydrochloride solution, 1 0 % w / v i n water . 
( 5 ) Tartaric acid solution, 1 0 % w / v i n water . 
(6 ) Standards 

( a ) 1000 / A g / m l ant imony stock so lut ion, F i s c h e r Scientif ic C o . 
( S O - A - 4 5 0 ) , or equivalent . 

( b ) 5 / A g / m l ant imony so lut ion, p r e p a r e d fresh d a i l y b y d i l u t i o n 
of the 1000 / i g / m l ant imony stock so lut ion w i t h IN hydroch lor i c a c id . 

( c ) 50, 100 a n d 150 n g / m l ant imony solutions, prepared fresh 
da i l y . 100, 200, or 300 μ\ of the 5 / A g / m l an t imony so lut ion, 0.5 m l of the 
hydroxy lamine hydroch lor ide solut ion, a n d 1 m l of the tartar ic a c i d so lu 
t i o n made u p to 10 m l w i t h 1:1 hydroch lo r i c a c id . 

Instrument Operation 
( 1 ) P lace the C R A - 6 3 tube furnace i n the op t i ca l b e a m of the A A 

spectrophotometer a n d opt imize the a l ignment . T h e ana ly t i ca l w a v e 
l e n g t h is 217.6 n m . 

(2 ) O p t i m i z e the C R A - 6 3 operat ing parameters a n d A A spectro
photometer b y us ing 5 μΐ of the 50 n g / m l ant imony solut ion to o b t a i n a 
s igna l of approx imate ly 2 5 % of scale. U s e the f o l l o w i n g settings as a 
gu ide i n o p t i m i z i n g the instrument. 

Sample size 5 μ\ 
Inert gas N 2 - 7 . 5 1 /min. @ 10 ps i (setting 10 on rotometer) 
C R A - 6 3 program 

d r y 3 /20 sec 
ash 7.75/30 sec 
atomize 8.5/2 sec 

T h e performance of the carbon tube m a y be moni tored b y a t o m i z i n g 
a n a l iquot o f a 50 n g / m l S b ' c o n t r o l so lu t i on" d u r i n g the analyses. 
T h e absorpt ion for contro l so lut ion s h o u l d r e m a i n w i t h i n 2 0 % of its 
o r i g ina l s ignal d u r i n g an entire r u n . 

(3 ) D e t e r m i n e that the absorbance for ant imony is l inear w i t h con
centrat ion to 150 n g / m l b y in ject ing 5 μ\ o f 50, 100 a n d 150 n g / m l a n t i 
m o n y solutions. I f the absorbance is not l inear w i t h concentrat ion for 
these solutions, more d i lu te ant imony solutions must be prepared to 
establ ish the l inear range of the instrument . T h i s l inear range must not 
be exceeded d u r i n g the Measurement par t of the procedure. 
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Procedure 
C a r r y a reagent b lank t h r o u g h the procedure . 
(1 ) Ashing 

( a ) W e i g h approx imate ly 2.0 g of the sample in to the V y c o r 
cruc ib le . 

( b ) A d d 5 m l of concentrated su l fur i c a c i d to the sample , s w i r l 
the mixture a n d a l l o w to stand for 5 m i n . P lace the c ruc ib le on a hot 
p late , decompose the sample , s l owly at first w i t h l o w heat f r o m the hot 
p late , a n d increase the hot p late setting gradua l ly u n t i l fumes of su l fur ic 
a c i d appear. 

( c ) W h e n fumes of su l fur i c a c i d have almost ceased, transfer 
the beaker to a muffle furnace at 550°C a n d ash the residue for 1 hr . 

( d ) C o o l the cruc ib le . I f carbonaceous matter remains , a d d 
three to four drops of concentrated sul fur ic a c i d , heat the c ruc ib le o n the 
hot p late u n t i l most of the su l fur i c a c i d is removed , a n d r e t u r n the c r u 
c ib le to the muffle furnace for 0.5 hr . 

( e ) Repeat Step ( d ) u n t i l on ly the l i ght color caused b y inor 
ganic matter remains. 

( f ) A d d 15 m l of 1:1 h y d r o c h l o r i c a c i d a n d three drops (ca. 
0.15 m l ) of the hydroxy lamine h y d r o c h l o r i d e so lut ion, p lace a w a t c h 
glass o n top of the c ruc ib le a n d b o i l gently for 15 m i n . 

( g ) R e m o v e the w a t c h glass, a d d five drops (ca. 0.25 m l ) of 
the tartar ic a c i d so lut ion, a n d reduce the v o l u m e i n the c ruc ib le to 
approx imate ly 2 m l b y evaporat ion. 

( h ) Trans fer the contents of the c ruc ib le quant i ta t ive ly in to a 
10-ml beaker w i t h 1:1 hydroch lo r i c a c i d . 

( i ) R e d u c e the vo lume of l i q u i d i n the beaker to approx imate ly 
2 m l . S ince the v o l u m e does not enter into the ca l cu lat ion , a n exact 
v o l u m e measurement is not r equ i red . 

(2 ) Measurement 
( a ) W i t h the Te f l on - t ipped syringe, p ipe t 5 / J of the so lut ion 

into the tube furnace of the C R A - 6 3 , in i t iate the heat ing cyc le , a n d 
record the peak height at tr ibutable to ant imony absorpt ion d u r i n g the 
a tomizat i on cycle . 

( b ) Repeat Step (a ) f our more times. 
( c ) C a l c u l a t e the average peak height , o m i t t i n g any peaks 

w h i c h result f r o m obvious in ject ion errors, a n d record i t as A c . 
( d ) A d d 20 μΐ of the 5 / x g / m l ant imony s tandard (100 n g ) to 

the beaker, m i x w e l l , a n d repeat Steps (a ) a n d ( b ) . 
( e ) C a l c u l a t e the average peak he ight a n d record i t as A i . 
( f ) Repeat Step ( d ) . 
( g ) C a l c u l a t e the average peak height a n d record i t as A 2 . 

Calculation 
( 1 ) C a l c u l a t e the total ant imony for the sample a n d reagents as 

f o l l ows : 

( l O O n g S b ) (Ao) + ( 2 0 0 n g S b ) (Α0)' 
Αι — AQ A2 — A0 
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( 2 ) C a l c u l a t e the ant imony content of the reagents i n the same 
manner . 

( 3 ) C a l c u l a t e the ant imony content of the sample : 

n g Sb ng Sb (sample + reagents) — n g Sb reagents 
g sample 2 g sample 
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5 

Arsenic 

As a result of the recent concern with environmental contamination, 
the need to quantitatively measure trace concentrations of arsenic 

in petroleum and related materials has taken on new and important 
emphasis. The concentration of arsenic in crudes can approach the low 
part-per-million level, but more typically it is in the nanogram/gram 
(part-per-billion) range. Although several sophisticated methods are 
applicable at the part-per-billion level, a need has existed for a method 
that could be carried out in a typical petroleum laboratory. 

Available Analytical Methods 

Gravimetric methods and chemical methods, such as colorimetric 
measurements based on the arsenic-molybdenum blue complex (1, 2, 3) 
and arsine generation in combination with silver diethyldithiocarbamate 
(4, 5, 6, 7), have been used to measure arsenic in aqueous media. Various 
instrumental methods such as differential pulse polarography (8) , heated 
vaporization atomic absorption (9), arsine generation in combination 
with atomic absorption spectroscopy (10, 11, 12) or non-dispersive 
atomic fluorescence spectroscopy (13), and optical emission spectroscopy 
(14) can be used to determine arsenic in aqueous solutions. 

O f the r e a d i l y ava i lab le measurement techniques, a tomic absorpt ion 
i n combinat ion w i t h arsine generation has ga ined great p o p u l a r i t y a n d 
w i d e s p r e a d use i n recent years. T h i s p o p u l a r i t y is p r i m a r i l y the result of 
the ease of a p p l i c a b i l i t y a n d h i g h sensit ivity of the technique . H o w e v e r , 
p r i o r to the studies carr i ed out i n the T r a c e M e t a l s Project , n o systematic 
s tudy of its app l i ca t i on to p e t r o l e u m matrices h a d been made. 

Role of Neutron Activation 

A r s e n i c levels b e l o w 10 n g / g c a n be r e a d i l y detected i n pe t ro l eum 
b y instrumenta l neutron ac t ivat ion analysis. T h e most convenient t e ch 
n i q u e involves d irect g a m m a count ing based on the 7 5 A s (n, y) 76As reac 
t i o n w i t h a p r i n c i p l e r a d i a t i o n of 559 k e V . A f t e r a 1-hr i r r a d i a t i o n at a 
neutron flux of ΙΟ 1 2 η c m " 2 sec ' 1 , the arsenic m a y be counted i n a r e l a 
t i v e l y short t ime. T h e m e t h o d requires a h i g h resolut ion G e ( L i ) detector 
to a v o i d interference f r o m b r o m i n e (550 k e V ) or ant imony (564 k e V ) . 

55 
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Special Analytical Considerations 

Because of its vo lat i le nature , arsenic is one of the more dif f icult 
elements to r e ta in quant i ta t ive ly d u r i n g the matr ix destruct ion phase of 
the sample preparat ion . T h e determinat ion is further compl i ca ted b y 
the fact that arsenic c a n occur i n inorganic a n d / o r organic forms, a n d 
the ana ly t i ca l m e t h o d must be capable of de te rmin ing b o t h forms. Since 
the c lassical measurement techniques are app l i cab le only to inorganic 
forms of arsenic, the organic arsenic i n the petro leum must be converted 
to the inorganic f o r m before the measurement step. D u r i n g destruct ion 
of the organic matr ix the arsenic must be kept i n the A s ( V ) ox idat ion 
state b y m a i n t a i n i n g strong o x i d i z i n g condit ions. U n d e r weak o x i d i z i n g 
or r e d u c i n g condit ions A s ( V ) m a y be converted to A s ( I I I ) , w h i c h is 
vo lat i l e a n d is easily lost. 

T h e r e are several potent ia l interferences i n the determinat ion of 
arsenic b y h y d r i d e generation at the n a n o g r a m / g r a m leve l . L a r g e reagent 
b lanks can seriously comphcate the determinat ion ; however , most c o m 
m e r c i a l acids are re lat ive ly free of signif icant quantit ies of arsenic. 
A l t h o u g h arsenic is one of the f ew elements w h i c h can be converted 
read i l y to a vo lat i le h y d r i d e , other h y d r i d e - f o r m i n g elements such as 
a n t i m o n y a n d se lenium can interfere. I n add i t i on , some materials can 
change the rate of h y d r i d e generation a n d thus influence the results. 
C o n s i d e r i n g these decompos i t ion a n d measurement interferences, the 
Project s tud ied each por t i on of the procedure separately. 

Sample Preparation 

Since the measurement technique is app l i cab le on ly to aqueous 
solutions, the determinat ion of arsenic i n organic matrices such as petro
l e u m requires that the matr ix be destroyed pr i o r to the arsenic measure
ment. T h e f o r m i n w h i c h arsenic occurs i n petro leum is not k n o w n . 
H o w e v e r , the vo lat i le nature of arsenic contributes to the l o w recovery 
b y techniques such as dry ashing. D r y ox idat ion us ing magnes ium oxide 
a n d magnes ium nitrate as ash ing aids (2 , 6, 1 0 ) , a n d w e t ox idat ion 
i n v o l v i n g various combinat ions of sul fur ic , n i t r i c , perch lor i c , a n d per iod i c 
acids ( I , 3, 1 5 ) , have been used to destroy the organic matr ix of p lants , 
a n i m a l tissue, a n d coal . 

D u r i n g the T r a c e M e t a l s Project , d r y ashing w i t h ashing aids such 
as .sulfur or magnes ium oxide gave l o w recovery, p r o b a b l y because of 
loss of arsenic b y vo la t i l i za t i on . Quant i ta t ive recovery f r om sp iked sam
ples was obta ined b y W i c k b o l d combust ion techniques under h i g h l y 
o p t i m i z e d condit ions. H o w e v e r , i t was extremely diff icult to m a i n t a i n 
o p t i m i z e d condit ions throughout the entire sample preparat ion scheme. 
R a n e y n i c k e l scavenging techniques gave 1 0 0 % recovery of b o t h organic 
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Table 5.1. Recovery of Arsenic by Proposed Method 

Arsenic Concentration (ng/g) 

Matrix Arsenic Form Added Measured 

M i n e r a l o i l S o d i u m Arseni te 10 9.8 
( N a A s 2 0 4 · 7 H 2 0 ) 

30 29 
50 46 

T r i p h e n y l a r s i n e 10 9.2 
30 33 
30 34 
50 54 

N o . 2 heat ing o i l " 50 53 

C r u d e N o . 1 " 30 37 

C r u d e N o . 2 " 99.4 96 

a n d inorganic arsenic f r o m c lean systems such as d i s t i l l ed water a n d 
xylene. H o w e v e r , l o w results were obta ined i n more compl i ca ted systems 
such as crude oils . Subsequent studies demonstrated that the l o w recov
ery was caused b y incomplete adsorpt ion of arsenic b y the R a n e y n i c k e l . 
A s imi lar s tudy us ing s i l i ca ge l as the scavenger gave errat ic results. 

A w e t ox idat ion procedure w h i c h ut i l izes sul fur ic , n i t r i c , a n d per 
ch lor i c a c i d was establ ished as a satisfactory m e t h o d for destroy ing the 
organic matr ix of petro leum samples w i t h quant i tat ive retent ion of the 
arsenic. T a b l e 5.1 compares the amount of arsenic a d d e d to three petro 
l e u m samples w i t h the amount of arsenic f o u n d o n analysis b y the m e t h o d 
subsequently adopted . I n each case the amount f o u n d b y analysis agrees 
w i t h the amount a d d e d w i t h i n the prec is ion of the m e t h o d a n d indicates 
that the arsenic is quant i ta t ive ly re ta ined b y the sample preparat ion 
procedure . Quant i ta t i ve retent ion of the arsenic was further substantiated 
b y neutron ac t ivat ion analysis of a sample w h i c h was sp iked w i t h a k n o w n 
amount of tr iphenylars ine . T h e arsenic concentrat ion was determined at 
each step of the sample preparat ion procedure ( T a b l e 5., I I ) . T h e results 
were i n general agreement w i t h the amount a d d e d a n d conf irmed the 
earl ier conclus ion that arsenic is quant i tat ive ly reta ined d u r i n g sample 
preparat ion . 

Measurement 

Several measurement techniques w e r e evaluated i n conjunct ion w i t h 
arsine generation. Some co lor imetr i c techniques have adequate sensit ivity 
b u t are subject to numerous interferences. T h e prec is ion of the G u t z e i t 
t e chn ique was inadequate to meet the requirements of the Project. A n 
atomic absorpt ion technique , based on a commerc ia l arsine generation 
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Table 5.II. Confirmation of Quantitative Arsenic 
Recovery by Neutron Activation 

Arsenic Concentration (ng/g) 

Added Measured by 
( C orrected for Neutron 

Sample Treatment Volume Changes) Activation 

N o n e (spiked N o . 2 fuel o i l ) 493 495 
A f t e r add i t i on of H C 1 0 4 90 75 
A f t e r add i t i on of H 2 S 0 4 and H C 1 26 29 
A f t e r add i t i on of K I a n d S n C l 2 21 22 

apparatus that collects gases i n a ba l l oon , gave inconsistent results because 
of changes i n the elastic ity of the ba l loon . I n an alternate approach , arsine 
was co l lected i n a l i q u i d n i trogen c o l d t rap , a n d the arsenic was subse
quent ly measured b y atomic absorpt ion. T h e technique gave adequate 
sensit iv i ty a n d prec is ion , b u t the analysis r e q u i r e d a p r o h i b i t i v e amount 
of t ime per sample . A r s i n e generation i n conjunct ion w i t h a h y d r o g e n -
argon entra ined a i r flame was establ ished to be the most satisfactory 
means of measur ing arsenic at the 0 . 1 - l e v e l . 

MAGNETIC STIRRER 

Figure 5.1. Arsine-generating apparatus 
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• 10 MESH 

0 2 4 6 8 10 12 

GRAMS OF ZINC 

Figure 5.2. Arsenic response vs. grams of zinc 

Potass ium iod ide , s o d i u m borohydr ide , t i t a n i u m tr i ch lor ide a n d z i n c 
dust were evaluated as reduc ing agents to convert the arsenic to arsine. 
T h e results w i t h the sod ium b o r o h y d r i d e a n d t i t a n i u m tr i ch lor ide were 
more erratic t h a n those obta ined w i t h potass ium iod ide a n d t i n ( I I ) 
ch lor ide . O p t i m u m generat ing condit ions us ing the apparatus s h o w n i n 
F i g u r e 5.1 were establ ished empir i ca l l y . T h e effect of z i n c par t i c l e size 
a n d to ta l amount of z i n c a d d e d is shown i n F i g u r e 5.2. Seven grams of 
z i n c dust gave the largest, most reproduc ib le response a n d was used for 
a l l subsequent measurements. T h e effect of a c i d concentrat ion o n arsenic 
response is shown i n F i g u r e 5.3. M a x i m u m sensit ivity is ob ta ined w i t h 
a generating so lut ion composed of 25 m l of sul fur ic a c id , 20 m l of h y d r o 
ch lor i c a c id , a n d 55 m l of water . 

T h e generation of arsine is affected b y other ions i n the generat ing 
solut ion. A l t h o u g h nitrate ions depress the arsenic s ignal ( F i g u r e 5.4), 
copper, potass ium, a m m o n i u m , a n d s o d i u m have n o apparent effect. 
Concentrat ions of se len ium greater than 100 n g reduce the peak height 
response but u p to 50 μg do not affect the peak area response ( F i g u r e 5.5 ) . 
T h i s indicates that se lenium affects the rate of generation b u t not the 
quant i ty generated. Since the se lenium concentrat ion of most pe t ro l eum 
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Figure 5.3. Arsenic response vs. acid composition 

products is qui te l o w , no adverse effect b y se lenium o n arsenic measure
ment b y this measurement technique is expected. 

T h e o p t i m u m instrument parameters for arsenic measurement were 
establ ished w i t h a P e r k i n - E l m e r m o d e l 403 atomic absorpt ion spectrom
eter. Better sensit ivity was obta ined at the 197.2 n m arsenic l ine t h a n at 
the 193.7 n m l ine . Some investigators have re commended the use of a 
q u a r t z or s i l i con furnace for arsenic measurement (16,17,18). H o w e v e r , 
the h y d r o g e n - a r g o n entra ined a ir flame i n combinat i on w i t h the descr ibed 
arsine generation apparatus offers comparable sensit ivity. A h o l l o w 
cathode l a m p was used throughout the deve lopment of the method . 
Subsequent studies have shown that a five-fold improvement i n sensit ivity 
c a n be obta ined w i t h an electrodeless discharge l a m p . 

Recommended Method 

A 10-gram sample is w e t digested w i t h sul fur ic , n i t r i c , a n d perch lor i c 
acids i n a beaker. T h e sample digestate is transferred to a n arsine-gen-
erat ing flask, a n d K I a n d S n C l 2 are a d d e d to convert the arsenic to 
A s ( I I I ) . T h e flask is connected to the A A instrument , a n d z inc dust is 
added . T h e spike s ignal is corrected b y subtract ing the appropr iate 
b l a n k s ignal , a n d the arsenic concentrat ion is de termined b y re la t ing the 
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GRAMS 

Figure 5.4. Effect of other salts on arsenic response 

MICROGRAMS SELENIUM 

Figure 5.5. Effect of selenium on arsenic response 
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corrected s ignal to a standard ca l ibrat i on curve prepared f r om aqueous 
arsenic standards. 

T h e prec is ion of the m e t h o d was establ ished b y repet i t ive analysis 
of crudes that contained nat ive arsenic a n d crudes to w h i c h k n o w n 
amounts of arsenic, as tr iphenylars ine , h a d been added . B o t h peak he ight 
a n d peak area measurements were made . T h e results are presented i n 
T a b l e 5.III. T h e relat ive standard dev iat ion over the 10-100 n g A s / g 
concentrat ion range is 2 2 % for the peak height measurement a n d 3 2 % 
for the peak area measurements. Since better prec is ion was obta ined b y 
peak height measurements, i t is r e commended that this measurement be 
used i n preference to peak area measurement unless se lenium is present. 

Table 5.III. Precision of Proposed Arsenic Method 

Measurement 

Peak Height Peak Area 

X RSD X RSD 
ng As/g % ng As/g % 

C r u d e A 55.7 20.3 44.6 18.4 
C r u d e Β 9.6 39.6 12.6 62.7 
C r u d e Β 

+ 3 0 ng A s / g 37.2 14.8 41.8 21.3 
C r u d e Β 

+99 .4 ng A s / g 95.6 12.3 75.4 25.5 

T h e accuracy of the m e t h o d was evaluated b y ana lyz ing pe t ro leum 
samples to w h i c h k n o w n amounts of arsenic h a d been added . I n each case 
the amount f o u n d b y analysis agreed w i t h the k n o w n spike leve l w i t h i n 
the prec is ion of the method . 

T h e method was evaluated i n three cooperat ing laboratories. T w o 
pe t ro leum samples that contained nat ive arsenic were ana lyzed as b l i n d 
samples b y the in i t ia t ing laboratory a n d b y the t w o cooperat ing l abora 
tories. A t h i r d sample was sp iked w i t h t r iphenylars ine a n d ana lyzed b y 
the i n i t i a t i n g laboratory a n d b y the two cooperat ing laboratories. T h e 
i n i t i a t i n g laboratory k n e w the spike l eve l , b u t the two cooperat ing l abora 
tories ana lyzed the samples as b l i n d samples. E a c h sample was also 
ana lyzed i n a f ourth laboratory b y neutron act ivat ion. T h e results are 
presented i n T a b l e 5.IV. T h e results obta ined i n the different laboratories 
b y the arsine generat ion -atomic absorpt ion m e t h o d on the samples that 
conta ined nat ive arsenic agree w i t h i n the prec is ion of the method . T h e 
results obta ined o n the sp iked sample also agree w i t h the k n o w n spike 
l eve l w i t h i n the prec is ion of the method . I n add i t i on , the results ob ta ined 
b y the arsine generat ion -atomic absorpt ion m e t h o d compare favorab ly 
w i t h the results obta ined b y neutron act ivat ion , suppor t ing the v a l i d i t y 
of b o t h techniques. 
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Detailed Procedure 

Cons iderab le experience w i t h this procedure is necessary before 
re l iab le analyses can be obta ined . I t is recommended that a n o i l sample 
of k n o w n arsenic concentrat ion be ana lyzed repeatedly u n t i l the necessary 
skil ls are deve loped to obta in correct results before a n a l y z i n g samples of 
u n k n o w n concentrat ion. 

Scope. T h i s m e t h o d is used to determine 10 to 100 n g / g ( 10 to 100 
p p b ) of arsenic i n petro leum a n d pe t ro l eum products . H i g h e r concen
trations can be determined b y r e d u c i n g the sample size. Sample p r e p a r a 
t i o n requires about 8 hr . H o w e v e r , the preparat ion t ime per sample can 
be r educed to about 1 h r b y p r e p a r i n g sample i n batches of e ight to ten. 

Table 5.IV. Interlaboratory Analysis for Arsenic by the 
Proposed Method and by Neutron Activation 

Arsenic Concentration (ng/g) 

C r u d e 
D i e s e l fuel 
N o . 2 heat ing o i l 
N o . 2 heating o i l 

+ 50 ng A s / g 

Initiating 
Laboratory 

65.0 
21.5 

< 1 0 

49.0 

Cooperating 
Laboratories 

56 
18 

< 1 0 

53 

Β 
62 
21 

< 1 0 

42 

Neutron 
Activation 

53 
18 

2 

53 

A t one po int i n the procedure the sample is a l l o w e d to digest overnight . 
Consequent ly , sample preparat ion must be started one d a y a n d c o m 
p le ted the next. 

Summary of Method. T h e organic mater ia l f r o m 10 g of sample is 
o x i d i z e d w i t h sul fur ic , n i t r i c , a n d perch lor i c a c id . T h e sample digestate 
is transferred to an arsine-generating flask, a n d the a c i d concentrat ion is 
adjusted for o p t i m u m generation of arsine. T h e A s ( V ) is r e d u c e d to 
A s ( I I I ) w i t h potass ium iod ide a n d t i n ( I I ) chlor ide , a n d the arsenic is 
converted to arsine b y the a d d i t i o n of z i n c dust. T h e arsine is car r i ed 
in to the h y d r o g e n - a r g o n entra ined a i r flame of the atomic absorpt ion 
instrument b y a stream of argon. T h e spike type s ignal is corrected b y 
subtract ing the appropr iate b l a n k s ignal , a n d the arsenic concentrat ion 
is de termined b y re lat ing the corrected s ignal to a s tandard ca l ibra t i on 
curve prepared f r o m aqueous arsenic standards. 

Instrumentation 
( 1 ) Atomic absorption instrumentation. P e r k i n - E l m e r m o d e l 403 or 

equiva lent instrument , e q u i p p e d w i t h deuter ium b a c k g r o u n d corrector, 
arsenic h o l l o w cathode l a m p , tr iple -s lot burner h e a d a n d a s tr ip chart 
recorder. 
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( 2 ) Arsine generation apparatus, (see F i g u r e 5.1). 
( a ) Preparat i on of z i n c doser. Bore a 15-, 10- a n d 8 -mm hole 

i n the r u b b e r stopper. Insert a 10-cm b y 1.1-cm i d T y g o n tube t h r o u g h 
the 15-mm hole. C l a m p the free e n d w i t h a hose c l a m p . Insert a bent 
8 - m m glass tube through the 8 -mm hole a n d connect the t op e n d to the 
argon supp ly w i t h a 0.6-cm i d T y g o n tube. Insert a 20.3-cm b y 0.6-cm i d 
T y g o n tube t h r o u g h the 10-mm hole a n d attach the other e n d to the 
d r y i n g tube. F i l l the d r y i n g tube loosely w i t h glass w o o l a n d connect 
the d r y i n g tube to the ox idant in le t of the burner w i t h a 0.6-cm i d 
T y g o n tube. 

( b ) 500-ml E r y l e n m e y e r flask 
( c ) P las t i c d r y i n g tube. 5-cm long , filled loosely w i t h glass w o o l . 
( d ) M a g n e t i c stirrer. V a r i a b l e speed. 

( 3 ) Gases (cylinders). A r g o n a n d hydrogen , e q u i p p e d w i t h t w o -
stage regulat ing valves. 

( 4 ) Pyrex beakers. 600- a n d 100-ml, one for each sample a n d b lank . 
( T h e 100-ml beaker must have v o l u m e graduat ion marks for each 25 m l . ) 

( 5 ) Watch glasses. A p p r o p r i a t e to cover 600 a n d 100-ml beakers. 
( 6 ) Broken glass tube boiling chips. 
( 7 ) Hotplate. V a r i a b l e heat contro l . 
(8 ) Funnel. 40 -mm p o w d e r funnel . 
(9 ) Thermometer. 0° to 500°C temperature range. 

Reagents . A l l reagents are A C S reagent grade unless otherwise 
noted. A l l references to water indicate d i s t i l l ed water . 

( 1 ) Sulfuric acid, concentrated. 
(2 ) Nitric acid, suitable for mercury determinat ion ( J . T . B a k e r , or 

equ iva l en t ) . 
(3 ) Perchloric acid. 7 0 - 7 2 % , suitable for mercury determinat ion 

( J . T . Baker , or equivalent ). 
(4 ) Hydrochloric acid. Concentra ted ( D u P o n t , or e q u i v a l e n t ) , 

( a ) D i l u t e hydroch lo r i c a c id . D i l u t e 267 m l of concentrated 
h y d r o c h l o r i c a c i d to 1.0 1 w i t h water . 

(5 ) Potassium iodide. ( M a l l i n c k r o d t , or equ iva l en t ) . 
( a ) 2 0 % Potass ium iod ide solut ion. Disso lve 20 g of potass ium 

iod ide i n water a n d d i lu te to 100 m l w i t h water . 
(6 ) Tin(II) chloride dihydrate. ( M a l l i n c k r o d t , or e q u i v a l e n t ) , 

( a ) 2 0 % T i n ( I I ) ch lor ide so lut ion. Disso lve 20 g of stannous 
ch lor ide d ihydrate i n 50 m l of concentrated hydroch lor i c a c id a n d d i lu te 
to 100 m l w i t h water . 

(7 ) Zinc. M e t a l l i c dust ( M a l l i n c k r o d t , or e q u i v a l e n t ) . 
(8 ) Arsenic standards 

( a ) Reference standard. 1000 j a g / m l , F i s h e r Scientif ic H S O - A -
449 or any arsenic s tandard certif ied for atomic absorpt ion analyses. 

( b ) 1.0 / x g / m l A r s e n i c standard. D i l u t e 0.10 m l of the 1000 
/ A g / g arsenic reference s tandard to 100 m l w i t h water . T h i s so lut ion 
shou ld be prepared d a i l y to a v o i d possible concentrat ion changes d u r i n g 
storage. 
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Sample Preparation. A l l samples shou ld be ana lyzed i n dupl i cate , 
a n d the preparat ion shou ld be carr ied out i n a we l l - vent i la ted hood . 

(1 ) W e i g h 10 g of sample into a 600-ml beaker. T w o b lanks shou ld 
be p r e p a r e d w i t h each ba t ch of samples. 

( 2 ) A d d a b roken glass b o i l i n g c h i p , 25 m l of concentrated sul fur ic 
a c i d a n d 10 m l of concentrated n i t r i c a c id . Insert a 500°C thermometer 
a n d cover the beaker w i t h a w a t c h glass. P lace on a r o o m temperature 
hot p late a n d s l owly increase the temperature u n t i l fumes of n i t rogen 
d iox ide appear. M a i n t a i n the temperature at about 200°C a n d a d d 5 -ml 
increments of concentrated n i t r i c a c i d w i t h sufficient f requency to produce 
ni trogen d iox ide fumes at a steady rate. 

(3 ) C o n t i n u e a d d i n g n i t r i c a c i d increments u n t i l the so lut ion be 
comes homogeneous a n d dark b r o w n i n color. A p p r o x i m a t e l y 70 m l of 
n i t r i c a c i d w i l l have been added , a n d the vo lume of so lut ion i n the beaker 
shou ld be about 50 m l . 

(4 ) Increase the temperature u n t i l fumes of su l fur i c a c i d appear a n d 
cont inue f u m i n g w h i l e a d d i n g concentrated n i t r i c a c i d dropwise u n t i l the 
so lut ion is a pale straw color. ( A tota l of approx imate ly 100 m l of 
concentrated n i t r i c a c i d w i l l have been a d d e d ) . C o o l a n d transfer the 
mater ia l on the w a t c h glass into the beaker w i t h 50 m l of w a s h water . 
H e a t aga in to the fumes of sul fur ic ac id . I f the so lut ion has apprec iab le 
color, repeat Step 4 u s i n g 30 m l of water . 

(5 ) C o o l , caut iously a d d 100 m l of water , a n d heat to fumes of 
sul fur ic a c i d ; coo l a n d repeat w i t h another 100 m l of water . 

( 6 ) C o o l a n d transfer, w i t h water , to a 100-ml beaker that has 
approx imate vo lume graduat ion marks. A d d a b roken glass b o i l i n g c h i p 
a n d heat to fumes of sul fur ic a c id . 

( 7 ) C o o l a n d a d d sufficient sul fur ic a c i d to b r i n g the tota l v o l u m e 
to the 25 -ml graduat ion m a r k o n the beaker. A d d 2 m l of perch lor i c a c i d 
a n d cover w i t h a w a t c h glass. P lace the beaker o n a hot plate , i n a h o o d 
a n d b e h i n d a safety shie ld . C l ose the h o o d door a n d heat at 150°C 
for 1 hr . I f the temperature exceeds 200°C, the perchlor i c a c i d w i l l be 
lost b y d i s t i l la t i on of the perch lor i c a c i d - w a t e r azeotrope. 

(8 ) C o o l to r oom temperature a n d let set overnight. 
(9 ) Quant i ta t i ve ly transfer the sample digestate to a 500-ml E r l e n -

meyer flask w i t h 75 m l of d i l u t e hydroch lo r i c a c i d ( t o ta l v o l u m e is 
approx imate ly 100 m l ) . 

( 10 ) M e a s u r e the arsenic response as descr ibed under Measurement 
of A r s e n i c be low. 

Preparation of Calibration Standards 
( 1 ) A d d to each of seven 500-ml E r l e n m e y e r flasks 25 m l of concen

trated su l fur i c a c i d a n d 75 m l of d i lute hydroch lo r i c ac id . C o o l to r o o m 
temperature, a n d to the flask a d d 0.0 ( b l a n k ) , 0.1, 0.2, 0.3, 0.5, 0.7, a n d 
1.0 m l of the 1.0 p p m arsenic s tandard reference solut ion. 

(2 ) A d d to each flask 1.0 m l of 2 0 % potass ium i od ide so lut ion a n d 
1.0 m l of the 2 0 % stannous ch lor ide solution. 

(3 ) M e a s u r e the arsenic response of each so lut ion as descr ibed 
be low. 
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Measurement of Arsenic 
( 1 ) O p t i m i z e the atomic absorpt ion instrument for m a x i m u m arsenic 

response. T h e f o l l o w i n g o p t i m u m parameters f o u n d for the P e r k i n - E l m e r 
m o d e l 403 instrument serve as a guide . 

W a v e l e n g t h 197.2 n m 
S l i t 4 
B u r n e r height 17 m m 
H y d r o g e n flow 40 on fuel control gage 
A r g o n flow 40 on ox idant flow gage 
No i se suppression 2 
Scale expansion 2 X , (2 m v f u l l scale recorder response) 
C h a r t speed 120 m m / m i n 
H o l l o w cathode current per manufacturer ' s recommendations 
B a c k g r o u n d corrector on 
A s p i r a t e water through nebul izer cont inuously 

(2 ) P l a c e the rubber stopper e q u i p p e d w i t h the z i n c dos ing tube 
a n d the argon supp ly hose into an empty 500-ml E r l e n m e y e r flask (see 
F i g u r e 5.1), a n d igni te the h y d r o g e n - a r g o n entrained a i r flame. A d j u s t 
the basel ine a n d zero the instrument. 

( 3 ) R e m o v e the rubber stopper f r om the E r l e n m e y e r flask, invert , 
insert a 40 -mm fluted f u n n e l into the z i n c dos ing tube , a n d a d d 7 g 
( ± 0.1 ) of z i n c dust. I t is r e commended that the z inc dust be p r e w e i g h e d 
into i n d i v i d u a l containers a n d the entire contents of one container a d d e d 
to the z i n c dos ing t u b e ) . 

( 4 ) P lace a 500-ml E r l e n m e y e r flask conta in ing a sample digestate or 
s tandard on the magnet ic stirrer a n d insert the r u b b e r stopper. ( K e e p 
the z inc dos ing tube bent so that the z i n c dust does not f a l l into the 
so lut i on ) . Start the magnet ic stirrer a n d set at a fast s t i rr ing rate. ( T h e 
same rate shou ld be used for each sample a n d standard ). 

( 5 ) Start the recorder a n d record the baseline. Raise the z i n c dos ing 
tube to a ver t i ca l pos i t ion a n d quant i tat ive ly transfer the z i n c dust to 
the so lut ion. R e c o r d the arsenic s ignal u n t i l the recorder returns to 
the baseline. E i t h e r peak height o r peak area m a y be used to ind icate 
arsenic response. 

( 6 ) R e m o v e the r u b b e r stopper f r o m the E r l e n m e y e r flask a n d p r o 
ceed to the next sample or standard. 

Calculation 

(1 ) O b t a i n the net s tandard arsenic response b y subtract ing the 
b l a n k arsenic response f r o m each of the standards. P l o t the net arsenic 
response vs. nanograms of arsenic, d r a w i n g the best l ine through the 
series of points . 

(2 ) Subtract the sample b lank response f rom each sample to obta in 
the net sample arsenic response. Re late the net response to the ca l ibrat ion 
curve to ob ta in the nanograms of arsenic i n the sample. D i v i d e b y the 
sample we ight to obta in the concentrat ion, i n n a n o g r a m s / g r a m , of arsenic 
i n the sample. 
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Beryllium 

The Environmental Protection Agency has set strict emission standards 
for stationary combustion sources. No more than 0.01 μg Be/m3 may 

occur in the ambient atmosphere around such sources, and a maximum of 
10 g may be emitted in a 24-hr period (1). The earth's crust is estimated 
to contain about 0.001% beryllium, mostly as inorganic minerals. Beryl
l ium has been reported at the parts-per-million level in coal, and in survey 
analyses with emission spectroscopic techniques Russian authors have 
reported the detection of unspecified levels in petroleum (2, 3, 4). 

Available Analytical Methods 

Prior to this study, no specific method for determining beryllium in 
petroleum has been reported. However, there exist a variety of sensitive 
measurement techniques that could be applied after the petroleum matrix 
has been mineralized. Classical colorimetric methods provide sensitivities 
of 0.05-0.2 μg Be although the method is not entirely specific for beryllium 
(5). The Mor in fluorimetric method has good accuracy above about 0.02 

Be, with a detection limit that may be two orders of magnitude lower 
(6, 7). Several masking steps are required to apply the procedure to 
complex matrices. Optical emission spectrographic techniques have a 
detection limit of 0.0005 μg (8) ; however, the apparent enhancement of 
the 234.9-nm line by iron in the sample must be eliminated. Unlike many 
other metals, beryllium cannot be determined by neutron activation (small 
neutron capture cross section), x-ray fluorescence ( low mass absorption 
coefficient), or direct polarography (high reduction potential). 

Select ive, sensitive techniques based o n gas chromatography or 
atomic absorpt ion have been developed. T h e tri f luoroacetylacetonate 
der ivat ive of b e r y l l i u m m a y be extracted f r o m aqueous solutions into 
benzene a n d the b e r y l l i u m determined b y gas chromatography ( 9 ) . 
U n d e r o p t i m u m condit ions 4 χ 10" 1 3 g can be detected w i t h a n electron 
capture detector (10). W i t h a mass spectroscopic detector the detect ib le 
q u a n t i t y is 2.5 χ 10" 1 1 g, b u t the specif ic ity o f the m e t h o d is great ly 
i m p r o v e d (11). F l a m e atomic absorpt ion has been used to determine 
b e r y l l i u m i n m a n y materials (12). T h e technique can be used to measure 
levels d o w n to 0.02 pg B e / m l i n aqueous solutions. H o w e v e r , some 
interferences m a y be encountered even w i t h the nitrous ox ide -acety lene 

68 
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flame. A l u m i n u m a n d s i l i con suppress the response, b u t the interference 
c a n be overcome b y a d d i n g 8 -hydroxyquinol ine . E n h a n c e m e n t effects 
p r o d u c e d b y other metals m a y be l eve led b y a d d i t i o n of excess potass ium 
i o n ( 1 3 ) . A detect ion l i m i t of about 10~ 1 2 g m a y be obta ined b y H V A A 
techniques. L a r g e excesses of c a l c i u m m a y suppress the s ignal , b u t the 
effect can be c i r cumvented b y the a d d i t i o n of 1% su l fur i c a c i d (14). 
T h e H V A A technique offers the u n i q u e advantage that i t m a y be a p p l i e d 
d i rec t ly to the petro leum sample w i t h o u t p r i o r minera l i za t i on . 

Special Analytical Considerations 

M o s t ana ly t i ca l procedures for b e r y l l i u m i n organic matrices requ i re 
minera l i za t i on before measurement. B o t h ashing a n d d igest ion proce 
dures have been used. I n the T r a c e M e t a l s Project the to ta l b l a n k for 
125 m l of n i t r i c a c i d a n d 25 m l of su l fur i c a c i d heated to dryness was 
less t h a n 5 n g of B e . W h e n this c ombinat i on of acids was used to d e c o m 
pose sp iked pe t ro l eum samples, on ly 8 0 % recoveries w e r e obta ined . 
These l o w recoveries are a t t r ibuted to incomplete so lub i l i za t i on of the 
salts f o rmed w h e n the digestate was heated to dryness. L o w recoveries 
have also been reported i n the w e t ox idat ion of o r chard leaves w i t h n i t r i c 
a n d su l fur i c acids i n a n open beaker (15). A l t h o u g h this was o r ig ina l l y 
a t t r ibuted to losses o f vo lat i le b e r y l l i u m compounds , subsequent w o r k 
suggests that the apparent loss is a n arti fact of the gas chromatographic 
procedure that h a d been o r ig ina l l y used (16). I n the same work , i t was 
no ted that m a n y env ironmenta l samples have been successfully a n a l y z e d 
for b e r y l l i u m after either w e t ox idat ion or d r y ashing. E v e n b e r y l l i u m 
acetylacetonate or its more vo lat i le fluorinated derivatives m a y be 
m i n e r a l i z e d w i t h o u t loss of b e r y l l i u m i f proper so lub i l i za t i on techniques 
are used (17,18). 

Sample Preparation 

I n the procedure deve loped b y the Project the on ly sample p r e p a r a 
t i o n r e q u i r e d is d i l u t i o n of the sample w i t h a n appropr iate solvent such 
as tetrahydrofuran. Since sample preparat ion is kept to a m i n i m u m , the 
oppor tun i ty for contaminat ion is reduced , a n d losses f r o m sample h a n 
d l i n g are m i n i m a l . 

Measurement 

D u r i n g the T r a c e M e t a l s Pro ject t w o procedures based o n measure
ment b y H V A A w e r e deve loped for de termin ing b e r y l l i u m i n pe t ro l eum 
matrices (20). O n e procedure ut i l izes the C R A - 6 3 carbon r o d atomizer , 
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a n d the other uses the H G A - 7 0 graphite furnace atomizer. E a c h proce
dure is discussed be low. 

C R A - 6 3 P r o c e d u r e . T h e o p t i m u m operat ing parameters for the 
determinat ion of b e r y l l i u m w i t h the C R A - 6 3 carbon r o d atomizer as 
establ ished b y this s tudy are presented i n the deta i l ed procedure at the 
e n d of this chapter. T h e effect of operat ing parameters (ash ing power , 
inert gas flow rate, etc.) o n the ins t rumenta l response of b e r y l l i u m has 
been reported (20). 

E v e n under o p t i m a l condit ions there is considerable var ia t i on i n the 
m a g n i t u d e of the s ignal f r o m the same amounts of b e r y l l i u m i n different 
matrices ( F i g u r e 6.1). T h e peak height response for a specific amount 
of b e r y l l i u m as the organic sulfonate i n te trahydro furan is about one-half 
that obta ined f r o m the same amount of b e r y l l i u m i n d i lu te sul fur ic ac id . 
T h e response i n crudes averages about the same as that i n the solvent 
alone b u t varies f rom one crude to the next. I n a c i d digests of the crudes, 
the response increases to about the same l eve l as that obta ined i n aqueous 
su l fur i c a c id , b u t the var ia t i on between different crudes is s t i l l evident . 
T h i s suggests that the b e r y l l i u m response is affected b y some inorganic 
species that occurs natura l l y i n petro leum. A n exhaustive search for the 
inter fer ing species was not undertaken , b u t i t was establ ished that the 

CRUDES 

2 h 

i h 

νΆ Direct Measurement on Crude 

\ I Measurement on Acid Digestate 

(Dilute) 

Figure 6.1. Effect of matrix on Be response (CRA-63 procedures) 
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6. H O F S T A D E R E T A L . Beryllium 71 

ng Be/g ADDED 

Figure 6.2. Analysis of known matenals for Be 
(CRA-63 direct-standard addition procedure) 

var ia t i on i n response was not caused b y i r o n , n i c k e l , or v a n a d i u m — t h e 
three most prevalent metals i n crudes. 

T h e var ia t i on i n response for the same amount of b e r y l l i u m i n 
different crudes prohib i ts the use of ca l ib ra t i on curve techniques. Conse 
quent ly , the m e t h o d of s tandard addit ions was adopted to c i r cumvent 
the var ia t i on i n response. T h e a p p l i c a b i l i t y of the s tandard a d d i t i o n tech 
n i q u e was evaluated b y a n a l y z i n g several types of pe t ro l eum samples 
that h a d been sp iked w i t h k n o w n amounts of b e r y l l i u m us ing the 
C o n o s t a n b e r y l l i u m standard. T h e results are s h o w n i n F i g u r e 6.2. I f 
the analyses were 1 0 0 % accurate, a l l data points w o u l d f a l l o n the 
d i a g o n a l " m a t c h l i n e . " A l l exper imental values agree w i t h the k n o w n 
sp ike l eve l w i t h i n the prec is ion of the method , suggesting that the 
s tandard add i t i on technique compensates for the var ia t i on i n response. 

H G A - 7 0 P r o c e d u r e . I n the deve lopment of this procedure , a 
H G A - 7 0 graphite furnace atomizer was used w i t h a P e r k i n - E l m e r 403 
d u a l - b e a m spectrophotometer e q u i p p e d w i t h a d e u t e r i u m b a c k g r o u n d 
corrector. W i t h the H G A - 7 0 i t is necessary to use grooved-type furnaces 
for pe t ro l eum samples to prevent the sample f r o m r u n n i n g out the e n d 
of the furnace. T h e grooved furnaces at ta in a m a x i m u m temperature of 
1950°C. A t this temperature b e r y l l i u m forms a stable carb ide w h i c h 
prevents quant i tat ive a tomizat ion a n d drast i ca l ly reduces the b e r y l l i u m 
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response ( 2 1 ) . Quant i ta t ive a tomizat ion can be obta ined , a n d the b e r y l -
H u m s ignal s igni f icantly increased, b y coat ing the inner surface of the 
furnace w i t h a n element such as l a n t h a n u m or z i r c o n i u m that forms a 
thermal ly stable carb ide w h e n heated to elevated temperatures i n the 
presence of carbon. Satisfactory coatings can be obta ined b y p l a c i n g an 
aqueous or organic so lut ion of the carb ide - f o rming element into the 

LEGEND 
• - Zr 
Ο - La 

μς OF ELEMENT USED TO TREAT FURNACE 

Figure 6.3. Effect of carbide coating on beryllium signal 

furnace a n d heat ing the furnace through the three-stage heat ing cycle. 
These carb ide coatings are stable for the n o r m a l useful l i f e of the furnace 
(150-200 determinat ions) a n d are not destroyed b y exposure to the 
atmosphere. 

These coat ing effects were s tudied as part of the Project ( 2 1 ) . 
E n h a n c e m e n t of the b e r y l h u m peak height response passed t h r o u g h a 
m a x i m u m as the amount of carb ide - forming element used to coat the 
furnace was increased ( F i g u r e 6.3). W h i l e the b e r y l l i u m peak height 
response was increased s ignif icantly b y coating the furnace w i t h one 
element, a s t i l l greater enhancement was noted w h e n the furnace was 
coated w i t h two carb ide - forming elements. H o w e v e r , no further enhance
ment was obta ined i f the furnace was treated w i t h add i t i ona l elements. 

E n e r g y dispersive x-ray analysis of the inner surface of furnaces that 
h a d been coated i n this manner i n d i c a t e d that the coat ing element was 
d i s t r ibuted u n i f o r m l y over the inner surface; this suggests that the coat ing 
is f o rmed b y a react ion between the v a p o r i z e d element a n d the graphite 
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6. H O F S T A D E R E T A L . Beryllium 73 

wal l s of the furnace. These coatings, therefore, avo id b e r y l l i u m carb ide 
format ion b y prevent ing p h y s i c a l contact be tween the sample a n d the 
graphite of the furnace. 

Recommended Methods 

T w o methods were deve loped independent ly , i n separate laboratories. 
T h e sample preparat ion for the two methods is essentially the same. 
H o w e v e r , because of the differences i n instrumentat ion , separate deta i l ed 
methods are requ i red . I n b o t h methods the sample is d i l u t e d w i t h tetra-
hydro furan , a n d a n a l iquot is injected into the atomizer. T h e average 
signals for the sample a n d the sample p lus three s tandard addit ions are 
obta ined . A f t e r appropr iate b l a n k corrections have been made , the 
b e r y l l i u m concentrat ion is obta ined b y graph i ca l or ca l cu lat ion techniques. 

CRA-63 Method. T h e in-house prec is ion a n d accuracy of the C R A - 6 3 
m e t h o d were establ ished b y analysis of petro leum samples to w h i c h 
k n o w n amounts of b e r y l l i u m (as the sulfonate) h a d been added . T h e 
results are shown i n T a b l e 6.1. T h e s tandard dev iat ion over the 30 -40 
n g B e / g range is 3.8 n g B e / g , a n d the " t " test indicates that the results 
f o u n d b y analysis agree w i t h the amount a d d e d w i t h i n the prec is ion of 
the method . 

Table 6.1. Recovery of Beryllium by Proposed CRA-63 Method* 

Beryllium Concentration (ng/g) 

Sample Matrix Added Measured 

C r u d e A 12 11 
22 26 

C r u d e Β 10 10 
20 21 

D i e s e l fuel 10 8 
20 20 ,26 
76 63 ,87 

Atmospher i c residue 10 8 ,15 
20 17 
26 32 ,28 
76 64 

H e a t i n g o i l 10 13 
a A l l unspiked oils contained less than the detectable amount of b e r y l l i u m . 
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T h r e e pe t ro l eum samples sp iked w i t h 38.5 n g B e / g were ana lyzed 
( i n three cooperat ing laboratories) b y the C R A - 6 3 method . T h e results 
are presented i n T a b l e 6.II a long w i t h the results obta ined b y the i n i t i 
a t ing laboratory. T h e average va lue obta ined , independent of sample, 
is 34.7 n g B e / g , w i t h a re lat ive s tandard dev ia t i on of 1 8 . 7 % . T h e re lat ive 
s tandard dev iat ion i n any one laboratory is 1 2 % , w h i c h compares favor
a b l y w i t h the 1 0 % obta ined i n the i n i t i a t i n g laboratory . L a b o r a t o r y 3 
repor ted only average values, a n d the data were not used i n the statist ical 
eva luat ion of i n d i v i d u a l laboratories. 

H G A - 7 0 Method. T h e prec is ion a n d accuracy of the H G A - 7 0 pro 
cedure w e r e establ ished i n the same manner b y a n a l y z i n g samples to 
w h i c h a k n o w n amount of b e r y l l i u m h a d been added . T y p i c a l results 

Table 6.II. Interlaboratory Analysis for Beryllium 
by CRA-63 Procedure" 

Beryllium Concentration (ng/g) 

Sample Initiating Lab Lab 1 Lab 2 Lab 

N o . 2 heat ing o i l 31 28 31 47 

C r u d e A 35 47 30 49 

C r u d e Β 35 40 35 24 
α A l l spiked samples contained 38.5 ng added b e r y l l i u m per g of sample. 

are presented i n T a b l e 6.III. T h e results obta ined b y analysis agree w i t h 
the k n o w n spike l eve l w i t h i n the prec is ion of the method . T h e prec is ion 
was establ ished at three different concentrat ion levels b y m u l t i p l e analysis 
of crudes to w h i c h a k n o w n amount of b e r y l l i u m h a d been added . T h e 
re lat ive s tandard deviations were 7.1, 6.9, a n d 10 .0% at concentrations 
of 48.1, 9.8, a n d 1.4 n g B e / g , respectively . 

Three pe t ro l eum samples to w h i c h k n o w n amounts of b e r y l l i u m h a d 
been a d d e d were used to cross-check the m e t h o d i n a cooperat ing l a b o r a 
tory. T h e results ob ta ined b y the cooperat ing laboratory a n d b y the 
i n i t i a t i n g laboratory are shown i n T a b l e 6.IV. T h e average of three 
determinations m a d e o n each sample b y the cooperat ing laboratory agrees 
w i t h the k n o w n spike l eve l w i t h i n the prec is ion of the method o n two 
samples b u t is s l ight ly outside the prec is ion of the method on the t h i r d 
sample . T h e values obta ined b y the in i t ia t ing laboratory are w i t h i n the 
prec i s ion of the m e t h o d on a l l three samples. 

T h e cross-check results obta ined o n bo th procedures suggest that 
either the C R A - 6 3 or H G A - 7 0 procedure w i l l p r o v i d e re l iab le a n d accu 
rate analysis of pe t ro leum for trace levels of b e r y l l i u m a n d there shou ld 
be no significant difficulties i n establ ishing these methods i n other 
laboratories. 
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6. H O F S T A D E R E T A L . Beryllium 75 

Table 6.III. Recovery of Beryllium by H G A - 7 0 Method β 

Beryllium Concentration (ng/g) 

Matrix Added Measured 

Gasol ine 50 50 

N o . 2 fuel o i l 2 2 

C r u d e A 10 11 

C r u d e Β 98 102 

C r u d e C 10 23 

N o . 6 fuel o i l 29 27 
a A l l unspiked oils contained less than the detectable amount of b e r y l l i u m . 

CRA-63 Procedure 

Scope. T h i s m e t h o d is capable of de te rmin ing 10-1000 n g B e / g i n 
petro leum a n d pe t ro leum products . E a c h determinat ion requires a p p r o x i 
mate ly 30 m i n . 

Summary of the Method. T h e sample is d i l u t e d approx imate ly 1:1 
w i t h te trahydro furan a n d ana lyzed d i rec t ly u s i n g a s tandard addit ions 
technique a n d a V a r i a n - T e c h t r o n m o d e l 63 carbon r o d atomizer . 

Apparatus 
( 1 ) Carbon rod atomizer. V a r i a n - T e c h t r o n m o d e l 63 or equivalent . 

( a ) 9 - m m p y r o l y t i c a l l y coated a tomizat i on tubes ( V a r i a n -
T e c h t r o n ) . 

( b ) F X - 9 1 support electrodes ( P o c o G r a p h i t e ) . 
( 2 ) Atomic absorption spectrophotometer ( A A S ) . J a r r e l l - A s h 82-582 

or equivalent , e q u i p p e d w i t h a str ip chart recorder. 
( a ) B e r y l l i u m h o l l o w cathode l a m p . 
( b ) H y d r o g e n c o n t i n u u m lamp . 

( 3 ) Syringe, w i t h Tef lon t i p or Tef lon needle , capable of de l i ver ing 
1 μ\ samples reproduc ib ly . 

( 4 ) Micropipets, 5 a n d 25 μ\ (capil laries, syringe or E p p e n d o r f type) . 

Table 6.IV. Interlaboratory Analysis for Beryllium 
by H G A - 7 0 Procedure 

Beryllium Concentration (ng/g) 

Coopera ting Initia ting 
Sample Added Laboratory Laboratory 

N o . 2 fuel o i l 35 37 33 

N o . 6 fuel o i l 39 40 37 

Shale o i l product 32 47 37 
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Reagents 
( 1 ) Solvent 

( a ) T e t r a h y d r o f u r a n ( H F ) , A C S Reagent G r a d e , s tab i l i zed . 
( 2 ) Standards 

(a ) Conos tan B e standard. 5000 p p m ( w / w ) b e r y l l i u m - i n - o i l 
s tandard ( C o n t i n e n t a l O i l C o . ) . 

( b ) Stock s tandard (1000 j a g / m l ) . W e i g h 2.0 g of Conos tan 
5000 p p m ( w / w ) s tandard into a 10 m l vo lumetr i c flask a n d d i l u t e to 
vo lume w i t h T H F . 

( c ) C a l i b r a t i o n s tandard ( 5 / * g / m l ) . D i l u t e 25 fA of the 1000 
/ x g / m l stock s tandard to 5 m l w i t h T H F . 

Procedure 
( 1 ) W e i g h 2.5 g of o i l sample into a 5 -ml vo lumetr i c flask a n d d i lu te 

to vo lume w i t h T H F . 
(2 ) A d j u s t the atomizer i n the optics so that a m i n i m u m atomizat ion 

b l a n k is obta ined w h e n the system is operated under o p t i m u m condit ions. 
U s e the f o l l o w i n g settings as a guide i n o p t i m i z i n g the instrument. 

Spectrometer 
a n a l y t i c a l wavelength 234.9 n m (12 m A on B e ho l low cathode lamp) 
background 234.9 n m (13 m A on H 2 c ont inuum lamp) 
spectral band w i d t h 0.33 n m 

CRA-63 
inert gas 4 1 /min (nitrogen) 
cool ing water 4 1 /min 
in ject ion frequency 90 sec 
d r y cycle 1.5 setting 0.004 k W 20 sec 
ash cycle 6.5 sett ing 0.13 k W 30 sec 
atomize cycle 8.5 setting 1.30 k W 3 sec 

T h e o p t i m u m values may vary s l ightly between instruments ; the values g iven 
here serve only as guidelines. 

(3 ) A l i q u o t 1 μ\ of the sample so lut ion into the syringe t ip . 
(4 ) Init iate the C R A - 6 3 p r o g r a m a n d immedia te ly inject the sample 

a l iquot . 
(5 ) R e c o r d the absorbance peak he ight d u r i n g the atomizat ion . I f 

the absorbance is greater t h a n 0.05, prepare a more d i lu te so lut ion b y 
secondary d i l u t i o n w i t h T H F or b y w e i g h i n g a smal ler sample. 

( 6 ) Repeat Step 5 twice . 
( 7 ) Average the response for the three injections. I f the three values 

agree w i t h i n 1 0 % , use that average as the sample absorbance i n the 
ca l cu la t ion ; i f not, repeat Step 5 t w i c e more a n d use the average of the 
five injections. 

(8 ) R e c o r d the average absorbance for the sample so lut ion as A 0 . 
(9 ) A d d 5 μΐ of the 5 μg B e / m l s tandard (25 n g B e ) to the sample 

a n d m i x w e l l . 
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6. H O F S T A D E R E T A L . Beryllium 77 

(10) O b t a i n the average b e r y l l i u m response for the s p i k e d sample 
b y in ject ing sample al iquots as i n Steps 4-7. 

( 11 ) R e c o r d this average va lue as A i . 
(12) Repeat Steps 9 a n d 10 t w i c e more to o b t a i n average signals 

for the a d d i t i o n of 50 a n d 75 n g b e r y l l i u m . 
( 13 ) R e c o r d these values as A 2 a n d A 3 , respect ively . 
( 14) M e a s u r e the b a c k g r o u n d absorbance at 234.9 n m for the sample 

w i t h the hydrogen c o n t i n u u m l a m p . 
Calculation 
(1 ) C a l c u l a t e the concentrat ion of b e r y l l i u m i n the o r i g i n a l sample 

u s i n g the f o l l o w i n g equat ion : 

n g B e / g o i l = ^ - b
 χ 0 5 

n g r i e / g o i l ^ ( g ) χ ^ _ A q 

w h e r e : A0 is the average recorder s ignal for the sample solut ion, b is the 
s ignal at the non-absorbing l ine , i is the n u m b e r of the a d d i t i o n , a n d A i 
is the average recorder s ignal after the i t h a d d i t i o n of b e r y l l i u m , a n d W 
is the sample we ight i n grams. 

(2 ) C a l c u l a t e the final va lue as the average of the three values. T h e 
s m a l l vo lumes a d d e d to a n d removed f r om the sample so lut ion d u r i n g the 
analysis m a y be neglected i n the ca l cu lat ion . S ince b o t h sample a n d 
s tandard are prepared on a w e i g h t / v o l u m e basis, the ca l cu lat ion is i n d e 
pendent of the ac tua l d i l u t i o n used. T h e 5 -ml vo lumetr i c flasks were 
convenient for the procedure. 

HGA-70 Procedure 

Scope. T h i s procedure is for the determinat ion of 1.0-1000 n g B e / g 
i n petro leum a n d petro leum products . 

Outline of Method. T h e sample is d i l u t e d approx imate ly 1:1 w i t h 
te trahydro furan ( T H F ) a n d ana lyzed us ing a s tandard a d d i t i o n technique 
a n d the P e r k i n - E l m e r H G A - 7 0 graphite atomizer. 

Apparatus 
(1 ) Atomic absorption spectrometer. P e r k i n - E l m e r m o d e l 403, or 

equivalent instrument , e q u i p p e d a strip chart recorder. 
(2 ) HGA-70 graphite furnace atomizer. 

(a ) G r o o v e d type furnace ( P e r k i n - E l m e r N o . 040-6088). 
(3 ) Microliter syringe. 100- /J syringe w i t h a glass or p last ic needle. 
Reagents 
( 1 ) Tetrahydrof uran. E a s t m a n K o d a k C o . 
(2 ) 1000 ppm Zirconium reference standard. A z t e c Instruments, Inc . 
( 3 ) Conostan Ό-20 standard. 500 /*g/g of 20 elements i n w h i t e o i l 

( C o n t i n e n t a l O i l C o . ) . 
( 4 ) 10 pg/ml Standard. P r e p a r e d b y accurately d i l u t i n g 1.00 g r a m 

of Conos tan D - 2 0 to 50 m l w i t h tetrahydrofuran. 
(5 ) 1.0 ^g/ml Standard. P r e p a r e d b y d i l u t i n g 1.0 m l of the 10 μg/ml 

standard to 10 m l w i t h tetrahydrofuran. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

6.
ch

00
6

In Analysis of Petroleum for Trace Metals; Hofstader, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



78 A N A L Y S I S O F P E T R O L E U M F O R T R A C E M E T A L S 

Procedure 
( 1 ) A c c u r a t e l y w e i g h 12.5 g of sample into a 25 -ml vo lumetr i c flask 

a n d d i l u t e to vo lume w i t h te t rahydro furan ( T H F ) . 
(2 ) A t t a c h the H G A - 7 0 atomizer to the instrument . 
(3 ) Insta l l n e w cones a n d a n e w furnace i n the atomizer. 
(4 ) A d j u s t the instrument parameters u s i n g the f o l l o w i n g settings 

as a guide . 

W a v e l e n g t h 234.9 n m 
S l i t 4 (0.7 nm) 
Instrument response 1 
A t o m i z a t i o n vo l ts 10 
A t o m i z a t i o n t ime 50 sec 
C h a r r i n g t ime up to 15 m i n (optimize for each sample) 
C h a r r i n g cycle 7 
F u r n a c e Grooved type ( P e r k i n - E l m e r N o . 040-6088) 
Recorder 2 m v f u l l scale 
B a c k g r o u n d corrector on 
L a m p current low enough to balance background coorector 

(5 ) W i t h a micro l i t er syringe, p lace 100 μ\ of the 1000- /xg/ml z i r 
c o n i u m standard on the furnace a n d cyc le through the three-stage heat ing 
cycle . 

( 6 ) Repeat Step 5. 
(7 ) W i t h a syringe, quant i ta t ive ly p lace 100 μ\ of the d i l u t e d sample 

p r e p a r e d i n Step 1 on the furnace a n d init iate the three-stage heat ing 
cycle . 

(8 ) Start the str ip chart recorder about 30 sec before the a tomizat ion 
cyc le is in i t i a ted , a n d record the s ignal u n t i l the e n d of the a tomizat ion 
cycle . 

( 9 ) Repeat Steps 7 a n d 8 three times (or u n t i l a r eproduc ib l e 
s igna l is ob ta ined ) . T h i s is s ignal Ao. W i t h some types of samples the 
b e r y l U u m s ignal m a y not be reproduc ib le for the first f ew injections. 
H o w e v e r , after five to 10 injections the s ignal s h o u l d stabi l ize a n d be 
r eproduc ib l e to w i t h i n 1 0 % for subsequent determinations. 

(10) W i t h a syringe a d d 100 μ\ of the 1.0 / x g / m l s tandard (100 n g 
B e ) to the sample flask a n d m i x w e l l . 

( 11) A g a i n record the responses obta ined f r o m three 100-μ\ a l iquots 
of the sample. T h i s is s ignal Αχ. 

(12) Repeat Steps 10 a n d 11 two more times a n d record signals for 
200 a n d 300 μ\ of B e as A 2 a n d A 3 . 

(13) R e c o r d a furnace b lank s ignal b y c y c l i n g the furnace t h r o u g h 
the heat ing cycles w i t h o u t a sample i n the furnace. 

Measurement of Beryllium Response from Strip Chart Recorder 
(1 ) W i t h a scale, measure the distance (a) be tween the m a x i m u m 

of the b e r y l l i u m peak of s igna l A 3 a n d the terminat ion of the a tomizat i on 
cyc le , ( F i g u r e 6.4). 

(2 ) E s t a b l i s h the furnace b l a n k (h) at the b e r y l l i u m peak m a x i m u m 
b y measur ing the response at the same distance (a) f r o m the t e rminat i on 
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6. H O F S T A D E R E T A L . Beryllium 79 

of the atomizat ion cyc le as the m a x i m u m b e r y l l i u m response is f r o m the 
terminat ion of the a tomizat ion cycle , ( F i g u r e 6.4). 

(3 ) E s t a b l i s h the total response ( c ) b y measur ing the distance f r o m 
the b e r y l l i u m peak m a x i m u m to the base l ine . 

(4 ) E s t a b l i s h the b e r y l l i u m response b y subtract ing the furnace 
response (b) f r om the tota l response (c). 

( 5 ) D e t e r m i n e the b e r y l l i u m response for each measurement at A0, 
A i , A 2 , a n d A 3 . 

(6 ) Average the three b e r y l l i u m responses at each of Ao, A i , A 2 , 
a n d A 3 . 

Furnace Blank 

BERYLLIUM RESPONSE = TOTAL RESPONSE (c) -
FURNACE BLANK RESPONSE (b) 

Figure 6.4. Determination of beryllium re
sponse 

Calculation of Beryllium Concentration in Original Sample 
(1 ) C a l c u l a t e the b e r y l l i u m concentrat ion after each s tandard a d d i 

t i o n as fo l l ows : 

ng B e / g — 
t o t a l nanograms added 

sample weight 
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(2 ) P l o t the b e r y l l i u m response vs. n g B e / g a d d e d a n d d r a w the 
best straight l ine through the series of points. A s s u m i n g a sample size 
of 12.5 g, the points to be p lo t ted are as fo l lows : 

S igna l A0 vs . ng B e / g 

S igna l A i vs . ng B e / g 

S igna l A2 vs. ng B e / g 

S igna l A 3 vs . ng B e / g 

I f the points do not f a l l on a straight l ine , i t suggests that the furnace 
heat ing characteristics changed d u r i n g the t ime that the measurements 
were taken, a n d the sample must be re -analyzed . 

(3 ) Extrapo la te the l ine through the series of points u n t i l i t intersects 
the ng B e / g axis. T h e n g B e / g at the po int of intersection is the b e r y l l i u m 
concentrat ion i n n a n o g r a m s / g r a m i n the or ig ina l sample (see C h a p t e r 3, 
Standard A d d i t i o n s ) . 
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Cadmium 

Cadmium is among the metallic elements included in the EPA atmos-
pheric monitoring program (1), and standards have now been set for 

emissions. In New York city, a limit of 0.15 μg/m3 has been established 
for industrial stack emissions (2). A matter of some concern, therefore, 
is the possible presence of minute traces of cadmium in petroleum-derived 
fuels. Consequently, analytical methods for measuring the concentration 
at the part-per-billion level were investigated. 

Available Analytical Methods 

Cadmium has been determined in macro quantities by conversion to 
the sulfate, usually after separation as the sulfide, or as the pyrophosphate 
(3). Electrolytic methods, i n which cadmium is plated on a cathode, 
have been used (4). Chelometric titrations that combine pH control with 
various complexing agents to eliminate interfering elements (5), using 
reagents such as dithizone and 8-quinolinol, have been popular for mi l l i 
gram amounts of cadmium. Colorimetric methods based on the use of 
dithizone or di-β-naphthylthiocarbazone have been widely used for traces 
of cadmium (6). Complexing reagents and pH-controlled extractions 
have been used to control interferences and to make these colorimetric 
methods quite sensitive and specific; however, their applicability to the 
trace levels of concern in petroleum is questionable. Electrochemical 
methods are capable of determining traces of cadmium in the presence 
of zinc, which may be present in petroleum and with which cadmium is 
often associated (4). 

I n recent years atomic absorpt ion has rece ived most of the attent ion 
for c a d m i u m determinat ion because of its h i g h sensit ivity for the e lement 
a n d the absence of interferences (7 , 8 ) . T h e in t roduc t i on of heated 
vapor i za t i on atomic absorpt ion ( H V A A ) has extended the detect ion l i m i t 
to p i cogram levels ( 9 , 1 0 ) . 

T h e T r a c e M e t a l s Project invest igated b o t h flame a n d heated v a p o r i 
za t i on atomic absorption. These studies i n c l u d e d a n evaluat ion of d e c o m 
pos i t ion techniques a n d u l t imate ly a p r o g r a m of independent cross-checks 
of the methods that were devised. 

81 
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FLOW RATE, LITRES/MIN. 

Figure 7.1. Effect of flow rate of N2 on the absorption of 1 ng 
Cd/g 

Role of Neutron Activation 

Values for c a d m i u m i n pe t ro l eum a n d fue l have been reported b y 
neutron act ivat ion (11). T h e technique is compl i ca ted b y rad ionuc l ide 
interferences, however , a n d requires ashing, isotope d i l u t i o n a n d separa
t i o n techniques. D i r e c t determinat ion b y the 1 1 4 C d ( n / y , / ? ) 1 1 5 m react ion 
is theoret ical ly possible, b u t extended i r rad ia t i on a n d count ing times are 
r e q u i r e d , a n d i t is dif f icult to reach the n a n o g r a m / g r a m leve l . T h e 
p r i n c i p a l g a m m a part i c le , 336 K e V , is subject to interference f r o m the 
2 4 N a double escape peak at 346 K e V i f the sample is h i g h i n s o d i u m or 
i f a l o w resolut ion detector is used. 

Special Analytical Considerations 

T h e stabi l i ty of c a d m i u m standards has been discussed i n C h a p t e r 2. 
D u r i n g studies w i t h k n o w n blends, l o w recoveries were obta ined on 
petro l eum samples that h a d been sp iked w i t h c a d m i u m cyclohexane
butyrate several weeks earl ier . T o conf irm this apparent loss, port ions of 
a gasoline were sp iked at the 3 0 - n g / g l eve l w i t h c a d m i u m cyclohexane
butyrate a n d c a d m i u m sulfonate. T h e samples were stored i n po ly te t ra -
fluoroethylene (Tef lon) bottles a n d were ana lyzed over a p e r i o d of a 
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7. H O F S T A D E R E T A L . Cadmium 83 

month . Recovery f r o m the samples sp iked w i t h c a d m i u m cyclohexane
butyrate gradua l ly decreased over the p e r i o d of study, b u t the a d d e d 
c a d m i u m was complete ly recovered f r o m the samples sp iked w i t h c a d 
m i u m sulfonate ( F i g u r e 7.1). B lends for l ong range studies were , there
fore, p repared w i t h the sulfonate. 

Sample Preparation 

Serious c a d m i u m losses have been reported w h e n organic samples 
were i gn i ted a n d ashed b y the d r y - a s h m e t h o d ( 1 2 ) . T h i s was conf irmed 
d u r i n g w o r k of the Project. A sample of sp iked crude o i l was i gn i t ed to 
a carbonaceous residue, a n d the carbon was b u r n e d off i n a muffle furnace 
after the res idue was wet ted w i t h a f ew drops of sul fur ic a c id . T h e 
inorganic ash was so lub i l i zed w i t h d i lute hydroch lor i c a c i d a n d then was 
ana lyzed b y flame atomic absorption. Recovery of a d d e d c a d m i u m 
averaged 7 8 % . 

T h r e e alternate techniques y i e l d e d quant i tat ive recovery of c a d m i u m 
f r o m various matr ices : a c i d digest ion ( w e t ox ida t i on ) , ash ing i n the 
presence of sul fur ic a c i d (wet a s h ) , a n d a scaled d o w n w e t ashing proce
dure ( m i n i - a s h ) . T h e m i n i - a s h technique is des igned for smal l samples 
a n d is w e l l sui ted for H V A A analysis. 

W e t O x i d a t i o n . Several grams of sample are o x i d i z e d i n a K j e l d a h l 
flask w i t h sul fur ic a n d n i t r i c acids. H e a t is a p p l i e d w i t h a burner or 
heat ing mant le , a n d more a c i d is a d d e d as the ox idat ion progresses. T h i s 
technique gave quant i tat ive recovery f r o m various pe t ro l eum matrices , 
b u t i t is rather lengthy a n d requires constant attention. Troublesome 
f ro th ing f requent ly occurs d u r i n g a c i d add i t i on , a n d large volumes of 
reagents are needed, increasing the poss ib i l i ty of h i g h b lanks . 

W e t A s h . U p to 100 g of sample is m i x e d w i t h concentrated sul fur ic 
a c i d a n d ashed i n a V y c o r beaker. T h e beaker is p l a c e d i n a n a i r b a t h , 
a n d heat is a p p l i e d f r o m a hot plate a n d a heat l a m p . T h e carbon ized 
sample is then ashed i n a muffle furnace, a n d the ash is d isso lved i n d i lu te 
h y d r o c h l o r i c ac id . T h i s technique is also lengthy, b u t u n l i k e a c i d diges
t i o n i t requires l i t t l e attention; i t can also accommodate large samples, 
a n d reagent b lanks are nomina l . T h i s m e t h o d of sample preparat ion was 
adopted for the measurements m a d e b y flame atomic absorpt ion. 

M i n i - A s h . U p to 1 g of sample is wet w i t h concentrated su l fur i c a c i d 
i n a V y c o r cruc ib le . T h e sample is ox id i zed b y gradua l ly increas ing the 
heat f r o m a hot plate a n d a heat l a m p , a n d i t is then ashed i n a muffle 
furnace. T h e ash is dissolved i n 2 m l of d i lu te hydroch lo r i c a c id . T h i s 
technique uses a m i n i m u m v o l u m e of a c i d a n d is , therefore, less l i k e l y to 
become contaminated w i t h traces of c a d m i u m . It was adopted for the 
measurements made b y H V A A , where the quant i ty of analyte that is 
needed m a y be as l i t t l e as a f e w picograms. 
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Measurement 

Flame Method. C H O I C E O F B U R N E R S . T h e response ob ta ined o n 
aqueous c a d m i u m solutions w i t h a force- fed to ta l consumpt ion burner 
was compared w i t h that ob ta ined w i t h a T e c h t r o n par t ia l - consumpt ion 
burner . T h e operat ing condit ions were adjusted to give the leanest 
possible flame, y i e l d i n g m a x i m u m sensit ivity. B o t h burners gave l inear 
response. T h e tota l - consumption burner gave a greater response t h a n the 
par t ia l - consumpt ion burner , b u t i t caused considerable spectral noise, 
resu l t ing i n poorer prec is ion a n d offered no improvement i n detect ion 
l i m i t T a b l e 7.1). I t also p r o d u c e d a d i s t u r b i n g amount of aud ib l e noise. 

Table 7.1. Detection Limits and Sensitivities for Cadmium 

C d i n 0 . 6 i V H C 1 
par t ia l - c onsumpt ion burner 
to ta l - consumpt ion burner 

C d i n gasoline 
par t ia l - c onsumpt ion burner 

Sensitivity,* 
ng Cd/ml/1% abs 

22 
5 

12 

Detection 
Limit? 

ng Cd/ml 

5 
5 

a Sens i t iv i ty is defined as ng C d / m l for 1% absorption. 
& Detec t ion l i m i t is defined as concentration i n ng C d / m l that produces an a b 

sorbance equal to twice the magnitude of the fluctuation of the b lank or background 
noise. 

R E S P O N S E I N H Y D R O C A R B O N vs. A Q U E O U S S O L U T I O N . T O evaluate the 
poss ib i l i ty of de te rmin ing c a d m i u m d irec t ly i n pe t ro l eum products b y 
flame analysis, a gasoline sample was sp iked w i t h v a r y i n g amounts of 
c a d m i u m cyclohexanebutyrate , a n d the absorbance f r o m each so lut ion 
was measured w i t h the par t ia l - consumpt ion burner . T h e response was 
greater t h a n w i t h aqueous solutions, b u t the detect ion Umit r e m a i n e d 
about the same. A l t h o u g h a direct flame measurement for c a d m i u m c o u l d 
be carr ied out o n gasoline at the 5 - n g / g l eve l , i t c o u l d not be a p p l i e d to 
heavier pe tro leum fractions a n d crude oils , w h i c h w o u l d require d i l u t i o n 
to a less viscous matr ix before they c o u l d be analyzed . A l l subsequent 
flame measurements were w i t h aqueous solutions. 

I N T E R F E R E N C E S . C a d m i u m compounds dissociate read i ly i n the flame, 
a n d i t has been reported that there are no major interferences ( 1 3 ) . N o n 
specific absorpt ion, measured at the 226.7-nm C d l ine , was insignif icant 
i n a l l the matrices s tudied . 

Heated Vaporization Method. H e a t e d vapor i za t i on atomic absorp
t i o n ( H V A A ) u t i l i z i n g a carbon r o d or furnace has been discussed i n 
C h a p t e r 2. T h e technique has a sensit ivity advantage for c a d m i u m 
amount ing to several orders of magni tude . A l t h o u g h H V A A is more 
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exact ing t h a n convent ional flame analysis , i t has p r o v e d to be re l iab le i n 
the hands of a n experienced analyst. I t requires only a f e w micro l i ters o f 
sample for the ac tua l measurement, m a k i n g i t advantageous where the 
q u a n t i t y of sample is l i m i t e d . I n pe t ro leum analysis , the quant i ty of 
sample is not usua l ly a p rob l em. A s m a l l sample, however , has the 
advantage of m i n i m i z i n g contaminat ion b y its use of r e d u c e d amounts 
of reagents a n d shorter ashing times. A V a r i a n - T e c h t r o n C R A - 6 3 was 
used i n the w o r k carr i ed out i n the Project (14). 

R E S P O N S E O F C R A - 6 3 . T h e most reproduc ib l e absorbance signals for 
c a d m i u m are obta ined w i t h a p o w e r setting of 4 for 7 sec. D u r i n g the 
a tomizat ion at this setting, the p o w e r gradua l ly increases to 0.33 k W a n d 
gives smooth, r eproduc ib l e signals. A t settings above this , the tube is 
heated past the atomizat ion temperature for c a d m i u m so r a p i d l y that 
the s ignal is l i m i t e d b y the detector -recorder response factors. Detec tor -
l i m i t e d response results i n a non- l inear ca l ibrat ion curve. 

C a r e must be exercised d u r i n g the ashing cyc le or c a d m i u m w i l l be 
v o l a t i l i z e d premature ly a n d the atomizat ion s ignal w i l l be reduced . I f 
the sett ing is too l o w , however , longer ashing times w i l l b e r e q u i r e d to 
remove the sul fur ic a c i d completely . 

N i t r o g e n or argon is used as a sheathing gas to r e tard ox idat ion of 
the furnace. A rate of 4 l i t e r s / m i n gives adequate protect ion a n d repro 
d u c i b l e signals for c a d m i u m . T h e rate of gas flow, however , has a 
signif icant effect on the c a d m i u m response, w i t h m a x i m u m response at 
3 -4 1 /min . 

D I R E C T A N A L Y S I S V S . A S H I N G . T h e direct procedure , i n v o l v i n g injec
t i on of non-aqueous solut ion into the furnace, was app l i cab le to vo lat i le 
samples such as gasoline. H o w e v e r , the l o w b o i l i n g po in t o f c a d m i u m 
m a d e i t necessary to ash at a l o w temperature, a n d the c a d m i u m s ignal 
c o u l d not be satisfactorily separated f r om b a c k g r o u n d c o n t i n u u m absorp
t i o n w h e n a n a l y z i n g heavier matrices such as w h i t e oi ls , crudes, or 
res idua ( 14). T o overcome this p rob l em, the carbon c u p (15) was subst i 
tu ted for the furnace. H o w e v e r , the o i l wet the graphite a n d "crept " u p 
the sides of the cup to the cooler regions d u r i n g the pre -atomizat ion step, 
a n d the sample was not complete ly decomposed. U s e of ashing acids such 
as sul fur ic a c id , a m m o n i u m persulfate, a n d benzene sul fonic a c i d offered 
no improvement , even w h e n the sample was heated v e r y gradual ly . 
These difficulties l e d to selection of external ashing. 

M A T R I X E F F E C T S . Desp i te adopt ion of a n ashing pretreatment sen
s i t iv i ty v a r i e d w i t h the composi t ion of the o r i g i n a l sample ( T a b l e 7 . I I ) . 
V a r i a b l e response is p robab ly re lated to the presence of salts not a tomized 
at the re lat ive ly l o w temperatures used. A f t e r the first f e w injections, 
the decreased response caused b y salt b u i l d u p stabi l izes, the magn i tude 
of the decrease d e p e n d i n g on the sample. Salts c a n be r emoved b y h i g h -
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Table 7.II. Effect of Matrix on the Determination of Cadmium 
by H V A A Mini-Ash Procedure 

Δ Α per 1 ng/ml change in 

temperature treatment of the carbon furnace. T o a v o i d interference b y 
salts i n the measurement, the m e t h o d of s tandard addit ions was chosen. 

C h l o r i d e has been reported to interfere w i t h c a d m i u m i n H V A A 
techniques (16 ) . H o w e v e r , w i t h the proposed m e t h o d the amount of 
ch lor ine r e m a i n i n g after the prescr ibed sul fur ic a c i d treatment is not 
sufficient to cause a prob lem. 

Recommended Methods 

T h e studies descr ibed above were carr ied out i n two laboratories a n d 
l e d to the adopt i on of two separate methods. 

Wet Ash-Flame Atomic Absorption. A sample , selected to p r o v i d e 
a n est imated 100 n g of c a d m i u m , is charred to a carbonaceous residue i n 
the presence of 5 m l of concentrated su l fur i c a c id . T h e res idue is b u r n e d 
to a n inorganic ash i n a muffle furnace a n d dissolved i n 10 m l of d i lute 
h y d r o c h l o r i c a c id . T h e a c i d so lut ion is then aspirated into the flame 
( a i r - a c e t y l e n e ) , a n d the absorpt ion is measured. T h e c a d m i u m content 
of the so lut ion is obta ined f r o m a ca l ibrat ion curve. 

T h e accuracy of the m e t h o d was evaluated b y a d d i n g k n o w n amounts 
of c a d m i u m (as the sulfonate) to samples of a crude o i l , a gasoline, a n d a 
N o . 6 f u e l o i l , w h i c h h a d a l l been prev ious ly f o u n d to conta in no c a d m i u m 
w h e n ana lyzed b y the method . T h e results, shown i n T a b l e 7.III, ind icate 
quant i tat ive recovery a n d the absence of interferences. 

Table 7.III. Recovery of Cadmium by Proposed Method 

Sample concentration (χίΟ3) 

C r u d e A 
C r u d e C 
H e a t i n g o i l 
Reagent b l a n k 

6.6 
6.4 

13.2 
12.8 

Cadmium Concentration (ng/g) 

Sample Added Measured 

Gasol ine 
N o . 6 fuel o i l 
N i g e r i a n crude 

1.0 2.2,2.4 
10 12 
10 8 ,12 
20 21 
40 39 

α < 2 n g / g found i n unspiked sample i n a l l cases. 
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7. H O F S T A D E R E T A L . Cadmium 87 

A s a further check on the method , a gasoline, a jet fue l , a n d a c rude 
o i l were each " s p i k e d " w i t h approx imate ly 30 n g / g of c a d m i u m ( as the 
sulfonate) a n d ana lyzed i n three different laboratories. T h e average 
recoveries ( corrected for b l a n k recoveries o n the u n s p i k e d oils w h e r e 
necessary) are s h o w n i n T a b l e 7 .IV, w h i c h also inc ludes data b y the 
m i n i - a s h - H V A A method . T h e i n d i v i d u a l d a t a have been prev ious ly 
reported , a long w i t h a comprehensive statist ical analysis (14). T h e r e 
are several discrepancies w i t h the crude oils, more so t h a n w i t h the 
finished products , that m a y represent sample inhomogeneity . Never the 
less, the agreement between laboratories is considered acceptable at these 
l o w levels, a n d the overa l l recovery indicates accuracy w i t h i n the estab
l i s h e d prec is ion l imi ts . 

M i n i - A s h - H V A A . A 0.5-g sample is treated w i t h sul fur ic a c i d , 
ashed at 525°C i n a muffle furnace a n d taken u p i n d i lute ac id . A t a fixed 
t ime interva l , portions of the a c i d so lut ion are in jected into the carbon 
furnace. Successive 5-/J. portions of a l - / x g / m l C d s tandard are then 
added , a n d the average s igna l after each a d d i t i o n is recorded. T h e 
concentrat ion of the c a d m i u m i n the o r i g i n a l sample is ca l cu lated f r o m 
the s tandard addit ions data. 

T h e accuracy of the H V A A part of this m e t h o d was evaluated f r o m 
the recovery of k n o w n amount of c a d m i u m a d d e d to a c i d digests f r o m 
various petro leum products . I n this case a K j e l d a h l d igest ion procedure 
was used. T h e results, shown i n T a b l e 7.V, indicate that the H V A A part 
of the procedure was accurate a n d appl i cab le to digests f r o m different 
pe t ro l eum matrices. H o w e v e r , the K j e l d a h l digest ion procedure gave 
l o w recoveries i f the c a d m i u m was a d d e d before the sample was 
decomposed. 

A s a p r e l i m i n a r y test of the accuracy a n d prec is ion of the complete 
m e t h o d as recommended , a c rude o i l , that was f o u n d to conta in less t h a n 
10 n g / g of c a d m i u m w h e n tested b y the method , was sp iked w i t h 26 
n g / g of c a d m i u m a n d ana lyzed 10 times. T h e m e a n recovery was 28 
n g / g , w i t h a s tandard dev iat ion of 6 n g / g . A s i n the case of the w e t 
ash- f lame method , add i t i o na l accuracy a n d prec is ion data were obta ined 
b y cross-checks i n three different laboratories (14). T h e results, also 
consol idated i n T a b l e 7 .IV, conf irmed the v a l i d i t y of the method . 

Wet Ash—Flame Atomic Absorption Procedure 

Scope. T h i s m e t h o d is in tended for the determinat ion of c a d m i u m 
i n pe tro leum a n d petro leum products at levels as l o w as 10 n g / g . N o 
interferences have been encountered. 

Summary of Method. A sample est imated to conta in 100 n g of c a d 
m i u m is heated w i t h 5 m l of concentrated su l fur i c a c i d to a d r y carbo-
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Table 7.IV. Interlaboratory Analysis 

Cadmium Concentration (ng/g) 

Added Measured 

Lab 2 

Sample Flame M-A Flame M-A 

Gaso l ine 28 30 27 
J e t fuel 31 30 25 — 
N o . 2 heat ing o i l 32 — 27 — 29 
C r u d e A 32 — 36 — 29 
C r u d e Β 32 — 33 — 22 
C r u d e C 29 39 — 40 — 

β O m i t t e d from overa l l average. 

naceous ash. T h e ash is i g n i t e d to an inorganic res idue a n d d isso lved i n 
d i lu te h y d r o c h l o r i c a c id . T h e a c i d so lut ion is made to vo lume, a n d the 
c a d m i u m is measured b y asp irat ing into a n a i r -a ce ty l ene flame. 

Apparatus 
( 1 ) Atomic absorption spectrophotometer. Tarre l l -Ash m o d e l 82-546 

spectrometer, e q u i p p e d w i t h T e c h t r o n laminar - f l ow b u r n e r a n d Sargent 
m o d e l S R recorder or equivalent . A n y recorder h a v i n g a range of 1-10 
m v can be used. A d i g i t a l concentrat ion or absorbance readout is also 
acceptable . 

( 2 ) Vycor dish. A n 800-ml beaker cut to a 10-cm he ight is c on 
venient . 

Table 7 .V. Recovery of Cadmium by Kjeldahl 
D i g e s t i o n — H V A A Method 

Cadmium Concentration (ng/g) 

Added 
(as the Sulfonate) Measured 

C r u d e A 0 , 0 0 ,1 
10 ,10 9 ,13 
20 ,20 20 ,22 

L i g h t d i s t i l la te 0 0 
10 10 
20 17 

M i d d l e d i s t i l la te 0 1 
10 11 
20 22 

H e a v y d i s t i l la te 0 9 
10 21 
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for Cadmium by the Proposed Method 

Cadmium Concentration (ng/g) 

Measured 

Lab S Lab 4 

Flame M-A Flame M-A Overall Avg. 

28 — — — 29 
35 — — — 30 
— 35 — 39 32 
— 26 — 58 e 30 
— 18 — 43 34 
18 — — — 32 

( 3 ) Air bath, constructed of a l u m i n u m so that the d iameter is s l ight ly 
larger t h a n that of the d i s h a n d the he ight about 0.6 c m less t h a n the d i sh . 

( 4 ) Infrared lamp, 250 watt , supported about 1.6 c m above the a i r 
ba th . A var iab le transformer to regulate the heat of the in f rared l a m p 
is he lp fu l . 

(5 ) Syringes, 25- a n d 100- /J . 
(6 ) Volumetric flasks, 100-ml po lypropy lene , a n d 10- a n d 2 5 - m l 

borosi l icate. 
(7 ) Muffle furnace, capable of m a i n t a i n i n g a temperature of 550° 

± 25°C. 
Reagents. Unless otherwise ind i ca ted , reagents are A C S reagent 

grade. A l l references to water m e a n d i s t i l l ed a n d de ion ized . 
( 1 ) Sulfuric acid, concentrated. 
(2 ) Hydrochloric acid, concentrated. 
(3 ) Hydrochloric acid, 0.6N. D i l u t e 5 m l of concentrated h y d r o 

ch lo r i c a c i d to 100 m l w i t h water . 
(4 ) Aqueous cadmium standard, 1000 p p m . A v a i l a b l e f r o m several 

suppl iers . 

Instrument Operation 
( 1 ) Set the instrument to measure c a d m i u m u s i n g the f o l l o w i n g 

instrument a n d flame condit ions as a gu ide : 
L a m p current 5 m a 
A n a l y t i c a l l ine 228.8 n m 
P h o t o m u l t i p l i e r U V sensitive 
B a n d pass as r e commended for instrument 
B u r n e r head a i r -ace ty lene 
Gas flow rates 6.2 S C F H C 2 H 2 , 1 7 . 5 S C F H a i r 
N e b u l i z a t i o n rate 1.5 m l / m i n 
R e a d out absorbance or concentrat ion 
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(2 ) O p t i m i z e the instrument for m a x i m u m sensit iv i ty accord ing to 
the m a n u f a c t u r e r s instructions. 

( 3 ) Ad jus t the a i r -a ce ty l ene rat io for the leanest possible flame. 
(4 ) A d j u s t the burner height w h i l e aspirat ing a c a d m i u m standard 

to the most sensitive setting. 
Standardization 
( 1 ) Preparation of calibration standards. A d d 1, 2, 3, 5, 10, 15, a n d 

20 μ\ of the aqueous c a d m i u m standard to separate 100-ml po lypropy lene 
flasks a n d d i lute to vo lume w i t h 0 . 6 N hydroch lo r i c a c id . These solutions 
conta in 10, 20, 30, 50, 100, 150, a n d 200 n g C d / m l . 

(2 ) Calibration. A d j u s t the base l ine to zero absorbance w h i l e 
asp i rat ing 0 . 6 N hydroch lo r i c a c id . Asp i ra te each s tandard c a d m i u m so lu
t i o n i n t u r n a n d record the read ing . P l o t the readings obta ined against 
c a d m i u m concentration. 

Procedure 
( 1 ) Sample decomposition. 

(a ) W e i g h the sample (100 g m a x i m u m ) into a V y c o r d i sh . 
A d d 5 m l of concentrated H 2 S 0 4 , m i x w i t h a glass s t i r r ing r o d , a n d p lace 
the d i s h i n a n a ir bath . A t the same t ime , start a reagent b l a n k w i t h 
5 m l of H 2 S 0 4 . 

( b ) P lace the b a t h o n a hot plate a n d suspend an in f rared l a m p 
above i t so that the face of the b u l b is 0.6 to 1.2 c m above the t op of 
the d i sh . Decompose the sample , s l owly at first, w i t h heat f r om the l a m p , 
a n d then w i t h l o w heat f r o m the hot plate. St i r f requent ly w i t h a glass 
r o d to break u p the surface crust to reduce spattering. U s e a face sh ie ld . 

( c ) W h e n H 2 S 0 4 fumes are no longer evolved , transfer the d i s h 
to a muffle furnace at 550°C, a n d heat u n t i l a l l organic matter has been 
b u r n e d off. 

( d ) C o o l , w a s h d o w n the wal l s of the d i s h w i t h 10 m l of 0 . 6 N 
H C 1 , cover the beaker, a n d dissolve the ash b y w a r m i n g on the steam 
b a t h . Transfer the so lut ion to a 10-ml vo lumetr i c flask, d iu l te to v o l u m e 
w i t h 0 . 6 N H C 1 , a n d m i x thoroughly . 

( 2 ) Atomic absorption measurement. 

( a ) C h e c k the ca l ibrat i on of the instrument (Step 2 u n d e r 
Calibration) just before a n a l y z i n g the sample solutions. 

( b ) Asp i ra te the reagent b lank a n d sample solutions a n d record 
the absorbance. 

Calculation 
( 1 ) C o n v e r t the absorbance to nanograms of c a d m i u m b y re ferr ing 

to the ca l ibrat i on curve. 
(2 ) C a l c u l a t e the c a d m i u m concentrat ion of the sample as f o l l ows : 

~ w V(A-B) 
n g C d / g ^ 
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where : 
A = n g C d / m l i n prepared sample solut ion. 
B = n g C d / m l i n b lank. 
V = final vo lume of so lut ion ( 10 m l ) . 
W ===== sample weight , grams. 

Wet Ash-Heated Vaporization Atomic Absorption Procedure 

Scope. T h i s m e t h o d is in tended for the determinat ion of c a d m i u m 
i n pe t ro leum a n d pe t ro leum products at levels d o w n to 10 n g / g . T h e 
presence of other metals affects the atomic absorpt ion s ignal , b u t the 
effect is overcome b y us ing a s tandard addit ions technique. 

Summary. T h e sample (usua l ly 0.5 g ) is decomposed b y treatment 
w i t h 5 -10 drops of concentrated su l fur i c a c i d i n a V y c o r c ruc ib le a n d 
i g n i t e d to an inorganic ash. T h e ash is ob ta ined as a so lut ion i n I N 
sul fur i c a c id , w h i c h is injected into a heated graphi te furnace. T h e atomic 
absorpt ion s ignal f r o m the sample so lut ion, a n d f r o m the sample so lut ion 
p lus several s tandard addit ions , is used to calculate the c a d m i u m content 
of the sample. 

Apparatus 
( 1 ) Atomic absorption spectrometer. J a r r e l l - A s h 82-500 or equivalent . 
( 2 ) Recorder, 0-10 m v ful l -scale . A n y recorder h a v i n g ful l -scale 

response of 0.5-second or faster can be used. 
(3 ) Carbon Rod Analyzer, V a r i a n - T e c h t r o n m o d e l 63 or equivalent . 
( 4 ) Carbon furnaces and support electrodes, supp l i ed for the C R A - 6 3 

b y V a r i a n . 
(5 ) Muffle furnace, capable of m a i n t a i n i n g 550° ± 25°C. 
(6 ) Vycor crucible, 30 m l . 
( 7 ) Infrared lamp, 250 watt . A var iab le transformer to regulate the 

heat of the in f rared l a m p is h e l p f u l . 
( 8 ) Syringes, 1- a n d 5-/JL 
(9 ) Teflon or polyethylene tubing, N o . 28. C u t into 2.5-cm lengths 

to fit over the syringe needle. 
Reagents. Unless otherwise ind i ca ted , reagents are A C S Reagent 

G r a d e . A H references to water m e a n d i s t i l l ed a n d de ion ized . 
( 1 ) Sulfuric acid, concentrated. 
(2 ) Sulfuric acid, IN. D i l u t e 27.8 m l of concentrated su l fur i c a c i d 

to a l i ter of water . 
(3 ) H y d r o c h l o r i c a c id , 6N. D i l u t e concentrated a c i d w i t h a n e q u a l 

vo lume of water . 
(4 ) Aqueous c a d m i u m standard, 1000 p p m . A v a i l a b l e f r o m several 

suppl iers . 
Instrument Operation 
( 1 ) Set the instrument to measure c a d m i u m , us ing the f o l l o w i n g 

condit ions as a guide . 
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L a m p current 
Sl i t w i d t h 

B a n d pass 
A n a l y t i c a l l ine 
B a c k g r o u n d 
P h o t o m u l t i p l i e r 

5 m a 
100 μ entrance 
150 μ exit 
0.2 n m 
228.8 n m 
226.7 n m 
U V sensitive 

(2 ) Set the C R A - 6 3 contro l box us ing the f o l l o w i n g settings as a 
guide to the op t imiza t i on of i n d i v i d u a l un i t s : 

A t o m i z a t i o n tube 
Support electrodes 
Inert gas 
C o o l i n g water 
Inject ion frequency 
Sample size 

p y r o l y t i c coated graphite 
F X 9 graphite 
n i trogen ( 4 1 /min ) 
4 1 / m i n 
90 sec 
1 μ\ 

CRA-63 Program 
d r y 
ash 
atomize 

Recorder : 
t ime constant 
scale expansion 

R e a d out : 

Supply Setting 
3.5 
5 
4 

Speedomax W 
0.5 sec 
2 .5X 

peak he ight 

Power, kW 
0.004 
0.07 
0.30 

Seconds 
15 
15 

7 

( L e e d s & N o r t h r u p or equ iva lent ) 

(3 ) P lace a graphite a tomizat ion tube a n d t w o support electrodes 
i n the w o r k h e a d of the C R A - 6 3 . A d j u s t the instrument to g ive zero 
absorbance. 

(4 ) A d j u s t the condit ions so that a m i n i m u m tube b lank is obta ined 
P r o c e d u r e 
(1 ) Sample Decomposition 

( a ) W e i g h 0.50 db 0.05 g of sample ( for expected concentrations 
u p to 25 n g / g ) d i rec t ly into a 30 -ml V y c o r c ruc ib le , a n d a d d 10 drops of 
concentrated H 2 S 0 4 . A t the same t ime, start a reagent b lank . 

( b ) P lace the c ruc ib le on a hot plate set at l o w heat. Suspend 
a n in f rared l a m p 10-cm above the surface of the hot p late . G r a d u a l l y 
increase the heat at a rate sufficient to a v o i d spatter ing, a n d heat u n t i l 
the evo lut ion of su l fur i c a c i d ceases. 

( c ) Transfer the c ruc ib le to a muffle furnace, a n d heat at 550°C 
u n t i l the carbonaceous matter is destroyed. 

( d ) C o o l , a d d 1 m l of 6 N H C 1 to the c ruc ib le , a n d heat to 
inc ip i ent dryness. A f t e r coo l ing again , a d d 1.0 m l of I N H 2 S 0 4 a n d rotate 
the c ruc ib le so that the wal l s are wetted . 

( e ) Inject a l-μΐ a l iquot of the sample so lut ion into the graphite 
tube , atomize the sample , a n d record the s ignal . I f the s ignal is greater 
t h a n 5 0 % of recorder scale, d i lu te the so lut ion w i t h I N H 2 S 0 4 a n d w o r k 
w i t h a 1-μ\ a l iquot of bo th sample a n d b lank . 
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( f ) M e a s u r e the absorbance on three 1- /J al iquots of the sample 
solut ion. I f each of the three signals falls w i t h i n 1 0 % of the ir average, 
use that average. Otherwise , measure the absorbance t w i c e more a n d 
calculate the average of the five signals. 

( g ) M e a s u r e the average s ignal i n the same m a n n e r ( three or 
five measurements) for each of three successive addit ions of 5 n g C d , 
m a d e b y a d d i n g 5 μ\ of a l-pg C d / m l ca l ibrat i on s tandard to the sample 
solut ion. 

( h ) A f t e r the final a d d i t i o n , measure the b a c k g r o u n d absorbance 
for each sample at the 226.7 n m non-absorb ing c a d m i u m l ine . 

Calculation 

( 1 ) C a l c u l a t e the apparent concentrat ion of c a d m i u m i n the sample 
after each a d d i t i o n b y the equat ion : 

n g C d / g = ^ X M 

w h e r e : 
A 0 is the average recorder s ignal for the sample so lut ion. 
Β is the s ignal at the non-absorb ing l ine . 
i is the n u m b e r of the a d d i t i o n ( 1, 2 or 3 ). 
At is the average s ignal after the i t h a d d i t i o n of c a d m i u m . 
W is the weight of sample , i n grams. 
(2 ) Average the three values obtained. 
( 3 ) Measure the absorbance of the reagent b l a n k i n the same manner 

as the sample a n d calculate the concentrat ion of c a d m i u m i n the b l a n k b y 
assuming a 0.5-g sample. Subtract this concentrat ion of c a d m i u m f r o m the 
average amount f o u n d i n the sample a n d report the difference as the 
c a d m i u m content of the sample. 
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Chromium 

Chromium has been found in surveys of metals in crude oils, although 
its concentration rarely exceeds 1 ppm (μg/g) (1, 2, 3). In its native 

form, chromium is not particularly volatile and may be concentrated in 
the bottom fractions during refining (2). Chromium may also enter 
petroleum matrices as antioxidants added to jet fuels, as corrosion prod
ucts, or as a wear metal in used lubricating oils. Although its ultimate 
fate is unknown, chromium may enter the atmosphere during the com
bustion of fuels or it may enter natural waterways as part of industrial 
effluents. 

Available Analytical Methods 

A number of methods exist for the determination of parts-per-billion 
(ng/g) levels of chromium in aqueous media (Table 8.I). These are re
peatedly reviewed as new techniques are introduced (4, 5, 6). Potentially 
all these techniques could be applied to petroleum samples after matrix 
destruction, but in practice, only a few have been utilized. After wet 
oxidation of a large sample ( > 1 0 0 g ) , 10 to 50 μg of chromium may be 
determined by a colorimetric procedure with 1,5-diphenylcarbohydrazide 
after iron, copper, molybdenum, and vanadium are extracted as the cup-
ferrates (3). In survey analyses, C r levels as low as 5 ng/g have been 
measured by optical emission spectroscopy after ashing (2, 3) or directly 
by neutron activation with extended irradiation and counting times (1) . 
Concentrations of chromium above 100 ng/g in used lubricating oils have 
been measured directly by flame atomic absorption (8) ; for lower con
centrations, heated vaporization atomic absorption (HVAA) has been 
utilized (9). In the Trace Metals Project, two procedures using this latter 
technique were evaluated for the determination of 10 ng Cr/g in a 
variety of petroleum matrices. 

Special Analytical Considerations 

B o t h ash ing a n d a c i d d igest ion m a y be used to minera l i ze organic 
matrices conta in ing c h r o m i u m . A l t h o u g h c h r o m i u m itself is not vo lat i l e , 
pretreatment w i t h su l fur i c a c i d aids i n destruct ion of the h y d r o c a r b o n 
m a t r i x (10). I n i n i t i a l ashing studies car r i ed out b y the Project , large 

95 
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Table 8.1. Existing Techniques for Determining n g / g Levels 
of Chromium in Aqueous Media 

Chemical 

E x t r a c t i o n / c o l o r i m e t r y 
C a t a l y t i c k inet ics 
Chemiluminescence 

Instrumental 

Coulometr i c t i t r i m e t r y 
D i f f e rent ia l pulse po larography 
F l a m e atomic absorpt ion 

(solvent extraction) 
G a s chromatography 

(electron capture detector) 
(mass spectrometry) 

H e a t e d vapor i za t i on atomic absorpt ion 
M a s s spectrometry (direct injection) 
N e u t r o n ac t i va t i on 
O p t i c a l emission spectroscopy 
X - r a y fluorescence ( ion exchange) 

var iab le b lanks were f o u n d (see C o n t a m i n a t i o n , p . 14 ) . These b lanks 
were at t r ibuted to exposed n i chrome heat ing elements, since they c o u l d 
be almost complete ly e l iminated b y ashing samples for a m i n i m u m p e r i o d 
i n a muffle w i t h covered elements. 

Sample Preparation 

T w o procedures based on H V A A have been evaluated b y the Project . 
I n one, the sample is ana lyzed d i rec t ly after d i l u t i o n w i t h tetrahydrofuran. 
I n the other, a 0.5-g sample is charred w i t h 10 drops of sul fur ic a c i d i n a 
3 0 - m l V y c o r cruc ib le a n d treated at 540°C for the m i n i m u m t ime r e q u i r e d 
to remove carbonaceous deposits. T h e ash is then so lub i l i zed i n I N 
su l fur i c a c i d p r i o r to measurement. A reagent b lank is carr ied t h r o u g h 
the procedure for each set of samples. T h e analyses are carr ied out 
p r o m p t l y after preparat ion so that loss of c h r o m i u m f r o m aqueous so lut ion 
b y adsorpt ion on the wal l s , w h i c h has been reported i n some cases ( I I ) , 
c a n be avo ided . 

Measurement 

Before analyses were carr ied out b y the two procedures, the o p t i m u m 
H V A A parameters were establ ished e m p i r i c a l l y us ing 2 0 - n g / m l aqueous 
standards. H V A A measurements for c h r o m i u m were made w i t h a V a r i a n 
T e c h t r o n C R A - 6 3 atomizer ; other tube furnace atomizers w h i c h poss ib ly 
c o u l d have been used, were not invest igated. A l t h o u g h the H V A A re 
sponse was l inear between 0 -400 n g / m l , a w o r k i n g range of 0 -50 n g / m l 
was u t i l i z e d . T h e detect ion l i m i t ( S / N = 2 ) was ca l cu lated to be 1 p g . 
T h e absorbance of the neon 359.4-nm l ine i n the c h r o m i u m h o l l o w cathode 
l a m p was used to make b a c k g r o u n d corrections. 
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8. H O F S T A D E R E T A L . Chromium 97 

C h e m i c a l matr ix effects were encountered i n the H V A A determina
t ion . W h e n a constant amount of c h r o m i u m was a d d e d to different 
pe t ro l eum samples, the a tomizat ion response v a r i e d considerably f r o m 
that obta ined i n T H F alone ( T a b l e 8 . I I ) . Since almost p a r a l l e l effects 
w e r e noted after ashing, the effect of F e , N i , a n d V was s tudied . Excesses 
of v a n a d i u m h a d a significant effect at levels w h i c h often occur i n crude 
oils (10 to > 100 p p m ) . O n c e v a n a d i u m was in t roduced i n the atomizer , 
the c h r o m i u m s ignal was consistently suppressed u n t i l the atomizat ion 
furnace was b a k e d at m a x i m u m temperature to remove res idua l v a n a d i u m . 

F r o m the data i n T a b l e 8.II i t is apparent that components other than 
v a n a d i u m affect the c h r o m i u m signal . N o explanat ion has been f o u n d for 
the enhancement observed i n some cases. Since a l inear response is 
ob ta ined after the i n i t i a l in ject ion of a g iven sample solut ion, the m e t h o d 
of s tandard addit ions can be a p p l i e d to compensate for these c h e m i c a l 
matr ix effects. 

Recommended Method 

I n the d irect H V A A procedure the sample is d i l u t e d w i t h te trahydro
furan . T h e concentrat ion of c h r o m i u m is de termined b y the m e t h o d of 
s tandard addit ions coup led w i t h b a c k g r o u n d corrections i f necessary. 

T h i s procedure has been a p p l i e d to several crude o i l samples, a n d 
the results were c ompared to those obta ined b y H V A A after sul fated 
ashing ( T a b l e 8 . I I I ) . T h e good agreement between techniques verifies 
that no c h r o m i u m is lost p r i o r to a tomizat ion i n the d irect technique . 
F u r t h e r m o r e , i t demonstrates that the combinat i on of s tandard addit ions 
a n d correct ion for reagent b l a n k a n d b a c k g r o u n d overcomes the inter-
Table 8.II. Effect of Matrix on the Determination of Chromium by 

the Direct H V A A and A s h - H V A A Procedures 

ΔΑ Χ 103 per 
ng Cr/ml Added 

A "L Crude/Solvent Ratio 

Direct 
Ash 

(m HtSOh 

(Response Ratio) 

(THF, 1:1) 5:1) Direct Ash 

Reagent B l a n k 
( T H F ) 0.99 5.63 — — 

C r u d e A 1.33 7.85 1.34 1.39 

C r u d e Β 1.20 7.07 1.21 1.25 

C r u d e C 0.83 6.04 0.84 1.07 

C r u d e D 0.42 5.57 0.43 0.98 

C r u d e Ε 0.77 6.57 0.78 1.17 
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ferences encountered i n the H V A A measurement. T h e sul fated ash 
procedure m a y be used to obta in re l iab le data , b u t the d irect technique 
is s impler , has smaller reagent b lanks , a n d is less subject to contaminat ion . 
Consequent ly , the d irect H V A A procedure , w h i c h has been evaluated b y 
the cross-check program, is preferred. 

T h e prec is ion of the d irect procedure was evaluated for a var iety of 
matrices i n the i n i t i a t i n g laboratory . A base kerosene, w h i c h conta ined 
no detectable c h r o m i u m , was sp iked w i t h 47.9 n g C r / g as c h r o m i u m 
naphthenate . T h e other samples conta ined nat ive c h r o m i u m . T h e results 
are s h o w n i n F i g u r e 8.1, w h e r e the average values are represented b y the 
points a n d the tota l spread of data b y the brackets. T h e percentages 
g iven are re lat ive s tandard deviat ions, a n d the degrees of f reedom (η — 1) 
are g iven i n parentheses. F r o m the data shown the overa l l R S D i n the 
i n i t i a t i n g laboratory was 1 7 % . 

KEROSENE 
(Spiked) 

\-+-\ 16% (6) 

SHALE OIL \-+-\ 18% (6) 

#6 FUEL OIL A 1 · |l7%(6) 

CRUDE A 1 · 1 26% (5) 

CRUDE Β Η 6.5% (4) 

1 1 1 1 1 

40 80 120 160 200 

ngCr/g 

(see text for explanation of symbols) 

Figure 8.1. Intralaboratory data for determi
nation of chromium 

F o u r samples were ana lyzed i n the cross-check program. T h e results 
ob ta ined at the in i t i a t ing l ab a n d at t w o cooperat ing laboratories are 
s u m m a r i z e d i n F i g u r e 8.2. T h e kerosene sample was used i n the i n t r a -
laboratory study. T h e a r r o w indicates the detect ion l i m i t i n the base 
kerosene; otherwise the symbols are the same as i n F i g u r e 8.1. F o r the 
kerosene a n d the shale o i l , the R S D was 2 5 % w h i l e for the N o . 6 f u e l o i l 
i t was 1 3 % . Some scatter was encountered w i t h the N o . 6 f u e l o i l ; this is 
at t r ibuted to dif f iculty w i t h b a c k g r o u n d corrections, since b o t h a negat ive 
basel ine a n d the b a c k g r o u n d peak for this heavy m a t r i x w e r e i n v o l v e d . 
H o w e v e r , the average va lue obta ined b y the d irect procedure was 145 
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8. H O F S T A D E R E T A L . Chromium 99 

Table 8.III. Comparison of Chromium by Two Procedures 

Chromium Concentration (ng/g) 

Sample 

C r u d e A 

C r u d e Β 

C r u d e C 

C r u d e D 

C r u d e Ε 

Direct HVAA 

44, 77 ,75 , 90, 77, 49 

50, 56, 58, 59, 54 

38 

<.10 

108,129 

Mini-Ash-HVAA 

57, 73, 61 

44, 61 

42 ,49 

< 10, < 10 

110, 93 

n g / g . T h i s compares favorab ly w i t h the values w h i c h were obta ined b y 
the w e t ash technique ; b y the latter method , the i n i t i a t i n g laboratory 
f o u n d 126 n g / g , a n d two other laboratories reported values of 150 a n d 
117 n g / g . 

Detailed Procedure 

Scope. T h e m e t h o d is des igned to determine c h r o m i u m concentra
tions as l o w as 10 n g / g i n pe t ro l eum a n d pe t ro l eum products . A f t e r setup, 
each sample requires about 30 m i n for analysis w i t h this technique . H o w 
ever, sample preparat ion a n d apparatus setup l i m i t output general ly to 
12 samples i n one day. 

Summary of Method. T h e sample is d i l u t e d w i t h te trahydro furan, 
a n d the m e t a l i n the so lut ion is measured w i t h an atomic absorpt ion 
spectrophotometer e q u i p p e d w i t h a carbon r o d atomizer ( C R A - 6 3 ) . T h e 

KEROSENE 

BASE OIL 

SPIKED 

SHALE OIL 

#6 FUEL OIL 

)-· 1 24% (10) 

J _ 

25% (10) 

I · 1 13% (7) 

_ L J _ _1_ 
40 80 120 160 200 240 280 

ng Cr/g 

(see text for explanation of symbols) 

Figure 8.2. Interlaboratory data for determination 
of chromium 
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concentrat ion of m e t a l is ca l cu lated o n the basis of changes i n the 
absorpt ion resu l t ing f r o m standard addit ions to the sample so lut ion. 

Apparatus 
( 1 ) Carbon Rod Atomizer. V a r i a n T e c h t r o n m o d e l 63 or equivalent . 

( a ) 9 -mm P y r o l y t i c a l l y coated atomizat ion tube furnaces 
( V a r i a n - T e c h t r o n ) . 

( b ) F X - 9 1 Suppor t electrodes (Poco G r a p h i t e ) . 
(2 ) Atomic Absorption Spectrophotometer ( A A S ) . ( J a r r e l l - A s h , 

82-500 series or e q u i v a l e n t ) . 
( a ) S t r i p chart recorder, 0-10 m v , w i t h 0.5-sec response t ime 

( L e e d s & N o r t h r u p Speedomax W or equivalent ( J ) ) . 
( b ) C h r o m i u m h o l l o w cathode l a m p (West inghouse or 

e q u i v a l e n t ) . 
( 3 ) Syringe, w i t h Tef lon t ip or Te f lon needle, capable of de l i ver ing 

5 - / J samples reproduc ib ly . 
( 4 ) Micropipettes, 5 ,10 , a n d 50 μ\ ( capi l lar ies , syringe or E p p e n d o r f 

p i p e t t o r ) . 
Reagents 
(1 ) Tetrahydrofuran (THF) A C S reagent grade ( E a s t m a n , M C B ) . 
(2 ) Standards 

( a ) Conostan , C r standard, 5000 p p m ( w / w ) c h r o m i u m - i n - o i l 
s tandard ( C o n t i n e n t a l O i l C o . , P o n c a C i t y , O k l a . ) . 

( b ) Stock 1000 μg/τn\ standards. W e i g h 2.0 g Conos tan 5000 
p p m ( w / w ) s tandard into a 10-ml vo lumetr i c flask a n d d i lute to v o l u m e 
w i t h T H F . 

( c ) C a l i b r a t i o n s tandard ( 5 f i g / m l ) . D i l u t e 50 μΐ of 1000 f t g / m l 
stock s tandard to 10 m l w i t h T H F . 

Procedure. I n i t i a l l y a l l glassware must be c leaned w i t h (1 :1 ) n i t r i c 
a c i d p r i o r to use. T h e equ ipment is then r insed several t imes w i t h T H F . 

(1 ) W e i g h 2.5 g of o i l into a 5 -ml vo lumetr i c flask a n d d i lute to 
v o l u m e w i t h the solvent. 

( 2 ) O p t i m i z e the H V A A for c h r o m i u m w i t h the tube furnace i n the 
optics us ing the f o l l o w i n g settings as a guide . 

W a v e l e n g t h ( n m ) 357.8 

T h e operat ing condit ions for the C R A m o d e l 63 shou ld serve on ly 
as guidel ines . W h e n the operat ing parameters are o p t i m i z e d , scale 
expansion shou ld be used so that each 25 n g of m e t a l i n 5 m l solvent 
gives a response between 10 a n d 20 scale units . I f the sample contains 
> 5 χ detect ion l i m i t levels of the metals , the sample shou ld be further 

Inert gas ( 1 / m i n / p s i ) 
F u r n a c e 
A l i q u o t used 
CRA-63 Program (v/sec) 

1.5/20 
6 .5 /30 
9 .5 /3 

N 2 7 .5 /10 
9 m m tube 
5μ\ 

dry 
ash 
atomize 
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8. H O F S T A D E R E T A L . Chromium 101 

d i l u t e d before s tandard addit ions . T h i s d i l u t i o n technique is r e c o m 
m e n d e d rather t h a n c h a n g i n g operat ing parameters. T h e res idua l heat 
i n the atomizat ion tube contributes to the repeatab i l i ty of sample signals. 
T h i s effect m a y be m i n i m i z e d b y in ject ing samples o n a fixed schedule. 
F o r the method descr ibed here, injections made at 90-sec intervals g ive 
good repeatabi l i ty . 

( 3 ) A l i q u o t 5 μ\ of the sample so lut ion into the syringe, in i t iate the 
C R A - 6 3 program, a n d i m m e d i a t e l y inject the sample. 

( 4 ) R e c o r d the absorbance peak height ( A ) observed d u r i n g the 
a tomizat i on step. 

(5 ) Repeat Steps 3 a n d 4 two more t imes; calculate the average 
peak height for each. I f the three signals are w i t h i n =fc 1 0 % of the 
average, use this va lue ( Α<>) i n the ca l cu lat ion ; i f not, repeat the sequence 
of Steps 3 a n d 4 two more times a n d use the average of the five readings. 

(6 ) A d d 5 / J of the ca l ibra t i on standard (equiva lent to 25 n g ) to the 
sample solution, m i x w e l l , a n d carry out Steps 3 -5 . R e c o r d the average 
peak height as Αχ. 

(7 ) A d d a second 5 μ\ of the ca l ibrat ion s tandard (25 n g , a to ta l of 
50 n g ) to the sample solut ion a n d aga in carry out Steps 3 -5 . R e c o r d the 
average peak height as A 2 . 

( 8 ) A d d a t h i r d 5 μ\ of the ca l ibrat ion s tandard (25 n g , a tota l of 75 
n g ) to the sample so lut ion a n d again carry out Steps 3 -5 . R e c o r d the 
average peak height as A 3 . 

( 9 ) Reset wave length to 359.4 n m a n d inject the sample so lut ion 
(S tep 8 ) to measure background . R e c o r d the read ing as b. 

C a l c u l a t i o n 
(1 ) C a l c u l a t e the concentrat ion of m e t a l i n the sample f r o m the 

first add i t i on as: 

ζ p ( 2 5 n g C r ) added w AQ - b 
n g / g C r - A l - A . X " W 

(2 ) Repeat the ca l cu lat ion for the second a d d i t i o n : 

n g / g C r = A 2 - A 0
 X -23Γ 

( 3 ) Repeat the ca l cu la t i on for the t h i r d a d d i t i o n : 

, (75 ng C r ) added A0 - b 
n g / g C r JT=Te

 X ~2lT 

( 4 ) Average the three values ( f r o m Steps 1, 2, a n d 3 ) a n d report 
that n u m b e r as n g / g i n the sample . 
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Cobalt 

Cobalt has been reported in the ppb range in surveys of crude oil 
metals content (1, 2, 3). The cobalt compounds in crude oils are 

relatively nonvolatile and are concentrated in the residual fractions during 
refining. Certain motor and heating fuels may contain traces of cobalt 
introduced in removal of mercaptans. Other fuels may contain traces of 
cobalt introduced in compounds used as combustion improvers to reduce 
smoke and soot formation. 

Available Analytical Methods 

A number of instrumental methods have been used to determine ppb 
levels of cobalt in water (4, 5, 6) , biological tissues (7, 8) , and air particu
lates (9, 10). Kinetic methods are capable of measuring sub-parts-per
-billion (11, 12). Potentially any of these techniques could be used in the 
analysis of petroleum, but only neutron activation analysis (1, 3) and 
atomic absorption spectroscopy (13, 14) have been applied to any appre
ciable extent. Flame and heated vaporization atomic absorption tech
niques were selected for more detailed study by the Project because 
atomic absorption is sensitive, subject to relatively few interferences, and 
is rather generally available. 

Role of N e u t r o n A c t i v a t i o n . F o r de termin ing cobalt b y neutron 
act ivat ion , the 5 9 C o (n, y) 6 0 C o react ion p r o d u c i n g 1170 a n d 1330 K e V 
g a m m a ray peaks is used. W i t h several hours of i r rad ia t i on a n d long 
count ing t imes, the technique is capable of measur ing 5 n g C o / g . N i c k e l 
interferes b y the react ion 6 0 N i (n, p) e o C o , w h i c h is i n d u c e d b y v a r y i n g 
amounts of fast neutrons a lways present i n the reactor; however , appro 
pr iate corrections can be made. 

Sample Preparation 

T w o sample preparat ion procedures were used. I n one, the sample 
is d i l u t e d w i t h 1:1 xy lene-quino l ine or tetrahydro furan, a n d the solut ion 
is ana lyzed d i rec t ly b y atomic absorpt ion. A mix ture of xylene a n d 
4-methyl-2-pentanone ( M I B K ) can also be used as a d i luent , b u t the 
x y l e n e - q u i n o l i n e mixture is a more effective solvent for res idua l fuels. 
D i s t i l l a t e fuels require no d i l u t i o n . 

102 
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9. H O F S T A D E R E T A L . Cobalt 103 

I n the other preparat ion procedure the sample is treated according 
to the m e t h o d of M i l n e r et a l . ( 1 5 ) . T h e m e t h o d involves carbonizat ion 
of the sample w i t h sul fur ic a c id , i gn i t i on of the carbonaceous residue, a n d 
disso lut ion of the inorganic ash w i t h d i lu te hydroch lo r i c a c id . N o loss of 
cobalt was observed either d u r i n g the decomposi t ion or w h e n the carbo
naceous residue was ign i ted . There was no evidence of contaminat ion 
f r o m external sources d u r i n g the decomposit ion , nor was there any 
detectable cobalt i n the reagents. 

F r e q u e n t l y , w h e n crude oils a n d res idual fuels were decomposed, a n 
inorganic residue remained w h i c h was inso luble i n d i lute hydroch lor i c 
ac id . H o w e v e r , tests showed that a l l of the cobalt was i n solut ion, so the 
residue was ignored i n subsequent steps of the determinat ion . 

Measurement 

Nonaqueous Solutions. H e a t e d vapor i za t i on atomic absorpt ion 
( H V A A ) , w i t h o u t p r e l i m i n a r y decomposi t ion , was evaluated. N o n 
aqueous solutions tended to creep over the surface a n d out of the furnace ; 
this resulted i n errat ic a n d lower-than-expected absorpt ion. T o m i n i m i z e 
creeping , samples were injected s l owly over a 20-sec " d r y " cyc le into a 
w a r m furnace. T h e temperature of the furnace was kept l o w enough to 
a v o i d sputter ing a n d consequent loss of sample b u t h i g h enough to par 
t i a l l y decompose the sample. W i t h this in ject ion procedure , absorpt ion 
measurements were satisfactory for d ist i l late fuels. H o w e v e r , even w i t h a 
w a r m furnace a n d s low inject ion, c reep ing of these fuels c o u l d not be 
prevented w h e n the amount injected was greater than 3 / J . R e s i d u a l fuels 
a n d crudes not on ly r e q u i r e d d i l u t i o n , but also h igher temperatures a n d 
longer a tomizat ion times to e l iminate b a c k g r o u n d a n d y i e l d reproduc ib le 
signals. T h e nonaqueous inject ion method , as evaluated , was the same as 
that recommended for c h r o m i u m (see C h a p t e r 8 ) . W i t h the m a x i m u m 
3 - / J in ject ion, a detect ion l i m i t of about 10" 1 1 g was achieved. F o r d i s t i l 
late fuels ( u n d i l u t e d ) this represents a detectable concentrat ion of about 
3 n g / g . F o r heavier stocks, the detectable concentrat ion depends o n the 
degree of enhancement or suppression of the s ignal b y the other metals 
that are present. 

Aqueous Solutions. T w o measurement procedures for aqueous 
solutions were evaluated i n the Pro jec t—atomic absorpt ion ( A A ) w i t h a n 
a i r -ace ty lene flame a n d heated vapor i za t i on atomic absorpt ion. O p t i m u m 
parameters for b o t h measurements were establ ished e m p i r i c a l l y f r o m the 
response for s tandard solutions of cobalt i n d i lu te h y d r o c h l o r i c ac id . 

T h e response i n the flame A A measurement was l inear over the range 
of 0 - 5 fig C o / m l , a n d b y start ing w i t h a 100-g sample as l i t t le as 5 n g C o / g 
c o u l d be de termined i n the o r i g i n a l sample . 
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Table 9.1. Effect of Matrix on the Determination 
of Cobalt by H V A A 

Concentration of Co in solution: 0.5 ^g/ml 
Quantity injected: 1 μΐ 

Cone, of each Avg. Response, Number of Std. Dev. of 
metal,a μg/ml mm Measurements Response, mm 

0 46 6 4 
0.5 48 3 2 
5 56 3 3 

50 52 3 2 

i n t e r f e r i n g metals present: S i , A l , C r , P b , C u , F e , M g , N a , Z n , C a , V , N i , M o , 
and M n . 

I n the H V A A measurement, the power a n d t ime for the " a s h " cyc le 
w e r e adjusted so that no cobalt was vo la t i l i z ed premature ly , a n d the 
p o w e r a n d t ime for the "a tomize" cyc le w e r e adjusted u n t i l m a x i m u m 
absorpt ion was obta ined , w i t h no " m e m o r y " f r o m one a tomizat ion se
quence to another. B a c k g r o u n d (non-atomic ) absorpt ion at the ana ly t i ca l 
wave length of 240.7 n m was invest igated us ing a h y d r o g e n c o n t i n u u m 
lamp . T h e b a c k g r o u n d signals were ind is t inguishable f r o m the basel ine. 

U n d e r these condit ions, the detect ion l i m i t ( S / N = 2 ) i n the meas
urement of cobalt b y H V A A was 5 X 1 0 ' 1 2 g. W i t h this l i m i t i t was 
possible to determine C o d o w n to the 1 n g / g l eve l i f a 100-g sample was 
ashed. Instrument response was l inear over the range of 0-0 .5 μξ of C o . 

T h e flame A A measurement for cobalt is reported to be re lat ive ly free 
of interferences (16). Results obta ined o n some t y p i c a l samples ( T a b l e 
9 . IV ) support this conclusion. 

L i t t l e in format ion has been avai lab le o n interferences i n the H V A A 
measurement. T h e effect of mixtures of 14 c o m m o n metals on cobalt 
absorpt ion b y H V A A as de termined b y the Project is s h o w n i n T a b l e 9.1. 

Table 9.II. Interference 
Determination 

Concentration of Co in solution: 
Quantity injected: 

Concn. of Interfering 
Metal, g/ml 

V Ni Fe Na 

0 0 0 0 
0.4 0.2 0.05 0.05 
4 2 0.5 0.5 

40 20 5 5 
400 200 50 50 

Common Contaminants on the 
Cobalt by H V A A 

0.1 μΧ)/ηύ 
5 μί 

Avg. No. of Std. Dev. of 
Response, Measure Response, 

mm ments mm 

50 14 5 
58 9 4 
68 8 5 
58 9 4 
44 8 5 
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9. H O F S T A D E R E T A L . Cobalt 105 

W h e n a l l 14 metals were present, each at a concentrat ion greater than that 
of the cobalt , the absorpt ion was increased signif icantly. T h e r e was a 
s imi lar a n d possibly greater effect w h e n on ly V , N i , F e , a n d N a , the most 
c o m m o n contaminants , were present ( T a b l e 9 . II ) . A b s o r p t i o n appears 
to pass through a m a x i m u m as the rat io of inter fer ing i o n to cobalt 
increases. T h e reason for this is obscure, b u t enhancement c o u l d have 
resulted f rom the format ion of a protect ive refractory carb ide that i n 
creased the n u m b e r of analyte atoms p r o d u c e d (17 ) . T h e depression 

CONCENTRATION, Mg Co/ml 

Figure 9.1. Effect of other metals on cobalt calibra-
tion curves 

c o u l d have been caused b y covo lat i l i zat ion of the cobalt w i t h d r y salt 
part ic les (5 ) or occ lusion i n the salt part ic les affecting the rate of a tomi 
za t i on (18 ) . A p p a r e n t l y b o t h enhancement a n d depression effects can 
occur s imultaneously , w i t h the net response depend ing on b o t h concen
trat ion a n d absolute amounts of cobalt a n d inter fer ing metals. D e s p i t e 
this effect, the response for a g iven system was l inear u p to 100 n g C o / m l 
( F i g u r e 9.1) , a l l o w i n g the m e t h o d of s tandard addit ions to be used. 
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Recommended Method 

A s a result of the w o r k descr ibed above, three procedures p r o v e d 
acceptable : (1 ) nonaqueous H V A A ; (2 ) wet ashing w i t h flame A A finish; 
a n d (3 ) w e t ashing w i t h H V A A finish. Procedure (1 ) is p r o b a b l y the 
least subject to contaminat ion , but i t is r e commended only for dist i l late 
fuels that do not need to be d i lu ted . Procedure (2 ) avoids the t ime -
consuming s tandard addit ions step, uses s impler equipment , a n d is a p p l i c 
able to a l l types of petro leum samples, b u t i t requires a large sample to 
achieve the des ired sensit ivity, w i t h a correspondingly lengthy decompo
si t ion step. Procedure (3 ) requires the same type of decomposit ion as (2 ) 
to make i t general ly appl i cab le , b u t smaller samples can be taken a n d the 
final so lut ion m a y be ana lyzed for several other metals (e.g., C r , M n , M o , 
N i , V ) as w e l l . Desp i te the need for s tandard addit ions , Procedure (3 ) 
was considered to be the pre ferred method a n d was the one chosen for 
cross-checking. Tables 9.III a n d 9 . IV compare the results obta ined at 
one laboratory us ing this method compared w i t h those obta ined us ing 
the other two methods. 

I n the recommended method , 1 g of sample is decomposed b y heat ing 
w i t h concentrated sul fur ic ac id . L a r g e r amounts are taken i f a detect ion 
l i m i t of less than 10 n g / g is des ired or i f several elements are to be deter
m i n e d i n the same final solution. T h e resul t ing carbonaceous residue is 
ashed i n a muffle furnace at 500°C. T h e ash is d isso lved i n d i lute h y d r o 
ch lor i c a c id , a n d the concentrat ion of cobalt is measured b y H V A A us ing 
the method of s tandard addit ions . 

T h e recommended method was tested i n b o t h the or ig inat ing a n d a 
cooperat ing laboratory on a crude o i l , gasoline, jet fue l , a n d a N o . 6 
res idua l fue l . T h e gasoline a n d jet fue l were sp iked w i t h cobalt sulfonate. 
T h e res idua l fue l a n d the crude o i l conta ined nat ive cobalt a n d were not 
sp iked . T h e cooperat ing laboratory ana lyzed each sample accord ing to 
the procedure , w i t h o u t any knowledge of the cobalt content of the 
samples. T h e results are shown i n F i g u r e 9.2. 

T h e ver t i ca l l ines on the chart represent two s tandard deviations 
about the spike l eve l for gasoline a n d jet fue l a n d about the m e a n of the 
results on the crude o i l a n d res idua l fue l . Results between laboratories o n 
the gasoline a n d the crude o i l agreed w i t h i n two s tandard deviations. 
W h i l e there is considerable scatter i n the i n d i v i d u a l results on the N o . 6 
f u e l o i l , average results between laboratories agreed reasonably w e l l . 
O n l y for jet fue l d i d the results differ s ignif icantly between laboratories. 

I t was suspected that some of the cobalt sulfonate a d d e d to the jet 
f u e l h a d decomposed a n d the cobalt h a d p la ted onto the wal l s of the 
container before the cooperat ing laboratory h a d started the analysis. T h i s 
type of loss, however , was not conf irmed i n a l ong - term stabi l i ty study b y 
neutron act ivat ion analysis, w h i c h showed that cobalt sulfonate was stable 
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a Initiating Laboratory 
Ο Cooperating Laboratory 

ng/g 

40h 

_L Crude Oil 

"Spike Level 

Spike Level 

Ο 
Ο 
Ο 

Jet Fuel 

300 

260 

ng/g 

No. 6 Residual Fuel 

Figure 9.2. Determination of cobalt in petroleum by different laboratories: 
wet ash HVAA method 

i n b o t h a t y p i c a l crude o i l a n d kerosene. Jet f u e l is considered sufficiently 
s imi lar to kerosene for the results of the l o n g t e rm s tab i l i ty s tudy to app ly . 
T h e explanat ion, therefore, does not account for the cooperat ing labora 
tory's l o w results on jet fue l . Nevertheless , the close agreement obta ined 
on the crude o i l a n d the N o . 6 res idua l fue l , bo th of w h i c h conta ined 
natura l ly o c curr ing cobalt , suggests that the dif f iculty was w i t h the syn 
thet i ca l ly prepared jet fue l sample rather t h a n w i t h the method itself. 

T h e wi th in - laboratory s tandard dev iat ion on these tests was ± 8 n g 
C o / g over the range of 0.0-250 n g C o / g . T h i s prec is ion was ident i ca l to 
that ca l cu lated f r o m the data summar i zed i n Tables 9.II a n d 9.III, as 
obta ined b y the i n i t i a t i n g laboratory d u r i n g the development of the 
method . 

Detailed Procedure 

Scope. T h e m e t h o d is used for de termin ing cobalt i n petro leum a n d 
petro leum products at levels as l o w as 1 n g / g . Six to 12 samples can be 
processed convenient ly i n a batch , w i t h a tota l w o r k i n g t ime of 8 hr . 

Summary of Method. T h e sample ( 1-10 g ) is decomposed b y heat ing 
w i t h sul fur ic ac id . T h e resu l t ing carbonaceous residue is ashed i n a mufHe 
furnace at 500°C. T h e ash is disso lved i n d i lu te h y d r o c h l o r i c a c i d a n d 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

6.
ch

00
9

In Analysis of Petroleum for Trace Metals; Hofstader, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



108 A N A L Y S I S O F P E T R O L E U M F O R T R A C E M E T A L S 

Table 9.III. Cobalt Concentration as Determined 
by Different Methods 

Cobalt Concentration (ng/g) 

Added Measured 

Wet-Ash HVAA Direct HVAA 
Sample (n = S)a (n = l)a 

Gaso l ine 30 31 27 
J e t fuel 59 58 54 
N o . 2 fuel o i l 36 34 33 

a η = N u m b e r of determinations. 

d i l u t e d to 10 m l . T h e concentrat ion of m e t a l is measured on 2 - m l al iquots 
of the digestate b y heated-vapor izat ion atomic absorpt ion u s i n g the 
m e t h o d of s tandard addit ions. 

Apparatus 
( 1 ) Atomic absorption spectrophotometer. V a r i a n - T e c h t r o n A A 5 

or equivalent . 
( a ) S t r ip chart recorder, 0-10 m v w i t h 0.5-sec response t ime 

( L e e d s & N o r t h r u p Speedomax W or e q u i v a l e n t ) . 
( b ) C o b a l t h o l l o w cathode l a m p ( V a r i a n - T e c h t r o n or 

e q u i v a l e n t ) . 
( 3 ) Carbon rod atomizer. M o d e l 63 ( V a r i a n - T e c h t r o n ) . 

( a ) Pyro ly t i c - g raph i te coated atomizat ion furnaces ( V a r i a n -
T e c h t r o n ) . 

( b ) Suppor t electrodes manufac tured b y R ingsdor f f -Werke , 
G M B H , type R W 0124 ( V a r i a n - T e c h t r o n ) . 

(3 ) Vycor dish. C u t an 800-ml beaker to a 1 0 - c m height. T o reduce 
the cobalt b lank i t is recommended that n e w dishes be prepared a n d used 
exclusively for this work . A l l V y c o r dishes must be c leaned b y the f o l l ow-

Table 9 .IV. Comparison of Methods for Cobalt in Petroleum 

Cobalt Concentration (ng/g) 

Added Measured 

Wet Ash Wet Ash Direct 
HVAA Flame AA HVAA" 

Sample (n = 8) (n = 2) (n=2) 

C r u d e A 0 1.8 < 2 < 10 
C r u d e Β 0 83 108 114 
C r u d e C 0 3.1 4 < 10 

44 46 50 58 
C r u d e D 0 516 495 504 
N o . 6 res idua l fuel 0 240 272 258 
" D i l u t e d w i t h 1:1 xylene-quinol ine. 
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i n g procedure before use. A d d 50 m l of 1:1 H C 1 a n d b o i l for 10 m i n . 
D i s c a r d the H C 1 so lut ion a n d take three successive 5 -ml port ions of 
concentrated su l fur i c a c i d to fumes i n the d i sh . W a s h the d i s h w i t h 
water a n d air dry . 

(4 ) Air bath. C u t a cy l inder of a l u m i n u m , w i t h a d iameter s l ight ly 
larger t h a n that of the d i sh , to a 2.25 c m length. 

(5 ) Infrared Lamp, 250-watt, supported about 0.6 c m above the 
a ir bath . 

(6 ) A variable transformer to regulate the heat of the in f rared l a m p . 
(7 ) Muffle furnace, capable of m a i n t a i n i n g 500° ± 25°C a n d 

e q u i p p e d w i t h a supplementary a i r or oxygen supply . 
(8 ) Syringes. 1-, 5-, 10-, a n d 100- /J w i t h Tef lon t ips . 
(9 ) Volumetric flasks, 5- a n d 10-ml. 

Reagents. Unless otherwise ind i ca ted , reagents are A C S reagent 
grade. W a t e r is de ion ized . 

( 1 ) Sulfuric acid, concentrated. 
(2 ) Dilute hydrochloric acid. A d d 50 m l of concentrated a c i d to 

950 m l of water . 
(3 ) Standards 

( a ) Stock s tandards /aqueous cobalt so lut ion, 1000 p p m ( F i s h e r 
Scientif ic , etc. ) 

( b ) C a l i b r a t i o n standard, 10 pg/ml. Prepare 50 m l of the 
ca l ibrat ion s tandard b y care fu l successive d i lut ions , starting w i t h the 1000 
p p m standard. T h i s ca l ibrat ion standard must be prepared immedia te ly 
before use. 

Procedure 
( 1 ) Instrument operation. 

( a ) Set u p the A A spectrometer a n d carbon r o d atomizer to 
measure cobalt . U s e the f o l l o w i n g settings as a guide i n o p t i m i z i n g the 
instrument a n d carbon r o d atomizer. 

W a v e l e n g t h , n m 240.7 
L a m p current , m A 7.5 
Sl i t , μΙΩ 
Inert gas 

25 
A r g o n 

flow rate, 1 /min 3 
15 
90 

pressure, p s i 
Inject ion frequency, sec 

CRA-63 Program 
Supply 
Setting 

sec 

d r y ( i n i t i a l ) 
d r y ( f inal ) 
ash 
atomize 

3 
20 

6.5 
8 

10 
10 
15 

4 
T y p i c a l response 
( a b s o r b a n c e / n g ) 

0.38 
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(2 ) Sample Decomposition 
(a ) C a r r y a reagent b l a n k t h r o u g h the procedure , start ing w i t h 

5 m l of su l fur i c ac id . 
( b ) W e i g h 1-10 g of sample into a V y c o r d i sh . A d d 5 m l of 

concentrated su l fur i c a c i d , m i x w i t h a glass s t i rr ing r o d , a n d p lace the 
d i s h i n a n a ir bath . P lace the b a t h on a hot p late a n d suspend a n in f rared 
l a m p above the d i sh so that the face of the b u l b is 2.5 to 5 c m above its 
top. F o r l i ght matrices such as gasoline, most of the sample s h o u l d 
first be evaporated w i t h a stream of n i t rogen before the d i s h is p l a c e d i n 
the a ir bath . 

( c ) H e a t the sample w i t h the l a m p a n d then w i t h l o w heat f r o m 
the hot plate . St i r f requent ly w i t h a glass r o d to break u p any surface 
crust a n d reduce spattering. Increase the heat g radua l ly u n t i l fumes of 
su l fur i c a c i d are no longer evolved , transfer the d i s h to the muffle furnace 
at 500° C , t u r n o n the air or oxygen supply , a n d ash the residue. 

( d ) C o o l , w a s h d o w n the wal l s of the d i s h w i t h 5 m l of d i lu te 
h y d r o c h l o r i c a c id , cover, a n d dissolve the ash b y w a r m i n g on the steam 
bath . Transfer the so lut ion quant i ta t ive ly to a 10-ml vo lumetr i c flask, 
d i lute to vo lume w i t h d i lute hydroch lo r i c a c id , a n d m i x thoroughly . 

( e ) Transfer accurately a 2 -ml a l iquot of the digestate ( ignore 
any prec ip i tate ) to a 5 -ml flask a n d d i lu te to vo lume. 

( 3 ) Measurement of Cobalt 
(a ) Insert a n e w tube furnace between the support rods, a n d 

set u p to measure cobalt w i t h the recorder set at 5 m v f u l l scale. C l e a n 
the atomizat ion furnace b y " b a k i n g " at m a x i m u m temperature several 
t imes u n t i l an acceptable b l a n k is obtained. 

( b ) Set the dry , ash, a n d atomize condit ions to the appropr iate 
settings. 

( c ) W i t h d r a w a 5 - / J a l iquot of a d i l u t e d digestate. 
( d ) In i t iate the atomizat ion p r o g r a m a n d immediate ly inject 

the sample a l iquot . A f t e r 10 sec f r o m program in i t ia t i on , increase the 
" d r y " cyc le voltage contro l to its m a x i m u m a n d a l l ow the p r o g r a m to r u n 
to complet ion . Reset the " d r y " cycle voltage to its o r i g ina l setting. 

( e ) R e c o r d the peak height caused b y absorbance observed 
d u r i n g the atomizat ion step of the program. 

( f ) F r o m the peak heights obta ined , select an a l iquot of diges
tate such that the peak he ight is 10-20 divis ions above the b l a n k a n d 
b a c k g r o u n d s ignal . A l s o select an a l iquot of ca l ibrat ion s tandard such 
that the peak height (after the t h i r d add i t i on ) w i l l be about four t imes 
the peak he ight for the o r i g i n a l digestate. U s e these same al iquots 
throughout the determinat ion of that sample . 

( g ) W i t h d r a w the selected a l iquot of digestate into a micro l i t e r 
syringe a n d f o l l o w Steps d a n d e. Repeat three t imes. I f the signals are 
w i t h i n ± 1 0 % of the ir average, cont inue Step h . Otherwise , repeat Steps 
d a n d e twice more a n d average the five readings. 

( h ) A d d the selected a l iquot of w o r k i n g s tandard so lut ion to 
the digestate a n d m i x w e l l . C a r r y out Step g. 

( i ) A d d another a l iquot of the w o r k i n g s tandard to the so lut ion 
f r o m Step h a n d repeat Step g. 
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9. H O F S T A D E R E T A L . Cobalt 111 

( j ) A d d a t h i r d a l iquot of the w o r k i n g s tandard to the so lut ion 
f r o m Step i a n d aga in repeat Step g. 

C a l c u l a t i o n 
(1 ) C a l c u l a t e the amount of each s tandard a d d i t i o n i n nano 

grams (d). 
(2 ) C a l c u l a t e average peak he ight i n chart d i v i s i o n obta ined f r o m 

the digestate (Ao) a n d digestate p lus s tandard addit ions ( A * ) . 
(3 ) Subtract the peak he ight obta ined o n the b l a n k so lut ion ( b ) 

f r o m the average. 
(4 ) F o r each of the addit ions calculate 

n g C o / g - W ( A i _ A o ) 

where 
A 0 = i n i t i a l peak height for sample 
b = average peak height for b l a n k 
i = n u m b e r of the a d d i t i o n ( 1, 2, or 3 ) 
Ai = peak he ight after the ith a d d i t i o n 
Ci = amount of cobalt a d d e d to the sample i n nanograms 

after i t h a d d i t i o n 
W = we ight of sample 

(5 ) Average the three ca l cu lated results a n d report the final average. 
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Lead 

The ability to determine nanogram quantities of lead in various matrices 
is important from a number of environmental and health-related 

aspects. However, the accurate determination of lead at the ng /g level 
in petroleum and petroleum derived products presents a formidable 
challenge. The analysis is adversely affected by the ubiquitous presence 
of lead as a contaminant, an effect that is compounded by the extensive 
sample preparation necessary to convert the petroleum matrix into a 
form amenable to analysis by a sufficiently sensitive instrumental tech
nique, such as atomic absorption spectroscopy or differential pulse anodic 
stripping voltammetry (D P A S). 

Available Analytical Methods 

Although innumerable papers have been published describing the 
determination of lead in various matrices, only a limited amount of infor
mation is available concerning the analysis for lead at part-per-billion 
levels in petroleum matrices. Milner (1) has reviewed those methods 
which were directed specifically towards lead in petroleum products at 
the parts-per-million and -billion levels. 

T h e w idespread p o p u l a r i t y of atomic absorpt ion spectroscopy u t i l i z 
i n g b o t h flame a n d non-flame atomizat ion sources has resulted i n a n u m b e r 
of publ i cat ions descr ib ing its use i n de termin ing ultratrace levels of l ead . 
H o d k o v a a n d H o l l e (2 ) descr ibed the determinat ion of l ead i n gasoline 
d o w n to concentrations of 10 p p b after destruct ion of the a l k y l l e a d w i t h 
b r o m i n e a n d extract ion of the l ead w i t h n i t r i c a c id . Steinke (3 ) deter
m i n e d l ead o n an aqueous extract of gasoline at l e a d levels greater t h a n 
10 p p b . K a s h i k i et a l . (4) de termined l e a d i n gasoline to 1 p p b b y atomic 
absorpt ion spectroscopy w i t h a carbon r o d analyzer . B r a t z e l a n d C h a k r a -
b a r t i (5 ) also used a carbon r o d analyzer i n conjunct ion w i t h an organic -
to-aqueous solvent extraction procedure . A detect ion l i m i t of 2 χ 10" 1 2 g 
(absolute) was obta ined u s i n g the 283.3-nm l ead l ine . T h e determinat ion 
of vo lat i le l ead a lkyls i n gasoline to 1 p p b was reported b y Mutsaars a n d 
V a n Steen (6) u s ing a combinat i on of gas chromatography a n d flame 
photometry . 

These methods w h i c h , for the most part , re ly o n the use of solvent 
extract ion for matr ix i so lat ion can be somewhat l i m i t e d i n the ir a p p l i c a 
b i l i t y . Aqueous extraction procedures c a n be advantageously a p p l i e d to 

112 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

6.
ch

01
0

In Analysis of Petroleum for Trace Metals; Hofstader, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



10. H O F S T A D E R E T A L . Lead 113 

l i ght samples such as gasoline, w h i c h contains l ead as a n a l k y l l ead c om
p o u n d . H o w e v e r , the general a p p l i c a b i l i t y of the technique has not been 
demonstrated o n a w i d e var iety of pe t ro leum products , par t i cu lar ly c rude 
oi ls or more viscous samples, w h i c h m a y either conta in u n k n o w n forms of 
natura l l y o c curr ing l ead or are too viscous to manipu la te easily. T h e 
poss ib i l i ty of incomplete extraction is also present. 

F lameless atomic absorpt ion spectroscopy can detect < 50 n g / g l e a d 
i n gasoline a n d l i ght disti l lates, b u t the l o w ashing temperatures neces
sary to prevent preatomizat ion losses m a k e i t dif f icult to separate the 
l e a d s ignal f r o m the background c o n t i n u u m absorpt ion w i t h heavier 
matrices. D i f f e rent ia l pulse anodic s t r i p p i n g vo l tammetry , w h i c h is 
capable of selectively detect ing l e a d at sub-nanogram levels, has not been 
extensively a p p l i e d to petro leum samples because of the inorganic so lu 
t i o n requirements of most electrode systems. 

Special Analytical Considerations 

Since d irect methods of analysis for n a n o g r a m / g r a m levels of l e a d 
are l i m i t e d i n a p p l i c a b i l i t y , some sample preparat ion is r e q u i r e d to i n c l u d e 
most pe tro leum matrices a n d app l i cab le techniques. A suitable sample 
preparat ion procedure is , however , subject to str ingent requirements , 
especial ly one w h i c h can prov ide a final analyte so lut ion amenable to 
analysis b y e lectroanalyt ica l techniques. 

Techniques such as heated vapor i za t i on atomic absorpt ion ( H V A A ) 
a n d di f ferential pulse anodic s t r ipp ing vo l tammetry ( D P A S ) have r e d u c e d 
the absolute sample size requirements to the po int where g r a m or sub-
g r a m samples can prov ide sufficient amounts of l e a d to y i e l d n a n o g r a m / 
g r a m sensit ivity. Smal ler sample sizes also prov ide advantages i n that 
smal ler quantit ies of reagents are consumed. R e d u c t i o n of sample size, 
however , amplifies the effects of contaminat ion . T h e presence of l e a d as 
an env ironmenta l contaminant complicates this p rob l em. 

W e t digest ion procedures w h i c h invo lve large a c i d / s a m p l e ratios can 
contr ibute excessive amounts of l ead contaminat ion . F u r t h e r a d d i t i o n of 
reagents aggravates this s i tuation. Since l e a d is a c o m m o n i m p u r i t y i n 
m a n y reagents, especial ly acids , such reagents must b e very care fu l ly 
pur i f i ed before use. A l s o , since l ead c a n b e present i n the sample either 
as a vo lat i l e organolead compound , inorganic l ead , or a mix ture of the 
two , the preparat ion must ensure that b o t h types of compounds are 
reta ined . 

Sample Preparation 

T h e importance of l ead a n d the stringent sample preparat ion requ i re 
ments p r o m p t e d the study of several decomposi t ion techniques. P a r t i c u l a r 
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emphasis was p l a c e d on those techniques w h i c h w o u l d prov ide a final 
analyte amenable to analysis b y either D P A S or H V A A . W e t d igest ion 
techniques i n v o l v i n g the use of " l i q u i d fire," a mixture of H 2 S 0 4 , H N 0 3 , 
a n d HCIO4 ( 7 ) , effectively destroy the petro leum matr ix . T h e large 
a c i d / s a m p l e ratios a n d resultant strong a c i d m e d i u m , however , require 
extremely pure reagents a n d further treatment before quant i ta t i on b y 
D P A S . 

Efforts to use a n i n s i tu mic ro sul fated ash procedure b y ash ing 
the sample w i t h H 2 S 0 4 d i rec t ly i n a carbon c u p atomizer before H V A A 
atomizat ion ( H V A A ) were made d u r i n g this Project. " C r e e p i n g " of the 
sample into the opt i ca l p a t h o f the spectrometer caused a n excessive 
b a c k g r o u n d absorbance w h i c h prevented effective u t i l i z a t i o n of the 
technique . F u r t h e r m o r e , recovery studies suggested that the use of H 2 S 0 4 

as a n i n s i tu ashing a i d caused l o w l ead recoveries. F i v e nanograms of 
l e a d (as P b S 0 4 ) were quant i ta t ive ly recovered after heat ing for u p to 
4 h r at 530°C i n a muffle furnace. H o w e v e r , the response for l e a d "ashed" 
i n a H V A A graphi te furnace at 600°C w i t h v a r y i n g amounts of H 2 S 0 4 

was consistently less than those ashed i n the furnace at l ower t empera 
tures. Therefore , i t is postulated that react ion of the l e a d w i t h the carbon 
at the h igher temperature results i n l ead losses a n d that H 2 S 0 4 increases 
the effect. 

G o r s u c h (8) per f o rmed extensive recovery studies u s i n g r a d i o c h e m i 
c a l techniques to determine the effect of several ashing variables on l e a d 
recoveries f r o m samples of cocoa a n d d r i e d m i l k . Lead -212 at either the 
1- or 10 -ppm leve l , was quant i tat ive ly recovered w h e n H N O 3 was used 
as a n ashing a i d at 550°C; recoveries of l e a d u s i n g H 2 S 0 4 were s l ight ly 
l ower . A t 450°C b o t h acids y i e l d e d quant i tat ive results. 

N i t r i c a c i d has been used for d igest ion pr i o r to l e a d measurement. 
T h e ac id , w h i c h can be prepared read i l y i n a h i g h degree of p u r i t y b y 
sub -bo i l ing d i s t i l la t i on , c i rcumvents the problems associated w i t h H 2 S 0 4 

or H C 1 0 4 . 
K o t z et a l . (9 ) decomposed b i o l og i ca l materials w i t h HNO3 u n d e r 

pressure i n a Tef lon tube enclosed i n a stainless steel jacket p r o v i d e d w i t h 
faci l i t ies for heat ing a n d coo l ing . A m a x i m u m temperature of 170°C was 
a l l o w e d , b e y o n d w h i c h the Te f lon began to soften. Digest ions per f o rmed 
w i t h H N O 3 u n d e r pressure reduce the vo lume of a c i d r e q u i r e d (10 ) . 

C o m m e r c i a l l y ava i lab le pressure decomposi t ion vessels consist of a n 
inner Tef lon chamber contained i n a stainless steel outer jacket (11, 12) 
or are constructed ent ire ly of Tef lon (IS). A l l Tef lon is more restr ict ive 
w i t h respect to temperature a n d pressure, but is not subject to meta l l i c 
contaminat ion . 

A sample preparat ion scheme has been deve loped b y the Project 
w h i c h combines the advantageous features of c ommonly a p p l i e d tech -
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10. H O F S T A D E R E T A L . Lead 115 

niques , requires m i n i m a l amounts of reagents a n d decreased m a n i p u l a t i v e 
effort, yet is capable of p r o v i d i n g a final analyte so lut ion suitable for 
de te rmin ing l ead at the n a n o g r a m / g r a m l eve l b y D P A S . T h e analyte 
so lut ion shou ld also be amenable to analysis b y H V A A , b u t this possi 
b i l i t y was not explored exper imental ly . T h e m e t h o d involves the w e t 
d igest ion of the pe t ro l eum sample i n a V y c o r ce l l w i t h f u m i n g H N O 3 

under pressure i n a n enclosed, c ommerc ia l l y ava i lab le chamber con
structed ent ire ly of Tef lon , a n d i g n i t i o n of the carbonaceous residue i n a 
s i l i ca muffle furnace. T h e ashed residue is d isso lved i n a m i n i m u m amount 
of concentrated hydroch lo r i c a c id , w h i c h is then neutra l i zed w i t h anhy 
drous a m m o n i a vapor . T h e salt is heated to remove excess a m m o n i a a n d 
water , d issolved i n a measured amount of water , a n d subjected to d i f 
ferent ia l pulse anodic s t r ipp ing vo l tammetry . T h i s sample preparat ion 
procedure offers some significant advantages: 

( 1 ) T h e entire analysis, f r om digest ion to measurement, is per f o rmed 
i n a smal l , easily fabr icated , c lean V y c o r vessel w h i c h also serves as an 
e lectrochemical ce l l , thereby e l i m i n a t i n g transfer losses a n d r e d u c i n g 
adsorptive losses to a m i n i m u m . 

( 2 ) T h e sample contacts on ly V y c o r a n d d u r i n g the digest ion resides 
i n an enclosed Tef lon chamber w h i c h serves as a portable m i n i c lean 
room. 

(3 ) T h e ashing step is per formed i n a s i l i ca oven conta in ing 
in tegra l ly m o l d e d heat ing elements, further m i n i m i z i n g the r isk of 
contaminat ion . 

(4 ) A l l reagents used can be read i ly p r o d u c e d i n a v e r y h i g h state 
of p u r i t y a n d are easily removed b y l o w temperature evaporat ion. 

(5 ) P e r f o r m i n g the digest ion i n a sealed Tef lon chamber ensures 
that any volat i le organolead compounds are re ta ined a n d permits use of 
m i n i m u m amounts of H N 0 3 . 

( 6 ) T h e Tef lon chambers are inexpensive enough so that a n u m b e r 
of digestions can be per formed s imultaneously . S ix vessels can be h a n d l e d 
convenient ly , thus a l l o w i n g for repl i cate analyses a n d a n acceptable 
sample throughput . Six samples can be processed i n f r om 3 to 4 hr . 

(7 ) T h e final analyte so lut ion is on ly m i l d l y ac id i c , thereby con-
t r i b u t i n g to increased H g film stabi l i ty . 

Measurement 

T h e f u m i n g H N 0 3 d igest ion procedure was used i n conjunct ion w i t h 
di f ferential pulse anod ic s t r ipp ing vo l tammetry to determine sensit ivity , 
l inear i ty of response, measurement prec is ion , a n d l ead b a c k g r o u n d or 
b l a n k levels. Recovery studies, as w e l l as some interference studies, were 
also conducted . I t shou ld be emphas ized that the data presented i n this 
discussion were obta ined i n a par t i cu lar laboratory s i tuat ion. P r a c t i c a l 
detect ion l imits were determined b o t h b y the laboratory environment 
a n d b y the ab i l i t y of the analyst to reduce b o t h the v a r i a b i l i t y a n d m a g n i -
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tude of the ana ly t i ca l b l a n k t h r o u g h strict adherence to exper imental 
deta i l . 

T o determine the feas ib i l i ty of us ing the m e t h o d of s tandard a d d i 
tions for quant i tat ion , the l inear i ty of response was determined. A 250-fJ 

Table 10.1. Lead Reagent Blank and Total 
Lead Background Levels 

1. Reagent blank level 

1 m l H N 0 3 (evaporated at 140°C) + 250 μ\ H C 1 + N H 3 

Cell No. ng Pb Measured 

1 5.8 
2 4.5 
3 4.5 
4 4.5 
5 4.0 
9 4.0 

A v g 4.6 (Θ = 0.66) 

2. Repeat of above experiment, next day 

Cell No. ng Pb Measured 

1 4.4 
2 3.3 
3 3.5 
4 4.3 
5 3.7 

A v g 3.8 (Θ — 0.49) 

8. Total lead background level 

1 m l HNO3 ( taken through entire digestion procedure) 
+ 250 μ\ H C 1 + N H 3 + 2.5 m l H 2 0 

Cell No. ng Pb Measured 

1 5.5 
2 2.5 
7 4.5 
8 5.5 
9 2.0 

A v g 4.0 (β — 1 . 7 ) 

sample of H C 1 was neutra l i zed w i t h N H 3 a n d d i l u t e d w i t h 2.5 m l of water . 
L e a d s t r ipp ing curves were obta ined for a series of s tandard addit ions of 
10 / J of 1 n g P b / / J s tandard , dupl i cate s t r i p p i n g curves were obta ined 
for each s tandard add i t i on , a n d a detect ion l i m i t of 10 n g was at ta ined 
us ing the g i v e n exper imental parameters. Prec i s i on a n d l inear i ty were 
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excellent over the entire 10-120 n g concentrat ion range s tudied . S tab i l i t y 
of the electrode system was demonstrated b y the l inear i ty of the c a l i b r a 
t i o n curve a n d the fact that the 26 separate anodic s t r i p p i n g curves were 
generated over a 2-hr per iod . 

T h e magni tude a n d the v a r i a b i l i t y of the l ead b l a n k or b a c k g r o u n d 
l eve l were de termined to ind icate the prec is ion a n d the p r a c t i c a l l ower 
l i m i t o f detection. I n these experiments a n attempt was m a d e to di f feren
tiate between the "reagent b l a n k l e a d " l eve l a n d the " t o ta l b l a n k l e a d " 
l eve l resul t ing f r o m the entire sample preparat ion procedure . T h e results 
of these experiments are s h o w n i n T a b l e 10.1. T h e results ob ta ined f r o m 
Exper iments 1 a n d 2 give an ind i ca t i on of the reagent b l a n k levels. T h e 
results ob ta ined i n E x p e r i m e n t 3 represent the to ta l l e a d contr ibut ion 
f r o m each of the reagents p lus any contr ibut ion f r o m the atmosphere a n d 
the V y c o r cells. N o significant statist ical difference be tween the three 
experiments was observed. L e a d b l a n k levels were consistently m a i n 
ta ined b e l o w 5 ng , w i t h the greatest s tandard dev ia t i on b e i n g 1.7 n g . T o 
demonstrate that these values i n d i c a t e d the ac tua l l ead present rather t h a n 
i n a b i l i t y of the procedure to recover l ead , recovery studies u s i n g b o t h 
inorganic a n d organic l ead standards were done. T h e results are i n 
T a b l e 10.11. 

I n the first experiment aqueous l ead standards a n d 0.4 g kerosene 
were taken through the entire procedure. T h e recoveries obta ined i n d i 
cate that l e a d is re ta ined d u r i n g sample preparat ion . 

I n another experiment, Conos tan base o i l , d i l u t e d 1 to 100 w i t h 
kerosene, was sp iked w i t h Conos tan D - 2 0 (14). These standards w i t h 
0.4 g kerosene w e r e taken through the entire procedure . A l t h o u g h 
recoveries for the 20 n g samples were acceptable, those obta ined for the 
40 n g samples were l ow . I n further experiments, however , i t was d e m o n 
strated that incomplete d isso lut ion was responsible for the l o w recoveries, 
a n d essentially quant i tat ive recoveries were obta ined w h e n the cells were 
thoroughly contacted w i t h the a c id . 

Recommended Method 

T h e closed-system, f u m i n g H N 0 3 d igest ion is capable of fixing 
nanogram quantit ies of l e a d so that i t is not lost d u r i n g the ensuing ashing. 
T h e H C 1 , N H 3 vapor a n d H 2 0 treatment quant i tat ive ly recovers l e a d at 
the nanogram leve l i n the ashed residue i f strict adherence to the exper i 
m e n t a l procedure is ma inta ined , a n d i t can p r o v i d e a final analyte so lut ion 
amenable to analysis b y di f ferential pulse anod i c s t r ipp ing vo l tammetry . 
T h e D P A S procedure detects nanogram levels of l ead w i t h good accuracy 
a n d prec is ion. H g film electrode s tabi l i ty i n the N H 4 C 1 suppor t ing electro
lyte so lut ion is satisfactory. A l t h o u g h extensive interference studies have 
not been per formed, recovery studies w i t h D - 2 0 standards indicate that 
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the 20 elements i n the mix , at least at the levels present, do not interfere. 
Cross-check data u s i n g this method were not obtained. 

Detailed Procedure 
Scope. T h i s m e t h o d describes the determinat ion of l e a d at the 

nanogram leve l i n pe t ro leum a n d pe t ro leum products b y di f ferential pulse 

Table 10.11. Recovery of Lead by Proposed Method 

( A l l Results in ng P b / g ) 

1. Aqueous Pb standards + 0.4 g kerosene 

Added Measured" Added Measured 

20 21 50 52 
20 16 50 40 
40 37 100 92 
40 38 100 95 

2. Conostan D-20 Standards + 04 g kerosene 

Added Measured Added Measured 

20 18 50 45 
20 17 50 42 
40 28 100 70 
40 24 100 60 

3. Repeat of above experiment, more careful H CI wash 

Added Measured Added Measured 

40 38 100 95 
40 36 100 90 

° A l l results were corrected for a 5-ng lead b lank level . 

anodic s t r ipp ing vo l tammetry . P r a c t i c a l l ower l imi ts of detect ion are 
de termined b y the m a g n i t u d e a n d v a r i a b i l i t y of the ana ly t i ca l b lank . 

Summary of Method. T h e sample is digested w i t h f u m i n g H N 0 3 

i n a n enclosed Te f lon chamber . A f t e r r e m o v a l of the carbonaceous matter 
i n a muffle furnace , the residue is d isso lved i n H C 1 , w h i c h is t h e n n e u 
t r a l i z e d w i t h anhydrous ammonia . T h e resultant salt is d r i e d , d issolved 
i n a measured quant i ty of water , a n d subjected to analysis b y anodic 
s t r i p p i n g vo l tammetry . Q u a n t i t a t i o n is a ch ieved b y the m e t h o d of s tand
a r d addit ions . 

Apparatus 
( 1 ) Electroanalysis instrumentation 

( a ) P r i n c e t o n A p p l i e d Research C o r p . , model -174 po larographic 
analyzer or eqiuvalent . 
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10. H O F S T A D E R E T A L . Lead 119 

( b ) H e w l e t t - P a c k a r d model -7004B X - Y recorder or equivalent . 
(2 ) Electroanalysis cell and electrode assembly ( F i g u r e 10.1) 

(a ) H g - p l a t e d , wax - impregnated graphite w o r k i n g electrode 
( P r i n c e t o n A p p l i e d Research C o r p . N o . 9319) . 

( b ) A saturated ca lomel reference electrode ( B e c k m a n N o . 
39178) . 

( c ) A p l a t i n u m w i r e counter electrode. 
( d ) A quar tz N 2 de-aeration tube, a l l h e l d i n a swive l -mounted 

T F E ce l l cap. 
(e ) D i g e s t i o n / e l e c t r o m e c h a n i c a l cells fabr i cated f rom V y c o r . 

B E C K M A N #39178 
SCE PROBE E L E C T R O D E 

MACHINED & D R I L L E D 
TFE C E L L CAP 

S C A L E : 

— * j 2 cm. | - « — 

V Y C O R C E L L 
21 mm χ 37 mm 

NOTE: 
M A K E BOTTOM F L A T TO 
ENSURE SMOOTH ROTATION 
OF STIRRING BAR 

Figure 10.1. Cell and electrode assembly 
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( 3 ) Magnetic stirrer ( N o . 14-511-2 F i s h e r Scienti f ic or equiva lent ) 
a n d T F E coated s t i r r ing bars ( 17 X 3 m m ) . 

(4 ) Muffle furnace, s i l i ca l i n e d , conta in ing integra l ly m o l d e d heat ing 
elements a n d capable of m a i n t a i n i n g a temperature of 525°C ( m o d e l 
51828 M o l d a t h e r m F u r n a c e , L i n d b e r g ) . 

( 5 ) Hot plate, capable of m a i n t a i n i n g a temperature of 105°C 
( T e m p B l o k modu le heater ) . 

( 6 ) Syringe, var iab le capac i ty micro l i t e r syringe w i t h disposable 
glass t ips . 

( 7 ) H20 dispenser, L a b Industries repipet . 
(8 ) TFE decomposition vessel, a l l -Te f lon decomposi t ion vessel capa 

b le of b e i n g sealed a n d heated to 150°C (Te f lon L o r r a n decomposi t ion 
vessel ( 1 3 ) ) . 

(9 ) NHS vapor neutralization apparatus (Figure 10.2), a s ide -arm 
gas s c r u b b i n g tube a n d vented Tef lon cap are connected to the sample 
c e l l a n d a n anhydrous N H 3 tank w i t h a needle va lve for fine-flow 
adjustment. 

VYCOR 
SAMPLE CELL 

X 

S.S. FINE ADJUST 
NEEDLE VALVE 

ANHYDROUS 
AMMONIA 
TANK 

EDTA SOLUTION 

Figure 10.2. Apparatus for NH3 vapor neutralization of HCl 

Reagents and Materials 
( 1 ) Water, ultrahigh purity. Pass d i s t i l l ed water through organic 

a n i o n - c a t i o n exchange resins (Barnstead d e m i n e r a l i z e r ) , double d i s t i l l 
f r o m a quartz s t i l l ( pure water generator, Q u a r t z Products C o r p . ) , a n d 
store i n a h i g h pressure process po lyethylene container; carry out sub-
b o i l i n g d i s t i l l a t i on i n a quar tz s t i l l just p r i o r to use. 
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(2 ) Fuming nitric acid, high purity. P u r i f y n i t r i c a c i d , 9 0 % ( J . T . 
B a k e r ) b y sub-bo i l ing d i s t i l l a t i on f r om a Tef lon s t i l l p r i o r to use. 

(3 ) Nitrogen purge gas, low oxygen. Pass prepur i f i ed n i trogen 
t h r o u g h hot copper w o o l ( 4 5 0 ° C ) a n d h u m i d i f y b y b u b b l i n g t h r o u g h 
h i g h p u r i t y water . 

(4 ) Hydrochloric acid, ultrahigh purity. Subject hydroch lo r i c a c i d 
( U l t r e x , J . T . B a k e r ) to sub -bo i l ing d i s t i l l a t i on i n a quartz s t i l l . 

( 5 ) Ammonia vapor, high purity. P u r i f y anhydrous a m m o n i a 
( M a t h e s o n ) b y b u b b l i n g t h r o u g h an E D T A solution. 

(6 ) Lead standard. 
(a ) Stock so lut ion 10,000 ng/μΐ. D isso lve 1.000 g l e a d meta l 

( F i s h e r , certi f ied A C S granular ) w i t h 2 m l n i t r i c a c i d i n 10 m l of water 
a n d d i lu te to 100 m l w i t h water . 

( b ) C a l i b r a t i o n l e a d standard, 1 n g / / J . D i l u t e stock so lut ion 
1 to 100 a n d further d i lute this so lut ion 1 to 100. Prepare this so lut ion 
just p r i o r to use. 

(7 ) Mercury plating solution. D isso lve t r ip l e -d i s t i l l ed m e r c u r y (0.2 
g ) w i t h 0.2 m l n i t r i c a c i d a n d d i lute to 100 m l w i t h water . 

Procedure 
( 1 ) O p t i m i z e ins trumenta l parameters u s i n g the f o l l o w i n g settings 

as a guide. 

(2 ) Sample Preparation. A reagent b l a n k must be carr ied t h r o u g h 
the procedure a long w i t h the sample. 

( a ) C l e a n the V y c o r cells b y soaking i n 1:1 reagent grade H N 0 3 , 
then thoroughly r inse, p lace on a disposable laboratory tissue, a n d a l l o w 
to d r y b y evaporation. 

T h e f o l l o w i n g steps, u p to p lacement of the sealed vessels i n the 
furnace , were carr i ed out i n a n H E P A filtered c lean laboratory. I n d i v i d u a l 
laboratory circumstances w i l l determine whether such precautions are 
possible or even necessary. 

( b ) A c c u r a t e l y w e i g h a m a x i m u m of 400 m g sample into a ce l l . 
Use c leaned disposable d r o p p i n g pipets to dispense samples. Use Tef lon 
forceps at a l l times to handle cells a n d keep t h e m covered as m u c h as 
possible w i t h inver ted c rys ta l l i z ing dishes. I t is convenient to process six 
samples at a t ime. P e r f o r m at least dupl i cate determinations per sample. 

O p e r a t i n g mode 
I n i t i a l potent ia l 
Range 
Rate 
D i r e c t i o n 
M o d u l a t i o n a m p l i t u d e 
O u t p u t offset 
D i s p l a y d i rec t ion 
L o w pass filter 
C u r r e n t range 
D e p o s i t i o n t ime 

di f ferential pulse 
- 0 . 7 V vs. S C E 
1.5 V 
10 m v / s e c . 
+ 
25 m v 
as r e q u i r e d 
+ 
off 
as r equ i red , t y p i c a l l y 0.1 m a 
4Vi m i n w i t h s t i r r ing 
30 sec w i t h o u t st i rr ing  P
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( c ) P lace each ce l l i n a L o r r a n decomposi t ion vessel a n d a d d 
1 m l of f u m i n g HNO3. A d d the vessel cap a n d h a n d t ighten. Stainless 
steel hose c lamps shou ld be p l a c e d a r o u n d the caps before use. T h e y 
m i n i m i z e leakage of H N 0 3 vapor caused b y softening of the Tef lon 
d u r i n g heat ing. 

( d ) T i g h t e n the hose c l a m p w i t h a screwdriver a n d place the 
sealed vessels i n the furnace at 140 ° C for 1 hr . A temperature of 140° C 
is near the l ower contro l l i m i t of the furnace , a n d the f o l l o w i n g procedure 
shou ld be used. T h e furnace is first equ i l ibra ted at 140°C. U s e a thermo
couple -pyrometer to moni tor temperature. I n i n t r o d u c i n g sample vessels 
first t u r n O F F furnace p o w e r sw i t ch before opening the door. D o not 
t u r n O N again u n t i l the vessels are p l a c e d i n the furnace, the door has 
been closed, a n d a f ew moments have elapsed. T h i s al lows the heat-
sensing element to re -equi l ibrate w i t h the ac tua l furnace temperature. 
I f this is not done, the very fast heat ing ac t ion w i l l result i n considerable 
t h e r m a l overshoot. D e p e n d i n g on the p h y s i c a l c ond i t i on of the vessels 
a n d the tightness of the seal, some n i t r i c a c i d fumes m a y escape f r om the 
vessels d u r i n g the digest ion. T h i s is not serious unless copious fumes 
ind icate a very poor seal. 

(e ) Remove the vessels f rom the furnace, a l l ow to cool for Vi 
hr , then loosen the c lamps a n d remove the caps. CAUTION: W e a r p last i c 
gloves a n d open i n a hood . 

( f ) Remove the cells f r om the vessels w i t h Tef lon forceps, p lace 
the cells i n the furnace, a n d raise the furnace temperature to 525°C to 
remove the carbonaceous matter . 

(g ) R e m o v e the cells f r o m the furnace, a l l o w to cool ; a d d 250 
μΐ concentrated H C 1 to each ce l l , rotate the cells so as to w a s h the entire 
inter ior , a n d a l l ow to stand for 1 hr . 

( h ) P lace the c e l l conta in ing the dissolved res idue i n pos i t ion 
i n the neutra l i zat ion apparatus shown i n F i g u r e 10.2 a n d flow a gentle 
stream of a m m o n i a vapor over the solut ion. T h e gentle b o i l i n g a n d reflux-
i n g act ion caused b y the heat of react ion serves to further ensure complete 
d isso lut ion of the residue. C o n t i n u e this process for at least 7 m i n or u n t i l 
excess a m m o n i a is present. A slushy, w h i t e residue w i l l result. 

( i ) H e a t each ce l l for 30 m i n at 105°C, k e e p i n g i t covered w i t h 
a n inver ted c rys ta l l i z ing d i sh that min imizes atmospheric contaminat ion . 

( j ) D i sso lve the residue i n 2.5 m l H 2 0 dispensed f r o m a v o l u 
metr i c dispenser a n d a d d a magnet ic s t i r r ing bar to the ce l l . 

(3 ) Preparation of H g film electrode. T h e H g film electrode, a l 
t h o u g h possessing superior sensit ivity characteristics , is more subject to 
i r reproduc ib le behavior t h a n is the h a n g i n g H g d r o p electrode. T h e 
f o l l o w i n g p l a t i n g procedure is satisfactory. 

(a ) P lace a ce l l conta in ing H g p l a t i n g so lut ion i n pos i t ion , 
deaerate the so lut ion for 3 m i n w i t h N 2 a n d a p p l y a potent ia l of — 0.45 V 
vs. S C E for 10 m i n w i t h o u t st irr ing . 

( b ) R e m o v e the ce l l , r inse the electrode assembly cop ious ly 
w i t h H 2 0 , a n d remove H 2 0 droplets b y app l i ca t i on of a laboratory tissue. 
Do not touch the H g coating. 
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( c ) Pos i t i on the electrodes i n a b l a n k electrolyte so lut ion a n d 
obta in a s t r ipp ing curve b y scanning f r o m — 0.7 to — 0.2 V vs. S C E . 
M a i n t a i n the potent ia l at — 0.2 V for about 1 m i n to ensure complete 
c leaning of the electrode. M o n i t o r the performance of the H g film elec
trode b y observing the response to the a d d i t i o n of a standard. S y m m e t r i c a l 
peaks of u n i f o r m height shou ld result. I f response begins to change 
drast ica l ly , or i f unsymmetr i ca l or double peaks b e g i n to appear, w i p e 
the electrode c lean a n d replate. I n " r e a l " samples other elements m a y be 
present w h i c h are p la ted either revers ib ly or i r revers ib ly a long w i t h the 
l e a d to affect the quant i tat ive s t r ipp ing of the l e a d f r o m the film. It is 
therefore desirable to " c l ean" the electrode after each r u n b y h o l d i n g a 
potent ia l of — 0.2 V , w h i l e s t i r r ing , for about a minute after each s t r ipp ing 
curve is obta ined a n d to monitor its response constantly. 

(4 ) Quantitation of lead 
(a ) P lace a ce l l conta in ing the dissolved res idue i n pos i t ion , 

p u s h the N 2 in let cap i l lary in to the solut ion a n d deaerate for 3 m i n . 
( b ) L e a v e the N 2 f l owing a n d raise the tube out of, b u t s l ight ly 

above, the solut ion a n d t u r n O N the magnet ic stirrer. 
( c ) A p p l y a potent ia l of — 0.7 V vs. S C E for 4*4 m i n , t u r n O F F 

the magnet ic stirrer, a n d w a i t 30 sees. 
( d ) Sweep the potent ia l f rom — 0.7 to — 0 . 2 V . T u r n the stirrer 

O N a n d h o l d the potent ia l at —0.2 V for 1 m i n . 
( c ) O b t a i n repl i cate s t r i p p i n g curves to establ ish measurement 

prec is ion . 
( f ) A d d a suitable s tandard so lut ion b y insert ing the syringe 

conta in ing the s tandard through a hole i n the c e l l top beneath the surface 
of the sample so lut ion w h i l e s t i r r ing . W h i l e , for m a x i m u m accuracy, the 
concentrat ion of the s tandard shou ld depend o n the i n i t i a l concentrat ion, 
a sequent ia l a d d i t i o n of two 10- /J al iquots of a 1 n g / / J s tandard has been 
f o u n d suitable for the 0 -100 n g range. I t is important that the s tandard 
be a d d e d i n this manner . R e m o v i n g the ce l l f r o m the electrode assembly, 
a d d i n g the standard solut ion, a n d rep lac ing the c e l l i n pos i t i on results i n 
i r reproduc ib l e results. 

( g ) R e m o v e the ce l l a n d rinse the electrodes w i t h H 2 0 after 
complet ion of the s tandard addit ions steps. D o not forget to p u s h d o w n 
the N 2 in let cap i l lary a n d rinse i t since i t has contacted the sample so lu 
t ion . I f the amount of l ead present is greater than 100 ng , r u n a b l a n k 
so lut ion through the s t r ipp ing procedure to ensure cleanliness of the 
electrode system. 

Calculation 
( 1 ) M e a s u r e the l ead peak he ight i n scale units on the anodic s t r ip 

p i n g curve obta ined for the sample solution. 
(2 ) Measure the peak heights recorded after each of the s tandard 

addit ions . 
( 3 ) P l o t the three peak heights against the to ta l nanograms P b a d d e d 

after each a d d i t i o n a n d extrapolate to the basel ine; r e cord the to ta l nano
grams determined i n the solution. 

(4 ) Repeat Steps 6.1-6.3 for the reagent b lank . 
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(5 ) C a l c u l a t e the concentrat ion of l e a d i n the sample as fo l l ows : 

τ,, , , ng P b i n sample so lut ion — ng P b i n b l a n k solut ion 
ng P b / g sample = — - ^ V r 

sample weight 
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Manganese 

T h e  origin of manganese in various petroleum matrices is not well 
understood. Traces of it in crude oi l may arise as oil-soluble compo

nents native to the oil reservoir, as entrained brine, or as corrosion products 
from equipment used in production. The fate of this manganese in the 
refinery is likewise unclear. Although it may be concentrated in distilla
tion processes, it has also been deposited on spent cracking catalysts. In 
addition to "native" forms, part-per-million levels of manganese may be 
introduced into petroleum matrices as an additive to improve fuel oi l 
combustion or as an antiknock additive to gasoline. 

Available Analyt ica l Methods 

Generally, the manganese reported in petroleum has been measured 
as part of trace-element survey analyses by neutron activation (1, 2, 3) or 
by emission spectroscopy (4) . Prior to the work of the Trace Metals 
Project no procedure was available specifically for the determination of 
traces of manganese in petroleum. Manganese levels above 1 μg/ml have 
been determined colorimetrically after oxidation to permanganate with 
periodate (5). Concentrations as low as 0.001 μg /ml have been measured 
by the catalytic effect of manganese on the oxidation of diethylamine by 
periodate (6). In both methods, however, chromium must be eliminated 
before measurement. After removal of nickel and iron, manganese has 
been measured polarographically down to 0.2 μg /ml (7). Pulse polarog-
raphy has extended the detection limit to ≥ 0.03 μg Mn/ml (8). Flame 
atomic absorption has a sensitivity of 0.024 μg /ml when applied directly 
to aqueous media (9). This sensitivity has been extended to less than 
0.01 μg /ml by solvent extraction with cupferron and M I B K (10). Heated 
vaporization atomic absorption (HVAA) has been used at the μg /ml level 
in aqueous media (11, 12, 13, 14) . In addition, H V A A has been used 
directly to determine manganese in petroleum matrices at the part-per-
million level (15). The Trace Metals Project has extended the use of 
direct H V A A to allow the determination of manganese down to 10 ng /g 
in a variety of petroleum matrices. The work has been described in 
detail; in general, it involves the use of standard additions to a solution 
of the sample in tetrahydrofuran (16) . 

125 
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Role of Neutron Activation 

Manganese can be read i ly determined i n petro leum matrices b y 
I N A A . T h e p r i n c i p a l rad iat ion at 847 k e V [ ( 5 5 M n (ny) 5 6 M n ) ] c a n b e 
used to detect less t h a n 10 n g / g after 1-hr i r r a d i a t i o n at a neutron flux of 
1 0 1 2 c m 2 " sec" 1. C o u n t i n g times are on ly 10-30 m i n . T h e presence of 
large amounts of i r o n m a y cause interference f r o m the 5 5 F e (n,p) 5 6 M n 
daughter p r o d u c e d fission neutrons i n the reactor. T o correct for this 
interference, the intensity rat io of the 1099 K e V 5 9 F e / 8 4 7 K e v 5 6 M n is 
de termined b y simultaneous i r rad ia t i on of a pure i r o n solution. T h e 
magni tude of the interference is ca l cu lated f r o m the 1099 K e V 5 9 F e peak 
intensity i n the sample. T h i s technique was a p p l i e d i n the Project to 
va l idate the H V A A procedure w h i c h was developed. 

Special Analytical Considerations 

I n the development of the procedure , the effect of several H V A A 
operat ing parameters (of a V a r i a n T e c h t r o n C R A - 6 3 atomizer) were 
invest igated (16). T h e ashing temperature a n d composi t ion of the 
" sheath ing" gas affected the atomizat ion peak height at h i g h ashing 
temperatures, causing some losses of manganese. T h i s is consistent w i t h 
reported losses of manganese w h e n dry ash ing is carr ied out above 700° C 
(17). T h e in t roduct i on of hydrogen into the sheathing gas reduces the 
atomizat ion peak height even w h e n the ' n o r m a l " ashing temperature was 
used. T h e mechanism that reduces the s ignal is unclear . 

O n c e atomizat ion condit ions h a d been o p t i m i z e d , "nat ive " manganese 
c o u l d be successfully ana lyzed d i rec t ly i n pe tro leum samples b y H V A A . 
Since a fixed amount of manganese as the sulfonate (Conostan) or the 
cyclohexanebutyrate ( N B S ) gave ident i ca l peak heights, the manganese 
s ignal appears to be independent of its c o m p o u n d form. T o demonstrate 
quant i tat ive retention, the d irect technique was a p p l i e d to several mat 
rices, a n d the results were compared w i t h those obta ined b y alternate 
techniques. Some representative data for manganese are g iven i n T a b l e 
11.1, w h e r e the d irect H V A A results are compared w i t h those obta ined 

Table 11.1. Comparison of Direct H V A A Procedure with 
Results Obtained after Ashing 

Manganese Concentration (ng/g) 

Direct 
HVAA 

Ash-
Aqueous Ash-

Flame Sample HVAA 

N o . 6 fuel o i l 
C r u d e o i l Ε 
H e a t i n g o i l 
C r u d e o i l F 

306 
104 

32.5 
42.4 

283 
112 

39.0 
38.0 

300 
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b y H V A A a n d flame A A after ashing. I n the latter cases the sample was 
charred w i t h su l fur i c a c id , i gn i t ed at 450° C for 2 hr , a n d the residue taken 
u p i n aqueous ac id . T h e agreement between the two methods indicates 
that "nat ive " manganese was not lost p r i o r to the a tomizat ion i n the 
d irect procedure. 

W h e n e v e r the direct technique is a p p l i e d to k n o w n compounds , the 
v a l i d i t y must be established. F o r example, the add i t ive methy l cyc l openta -
d i e n y l manganese t r i c a r b o n y l m a y be too stable to be a n a l y z e d b y d i rec t 
H V A A w i t h o u t pre -atomizat ion losses. Some w o r k has suggested that 
losses of this c o m p o u n d occur even i n a c i d digest ion procedures ( 4 ) . 
N o studies were made on this c o m p o u n d as part of the Project . 

Sample Preparation 

I n the direct H V A A procedure a 2.5-g sample is d i l u t e d to 5 m l w i t h 
tetrahydrofuran. F u r t h e r d i lut ions are m a d e i n the same solvent w h e n 
the i n i t i a l so lut ion concentrat ion is too h i g h . 

Measurement 

T h e atomizat ion condit ions for the C R A - 6 3 were o p t i m i z e d e m p i r i 
ca l ly to g ive a range of 0 -50 pg/ml w i t h 1-/J injections of d i lu te standards 
( 1 6 ) . U n d e r these condit ions the l inear i ty covered 0 -400 n g / m l , a n d the 
ca l cu lated detect ion l i m i t ( S / N = 2 ) was 0.5 pg . B a c k g r o u n d corrections, 
where necessary, were m a d e us ing the 280.2-nm l e a d l ine . A H G A - 7 0 
atomizer was used i n one of the cooperat ing laboratories after a s imi lar 
e m p i r i c a l opt imizat ion . 

W h e n the absorbances for a d d i t i o n of a k n o w n quant i ty of a m a n g a 
nese s tandard to several matrices were compared , substant ia l differences 
were observed ( T a b l e 11.11). I f the d irect H V A A technnique were 
independent of matr ix effects, a l l the numbers w o u l d be i dent i ca l to the 
1.80 va lue i n T H F alone. H o w e v e r , the matr ix effects e q u i l i b r a t e d after 
a s ingle inject ion, a n d they were reta ined after the sample h a d been 
analyzed . T h i s "matr ix m e m o r y " was e l iminated b y m u l t i p l e a tomiza -
tions at m a x i m u m power between samples. A l t h o u g h this behavior is 
s imi lar to that for C r or V (see Chapters 8 a n d 14) , no re lat ionship has 
been establ ished between the M n response a n d the levels of F e , N i , or V 
i n these matrices ( 16 ) . Consequent ly , the m e t h o d of s tandard addit ions 
is r e commended to compensate for these effects. 

Recommended Method 

I n the procedure , a 2.5-g sample is d i l u t e d w i t h te trahydro furan , 
in jected into the H V A A atomizat ion tube, a n d the heat ing p r o g r a m is 
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Table 11.11. Effect of Matrix on the Determination of Manganese 
by Direct H V A A Procedure 

Change in 
Sample Absorbance (X 1000)/ppb Mn Added 

T H F 1.80 
C r u d e A 1.82 
C r u d e Β 0.88 
C r u d e C 1.93 
C r u d e D 1.75 
C r u d e Ε 1.23 

started. T h e sample concentrat ion is determined f r o m the b a c k g r o u n d -
corrected sample s ignal b y s tandard addit ions u s i n g a computat i on w h i c h 
has been descr ibed (16). 

T h e data i n T a b l e 11.1 demonstrate that the combinat i on of s tandard 
addit ions a n d b a c k g r o u n d correct ion successfully overcomes matr ix effects 
to g ive accurate results. S i m i l a r excellent agreement has been obta ined 
be tween H V A A a n d neutron act ivat ion data , as discussed be low . 

T h e prec i s i on of the procedure was establ ished at the i n i t i a t i n g 
laboratory i n a var iety of matrices. Some representative data , presented 
i n F i g u r e 11.1, ind i cate a 1 7 % re lat ive s tandard dev ia t i on for the 
procedure . 

Six samples were prepared for a cross-check program. T h e resuts 
ob ta ined at four par t i c ipa t ing laboratories are shown i n F i g u r e 11.2. F o r 
compar ison the values ob ta ined b y neutron act ivat ion are i n d i c a t e d b y 

DIESEL OIL Η 19% (2) 

RESIDUUM A Η 10% (2) 

*6 FUEL OIL Β 8% (4) [-·—I 

CRUDE Η Η 24% (5) 

CRUDE Κ I · 1 19% (7) 

CRUDE L Η 6% (2) 
I 1 1 1 1 1 

50 100 150 200 250 300 

ngMn/g 

• Average value;| JData Spread, % is RSD, ( ) degrees of freedom 

Figure 11.1. Intralaboratory data for determination 
of manganese 
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the triangles. T h e re lat ive s tandard dev ia t i on at any one site was a p p r o x i 
mate ly 1 0 % on the N o . 2 heat ing o i l a n d the E l l e n b e r g e r crude a n d 3 0 % 
o n the L i g h t A r a b i a n crude. T h i s inc ludes one laboratory where the 
data were obta ined w i t h a P e r k i n - E l m e r H G A - 7 0 after the operat ing 
parameters were adapted . W h e n the prec is ion between laboratories was 
ca l cu lated , w i t h stat ist ical e l i m i n a t i o n of some data , the re lat ive s tandard 
deviations were 2 0 % for the N o . 2 heat ing o i l a n d E l l e n b e r g e r crude 
a n d 2 6 % for the L i g h t A r a b i a n crude . 

#2 HEATING OIL 

- Unspiked 
- Spiked 

ELLENBERGER CRUDE 

- Unspiked 
- Spiked 

LIGHT ARABIAN 

- Unspiked 
- Spiked 

a NAA Values 

fe] 20% (11) 

| ^ - | 19% (11) 

I — — 1 26% (11) 

- · 1 119% (8) 

_ L _ L 
40 80 120 160 200 240 280 

ng Mn/g 

· , Average Value,| |data spread, % - is RSD, ( ) degrees of freedom 

Figure 11.2. Interhboratory data for determina
tion of manganese 

Detailed Procedure 

Scope. T h e m e t h o d is des igned to determine manganese concentra
tions d o w n to the 10 n g / g l eve l i n petro leum a n d petro leum products . 

A f t e r setup, each sample requires about 30 minutes f or analysis. 
H o w e v e r , sample preparat ion a n d apparatus setup l i m i t output general ly 
to 12 samples i n one day. 

S u m m a r y o f M e t h o d . T h e sample is d i l u t e d w i t h te trahydro furan, 
a n d the meta l i n the so lut ion is measured w i t h a n atomic absorpt ion 
spectrophotometer e q u i p p e d w i t h a carbon r o d atomizer ( C R A - 6 3 ) . T h e 
concentrat ion of m e t a l is ca l cu lated o n the basis of changes i n the absorp
t i o n resul t ing f r om standard addit ions to the sample solution. 

A p p a r a t u s 
( 1 ) Carbon rod atomizer, V a r i a n T e c h t r o n m o d e l 63 or equivalent . 

( a ) 9 -mm P y r o l y t i c a l l y coated atomizat ion furnaces tubes 
( V a r i a n - T e c h t r o n ) . 

( b ) F X - 9 I support electrodes (Poco G r a p h i t e ) . 
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(2 ) Atomic absorption spectrophotometer (AAS), J a r r e l l - A s h 82-532 
or equivalent . 

( a ) S t r i p chart recorder, 0 -10 m v w i t h 0.5-sec response t ime 
( L e e d s & N o r t h r u p Speedomax W or e q u i v a l e n t ) . 

( b ) Manganese h o l l o w cathode l a m p (Jarre l l A s h or equivalent) . 
( c ) L e a d h o l l o w cathode l a m p ( J a r r e l l A s h or e q u i v a l e n t ) . 

(3 ) Syringe, w i t h Tef lon t ip or Te f lon needle, capable of de l iver ing 
l - / d samples reproduc ib ly . 

(4 ) Micropipettes, 5-, 10-, a n d 50-μ\ ( capi l lar ies , syringe, or E p p e n -
dorf p i p e t t o r ) . 

Reagents 
( 1 ) Tetrahydrofuran ( T H F ) A C S reagent grade. 
(2 ) Standards 

( a ) Conostan , M n standard , 5000 p p m ( w / w ) manganese i n 
o i l ( C o n t i n e n t a l O i l C o . ) . 

( b ) Stock l O O O - ^ g / m l standards. W e i g h 2 g Conos tan 5000-ppm 
( w / w ) s tandard into a 10-ml vo lumetr i c flask a n d d i lu te to vo lume 
w i t h T H F . 

( c ) C a l i b r a t i o n s tandard (5 / x g / m l ) . D i l u t e 50 μΐ of 1 0 0 - j u g / m l 
stock s tandard to 10 m l w i t h T H F . 

Procedure. I n i t i a l l y a l l glassware must be c leaned w i t h (1 :1 ) n i t r i c 
a c i d pr i o r to use. T h e equ ipment is then rinsed several times w i t h T H F . 

( 1 ) W e i g h 2.5 g o i l sample into a 5 -ml vo lumetr i c flask a n d d i lu te 
to vo lume w i t h the solvent. 

(2 ) O p t i m i z e the H V A A for manganese w i t h the tube furnace i n 
the optics us ing the f o l l o w i n g settings as a guide. 

W h e n the operat ing parameters are o p t i m i z e d , scale expansion 
s h o u l d be used so that each 25 n g M n i n 5 m l solvent gives between 10 
a n d 20 scale units . I f samples conta in > 5 X detect ion l i m i t levels of M n , 
a further d i l u t i o n of the sample should be made before s tandard addit ions. 
T h i s d i l u t i o n technique is re commended rather t h a n chang ing operat ing 
parameters. T h e res idua l heat i n the atomizat ion tube contributes to the 
repeatab i l i ty of sample signals. T h i s effect m a y be m i n i m i z e d b y in ject ing 
samples o n a fixed schedule. F o r the m e t h o d descr ibed here, injections 
made at 90-sec intervals give good repeatabi l i ty . 

( 3 ) A l i q u o t 1 μ\ of the sample so lut ion into the syringe, in i t ia te the 
C R A - 6 3 program, a n d inject the sample a l iquot immediate ly . 

( 4 ) R e c o r d the peak he ight caused b y absorbance observed d u r i n g 
the atomizat ion step of the program. 

W a v e l e n g t h ( n m ) 
Inert gas- ( 1 /min ) / p s i 
F u r n a c e 
A l i q u o t used 
C R A - 6 3 program 

279.4 
N 2 4 / 1 0 
9 -mm tube 
1μ\ 
(V/sec) 

d r y 
ash 
atomize 

2 / 2 0 
6 .5 /30 
8 / 3 
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(5 ) Repeat Steps 3 a n d 4 two more t imes; calculate the average. I f 
the three signals are w i t h i n ± 10% of the average, use this va lue i n the 
final ca l cu lat ion ; i f not, repeat the sequence Steps 3 a n d 4 two more times 
a n d use the average of the five readings. 

(6 ) R e c o r d the average read ing of the sample so lut ion as A 0 . 
(7 ) A d d 5 μ\ of the ca l ibrat ion s tandard (equiva lent to 25 n g ) to the 

same solut ion, m i x w e l l a n d carry out Steps 3 -5 . R e c o r d the average peak 
height as Αχ. 

( 8 ) A d d a second 5 / J of the ca l ibrat i on s tandard (25 n g , a to ta l of 
50 n g ) to the sample so lut ion a n d again carry out Steps 3 -5 . R e c o r d the 
average peak he ight as A 2 . 

(9 ) A d d a t h i r d 5 / J of the ca l ibrat ion s tandard (25 n g , a tota l of 
75 n g ) to the sample solut ion a n d again carry out Steps 3 -5 . R e c o r d the 
average peak he ight as A 3 . 

(10) Reset wave length to 280.2 n m a n d inject the sample so lut ion 
( Step 9 ) to measure background . R e c o r d the read ing as b. 

Calculation 
( 1 ) C a l c u l a t e the concentrat ion of manganese i n the sample f r om the 

first a d d i t i o n (Step 7) as: 

(2 ) Repeat the ca l cu lat ion for the second a d d i t i o n : 

& / & A2— A0 ^ 2.5 g 

(3 ) Repeat the ca l cu lat ion for the t h i r d a d d i t i o n : 

n g M n / g = ^ ^ X ^ 
A0

 / N 2.5 g 

(4 ) Average the three values (Steps 1-3) a n d report that n u m b e r as 
n g M n / g i n the sample. 
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12 

Mercury 

T h e  determination of mercury in petroleum and petroleum products 
has become increasingly important, as its association with fossil fuels 

has been more broadly recognized. However, a method which can be 
readily implemented using generally available laboratory equipment has 
been needed for accurate measurement to the low ng /g level in these 
matrices. 

Available Analytical Techniques 

Except neutron activation, methods which have been used to deter
mine mercury in organic materials involve a matrix decomposition step 
prior to the actual measurement. Oxidative techniques involving various 
combinations of acids and salts have been widely used for matrix destruc
tion (1, 2, 3, 4 , 5), as have the Schöniger, Wickbold, and other bomb and 
tube combustion techniques (1, 6, 7, 8, 9, 10). 

Various measurement techniques have been used after matrix destruc
tion. Small amounts of mercury are generally determined by conversion 
from an ionic species in aqueous solution to the elemental vapor, which is 
measured spectroscopically by atomic fluorescence, ultraviolet, or atomic 
absorption techniques (1, 5, 6, 9, 10, 11, 12, 13, 14, 15, 16). Review articles 
covering the determination of small amounts of mercury in organic and 
inorganic samples (17) and the determination of mercury by nonflame 
atomic absorption and fluorescence spectroscopy (18) have recently 
appeared. In certain instances detection limits of 1 ng /g have been 
possible. 

Role of Neutron Activation 

N e u t r o n act ivat ion has been used to study mercury levels i n some 
crude oils ( 19 ) . T h e choice of isotope used for measurement depends o n 
the inter fer ing elements i n the samples. W i t h [ 1 9 6 H g ( η , γ ) 1 9 7 H g , 77 K e V , 
Τi/2 — 65 h r ] , a 10 n g / g detect ion l i m i t is read i ly ach ieved w i t h 1-hr 
i r rad ia t i on at a neutron flux of ΙΟ 1 2 η c m ' 2 sec H o w e v e r , inherent sul fur 
or ch lor ide ( f r om entrained format ion water ) create serious interferences 
i n some crudes. T h e fission neutrons ( fast) f r o m these elements produce 
3 2 p ( τ 1 / 2 = 14 days ) a n d 3 5 S (T1/2 = 87 d a y s ) , bo th of w h i c h contr ibute 

133 
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signif icant Bremsstrah lung rad ia t i on i n the 7 7 - K e V region. T o a v o i d 
this , the 2 0 3 H g isotope is often used. T h i s isotope [ 2 0 2 H g ( η , γ ) 2 0 3 H g , 279 
K e V , T1/2 = 46.9 days] requires several hours i r rad ia t i on t i m e to reach 
the 1 0 - n g / g leve l . I n this case, a major interference is caused b y over lap 
b y the 279 K e V gamma f r o m 7 5 S e . C o r r e c t i o n for this interference can be 
made b y s imultaneous i r r a d i a t i o n of a se len ium standard so lut ion to 
determine the 265 /279 K e V intensity rat io for 7 5 S e . T h i s rat io a n d the 
measured peak intens i ty of the 265 K e V 7 5 S e i n the sample are t h e n used 
to correct for the interference i n the 2 0 3 H g region. 

N e u t r o n ac t ivat ion analysis of m e r c u r y i n petro leum shou ld a lways be 
car r i ed out i n quartz vials i n p lace of the convent ional snap-cap p o l y 
ethylene vials . A s noted i n the section o n Storage a n d Stab i l i ty , the latter 
f requent ly l ead to serious m e r c u r y losses after i r rad ia t i on (see C h a p t e r 2 ) . 

Special Analytical Considerations 

I t has been reported that inorganic mercury is lost f r o m ac id i f ied 
aqueous solutions (20, 21) a n d that e lemental m e r c u r y can be lost b y 
di f fusion t h r o u g h the wa l l s of po lyethylene containers ( 22 ) . D u r i n g the 
Project 's study, 100 -ng /g solutions of m e r c u r y (as d i p h e n y l m e r c u r y ) i n 
oils were stable for at least 3.5 months i n containers of po lypropy lene , 
Tef lon , soft glass, a n d P y r e x glass ( 2 3 ) . T h e s tabi l i ty of " r e a l " samples 
to be ana lyzed for mercury is uncer ta in since the nat ive m e r c u r y c om
pounds i n pe t ro leum are u n k n o w n . 

C a r e must be taken to a v o i d contaminat ion f r om the t ime the sample 
is co l lected u n t i l the measurement is made . E l e m e n t a l m e r c u r y is often 
present i n the laboratory atmosphere as a result of the use of manometers 
or polarographs a n d the breakage of thermometers. C o n t a m i n a t i o n of 
samples stored i n po lyethylene bottles has been reported to occur b y 
di f fusion of e lementary m e r c u r y conta ined i n the ambient a i r into the 
bottles (24). 

L a r g e a n d var iab le amounts of m e r c u r y have been f o u n d i n various 
laboratory reagents w h i c h m i g h t be used d u r i n g m e r c u r y determinat ion 
(25). Therefore , the m e r c u r y content of reagents must be determined 
before they are used. 

Sample Preparation 

T h e Project invest igated two methods for sample decompos i t ion 
before m e r c u r y measurement. O n e i n v o l v e d ac id i c ox idat ion , a n d the 
other i n v o l v e d combust ion i n a W i c k b o l d oxy-hydrogen b u r n e r (26). 

A c i d D i g e s t i o n . T h e digest ion apparatus ( F i g u r e 12.1) is a m o d i f i 
ca t i on of that reported to re ta in quant i ta t ive ly /*g quantit ies of m e r c u r y 
d u r i n g the a c i d decomposi t ion of cocoa (27). A separate a d d i t i o n f u n n e l 
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Figure 12.1 Apparatus for wet oxidative decompo
sition of oils 

(a ) was i n c l u d e d because two separate doses of n i t r i c a c i d were r e q u i r e d 
i n the decompos i t ion of oils. I n use, an o i l sample a n d su l fur i c a c i d are 
p l a c e d i n the flask ( b ) , a n d n i t r i c a c i d is added . T h e mix ture is ref luxed 
u n t i l the oxidat ive ac t iv i ty of the n i t r i c a c i d is exhausted, the m i x t u r e is 
heated to fumes of sul fur ic a c id , a n d a d d i t i o n a l n i t r i c a c i d is a d d e d . 

N i t r i c a c i d w a s h i n g of glassware, even i f not prev ious ly used for 
mercury determinations, often d i d not remove a l l traces of mercury . 
L a r g e , var iab le m e r c u r y contaminat ion c a n be encountered d u r i n g deter
minat ions , b u t the contaminat ion appears constant o n a g i v e n day . T o 
a v o i d the effects of m e r c u r y contaminat ion , a mercury- free o i l—e.g . , a 
w h i t e o i l — m u s t be carr ied through the procedure u n t i l a n acceptable 
m e r c u r y b l a n k is obta ined . 

W i c k b o l d Decompos i t ion . T h e W i c k b o l d decompos i t ion apparatus 
is s h o w n schematica l ly i n F i g u r e 12.2. I t consists of a sample reservoir , 
stainless steel burner , quar tz combust ion chamber , a n d a n absorber con -

Absorber 

Combustion 
Chamber Wickbold Burner 

Aux. 0 o 

Sample 
Reservoir 

Figure 12.2. Wickbold apparatus 
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ta in ing an a c i d i c permanganate solut ion. Pressure regulators for oxygen, 
n i t rogen , a n d hydrogen are not shown. A sample of o i l , d i l u t e d w i t h an 
appropr iate solvent, is b u r n e d i n the oxy-hydrogen flame, a n d the mercury 
is co l lected i n the absorber. 

Some disti l lates m a y be b u r n e d w i t h o u t d i l u t i o n , a n d l o w b o i l i n g 
disti l lates m a y be d i l u t e d w i t h isooctane before b u r n i n g . H o w e v e r , a 
benzene -2 -propano l d i luent is pre ferred over isooctane for samples of 
c rude oi ls . T h e permanganate color must persist i n the absorber d u r i n g 
the b u r n , or mercury w i l l be lost. A m e r c u r y reagent b l a n k as h i g h as 
160 n g was f o u n d to be associated w i t h different lots of potass ium 
permanganate . 

T h e use of a n oxy-hydrogen burner different f r o m a W i c k b o l d burner 
p r o d u c e d r e d u c i n g gases that deco lor ized the permanganate i n the 
absorber d u r i n g the ear ly b u r n i n g stages a n d therefore rendered the 
s c r u b b i n g so lut ion inact ive towards mercury . O p t i m u m f u e l / o x i d a n t 
condit ions must be establ ished before a burner is used i n conjunct ion 
w i t h mercury measurements. 

Measurement 

Measurement was b y co ld-vapor a tomic absorpt ion ( C V A A ) , w h i c h 
is based o n the reduc t i on of i on i c m e r c u r y to the e lemental f o r m b y 
d iva lent t i n . T h e resultant e lemental m e r c u r y is swept b y a gas stream 
t h r o u g h a q u a r t z - w i n d o w e d absorpt ion c e l l w h i c h is p l a c e d i n the b e a m 
of a m e r c u r y l a m p of a n atomic absorpt ion spectrometer. H a t c h a n d O t t 
(11) o p t i m i z e d this measurement system i n their s tudy of the m e r c u r y 
content of geological samples. S ince the ir work , this m e t h o d of m e r c u r y 
measurement has ga ined w i d e s p r e a d popu lar i ty because of its sensit iv ity 
a n d re lat ive s impl i c i ty . T w o recent reviews w h i c h cover the H a t c h a n d 
O t t technique a n d its subsequent modif ications have appeared (17,18). 

T h e detect ion l i m i t for m e r c u r y varies accord ing to the des ign of the 
co ld -vapor apparatus. Some workers have reported a detect ion l i m i t of 
1 n g of m e r c u r y ( 2 8 ) . I n cases w h e r e the m e t h o d is used i n conjunct ion 
w i t h the determinat ion of m e r c u r y i n organic matrices , the l ower use fu l 
l i m i t of the technique has been f o u n d to be 1-10 n g of mercury per g ram 
of sample (17,18). 

Interferences w h i c h were encountered inc lude b r o a d - b a n d absorpt ion 
at the 253.7-nm m e r c u r y fine caused b y res idua l organic matter i n the 
sample, f ogg ing of the w i n d o w s of the absorpt ion c e l l b y w a t e r vapor , 
a n d o x i d i z i n g materials i n the sample w h i c h prevent the reduc t i on of 
i o n i c m e r c u r y to e lemental m e r c u r y b y d iva lent t i n . C a r e f u l contro l of 
the ana ly t i ca l condit ions can overcome these interferences. 

T h e Project invest igated two co ld -vapor systems. T h e "c losed" sys
t em, w h i c h is i l lus t rated i n F i g u r e 12.3, consists of a borosi l i cate absorp-
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Figure 12.3. Apparatus used for cold-
vapor mercury absorption measurement 

t i o n c e l l w i t h quar tz w i n d o w s ( a ) , osc i l la t ing p las t i c - l ined p u m p ( b ) , a 
var iab le transformer (not s h o w n ) , b u b b l e r ( c ) , a pear-shaped flask ( d ) , 
a n d a water knock-out t rap ( e ) , a l l connected w i t h T y g o n tub ing . T h i s 
system can be modi f i ed into a " f low t h r o u g h " system b y o m i t t i n g the 
p u m p , opening one e n d of the ce l l to the atmosphere, a n d connect ing the 
other to a compressed a ir supply . B o t h systems per formed satisfactori ly. 

Application to Acidic Digestates. A c i d i c digestates are extracted 
w i t h hexane to remove organic matter that m i g h t absorb at the 253.7-nm 
m e r c u r y measurement l ine . T h e digestates are then treated w i t h h y d r o x y l 
amine sulfate to destroy any strong o x i d i z i n g materials w h i c h prevent 
reduc t i on of i o n i c mercury to e lemental mercury . 

T h e mercury reagent b l a n k for the n i t r i c a c i d cannot be measured 
b y generat ing e lemental m e r c u r y f r om a so lut ion of 1:3 n i t r i c a c i d w i t h 
d iva lent t i n . H o w e v e r , i t can be determined b y a d d i n g potass ium per 
manganate a n d sul fur ic a c i d , heat ing the so lut ion to remove the n i t r i c 
a c id , a n d measur ing the m e r c u r y after treatment w i t h hydroxy lamine 
sulfate. 

Application to Acidic Permanganate Absorber. I n the W i c k b o l d 
apparatus the m e r c u r y is co l lected i n the ac id i c permanganate absorber. 
I n this case, a so lut ion of hydroxy lamine must be a d d e d to the absorber 
pr i o r to measurement to reduce a l l the manganese to the d iva lent state, i n 
w h i c h f o r m i t does not interfere w i t h the reduct ion of i on i c m e r c u r y to 
e lementary mercury b y t i n ( I I ) . 

Recommended Methods 

A c i d Digestion—Cold-Vapor Atomic Absorption Method. T h e 
sample a n d concentrated su l fur i c a c i d are c o m b i n e d i n a reflux digestor. 
T h e mixture is treated w i t h several portions of concentrated n i t r i c a c i d 
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a n d brought to sul fur ic a c i d fumes u n t i l most of the organic matter is 
destroyed. T h e digestate is then extracted w i t h hexane, treated w i t h a n 
ac id i c hydroxy lamine solut ion, a n d the mercury is measured b y co ld -vapor 
atomic absorption. 

E v a l u a t i o n of the accuracy of the m e t h o d was compl i ca ted because 
no certi f ied oils o f l ow- l eve l mercury content were avai lable , because the 
types of m e r c u r y compounds w h i c h m i g h t occur i n petro leum were u n -

Table 12.1. Recovery of Mercury by Proposed Procedure 

Mercury Concentration (ng/g) 

Oil Added Measured Hg Added as 

C r u d e o i l A 50 4 6 , 5 5 d i p h e n y l m e r c u r y 
25 3 2 , 3 2 , 1 4 d ipheny lmercury 
15 12 d i p h e n y l m e r c u r y 

F u e l o i l 40 32 mercury octanoate 

W h i t e o i l 25 17 ,21 ,22 mercury i n coal 17 ,21 ,22 
( N B S S R M 1630) 

13 9 , 1 1 , 1 5 mercury i n coal 9 , 1 1 , 1 5 
( N B S S R M 1630) 

k n o w n , a n d because the recovery of mercury m i g h t d e p e n d u p o n o i l 
composit ion. H o w e v e r , a recovery study was carr ied out b y a d d i n g 
organomercury compounds to u n s p i k e d oils w h i c h h a d been shown to 
conta in < 10 n g H g / g . Some of the results were obta ined for samples 
w h i c h h a d been sp iked w i t h coal , certi f ied to conta in 127 n g H g / g b y the 
U . S . N a t i o n a l B u r e a u of Standards. W h i l e mercury m i g h t not be present 
i n petro leum i n the same f o r m as i t is i n coal , the results ind icate that 

Table 12.11. Recovery of Mercury by Proposed Method 

Mercury Concentration (ng/g) 

Run 1 Run 2 Run 

D i e s e l fuel < 10* < 10 < 10 
D i e s e l fuel + 42 ng H g / g 38 37 44 
N e t 38 37 44 

N o . 2 heating o i l < 1 0 < i o < i o 
N o . 2 heating o i l + 42 n g H g / g 35 37 44 
N e t 35 37 44 

C r u d e A < i o < i o < i o 
C r u d e A + 42 ng H g / g 34 36 33 
N e t 34 36 33 
* A l l < 10 values assumed to be 0. Average net H g = 38 ± 3 ng/g. 
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Table 12.III. Recovery of Mercury by Wickbold Combustion Method 
Mercury Concentration (ng/g) 

Sample Added Measured 
Isooctane none < 5 
C r u d e o i l A none < 5 
C r u d e o i l Β 23 23 
C r u d e o i l C 1020 920 
Crude o i l D 1030 1090 

m e r c u r y associated w i t h a fossi l fue l is recovered us ing this procedure . 
T h e data i n T a b l e 12.1 indicate that at concentrations be tween 15 a n d 
50 n g H g / g , the procedure w i l l g ive results w i t h i n approx imate ly 2 0 % 
of the true value . 

T h e data i n T a b l e 12.11 were obta ined f r o m the analysis of base oils 
a n d oils sp iked to conta in 42 n g H g / g . T h e mercury content of the base 
oils was < 10 n g / g , a n d that of the sp iked oils was 38 n g / g . T h e stand
a r d dev iat ion was 3 n g / g . 

Wickbold Decomposition—Cold-Vapor Atomic Absorption Method. 
T h e o i l sample is d isso lved i n benzene :2 -propanol , a n d in t roduced into 
the flame b y pressuring w i t h n i trogen. T h e combust ion gases are t r a p p e d 
i n an absorpt ion so lut ion conta in ing potass ium permanganate , su l fur i c 
a c id , a n d n i t r i c a c i d i n the absorber. T h e mercury content is measured b y 
the " f l ow- through" C V A A technique . T h e data i n T a b l e 12.111 show that 
b y this procedure m e r c u r y was quant i tat ive ly recovered f r om a Hg- f ree 
c rude o i l to w h i c h d i p h e n y l m e r c u r y was a d d e d ( c rude o i l A ) . 

T h r e e crude o i l samples, sp iked w i t h d i p h e n y l m e r c u r y to conta in 20, 
44, a n d 99 n g H g / g , were ana lyzed b y t w o different laboratories. A l 
though one laboratory appears to have a h i g h bias ( T a b l e 1 2 . I V ) , the 
intra laboratory s tandard dev ia t i on is 4 n g / g , a n d the inter laboratory 
standard dev iat ion is 11 n g / g . T h e results obta ined b y either m e t h o d 
agree satisfactori ly w i t h those obta ined b y I N A A ( T a b l e 1 2 . V ) . Conse 
quent ly , either procedure w i l l p rov ide values that are w i t h i n 2 0 % of the 
true va lue at the 20- to 100 -ng /g leve l . 

Table 12.IV. Recovery of Mercury by Wickbold Combustion— 
Cold-Vapor Atomic Absorption Method"' h 

Mercury Concentration (ng/g) 

Initia ting Coopera ting 
Sample H g Added Laboratory Laboratory 

C r u d e C 20 21 36 
C r u d e Β 49 48 72 
C r u d e A 99 86 143 

α Overall intralaboratory standard deviation = 4 ng/g. 
* Overall interlaboratory standard deviation = 11 ng/g. 
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Table 12.V. Mercury Content of Oils: Comparison of Methods 

Mercury Concentration (ng/g)a 

Wet Wick
Oxidation bold— 

Sample Added INAA CVAA CVAA 

D i e s e l fue l 0 10 10 6 ,7 
42 54 40 42 

N o . 2 heat ing o i l 20 60 35 36 
C r u d e C 49 27 28 21 
C r u d e Β 42 59 55 48 
C r u d e A 99 44 34 38 

121 — 86 
α Average data from two to six determinations. 

Detailed Procedures 

T h e a c i d decomposi t ion procedure was deve loped us ing a r e c i r c u 
la t ing co ld -vapor atomic absorpt ion technique for measurement. T h e 
W i c k b o l d decomposi t ion procedure used a flow-through co ld -vapor 
atomic absorpt ion measurement technique . Consequent ly , each measure
ment technique is presented w i t h the decomposi t ion procedure used i n 
its development. H o w e v e r , since the t w o measurement techniques are 
comparable , e ither m a y be used after the alternate decomposi t ion 
technique. 

Wickbold Combustion—Cold-Vapor Atomic Absorption Method 

Scope. T h i s m e t h o d is app l i cab le to the determinat ion of m e r c u r y i n 
pe t ro leum a n d petro leum products (except leaded gasol ine) w h i c h c a n 
be b u r n e d i n a W i c k b o l d apparatus. T h e method is capable of measur ing 
the amount of m e r c u r y i n a sample d o w n to the 5 - n g / g level . T h e u p p e r 
l i m i t of the m e t h o d as presented is de termined b y the l inear i ty of the 
m e r c u r y ca l ibrat ion curve ( F i g u r e 1.2). T h r e e to f our samples c a n b e 
a n a l y z e d convenient ly at one t ime, a n d the average analysis t i m e is 
about 2 hr . 

Outline of Method. A sample is w e i g h e d into a beaker, d isso lved i n 
benzene :2 -propanol , a n d b u r n e d i n a n oxy-hydrogen flame us ing a W i c k 
b o l d combust ion apparatus. T h e combust ion products are co l lected i n a 
5 % s u l f u r i c - n i t r i c a c i d mixture conta in ing potass ium permanganate . 
P r i o r to measurement, t r a p p e d m e r c u r i c salts are r e d u c e d to e lementa l 
m e r c u r y w i t h t i n ( I I ) ch lor ide . T h e mercury is then swept out of so lut ion 
a n d measured b y co ld -vapor atomic absorpt ion spectroscopy. 
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Apparatus 
(1 ) Wickbold combustion apparatus (Figure 12.2). T h i s consists 

of a 250-ml sample reservoir , stainless steel burner , quartz combust ion 
chamber , gas pressure regulators for oxygen, n i trogen, a n d hydrogen , a n d 
a n absorber fitted w i t h an extra-coarse f r i t ( K o e h l e r Instrument C o . ) . 

( 2 ) Mercury atomic absorption and generation system 
( a ) A t o m i c absorpt ion ce l l . A borosi l icate glass cy l inder , 2.5 c m 

i n d iameter a n d 10 c m long, w i t h two side arms, a n d w i t h quartz w i n d o w s 
h e l d at each e n d w i t h epoxy cement. 

( b ) A n h y d r o n e d r y i n g trap. A short p iece of glass t u b i n g ( 5 
c m ) f i l led w i t h A n h y d r o n e h e l d i n p lace w i t h glass w o o l . 

( c ) Compressed a ir 
( d ) Stopcock w i t h $ joint to m a t c h in let of W i c k b o l d absorber. 
(e ) T y g o n t u b i n g 

(3 ) Atomic absorption spectrophotometer. A n y instrument able to 
accommodate a 10 c m absorpt ion ce l l is suitable . A P e r k i n - E l m e r m o d e l 
403 instrument was used i n deve lop ing this method . 

( 4 ) Mercury hollow cathode lamp 
Reagents 
( 1 ) Nitric acid, concentrated ( h i g h p u r i t y ) . Unless otherwise i n d i 

cated, reagents are A C S reagent grade. W a t e r is de ion ized . 
(2 ) Sulfuric acid, concentrated 
(3 ) Hydrochlonc acid, concentrated 
(4 ) Potassium permanganate 
(5 ) Hydroxylamine hydrochloride solution, 12%. D i sso lve 12 g of 

hydroxy lamine hydroch lor ide i n water a n d d i lute to 100 m l . 
( 6 ) Absorbing solution. D i sso lve 2 g of potass ium permanganate i n 

90 m l of water ; a d d 5 m l each of concentrated n i t r i c a n d sul fur ic acids. 
(7 ) Tin(II) chloride solution, 10% i n 2 0 % H C 1 . Disso lve 10 g of 

t i n ( I I ) ch lor ide d ihydrate i n 20 m l of hot, concentrated hydroch lo r i c 
ac id . W h e n the hot so lut ion becomes clear, d i lute to 100 m l w i t h water . 

(8 ) Benzene 
(9 ) 2-Propanol 
(10) Mercury standard 

(a ) Stock standard, 1.00 m g / m l . Disso lve 0.1354 g of m e r c u r y 
( I I ) ch lor ide i n 100 m l of 0 . 3 M sul fur ic ac id . 

( b ) C a l i b r a t i o n m e r c u r y standard, 0.1 f i g / m l . P i p e t 1.00 m l of 
the stock mercury solut ion into a 100-ml vo lumetr i c flask a n d d i lute to 
vo lume w i t h water . P ipet 1.00 m l of the d i l u t e d so lut ion into another 
100-ml vo lumetr i c flask a n d d i lute to vo lume w i t h water . 

( 11) Blank solution, 50 m l of 4:1 benzene :2 -propanol . 
Instrument Parameters 
( 1 ) O p t i m i z e the atomic absorpt ion spectrometer instrument for the 

determinat ion of mercury . T h e f o l l o w i n g parameters, w h i c h a p p l y to the 
P e r k i n - E l m e r m o d e l 403 A A instrument , may be used as a guide . 
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A n a l y t i c a l wave length 
D a m p i n g 
M e r c u r y l a m p current 
D i g i t a l concentrat ion readout 
A s p i r a t i o n rate 

253.7 n m 
average of 10 counts 
m a 
absorbance mode 
1 l i ter of a i r / m i n 

Mercury Atomic Absorption Cell Assembly 

(1 ) C o n n e c t the compressed a i r to the on-off stopcock; establ ish 
flow rate of 1 l i t e r / m i n , a n d t u r n the stopcock O F F . 

(2 ) Assemble the system components i n the f o l l o w i n g sequence 
us ing T y g o n t u b i n g connections: stopcock, W i c k b o l d absorber, d r y i n g 
t rap , a n d absorpt ion ce l l . 

( 3 ) A t t a c h the absorpt ion c e l l to 10-cm burner w i t h r u b b e r bands 
a n d opt i ca l ly a l i gn the c e l l to give m i n i m u m absorbance of the 253.7-nm 
l ine . 

( 4 ) P lace an absorber conta in ing 200 m l of water i n the generation 
t r a i n a n d open the stopcock. Zero the absorbance w h i l e flushing a ir 
t h r o u g h the system. 

Calibration 
( 1 ) A d d 1, 2, 5, 10, a n d 20 -ml port ions of the m e r c u r y ca l ib ra t i on 

s tandard to a series o f W i c k b o l d absorber vessels, each conta in ing 100 m l 
of the absorb ing solution. T h e solutions w i l l conta in 0.1, 0.2, 0.5, 1.0, a n d 
2.0 /Ag of mercury . A t the same t ime start a b lank. 

(2 ) A d d , dropwise , sufficient hydroxy lamine h y d r o c h l o r i d e so lut ion 
to r educe the potass ium permanganate (usua l ly 10 -20 m l ) . 

( 3 ) C o n n e c t the outlet of the absorber to the in le t of the atomic 
absorpt ion ce l l . A d d 10 m l of t i n ( I I ) ch lor ide so lut ion, a n d i m m e d i a t e l y 
connect the a ir supp ly to the in let of the absorber. T h e m e r c u r y w i l l be 
flushed out of the so lut ion. 

( 4 ) N o t e the g r a d u a l increase i n absorbance a n d re co rd the 
m a x i m u m . 

( 5 ) C o n t i n u e flushing u n t i l the absorbance is aga in zero. T h e ele
m e n t a l m e r c u r y shou ld be vented to an appropr iate ly s c rubbed hood . 

(6 ) P l o t a ca l ibra t i on g r a p h of absorbance vs. /^g of m e r c u r y over 
the range of 0 - 2 /xg. 

Sample Preparation Procedure 
( 1 ) W e i g h 20 g of o i l into a 250-ml beaker a n d a d d 40 m l of benzene 

a n d 10 m l of 2 -propanol . D i s so lve the sample complete ly , t h e n transfer 
the o i l so lut ion quant i ta t ive ly into the sample reservoir of the W i c k b o l d 
apparatus. T h i s procedure is for samples est imated to conta in 5-150 n g / g 
of mercury . Smal ler samples can be taken i f h igher amounts of m e r c u r y 
are present. 

(2 ) A d j u s t the oxygen regulator o n the W i c k b o l d apparatus to 9 p s i 
a n d the hydrogen regulator to 3 ps i . Immedia te ly l i ght the burner w i t h 
the i n d u c t i o n c o i l a n d attach the combust ion chamber to the burner . 

(3 ) A d d the absorb ing so lut ion to the absorber, attach the spray 
trap, a n d attach to the outlet o f the combust ion chamber . Increase the 
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n i t rogen pressure o n the sample reservoir care fu l ly u n t i l the flame is 
several inches l o n g (n i t rogen pressure ~ 4 p s i ) . 

(4 ) B u r n the entire sample ( n o r m a l l y 1.5 h r ) ; shut off the n i trogen. 
R inse the reservoir w i t h t w o 5-ml washings of benzene. 

(5 ) Shut d o w n the W i c k b o l d apparatus b y t u r n i n g off the n i t rogen , 
hydrogen , a n d oxygen i n this order. R e m o v e the absorber. W a s h the 
spray t rap a n d the coo l combust ion chamber w i t h a stream of water into 
the absorber. 

(6 ) M e a s u r e the mercury concentrat ion i n the absorber solutions 
of the b lank (see Reagents, I t e m 11) a n d the samples b y the procedure 
g iven i n the C a l i b r a t i o n section, start ing at I t em 2. 

Calculation 
(1 ) C o n v e r t the absorbance to micrograms of m e r c u r y f r o m the 

ca l ibrat i on curve a n d calculate the mercury content of the sample : 

ΛΤ / (N - B) 1000 M e r c u r y , n g / g = ψ 

w h e r e : 
Ν = micrograms of mercury i n sample 
Β — micrograms of mercury i n b l a n k 
W = sample weight , grams 

Acid Digestion Procedure 

Scope. T h i s m e t h o d is app l i cab le to the determinat ion of m e r c u r y 
i n petro leum a n d petro leum products i n amounts greater t h a n 10 n g / g . 
T h r e e samples can be ana lyzed i n an 8-hr w o r k i n g day . 

Outline of the Method. T h e sample is digested i n a mixture of con 
centrated sul fur ic a n d n i t r i c acids i n a n apparatus w h i c h ensures that 
vo lat i le mercury compounds are not lost d u r i n g the ox idat ion of the o i l . 
A f t e r the digest ion is complete , the digestate is d i l u t e d w i t h water a n d 
then extracted w i t h hexane to remove water - inso luble unreacted organic 
matter . R e s i d u a l traces of hexane are then removed b y sweeping n i t rogen 
t h r o u g h the extracted solut ion. T h e digestate is then treated w i t h h y 
droxy lamine sulfate so lut ion, a n d the m e r c u r y content is measured b y 
co ld -vapor atomic absorpt ion spectroscopy. 

Apparatus 
( 1 ) Digestion apparatus ( Figure 12.1 ). _ 

(a ) F u n n e l , separatory, c y l i n d r i c a l ( d ) , 60 -ml $~24/40, Te f lon 
stopcock. 

( b ) D i s t i l l i n g receiver ( c ) , $ 2 4 / 4 0 , Tef lon stoppered, ava i lab le 
f r o m L a b Glass , N o . L G - 6 4 0 0 T , modi f i ed w i t h a 12.5 m m o d m e d i u m 
w a l l side arm. 

( c ) T w o - n e c k e d flask ( b ) , ver t i ca l type, 500 m l , $~24/40. 
( d ) F r i e d r i c h condenser ( d ) , $ 24 /40 , 325 m m . 
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( e ) H e a t i n g mant le , 500 m l . 
( f ) V a r i a b l e transformer, 0-120 volts, 
( g ) M a g n e t i c st irrer 
( h ) Tef lon-coated magnet ic s t i r r ing bar 
( i ) Separatory funne l , 500 m l , Te f l on stopcock. 

( 2 ) Apparatus for generating mercury vapor ( Figure 12.3 ). 
(a ) F l a s k , pear-shaped, single necked , 300 m l , $ 14 /35 , a v a i l 

able f r o m Kontes , N o . 608700. 
( b ) B u b b l e r , $ 14 /20 . _ 
( c ) Test tube, 16 m m X 100 m m , $ 14 /20 , filled w i t h glass 

w o o l . 
( d ) Impinger , $ 14 /20 , compat ib le w i t h test tube. 
(e ) P u m p , osc i l lat ing , G o r m a n - R u p p N o . 11968, ava i lab le f r o m 

M a c a l a s t e r - B i c k n e l l C o . 
( f ) A b s o r p t i o n ce l l , quartz w i n d o w s , 20 c m l ength X 22 m m 

diameter , e q u i p p e d w i t h hose fittings. 
( g ) T y g o n t u b i n g 

( 3 ) Atomic absorption equipment 
(a ) A t o m i c absorpt ion spectrophotometer, P e r k i n - E l m e r 403 

or equivalent . 
( b ) H o l l o w cathode m e r c u r y l a m p 

Reagents 
( 1 ) Concentrated sulfuric acid, suitable for m e r c u r y determinat ion , 

J . T . B a k e r , N o . 9685. 
(2 ) Concentrated nitric acid, suitable for m e r c u r y determinat ion , 

J . T . Baker , N o . 9603. 
( 3 ) n-Hexane, B u r d i c k a n d Jackson. 
(4 ) Hydroxylamine solution, 12 g hydroxy lamine sulfate, 12 g h y 

droxy lamine sulfate, 12 g s o d i u m chlor ide , a n d 100 m l of de ion ized water . 
(5 ) Tin(II) sulfate solution, 10% t i n ( I I ) sulfate i n 0.22V sul fur i c 

a c id . 
(6 ) 1000 mg/ml mercury stock solution, 1.354 g m e r c u r y ( I I ) c h l o 

ride d i l u t e d to 1 l i ter w i t h 12V su l fur i c ac id . 
( 7 ) Potassium permanganate solution, 5% potass ium permanganate 

i n de ion ized water . 
Acid Digestion of Oi l (Refer to Figure 12 .1 ) . T h o r o u g h l y c lean 

a l l glassware w i t h 1:1 n i t r i c a c i d : d e i o n i z e d water , r inse w i t h de ion ized 
water , a n d dry . O n c e the d igest ion has been started, the procedure must 
be carr ied through the measurement of the mercury o n the same day. 

( 1 ) A d d 5 g of o i l , 25 m l of concentrated su l fur i c a c i d , a n d a m a g 
net i c s t i r r ing bar to the two -necked flask. Assemble the apparatus as 
i n d i c a t e d i n F i g u r e 12.1 ( lubr i cate the joints w i t h H 2 S 0 4 ) . P lace a heat
i n g mant l e a n d a safety sh ie ld i n front of the apparatus. 

( 2 ) Start the magnet i c st irrer a n d a d d 50 m l of concentrated n i t r i c 
a c i d dropwise f r o m the a d d i t i o n funne l . B r i n g the mix ture to reflux over 
a p e r i o d of 1.5 h r a n d then reflux for 1.5 hr . 
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(3 ) B r i n g the mix ture to fumes of su l fur i c a c i d b y co l lect ing the 
volati les i n the d i s t i l l a t i on receiver. A l l o w the mix ture to fume 5 m i n 
after a l l the volati les have been col lected. 

(4 ) C a u t i o u s l y a d d 25 m l of concentrated n i t r i c a c i d dropwise f r o m 
the add i t i on funnel . C o n t i n u e to col lect the volati les d u r i n g this a d d i t i o n , 
then b r i n g to fumes of su l fur i c a c i d as i n Step 3 a n d a l l o w the m i x t u r e 
to fume 5 m i n . 

(5 ) R e t u r n the entire contents of the d is t i l la t ion receiver to the flask 
dropwise ( C A U T I O N ) . A l l o w the mixture to reflux for 15 m i n . 

(6 ) C l ose the stopcock a n d col lect the volati les i n d i s t i l l a t i on 
receiver. B r i n g the mixture to fumes of su l fur i c a c i d a n d a l l o w to fume 
5 m i n . 

(7 ) Repeat Step 5, then a l l o w the mixture to coo l to r o o m 
temperature. 

( 8 ) W a s h the inter ior of the condenser a n d d i s t i l l a t i on receiver into 
the flask, us ing approx imate ly 100 m l of de ion ized water . D o not a l l o w 
the temperature of the flask to exceed 35°C. T o avo id a large temperature 
rise resul t ing f r o m the a d d i t i o n of water to the a c i d mixture , p lace the 
flask i n a n ice b a t h a n d a d d the water i n s m a l l increments. 

( 9 ) Transfer the contents of the flask quant i tat ive ly to the separatory 
funne l . E x t r a c t the mixture w i t h three 100-ml portions of n-hexane. 
D i s c a r d the hexane extracts. 

( 10) B u b b l e ni trogen through the extracted digestate u n t i l the res id 
u a l traces of hexane are removed . D o not a l l ow n i t rogen to b u b b l e 
through the digestate for an extended t ime after the hexane has evaporated. 

( 11 ) St i r the digestate a n d a d d 20 m l of the hydroxy lamine so lut ion 
dropwise . 

(12) C o n t i n u e s t i r r ing the so lut ion u n t i l the evo lut ion of gas is 
complete a n d then sweep out the a i r space above the l i q u i d w i t h ni trogen. 

( 13) Ad jus t the vo lume of the so lut ion to the 250 m l w i t h de ion ized 
water . 

(14) M e a s u r e the absorbance (Ai ) of the so lut ion as ind i ca ted i n 
Step 1 under Measurement of the M e r c u r y ( b e l o w ) . 

Mercury Content of the Reagents 
(1 ) Reagent blank 

( a ) E v a p o r a t e a so lut ion consist ing of 150 m l of de i on i zed 
water , 5 m l of the potass ium permanganate solut ion, 25 m l of concentrated 
sul fur ic a c id , a n d 75 m l concentrated n i t r i c a c i d o n a hot plate u n t i l fumes 
of su l fur ic a c i d are reached. 

( b ) A l l o w the solut ion to coo l to r o o m temperature, a d d 100 m l 
of de i on ized water , k e e p i n g the temperature be l ow 3 5 ° C ( C A U T I O N ) , 
a n d extract the so lut ion three times w i t h 100-ml portions of n - h e x a n e . 

( c ) D i s c a r d the hexane extracts. B u b b l e n i trogen through the 
extracted aqueous solut ion u n t i l the res idua l traces of hexane are removed , 
b u t do not a l l o w the ni trogen to b u b b l e through the digestate for a n 
extended t ime after the hexane has evaporated. 

( d ) St ir the aqueous so lut ion a n d a d d 20 m l of the h y d r o x y l 
amine solut ion to the digestate. 
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(e ) C o n t i n u e s t i r r ing the so lut ion u n t i l the evo lut ion of gas is 
complete a n d then sweep out the air space above the l i q u i d w i t h nitrogen. 

( f ) A d j u s t the v o l u m e of the solut ion to 250 m l a n d measure 
the absorbance ( A 3 ) of the so lut ion as i n d i c a t e d i n Step 1 under M e a s u r e 
ment of the M e r c u r y ( b e l o w ) . 

(2 ) Permanganate and hydroxyhmine blank 
(a ) M e a s u r e the absorbance ( A 4 ) of a so lut ion conta in ing 230 

m l of de ion ized water , 5 m l of the potass ium permanganate solut ion, a n d 
20 m l of the hydroxy lamine so lut ion as ind i ca ted i n Step 1 of M e a s u r e 
ment of the M e r c u r y ( b e l o w ) . 

(3 ) Hydroxylamine blank 
(a ) M e a s u r e the absorbance ( A 5 ) of a so lut ion conta in ing 230 

m l of de i on i zed water a n d 20 m l of the h y d r o x y l a m i n e so lut ion as i n d i 
cated i n Step 1 of Measurement of the M e r c u r y ( b e l o w ) . 

Measurement of the Mercury 
( 1 ) Calibration 

(a ) T u r n on the atomic absorpt ion instrument . A l l o w the 
instrument to stabi l ize a n d opt imize measur ing for mercury . T h e c o n d i 
tions for the 403 g iven i n the f o l l o w i n g table serve as a guide. 

S l i t 5 
Range U V 
W a v e l e n g t h 253.7 n m 
Source use re commended operat ing current g iven on the l a m p 
L a m p mercury h o l l o w cathode 
M o d e concentrat ion 
Concentrat i on 110.5 
F u n c t i o n 10 average, repeat 

( b ) Pos i t i on the absorpt ion ce l l i n the center of the b e a m gen
erated b y the h o l l o w cathode m e r c u r y vapor l a m p a n d assemble the 
r e m a i n i n g apparatus shown i n F i g u r e 12.3 w i t h the exception of the 
pear-shaped flask. 

( c ) Prepare 250 m l of so lut ion conta in ing 100, 200, 300, a n d 
400 n g of mercury i n 1 0 % sul fur ic a c i d b y suitable d i lut ions of the 1000 
n g / m l mercury stock solution. 

( d ) P lace each so lut ion, i n t u r n , into the pear-shaped flask, a d d 
10 m l of the t i n ( I I ) sulfate solut ion, a n d r a p i d l y connect the flask to 
the apparatus. 

(e ) Auto - zero the atomic absorpt ion instrument a n d set the 
var iab le transformer to ~ 60 V . R e c o r d the absorbance ( A i ) caused b y 
the e lemental m e r c u r y after the absorbance r e a d i n g stabil izes (ca . 5 m i n ) . 

( f ) T u r n off the var iab le transformer, disconnect the t u b i n g 
f r o m the in le t side of the p u m p , set the auto transformer to ~ 65 V , a n d 
exhaust the e lemental m e r c u r y i n the system to a hood. 

(g ) A f t e r a l l the mercury has been exhausted ( ca . 10 m i n ) , set 
the transformer to 60 V , reconnect the t u b i n g , a n d record the absorbance 
r e a d i n g ( A 2 ) after i t stabil izes (ca . 5 m i n . ) . 

( h ) P l o t ( A i — A 2 ) vs. ng H g to obta in the ca l ibrat i on curve 
for the system. 
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Calculation 
( 1 ) Absorbance of acidic solutions 

(a ) D e t e r m i n e the absorbance Aa = (Ai — A 2 ) caused b y the 
m e r c u r y contained i n the digestate of the o i l sample (Step 14 u n d e r A c i d 
D i g e s t i o n of O i l ) . 

( b ) D e t e r m i n e the absorbance Ab = ( A 3 — A 2 ) caused b y the 
m e r c u r y conta ined i n the solut ion obta ined i n Step 14 u n d e r M e r c u r y 
C o n t e n t of the Reagent. 

( c ) D e t e r m i n e the absorbance Ac = ( A 4 — A 2 ) caused b y the 
m e r c u r y contained i n the solut ion obta ined i n Step 2 u n d e r M e r c u r y 
Content of the Reagent. 

( d ) D e t e r m i n e the absorbance Ad = ( A 5 — A 2 ) caused b y the 
m e r c u r y contained i n the solut ion obta ined i n Step 3 under M e r c u r y 
C o n t e n t of the Reagent. 

(2 ) Mercury Content of Sample 
( a ) D e t e r m i n e the absorbance caused b y the mercury conta ined 

i n the o i l sample : 

A0lY = Aa — Ab + Ac — Ad 

( b ) D e t e r m i n e the nanograms of mercury corresponding to A0n 
f r o m the ca l ibrat ion curve obta ined i n Step l h under Measurement of 
the M e r c u r y . 

( c ) C a l c u l a t e the amount of mercury i n the o i l sample : 

n g H g / g = n g H g n g n g / g g g a m p l e 
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Molybdenum 

Molybdenum has been qualitatively detected in crude oils (1, 2). 
However, its distribution has not been extensively studied because 

a suitable quantitative method for low concentrations has not been avail
able. In addition to naturally occurring molybdenum, minute quantities 
can be introduced into distillate fuels by exposure to some processing 
catalysts or by carryover from the crude. 

Available Analytical Methods 

Numerous methods for determining macro concentrations of molyb
denum are available. Optical emission spectroscopy has been used in 
survey-type analyses (2), but it does not have adequate sensitivity to 
measure part-per-billion levels. X-ray fluorescence has been applied for 
part-per-million levels but cannot be readily extended to the lower levels 
of interest to the Project. Kinetic methods (3) and colorimetry with 
suitable pre-concentration (4) are capable of measuring part-per-billion 
levels of molybdenum but have not been applied to petroleum analysis. 
Molybdenum has been determined by atomic absorption techniques in 
such materials as sea water, biological tissue, and soils (5, 6, 7). Although 
a procedure for determining metals including molybdenum in petroleum 
by atomic absorption has been reported (8), no actual data are given for 
molybdenum. Flame and heated vaporization atomic absorption of 
aqueous solutions of ashed samples were selected by the Project for 
concurrent study in two separate laboratories. 

Role of Neutron Activation 

P a r t - p e r - b i l l i o n levels of m o l y b d e n u m can be measured b y neutron 
act ivat ion . A f t e r two or more hours i r rad ia t i on at a neutron flux of ΙΟ 1 2 η 
c m " 2 sec" 1, the p r i n c i p a l g a m m a at 141 K e V [ 9 8 Μο(η ,γ , / ? ) 9 9 m T c ] is read i ly 
measured. I n crude oils , however , some Bremsstrah lung interference m a y 
be encountered as a result of act ivated sul fur or chlor ine . 

Special Analytical Considerations 

T h e destruct ion of petro leum samples pr ior to the determinat ion of 
m o l y b d e n u m b y either d ry or wet ashing is s tra ight forward. Re la t i ve ly 
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f e w difficulties have been reported ; however , m o l y b d e n u m m a y be lost 
w h e n the ash is i gn i ted at h i g h temperatures (9, J O ) . T h i s loss is caused 
b y the vo la t i l i ty of m o l y b d e n u m oxides w h i c h are f o rmed d u r i n g i gn i t i on . 

Sample Preparation. T w o sample preparat ion procedures were used . 
I n one, the sample was d r y ashed, a n d the m o l y b d e n u m was de termined 
b y flame A A . I n the other, the sample was wet ashed w i t h su l fur i c a c i d , 
a n d the m o l y b d e n u m was determined b y H V A A . I n each case the car
bonaceous residue was i gn i t ed i n a muffle furnace to an inorganic ash 
w h i c h was subsequently dissolved i n d i lu te ac id . 

T h e poss ib i l i ty that m o l y b d e n u m w o u l d be lost w h e n the residue was 
i g n i t e d to an inorganic ash was investigated. I n one set of experiments, 
s o d i u m molybdate was p l a c e d i n a muffle at 520°C for v a r y i n g times. 
A l t h o u g h l i t t le or no m o l y b d e n u m was lost d u r i n g the first hour , about 
ha l f was lost i n 2-4 h r a n d a l l was lost i n 12 hr . A t 480°, none was lost 
i n 3 hr . I n a c o m p a n i o n experiment, a N o . 2 fue l o i l sp iked w i t h m o l y b 
d e n u m sulfonate a n d a crude o i l c onta in ing native m o l y b d e n u m w e r e 
d r y ashed a n d i gn i t ed for 3 h r at various temperatures. Recoveries of 
m o l y b d e n u m ind i ca ted no loss u p to 520°C ( T a b l e 13.1). S i m i l a r results 

Table 13.1. Loss of Molybdenum Caused by Temperature" 

Molybdenum Concentration 

Sample 

N o . 2 fuel o i l 

C r u d e o i l 

Temperature, 
°C 

450 
480 
510 
520 
520 
590 
650 
700 
760 
480 
520 
590 
650 
700 
760 

Added' 

1000 

100 

N o n e 

Measured 

1000 
1030,1000 
1030, 970 
1030, 970 

100 
60 
30 
20 
20 
46 
46 
40 
31 
40 
30 

β Time in furnace : 3 hr. 
b Added as molybdenum sulfonate. 

w e r e obta ined on two other crude oi ls , w h i c h were w e t ashed w i t h su l fur i c 
a c i d before be ing ign i ted . A l t h o u g h this s tudy ind i ca ted that t empera 
tures u p to 520° C c o u l d be used to destroy carbonaceous mater ia l w i t h o u t 
caus ing loss of m o l y b d e n u m , a temperature of 480°C was selected to 
rrunimize the poss ib i l i ty of loss through acc identa l overheating. T h e r e 
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was no evidence of contaminat ion f rom extraneous sources of m o l y b d e n u m 
d u r i n g either type of decomposit ion, nor was there any detectable m o l y b 
d e n u m i n the reagents used. 

Measurement. F L A M E A T O M I C A B S O R P T I O N . T O obta in sufficient 
sensit ivity for the measurement of m o l y b d e n u m b y flame atomic absorp
t i on , i t is necessary to use a nitrous ox ide -acety lene flame. O p t i m u m 
condit ions were establ ished e m p i r i c a l l y b y us ing standard aqueous m o l y b 
d e n u m solutions. W i t h the instrument used, the response of the flame A A 
measurement was l inear u p to a concentrat ion of 1 0 0 / i g / m l , w i t h a 
detect ion l i m i t ( S / N = 2 ) of 0 . 1 f i g / m l . W i t h the ash f r o m an o r i g i n a l 
1 0 0 g of sample a n d a final so lut ion v o l u m e of 1 0 m l , a detect ion l i m i t 
of 5 - 1 0 n g M o / g was obtained. 

E v e n w i t h the h i g h temperature of the nitrous ox ide -acety lene flame, 
interferences are encountered. T h e i on i za t i on of m o l y b d e n u m , w h i c h 
reduces sensit ivity, was overcome b y a d d i n g 2 0 0 0 f t g / m l potass ium to a l l 
solutions. C a l c i u m has been reported to interfere w i t h the determinat ion 
of m o l y b d e n u m , b u t the interference can be suppressed to an i n s i g 
nif icant l eve l b y the a d d i t i o n of a l u m i n u m (11). Consequent ly , 5 0 0 
/ A g A l / m l was a d d e d to each sample a n d standard. 

H E A T E D V A P O R I Z A T I O N A B S O R P T I O N . A V a r i a n T e c h t r o n C R A - 6 3 was 

used. T h e operat ing parameters were adjusted e m p i r i c a l l y so that no 
m o l y b d e n u m was vo la t i l i z ed premature ly d u r i n g the ash cycle a n d so that 
the m a x i m u m absorpt ion was obta ined i n the atomize cycle . U n d e r o p t i 
m u m condit ions, the response was l inear f r o m 0 to 5 n g M o , w i t h a 
detect ion l i m i t of 4 Χ 1 0 " 1 1 g. T h i s corresponds to a l eve l of 8 n g / g i n 
a 1 0 - g sample. 

Because of the h i g h power setting necessary to atomize m o l y b d e n u m , 
response was often var iable . A s i n the case of v a n a d i u m ( C h a p t e r 1 4 ) , 
the l i fe of the carbon r o d was short. Response d r o p p e d signif icantly 
because the furnace a n d support rods deteriorated, r esu l t ing i n loss of 
e lectr ica l contact a n d therefore l o w e r a tomizat ion temperatures. Rep lace 
ment was necessary after every 2 0 - 2 5 measurements. 

A l t h o u g h the oxide is vo lat i le , no loss of m o l y b d e n u m was detected 
i n the pre -atomizat ion step, w h i c h suggest that the react ion w i t h the 
carbon of the furance to f o r m the carb ide is the favored react ion. T h e 
f o rmat ion of refractory m o l y b d e n u m carb ide not on ly accounts for the 
retent ion of m o l y b d e n u m p r i o r to atomizat ion , b u t i t also explains the 
extremely h i g h temperature r e q u i r e d to achieve atomizat ion . 

T h e effect of several concentrations of a mix ture of 1 4 metals o n the 
m o l y b d e n u m absorpt ion was s tud ied ( T a b l e 1 3 . 1 1 ) . A l t h o u g h insufficient 
w o r k was done to relate the interference to specific metals , i t is apparent 
that the method is subject to interference w h e n other metals are present 
i n a concentrat ion apprec iab ly h igher t h a n that of the m o l y b d e n u m . T h a t 
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is l i k e l y to be the case w i t h a n u m b e r of the elements l i s ted , par t i cu lar ly 
w i t h crude oils a n d res idua l fuels. Consequent ly , the technique of s tand
a r d addit ions was adopted . 

H i g h salt concentrations, of the order of 500 μξ of other metals per 
m i l l i l i t e r , produce m u l t i p l e peaks d u r i n g the atomizat ion a n d mask the 
m o l y b d e n u m peak. T h e peaks are most l i k e l y caused b y scattered l i ght 
f r o m salt partic les . T h e di f f iculty is avo ided i f the sample size a n d so lut ion 
v o l u m e are selected to prov ide a m a x i m u m of 10 / x g / m l of other metals . 

Table 13.11. Effect of Other Elements on H V A A 
Measurement of Molybdenum 0 

Concentration of 
Each Interfering Std. Dev. of 

Metal* Avg. Response, Absorption, 
μΰ/ml mm mm 

0 48 6 
0.5 48 8 
5 39 8 

50 15 4 
"Molybdenum concentration: 0.5 /-ig/ml. 
6 Solution contained Si , A l , Cr, Cu, Fe, M g , Na , M n , Zn, Ca, Pb, V , N i , Co. 

Recommended Methods. T w o methods are suitable . I n one, a large 
sample (usua l ly 100 g ) is d r y ashed i n a porce la in cruc ib le . T h e resu l t ing 
carbonaceous residue is i g n i t e d i n a mufHe furnace at 480°C. T h e ash is 
d i sso lved i n d i lute n i t r i c a c i d , a n d potass ium ch lor ide a n d a l u m i n u m 
ch lor ide are a d d e d to the solution. T h e m o l y b d e n u m is measured b y 
atomic absort ion i n a nitrous ox ide -acety lene flame a n d re lated to a 
c a l i b r a t i o n curve . 

Table 13.III. Precision and Recovery by D r y Ash-Flame A A Method* 
Molybdenum Concentration (ng/g) 

Added Measured Std. Dev. Detns. 
25 27 3.5 11 

100 99 4.3 10 
a Sample : No. 2 fuel oil spiked with molybdenum sulfonate. 

I n the other method , a smaller sample ( t y p i c a l l y 20 g ) is decomposed 
b y heat ing w i t h concentrated su l fur i c a c id . T h e resu l t ing carbonaceous 
residue is ashed i n a muffle furnace at 480°C. T h e ash is d isso lved i n 
d i lute hydroch lor i c a c id , a n d the concentrat ion of m o l y b d e n u m is meas
u r e d b y H V A A us ing the m e t h o d of s tandard addit ions . 

Recovery of m o l y b d e n u m b y the d r y ash- f lame A A m e t h o d was 
evaluated on a N o . 2 fue l o i l sample sp iked at two levels w i t h m o l y b d e n u m 
sulfonate ( T a b l e 13.111). 
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Table 13.IV. Precision and Recovery by Wet A s h - H V A A Method 0 

Molybdenum Concentration 
(ng/g) 

Sample Added Found % Recoi 

Gaso l ine 0 < 2 — 
24 27 112 

287 282 98 
N o . 2 heat ing o i l 0 < 2 — 

57 54 95 
C r u d e A 0 22 — 

75 94 96 
C r u d e Β 0 10 — 

98 106 98 
" S t a n d a r d D e v i a t i o n : f rom 10 to 25 ng M o / g : 4.5 (n = 7) 

f rom 60 to 100 ng M o / g : 10 (n = 7) 

T h e w e t a s h - H V A A m e t h o d was eva luated b y ana lyz ing several 
c r u d e oils, a heat ing o i l , a n d a gasoline, a l l of w h i c h h a d also been sp iked 
w i t h m o l y b d e n u m sulfonate ( T a b l e 1 3 . I V ) . Quant i ta t ive recovery was 
obta ined on a l l samples, a n d prec is ion was acceptable. F u r t h e r m o r e , 

Table 13.V. Comparison of Methods for Determining 
Molybdenum in Crude Oi l 

Molybdenum Concentration (ng/g) 

Laboratory 1 : Laboratory 2: 
Dry Ash- Wet Ash-

Flame AA HVAA 
C r u d e A 19 ,15 23 ,20 
C r u d e Β 12,12 11 ,9 
C r u d e C 10, < 10 17 ,16 ,12 
C r u d e D < 10, < 10 7 ,9 

nat ive m o l y b d e n u m i n four c rude oils was determined independent ly i n 
t w o laboratories, each us ing one of the methods ( T a b l e 1 3 . V ) . T h e in ter -
changeab i l i ty of the two decomposi t ion a n d two measurement procedures 
was s tud ied b y de termin ing nat ive m o l y b d e n u m i n a N o . 6 res idua l f u e l 
( T a b l e 1 3 . V I ) . 

Table 13.VI. Comparison of Methods for Determining 
Molybdenum in a No. 6 Residual Fuel 

Measured 
Method (ngMo/g) η S i d . Dev., ng/g 

W e t a s h - H V A A 90 3 9 
D r y a s h - H V A A 96 3 2 
W e t ash- f lame A A 89 3 12 
D r y ash- f lame A A 89 5 6 
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ngMo/g 
Spike Level 

Detection Limit 

a Initiating Laboratory 
Ο Cooperating Laboratory 
• Cooperating Laboratory 

- Neutron Activation 

Unspiked 
Crude Oil 

160 

120 

ngMo/g 

Spiked 
Crude Oil Β 

No. 6 
Residual Fuel 

8 Spike Level 

Ο1 1 60' ' 

Figure 13.1. Determination of molybdenum in petroleum by different hbora-
tories 

A l t h o u g h the ashing a n d measurement techniques are interchange
able a n d y i e l d equivalent results, the wet a s h - H V A A m e t h o d is considered 
preferable for general use because: 

( 1 ) T h e s tandard addit ions technique compensates for interferences. 
( 2 ) T h e H V A A measurement is more sensitive, so smaller samples 

m a y be used or l ower detect ion l imits attained. 
O n the other h a n d , the d r y ash- f lame m e t h o d is easier, since b o t h 

the p r e l i m i n a r y treatment a n d the measurement technique are s impler . 
W h e r e neither of the above condit ions exist to make the wet a s h - H V A A 
m e t h o d attractive, the d r y ash- f lame m e t h o d can be used w i t h e q u a l 
success. 

T h e w e t a s h - H V A A m e t h o d was selected for use i n the inter labora 
tory cross-check p r o g r a m because of its greater app l i cab i l i t y . A deta i led 
procedure is g iven at the end of this chapter. F o r the program, a crude 
o i l , a jet fue l , a n d a N o . 6 res idua l fue l o i l were selected. T h e crude o i l 
was ana lyzed i n b o t h the nat ive state a n d after sp ik ing w i t h 110 n g M o / g . 
T h e jet f u e l was f o u n d to conta in no nat ive m o l y b d e n u m a n d was sp iked 
w i t h 28 n g / g . T h e res idua l f u e l was ana lyzed i n its nat ive ( u n s p i k e d ) 
state only . 

T h e results are s h o w n i n F i g u r e 13.1. T h e ver t i ca l l ines on the chart 
represent two s tandard deviations about the spike l eve l for the jet f u e l 
a n d crude o i l a n d about the m e a n of the results for the N o . 6 res idua l 
fue l . A n o t h e r cooperat ing laboratory also determined m o l y b d e n u m i n the 
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samples b y neutron act ivat ion analysis, a n d these results are also s h o w n 
i n the chart. T h e cooperat ing laboratory d i d not detect m o l y b d e n u m i n 
the u n s p i k e d crude o i l e ither b y the wet a s h - H V A A m e t h o d ( < 5 n g 
M o / g ) or b y neutron act ivat ion ( < 10 n g M o / g ) , w h i l e the i n i t i a t i n g 
laboratory f o u n d 12 ± 5 n g M o / g . A t the 9 5 % leve l of confidence ( ± 2 σ ) 
the two values are not s ignif icantly different. T h e overa l l w i t h i n - l a b o r a 
tory s tandard dev iat ion of the w e t a s h - H V A A m e t h o d was ± 8 n g M o / g 
over the range 30 -110 n g M o / g . T h i s prec is ion is comparab le w i t h that 
obta ined b y the in i t i a t ing laboratory. 

Detailed Procedure 

Scope. T h e m e t h o d is used to determine m o l y b d e n u m i n pe t ro leum 
a n d pe t ro leum products at levels d o w n to 10 n g / g . S ix to 12 samples can 
be processed convenient ly i n a batch , w i t h a total w o r k i n g t ime of 8 hr . 

Summary of Method. 
A large sample ( u p to 100 g ) is decomposed b y heat ing w i t h sul fur ic 

a c id . T h e resul t ing carbonaceous residue is ashed i n a muffle furnace at 
480° C . T h e ash is dissolved i n d i lute h y d r o c h l o r i c a c i d a n d d i l u t e d to 
10 m l . T h e concentrat ion of each meta l is measured o n 2-μ1 al iquots of 
the digestate b y heated-vapor izat ion atomic absorpt ion, us ing the m e t h o d 
of s tandard addit ions . 

Apparatus 
(1 ) Atomic absorption spectrometer, V a r i a n - T e c h t r o n A A 5 or 

equivalent . 
( a ) S t r ip chart recorder, 0-10 m v w i t h 0.5-sec response t ime 

( L e e d s & N o r t h r u p Speedomax W or e q u i v a l e n t ) . 
( b ) M o l y b d e n u m h o l l o w cathode l a m p , V a r i a n - T e c h t r o n or 

equivalent . 
( 2 ) Carbon rod atomizer, m o d e l 63 ( V a r i a n - T e c h t r o n ). 

( a ) Pyro ly t i c - g raph i te coated atomizat ion furnaces ( V a r i a n -
T e c h t r o n ). 

( b ) Suppor t electrodes, manufac tured b y Ringsdor f f -Werke , 
G M B H , type R W 0124 ( V a r i a n - T e c h t r o n ) . 

(3 ) Vycor dish. C u t a n 800-ml beaker to a 10-cm height . I t is 
strongly recommended that n e w dishes be prepared a n d used exc lusively 
for this work . A l l V y c o r dishes must be c leaned b y the f o l l o w i n g proce
dure before use. A d d 50 m l of 1:1 H C 1 a n d b o i l for 10 m i n . D i s c a r d the 
H C 1 so lut ion a n d take three successive 5 -ml portions of concentrated 
sul fur i c a c id to fumes i n the d i sh . F i n a l l y , w a s h the d i s h w i t h water a n d 
a ir dry . 

(4 ) Air bath. C u t a cy l inder of a l u m i n u m w i t h a d iameter s l ight ly 
larger than that of the d i s h to a 9.5-cm length. 

(5 ) Infrared lamp, 250-watt, supported about 2.6 c m above the a ir 
b a t h . 

(6 ) A variable transformer to regulate the heat of the in f rared l a m p . 
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(7 ) Muffle furnace, capable of m a i n t a i n i n g 480° ± 2 5 ° C a n d 
e q u i p p e d w i t h a supplementary a i r or oxygen supply . 

(8 ) Syringes, 1-, 5-, 10-, a n d 100- /J w i t h Tef lon t ips . 
( 9 ) Volumetric flasks, 5- a n d 10-ml. 
Reagents. Unless otherwise ind i ca ted , reagents are A C S reagent 

grade. W a t e r is de ion ized . 
( 1 ) Sulfuric acid, concentrated. 
(2 ) Hydrochloric acid, d i lu te . A d d 50 m l of concentrated a c i d to 

950 m l of water. 
(3 ) Standards 

(a ) Stock s tandard 1000 p p m . Aqueous m o l y b d e n u m standard 
( F i s h e r Scientific, etc. ). 

( b ) C a l i b r a t i o n s tandard (20 / x g / m l ) . Prepare 50 m l of the 
s tandard b y care fu l successive d i lut ions , starting w i t h the 1000-ppm 
standard . T h i s ca l ibrat ion s tandard must be prepared immedia te ly be 
fore use. 

Procedure 
( 1 ) Instrument operation 

(a ) Set u p the A A spectrophotometer a n d c a r b o n r o d atomizer 
to measure m o l y b d e n u m . Use the parameters l i s ted i n the f o l l o w i n g 
table as a guide i n o p t i m i z i n g the instrument a n d carbon r o d atomizer . 

Operating Conditions 
W a v e l e n g t h , n m 313.3 
L a m p current , m a 7.5 
S l i t , μχη 100 
Inert gas A r g o n 

flow rate, 1 /min 3 
pressure, p s i 15 

Inject ion f requency , sec 90 

CRA-63 Program 
Supply 
Setting Sec 

D r y ( i n i t i a l ) 3 10 
D r y ( f inal ) 20 10 
A s h 8 15 
A t o m i z e 9.5 6 
T y p i c a l response ( a b s o r b a n c e / n g ) 0.18 

(2 ) Sample Decomposition 
( a ) C a r r y a reagent b l a n k t h r o u g h the procedure , s tart ing w i t h 

5 m l of sul fur ic a c id . 
( b ) D e p e n d i n g o n concentrations, w e i g h a 20 to 100 g sample 

in to a V y c o r d ish . A d d 5 m l of concentrated su l fur i c a c i d , m i x w i t h a glass 
s t i r r ing r o d , a n d place the d i s h i n a n a i r bath . P lace the b a t h o n a hot 
p late a n d suspend an in f rared l a m p above the d i sh so that the face of the 
b u l b is 2.6-5.2 c m above its top. F o r l i ght matrices such as gasoline, 
most of the sample shou ld first be evaporated w i t h a stream of n i t rogen 
before the d i s h is p l a c e d i n the a i r bath . 
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( c ) H e a t the sample w i t h the l a m p a n d then w i t h l o w heat f r o m 
the hot plate. St i r f requent ly w i t h a glass r o d to break u p any surface 
crust a n d reduce spattering. Increase the heat g radua l l y u n t i l fumes of 
su l fur i c a c i d are n o longer evo lved , transfer to the muffle furnace at 
480° C , t u r n on the a i r or oxygen supply , a n d ash the residue. 

( d ) C o o l , w a s h d o w n the wal l s of the d i s h w i t h 5 m l of d i l u t e 
h y d r o c h l o r i c a c id , cover, a n d dissolve the ash b y w a r m i n g o n the steam 
bath . Transfer the so lut ion quant i ta t ive ly to a 10-ml vo lumetr i c flask, 
d i l u t e to vo lume w i t h d i lu te hydroch lo r i c a c i d , a n d m i x thoroughly . 

(e ) R e m o v e a convenient por t i on ( 1 - 2 m l ) for s tandard a d d i 
t i o n analysis (5 .0 -ml vo lumetr i c flask is a convenient conta iner ) . 

( 3 ) Measurement of Molybdenum 
( a ) Insert a n e w tube furnace between the support rods a n d 

set u p to measure m o l y b d e n u m w i t h the recorder set at 5-mv f u l l scale. 
C l e a n the atomizat ion furance b y " b a k i n g " at m a x i m u m temperature 
several times u n t i l a n acceptable b lank is obta ined . 

( b ) Set the dry , ash, a n d atomize condit ions to the appropr iate 
settings. 

( c ) W i t h d r a w a 1-/J a l iquot of the digestate. 
( d ) In i t iate the atomizat ion p r o g r a m a n d immedia te ly inject 

the sample al iquot . A f t e r 10 sec f r o m p r o g r a m in i t ia t i on , increase the d r y 
cyc le voltage contro l to its m a x i m u m a n d a l l o w the p r o g r a m to r u n to 
complet ion . Reset the d r y cycle voltage to its o r i g i n a l setting. 

( e ) R e c o r d the peak he ight caused b y absorbance d u r i n g the 
a tomizat ion step of the program. 

( f ) F r o m the peak heights obta ined , select an a l iquot of diges
tate such that the peak height is 10 -20 divis ions above the b l a n k a n d back 
g r o u n d s ignal . A l s o select an a l iquot of the ca l ibrat i on s tandard such that 
the peak height (after the t h i r d add i t i on ) w i l l be about four t imes the 
peak he ight for the o r ig ina l digestate. U s e the same al iquots throughout 
the determinat ion of that sample. 

( g ) W i t h d r a w the selected a l iquot of digestate into a m i c r o 
l i ter syringe a n d f o l l ow Steps d a n d e. Repeat three times. I f the three 
signals are w i t h i n ± 1 0 % of the ir average, cont inue to Step h . Otherwise , 
repeat Steps d a n d e tw i ce more. 

( h ) A d d the selected a l iquot of w o r k i n g s tandard so lut ion to 
the digestate a n d m i x w e l l . C a r r y out Step g. 

( i ) A d d another a l iquot of the w o r k i n g s tandard to the so lut ion 
f r o m Step h a n d repeat Step g. 

( j ) A d d another a l iquot of the w o r k i n g s tandard to the so lut ion 
f r o m Step i a n d aga in repeat Step g. 

Calculation 
( 1 ) C a l c u l a t e the concentrat ion of each s tandard a d d i t i o n i n / x g / m l . 
( 2 ) T a b u l a t e the peak height measurements i n chart d iv is ions 

ob ta ined f r o m the digestate a n d digestate p lus s tandard addit ions. S u b 
tract the peak he ight ob ta ined o n the b l a n k so lut ion f r o m the sample 
peak heights. 
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( 3 ) C a l c u l a t e the best straight l ine b y least squares b y the equations : 

S Y S X 2 - S X S X Y 
a = 

b = 

M S X 2 - ( S X ) 2 

M S X Y - S X S Y 
M S X 2 - ( S X ) 2 

w h e r e : 

X = f t g / m l of meta l added . 
Y — peak height i n chart divis ions. 
a = constant of least squares Une. 
b = slope of least squares l ine . 
M = tota l n u m b e r of measurements of peak height . 

( 4 ) C a l c u l a t e the var iance w i t h respect to the straight Une as fo l lows. 
( N o t e : C a l c u l a t i o n Steps 4, 5, a n d 6 are opt iona l i f a l l data points are 
w i t h i n ± 5 divis ions of the least square l ine . ) 

S 0
2 = ( S F 2 - T s y - 6 ( S X y - X S 7 ) ) / ( M - 2 ) 

w h e r e i n : 

So 2 = var iance of Y values about the straight Une. 
X = m e a n of / A g / m l of meta l added . 
Y = m e a n of peak heights. 

O b t a i n the s tandard dev ia t i on S 0 b y t a k i n g the square root of S 0
2 . 

( 5 ) P l o t peak height vs. t i g / m l of m e t a l added , p l o t the least-squares 
Une, a n d p lo t on e i ther side of the least squares Une two l ines w h i c h 
represent two s tandard deviations f r o m the least squares l ine . Reject any 
peak heights that l i e outside the acceptable l imi ts . 

( 6 ) Repeat C a l c u l a t i o n Steps 3, 4, a n d 5 u n t i l a l l points are w i t h i n 
the acceptable l imi ts . 

( 7 ) C a l c u l a t e the concentrat ion of m e t a l i n the o r i g i n a l sample as 
f o l l ows : 

T h e equat ion of the least squares l ine is 

Y = a + bX 
Set Y = 0 then 

X = - a / 6 

w h e r e : 
X = t i g / m l o f meta l i n the o r i g i n a l 10 -ml so lut ion of digestate ( ignore 

the s i g n ) . 

T h u s , 

„ , . ι (10) (1000) ( X ) ng M o / g m sample = —ψ 
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w h e r e : 

W is the we ight of sample. 
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Nickel and Vanadium 

Up to several thousand parts per million of nickel and vanadium may 
be present in crude petroleum as metal porphyrin and other com

plexes. Although most of it in a crude oi l remains in the residual fractions 
and coke during refining, minute quantities have been observed in distil
late fractions (1). Since nickel and vanadium are the most widely 
analyzed trace metals in petroleum, the Project addressed itself only to 
the sub part-per-million levels. 

Available Analytical Methods. The most commonly used colori
metric reagent for nickel—dimethylglyoxime—can be used to measure 
levels of nickel as low as 20 ppb after appropriate preconcentration (2). 
For vanadium, hematoxylin (3) and PAR-zephiramine (4) are sensitive 
colorimetric reagents that can be used to measure as little as 0.1 and 0.015 
ppm, respectively. However, a number of elements interfere, and they 
must be removed prior to measurement. 

X-ray fluorescence spectroscopy has been used to determine 50 ppb 
of nickel and vanadium after they have been concentrated on ion exchange 
resins (5, 6). Emission spectroscopy has been used but is only semi
quantitative at the nanogram/gram levels of interest to the Project. 
Nevertheless, the technique may be useful as a screening tool. Two rela
tively new instrumental techniques—spark source mass spectrometry (7) 
and kinetics of metal-catalyzed reactions (8)—can measure extremely 
low levels of nickel and vanadium, but they have not been utilized to any 
appreciable extent. 

F l a m e atomic absorpt ion is sensitive enough to measure part -per -
b i l l i o n levels of n i c k e l i n aqueous so lut ion, bu t i t is not that sensitive for 
v a n a d i u m . H e a t e d vapor i za t i on atomic absorpt ion is more sensitive, 
p e r m i t t i n g detect ion of v a n a d i u m d o w n to 20 n g / m l i n aqueous solut ion. 
Therefore , for the prac t i ca l quant i tat ive determinat ion of n a n o g r a m / g r a m 
concentrations of b o t h n i c k e l a n d v a n a d i u m i n petro leum, the c o m b i n a 
t i on of H V A A w i t h a preconcentrat ion ashing step was selected for 
deta i l ed study. 

Role of Neutron Activation. T h e r m a l neutron act ivat ion does not 
produce a suitable gamma-emit t ing isotope for measur ing n a n o g r a m / g r a m 
levels of n i cke l . F o r v a n a d i u m , the 5 1 V (n /y ) 5 2 V react ion, p r o d u c i n g a 
1434 -KeV gamma-ray peak, m a y be used to measure 10 n g V / g a n d is not 
subject to any interferences. H o w e v e r , the hal f - l i f e of the 5 2 V isotope is 

160 
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14. H O F S T A D E R E T A L . Nickel and Vanadium 161 

only 3.8 m i n , so that pneumat i c sample transfer f r o m the reactor core to 
the count ing faci l i t ies is essential. 

Special Analytical Considerations. Loss of n i c k e l a n d v a n a d i u m 
w h e n petro leum samples are d r y ashed is w e l l k n o w n . S i m i l a r losses 
occur i f the H V A A technique is a p p l i e d d i rec t ly to some pe t ro l eum 
fractions (9). Losses of this type are par t i cu lar ly serious w i t h the d i s t i l 
late materials s tud ied b y the Project s ince the vo lat i le porphyr ins are 
f o u n d i n these fractions. Su l fur i c a c i d has been recommended as a suit 
able decomposi t ion procedure for samples conta in ing vo lat i le n i c k e l a n d 
v a n a d i u m , a n d this approach was investigated. H o w e v e r , other decom
pos i t i on procedures des igned to prevent loss of n i c k e l or v a n a d i u m , i n 
w h i c h the sample is heated w i t h either benzenesulfonic a c i d (10) or sul fur 
(11) 9 were not invest igated. 

A l t h o u g h no contaminat ion f r o m apparatus or reagents was f o u n d 
for v a n a d i u m , several sources of contaminat ion were encountered for 
n i c k e l . H i g h p u r i t y su l fur i c a c i d contained 4-5 n g N i / m l w h i l e the 
h y d r o c h l o r i c a c i d d i d not conta in any measurable amount. V y c o r dishes 
w h i c h h a d been used prev ious ly reta ined traces of n i c k e l that were signif i 
cant w h e n nanogram quantit ies were b e i n g determined . E v e n after 
thorough w a s h i n g , such dishes c o u l d not be used confidently. N e w glass
w a r e should be used a n d pre ferably dedicated exc lusively for the tests at 
this l eve l . N e w vessels must be c leaned care fu l ly before use. T h e data 
i n T a b l e 14.1 show the n i c k e l contaminat ion resu l t ing f rom t w o n e w dishes 

Table 14.1. Nickel in Solution after Successive Acid 
Washing of 800-ml Vycor Dishes 

Nickel Content (ng) 

Treatment Dish 1 Dish 2 

(1) a 10 m l 1:1 HC1 on ly 157 92 
(2) 6 5 m l cone. H 2 S 0 4 + 10 m l 1:1 74 55 

HC1 (1) 
(3) F i r s t repeat of (2) 34 19 
(4) Second repeat of (2) 23 24 
(5) T h i r d repeat of (2) 29 24 
" B o i l e d , evaporated to dryness on the steam bath , and the residue taken up i n 

10 m l 1:19 H C 1 . 
6 T a k e n to fumes of cone. H 2 S O 4 , 1 : 1 H C 1 added, then treatment (1). 

that h a d been prev ious ly used once to decompose samples conta in ing 
par t -per -mi l l i on levels of n i cke l . T h e n i c k e l contaminat ion was e l iminated 
on ly after several 5 -ml portions of concentrated sul fur ic a c i d were taken 
d o w n to fumes i n the d i s h ; the 20-30 n g of r emain ing n i c k e l represented 
the reagent b lank. 
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T o test the treat ing procedure, several fuels w e r e ana lyzed for n i c k e l 
b y our recommended method , us ing b o t h (1 ) treated a n d (2 ) w a s h e d 
b u t untreated V y c o r dishes. T h e results, w h i c h are compared i n T a b l e 
14.11, show that contaminat ion is e l i m i n a t e d b y the consecutive fumings 
w i t h the ac id . 

Sample Preparation. T h e procedure descr ibed b y M i l n e r et a l . ( 1 2 ) , 
based on wet ashing w i t h sul fur ic a c i d a n d inc inerat ion i n a V y c o r d i sh , 
was adopted w i t h o u t modi f icat ion for the decomposi t ion of m i d d l e a n d 
h e a v y disti l lates. F o r l i g h t disti l lates (i .e. , gasolines) the decomposi t ion 
t i m e was shortened considerably b y evaporat ing the sample i n a stream 
of n i trogen after the sul fur ic a c id a d d i t i o n but before the inc inerat ion . 

Measurement. O p t i m u m H V A A parameters were establ ished e m 
p i r i c a l l y for standard d i lute hydroch lor i c a c i d solutions of the metals. 
T h e heat reta ined b y the tube furnace between cycles affects the repeata
b i l i t y of successive injections. A l t h o u g h injections were made o n a fixed 
t i m e schedule, m u l t i p l e injections were usua l ly necessary to obta in r e l i 
ab le readings. 

I t is important to establ ish that the ash cycle settings used do not 
cause loss of n i c k e l b y premature vo la t i l i za t i on . C a m p b e l l a n d O t t a w a y 
(13) reported that w h e n aqueous n i c k e l sulfate solutions were injected, 
1 2 - 2 6 % of the n i c k e l was lost at a n ashing temperature of 750°C for 
300 sec. A t the power a n d t ime settings used i n the Project, i t was 
demonstrated that no meta l was v o l a t i l i z e d premature ly . 

T h e existence of background (non-atomic ) absorpt ion at the a n a l y t i 
c a l wavelengths for N i (232.0 n m ) a n d V (318.5 n m ) was invest igated 
u s i n g a hydrogen c o n t i n u u m lamp. U n d e r the condit ions used, the back 
g r o u n d signals for the samples were ind is t inguishable f r o m the basel ine. 
Consequent ly , n o b a c k g r o u n d correct ion is r e q u i r e d i n the procedure . 
Fur thermore , under the condit ions for atomizat ion , the m a x i m u m response 
was obta ined w i t h no " m e m o r y " f r o m one atomizat ion to the next. 

T h e h i g h temperature r e q u i r e d to atomize the v a n a d i u m lowers the 
l i fe of the atomizat ion furnaces, a n d i t is r e commended that the furnace 
be replaced after 2 0 - 2 5 injections. G o o d contact between the support 
electrodes a n d the furnace must be mainta ined . T h i s is par t i cu lar ly 
c r i t i c a l for v a n a d i u m because m a x i m u m p o w e r is r e q u i r e d to ensure 

Table 14.11. Nickel in Fuels by H V A A 
Nickel Concentration (ng/g) 

Untreated Vycor Treated Vycor 

Gaso l ine 
Je t F u e l 
N o . 2 heat ing o i l 

Sample 
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complete atomizat ion . E v e n a s m a l l loss of p o w e r b y poor contacts m a y 
substant ia l ly reduce the temperature inside the furnace. 

U n d e r the specif ied condit ions , the ca l cu lated detect ion l imi ts ( S / N 
= 2 ) for n i c k e l a n d v a n a d i u m are 2 Χ 10" 1 1 g a n d 25 Χ 10" 1 1 g, respec
t ive ly . W i t h these l imi ts , i t was possible to measure 2 n g N i / g , a n d 5 n g 
V / g i n an or ig ina l 100-g pe t ro leum sample, u s i n g respective 1- a n d 5-μ1 
al iquots of the final so lut ion for inject ion. Response was l inear over the 
range 0 - 1 n g N i a n d 0 - 1 0 n g V . 

M a t r i x effects were encountered i n the H V A A measurement of n i c k e l 
a n d v a n a d i u m . T h e response w h e n a mixture of 14 metals was a d d e d i n 
various ratios to a constant concentrat ion of n i c k e l a n d v a n a d i u m is s h o w n 
i n T a b l e 14.111. W h e n the concentrat ion of each inter fer ing meta l was 
the same as n i c k e l , the change i n the n i c k e l response was insignif icant. 
H o w e v e r , as the concentrat ion of inter fer ing meta l was increased, the 
n i c k e l response was signi f icantly enhanced. F o r v a n a d i u m , the response 
was signif icantly depressed, even w h e n the concentrat ion of each inter 
fer ing meta l was the same as the v a n a d i u m concentration. A l t h o u g h no 
explanat ion for the behavior of n i c k e l a n d v a n a d i u m i n the presence of 
other metals has been f ound , the n i c k e l a n d v a n a d i u m ca l ibrat ion curves 
are l inear , i n d i c a t i n g that the m e t h o d of s tandard addit ions c a n be 
u t i l i z e d . 

E v e n w i t h the precautions noted above, response f r om v a n a d i u m was 
often quite var iable . Consequent ly , the slope a n d intercept of response 

Table 14.111. Effect of Other Metals on the Determination 
of Nickel and Vanadium" ' 6 

Nickel Vanadium 

Concentration Std. Std. 
of Each Avg. Dev. of Avg. Dev. of 

Interfering Re Re No. Re Re- No. 
Metal/ sponse, sponse, of Meas sponse, sponse, of Meas-
^g/ml mm mm urements mm mm urements 

0 50 5 9 36 4 12 
0.5 53 2 3 29 4 8 
5 65 3 3 20 4 8 

50 89 10 3 19 3 6 
a Concentrat ion of N i or V i n so lu t i on : 0.5 μg/m\. 
6 A m o u n t injected : 2 μ\ for N i , 5 μ\ for V . 
c Interfering metals present : S i , A l , C r , C a , F e , M g , N a , M n , Z n , C u , C o , P b , M o , 

N i , or V . 

vs. / A g / m l of s tandard a d d i t i o n were ca l cu lated b y the method of least 
squares. T h e standard dev ia t i on of the response about the regression l ine 
was also ca lculated , a n d any data points outside 2σ of the regression l ine 
w e r e rejected. T h e slope a n d intercept were then recalculated , a n d the 
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concentrat ion of v a n a d i u m i n the sample so lut ion was obta ined b y 
extrapolat ing the "re f ined" regression Une. I n a l l determinations the 
regression l ine was statist ical ly tested for l inear i ty . T h e response w h e n 
n i c k e l was atomized v a r i e d less t h a n that of v a n a d i u m , so the n i c k e l 
concentrat ion i n the sample so lut ion c o u l d be ca l cu lated either b y least 
squares or the equat ion on p . 170. 

Recommended Method. I n the re commended m e t h o d a 100-g sample 
is decomposed w i t h concentrated sul fur ic a c id , ashed at 500° C , d issolved 
i n d i lu te h y d r o c h l o r i c a c id , a n d the concentrat ion of n i c k e l or v a n a d i u m 
measured b y H V A A us ing the method of s tandard addit ions . T h e results 
of a p p l y i n g this procedure to several d ist i l late fuels are shown i n T a b l e 
14.IV. E a c h mater ia l was sp iked to conta in different levels of n i c k e l a n d 
v a n a d i u m , w h i c h were a d d e d as the sulfonates. Essent ia l ly quant i tat ive 
recoveries were obta ined for b o t h n i c k e l a n d v a n a d i u m f rom a l l materials . 
T h e s tandard dev iat ion for n i c k e l was ± . 6 over the range 50 to 100 n g 
N i / g , a n d for v a n a d i u m ± 8 n g V / g over the range 30 -100 n g V / g . T h e 
f e w tests at the h igher l eve l i n d i c a t e d a comparable prec is ion . 

Samples of gasoline, jet fue l , a n d N o . 2 heat ing o i l were sp iked w i t h 
n i c k e l a n d v a n a d i u m sulfonates and , together w i t h u n s p i k e d samples, 
were ana lyzed at the in i t i a t ing laboratory a n d at one cooperat ing labora 
tory. T h e results on the sp iked samples at the cooperat ing laboratory 
were , on the whole , l ower t h a n those of the i n i t i a t i n g laboratory ( T a b l e 
1 4 . V ) , a l though the prec is ion was ident i ca l . 

T h e l ower recovery at the cooperat ing laboratory is a t t r ibuted to a 
t i m e l a g i n the analysis. T h e cooperat ing laboratory ana lyzed the samples 
about four months after they were prepared , whereas the i n i t i a t i n g labora 
tory ana lyzed the samples immediate ly . A separate long-term stabi l i ty 
s tudy demonstrated that n i c k e l a n d v a n a d i u m sulfonates i n kerosene were 
gradual ly depleted i n storage ( F i g u r e 14.1) , a n d the de lay i n per f o rming 

Table 14.IV. Recovery of Nickel and Vanadium in Distillate 
Fuels by H V A A Method 

Nickel Concentration Vanadium Concentration 
(ng/g) (ng/g) 

Sample Added 
Meas
ured" 

% Re
covery Added 

Meas
ured' 

% Re
covery 

D i e s e l fuel 53 
95 

56 
93 

100 
95 

35 
72 

41 
74 

117 
103 

Kerosene 104 106 102 109 98 90 

Gaso l ine 234 208 89 468 467 100 

a Average of triplicate determinations. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

6.
ch

01
4

In Analysis of Petroleum for Trace Metals; Hofstader, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



14. H O F S T A D E R E T A L . Nickel and Vanadium 165 

Table 14.V. Interlaboratory Analysis for Nickel and 
Vanadium by Proposed Method 

Nickel Concentration Vanadium Concentration 
(ng/g) (ng/g) 

Added Measured0 Added Measured* 

Initi Cooper Initi Cooper
ating ating ating ating 

Labora Labora Labora Labora
Sample tory tory tory tory 

Gaso l ine 0 < 2 8 0 < 5 < 5 
34 32 28 26 25 23 

J e t fuel 0 < 2 < 2 0 < 5 < 5 
64 63 44 40 43 31 

N o . 2 heat ing o i l 0 10 10 0 < 5 < 5 
31 45 28 58 56 53 

α Average of triplicate results. 

the analyses p r o b a b l y caused the difference be tween the results. Desp i t e 
the apparent ly l o w recoveries obta ined b y the cooperat ing laboratory o n 
the synthet ic sample, the good prec is ion indicates that the m e t h o d shou ld 
be re l iab le for field samples. 

Detailed Procedure 

Scope. T h e m e t h o d is used to determine n i c k e l a n d v a n a d i u m i n 
petro leum a n d petro leum products at levels of 2 - 1 0 n g N i / g a n d 5-500 
n g V / g . Six to twe lve samples can be processed convenient ly i n a b a t c h , 
w i t h a tota l w o r k i n g t ime of 12 h r w h e n b o t h metals are determined . 

Summary of Method. A large sample (100 g ) is decomposed by 
heat ing w i t h sul fur ic a c id . T h e resul t ing carbonaceous residue is ashed 
i n a muffle furnace at 500°C. T h e ash is dissolved i n d i l u t e hydroch lo r i c 
a c i d a n d d i l u t e d to 10 m l . T h e concentrat ion of each m e t a l is measured 
on 2 -ml al iquots of the digestate b y heated vapor i za t i on atomic absorp
t ion , us ing the m e t h o d of s tandard addit ions . 

Apparatus 
(1 ) Atomic absorption spectrometer, V a r i a n - T e c h t r o n A A 5 or 

equivalent . 
( a ) S t r i p chart recorder, 0-10 m v w i t h 0.5-sec response t ime , 

Leeds & N o r t h r u p Speedomax W or equivalent . 
( b ) N i c k e l h o l l o w cathode l a m p , V a r i a n - T e c h t r o n or equivalent . 
( c ) V a n a d i u m h o l l o w cathode l a m p , V a r i a n - T e c h t r o n or 

eqiuvalent . 
( d ) H y d r o g e n h o l l o w cathode l a m p . V a r i a n - T e c h t r o n or 

eqiuvalent . 
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lOOi-

40 

30' 

• Nickel 

A Vanadium 

— with 0.6% Stabilizer 

— — without Stabilizer 

I I 

V 

J _ _ L 
2 3 4 

MONTHS IN STORAGE 

Figure 14.1. Stability of nickel and vanadium sulfonates in 
kerosene; 100 ng/g metal added 

( 2 ) Carbon rod atomizer, m o d e l 63, V a r i a n - T e c h t r o n or equivalent . 
( a ) Pyro ly t i c - g raph i te coated a tomizat i on furnaces, V a r i a n -

T e c h t r o n or equivalent . 
( b ) Suppor t electrodes m a n u f a c t u r e d b y Ringsdor f f -Werke , 

G M B H , type R W 0124 ( V a r i a n - T e c h t r o n ) . 
( 3 ) Vycor dish. C u t a n 800-ml beaker to a 10-cm height . I t is 

strongly r e commended that n e w dishes be p r e p a r e d a n d used exc lusively 
for this work . A l l V y c o r dishes must be c leaned b y the f o l l o w i n g proce
dure before use. A d d 50 m l of 1:1 H C 1 a n d b o i l for 10 m i n . D i s c a r d the 
H C 1 so lut ion a n d take three successive 5 -ml port ions of concentrated 
su l fur i c a c i d to fumes i n the d i sh . F i n a l l y , w a s h the d i s h w i t h water 
a n d a i r dry . 

( 4 ) Air bath. C u t a cy l inder of a l u m i n u m w i t h a diameter s l ight ly 
larger t h a n that of the d i s h to a 9.5-cm length . 

(5 ) Infrared Lamp, 250-watt, supported about 2.6 c m above the 
a i r b a t h . 

( 6 ) Variable transformer to regulate the heat of the in f rared l a m p . 
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14. H O F S T A D E R E T A L . Nickel and Vanadium 167 

(7 ) Muffle furnace, capable of m a i n t a i n i n g 500° ± 25°C a n d 
e q u i p p e d w i t h a supplementary air or oxygen supply . 

(8 ) Syringes. 1-, 5-, 10-, a n d 100- /J w i t h Te f lon t ips. 
(9 ) Volumetric flasks, 5- a n d 10-ml . 
Reagents. Unless otherwise ind i ca ted , reagents are A C S reagent 

grade. W a t e r is de ionized . 
(1 ) Sulfuric acid, concentrated ( h i g h p u r i t y ) . 
( 2 ) Hydrochloric acid, d i lu te . A d d 50 m l of concentrated a c i d to 

950 m l of water . 
(3 ) Standards 

( a ) Stock standards. A q u e o u s n i c k e l a n d v a n a d i u m standards, 
1000 p p m ( F i s h e r Scientif ic , etc. ) 

( b ) C a l i b r a t i n g standards. Prepare 50 m l of the f o l l o w i n g 
ca l ibrat ion standards b y care fu l successive d i lut ions start ing w i t h the 
1000-ppm standards: 

These ca l ibrat ion standards must be p r e p a r e d immed ia te ly before use. 
Procedure 
(1 ) Instrument operation. U s e the parameters l i s ted i n the table 

be l ow as a guide i n o p t i m i z i n g the instrument a n d carbon r o d atomizer. 
( a ) Set u p the A A spectrometer a n d carbon r o d atomizer to 

measure n i c k e l . 
( b ) Set u p the A A spectrometer a n d carbon r o d to measure 

v a n a d i u m after the n i c k e l measurements are complete. 

Operating Conditions Ni V 

v a n a d i u m 50 fig/ml 
n i c k e l 10 t i g / m l 

W a v e l e n g t h , n m 
L a m p current , m a 
Sl i t , / m i 
Inert gas 

232.0 
5 

50 

318.5 
20 
50 

pressure 
Inject ion f requency 

flow rate 3 
15 
90 

A r g o n 
1 /min 
p s i 
sec 

CRA-63 Program 
Ni V 

Supply 
Setting Sec 

Setting 
Supply Sec 

D r y ( i n i t i a l 3.0 
D r y ( f inal ) 20 
A s h 6.5 
A t o m i z e 8.5 
T y p i c a l response ( a b s o r b a n c e / n g ) 0.25 

10 
10 
15 

5.0 

3.0 10 
20 10 

8.0 15 
9.5 6.0 
0.05 
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(2 ) Sample decomposition 
( a ) C a r r y a reagent b l a n k t h r o u g h the procedure , start ing w i t h 

5 m l of sul fur ic ac id . 
( b ) W e i g h 100 g of sample into a V y c o r d i sh . A d d 5 m l of 

concentrated sul fur ic a c i d , m i x w i t h a glass st irr ing r o d , a n d p lace the 
d i s h i n a n a i r bath . P lace the b a t h on a hot plate a n d suspend a n in f rared 
l a m p above the d i s h so that the face of the b u l b is 2.6-5.2 c m above its 
top. F o r l ight matrices such as gasoline, most of the sample shou ld first 
be evaporated w i t h a stream of n i trogen before the d i s h is p l a c e d i n 
the a ir bath . 

( c ) H e a t the sample w i t h the l a m p a n d then w i t h l o w heat f r o m 
the hot plate . S t i r f requent ly w i t h a glass r o d to break u p any surface 
crust a n d reduce spattering. Increase the heat gradual ly u n t i l fumes of 
su l fur i c a c i d are no longer evo lved , transfer the d i sh to the muffle furnace 
at 500°C, t u r n on the a ir or oxygen supply , a n d ash the residue. 

( d ) C o o l , w a s h d o w n the wal ls of the d i s h w i t h 5 m l of d i lu te 
h y d r o c h l o r i c a c id , cover, a n d dissolve the ash b y w a r m i n g o n the steam 
bath . Transfer the so lut ion quant i ta t ive ly to a 10-ml vo lumetr i c flask, 
d i lu te to vo lume w i t h d i lute hydroch lo r i c a c id , a n d m i x thoroughly . 

( e ) Transfer accurately two 2 -ml al iquots of each digestate 
( ignore any prec ip i tate ) to 5 -ml vo lumetr i c flasks. U s e one for the n i c k e l 
determinat ion a n d the other for the v a n a d i u m deterai inat ion . 

(3 ) Measurement of nickel 
( a ) Insert a n e w tube furnace between the support rods a n d 

set u p to measure n i c k e l w i t h the recorder set at 5 m v f u l l scale. C l e a n 
the atomizat ion furnace b y " b a k i n g " at m a x i m u m temperature several 
times u n t i l an acceptable b l a n k is obtained. 

( b ) Set the dry , ash, a n d atomize condit ions to the appropr iate 
settings. 

( c ) W i t h d r a w a 1-jJ a l iquot of a digestate. 
( d ) Init iate the atomizat ion program a n d immedia te ly inject the 

sample a l iquot . A f t e r 10 sec f r o m p r o g r a m in i t ia t i on , increase the d r y 
cyc le voltage contro l to its m a x i m u m a n d a l l o w the p r o g r a m to r u n to 
complet ion . Reset the d r y cycle voltage to its o r i g i n a l setting. 

( e ) R e c o r d the peak height caused b y absorbance observed 
d u r i n g the a tomizat ion step of the program. 

( f ) F r o m the peak heights obta ined , select a n a l iquot of diges
tate such that the peak he ight is 10 -20 div is ions above the b l a n k a n d 
b a c k g r o u n d s ignal . A l s o select an a l iquot of ca l ibrat ion s tandard such that 
the peak he ight (after the t h i r d add i t i on ) w i l l be about four times the 
peak height for the o r ig ina l digestate. U s e these same al iquots throughout 
the determinat ion of that sample. 

( g ) W i t h d r a w the selected a l iquot of digestate into a micro l i t er 
syringe a n d f o l l ow Steps d a n d e. Repeat twice more. I f the three signals 
are w i t h i n ± 10% of the ir average, cont inue to Step h . Otherwise , repeat 
Steps d a n d e t w i c e more a n d average the five readings. 

( h ) A d d the selected a l iquot of ca l ibrat ion s tandard so lut ion to 
the digestate a n d m i x w e l l . C a r r y out Step g. 
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14. H O F S T A D E R E T A L . Nickel and Vanadium 169 

( i ) A d d another a l iquot of the ca l ibrat ion s tandard to the so lu 
t i on f r om Step h a n d repeat Step g. 

( j ) A d d another a l iquot of the ca l ibrat ion s tandard to the so lu
t i o n f rom Step i a n d again repeat Step g. 

(4 ) Measurement of vanadium. W h e n determin ing v a n a d i u m , i t is 
r e commended that the tube furnace be d i scarded after 2 5 - 3 0 peak height 
measurements. D o not change the furnace i n the m i d d l e of set of peak 
height measurements on a sample digestate. 

( a ) M e a s u r e the v a n a d i u m , f o l l o w i n g Steps b - j above, b u t 
us ing a 5-μ\ a l iquot of the digestate. 

C a l c u l a t i o n 
( 1 ) C a l c u l a t e the concentrat ion of each s tandard a d d i t i o n i n t i g / m l . 
(2 ) Tabu la te the peak height measurements i n chart divis ions 

obta ined f rom the digestate a n d digestate p lus s tandard addit ions . S u b 
tract the peak he ight obta ined o n the b l a n k so lut ion f r o m the sample 
peak heights. 

( 3 ) C a l c u l a t e the best straight l ine b y least squares b y the equations : 

2 Y 2 X 2 -
a = 

b = 

M$X2 - ( 2 X ) 2 

M S X Y - - : S X S Y 
M 2 X 2 - ( 2 X ) 2 

where : 

X = f t g / m l of meta l added . 
Y = peak height i n chart divis ions. 
a = constant of least squares l ine . 
b = slope of least squares l ine . 
M = total number o f measurements of peak height . 

( 4 ) Ca l cu la te the var iance w i t h respect to the straight l ine as fo l lows. 
(Steps 4, 5, a n d 6 are opt iona l i f a l l data points are w i t h i n ± 5 divis ions 
of the least square l i n e ) . 

So' 2 __ ( S F 2 - Υ 2 Υ - b (sxy - X 2 Y ) ) 
(M - 2) 

w h e r e : 

So 2 = var iance of Y values about the straight l ine . 
X = m e a n of t t g / m l of meta l added . 
Y = m e a n of peak heights. 

O b t a i n the standard dev iat ion S 0 b y tak ing the square root of S 0
2 . 

( 5 ) P l o t peak height vs. t i g / m l of meta l added , p lo t the least-squares 
l ine , a n d p lo t o n either s ide of the least-squares l ine t w o l ines w h i c h 
represent two s tandard deviations f r om the least-square l ine . Reject any 
peak heights that he outside the acceptable l imi ts . 
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( 6 ) Repeat Steps 3 , 4, a n d 5 u n t i l a l l points are w i t h i n the accept
able l imi ts . 

( 7 ) C a l c u l a t e the concentrat ion of m e t a l i n the or ig ina l sample as 
fo l lows. T h e equat ion of the least-squares l ine i s : 

Y = a + bX 
Set Y — 0 , t h e n : 

X _ -a/b 

w h e r e X = / x g / m l of m e t a l i n the o r i g i n a l 10 m l so lut ion of digestate 
( ignore the s i g n ) . 

T h u s , 

ζ , , . , (10) (1000) (X) n g / g meta l i n sample = ψ 

where W is the we ight of sample. 
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Selenium 

Selenium and sulfur frequently occur together in nature, and both 
elements form volatile compounds upon combustion. Consequently, 

fossil fuels, which frequently contain sulfur, can also contain traces of 
selenium, and combustion of these fuels could contribute significant 
amounts of selenium to the atmosphere. As a result, the determination 
of selenium in petroleum and petroleum products is of considerable 
importance. 

Available Analytical Methods 

Macro quantities of selenium can be determined gravimetrically after 
reduction to the elemental form by various reagents such as tin (II) 
chloride, potassium iodide, or ascorbic acid (1). Ooba described a tech
nique whereby the element is precipitated from perchloric acid solution 
with hydrazine (2). Selenium may be titrated with standard solutions 
of sodium thiosulfate, iodide, and ferrous, chromous, or trivalent titanium 
salts after oxidation to Se(VI) (1). Photometric and fluorometric meth
ods based on formation of the piaselenol with diaminobenzidine or 2,3-
diaminonaphthalene has been used for the determination of selenium (1, 
3, 4, 5). Interfering elements such as As, Co, Cr, Cu, Fe, Hg, and Ni, are 
masked with EDTA or other chelating agents. 

A t o m i c absorpt ion techniques , c o m b i n e d w i t h h y d r i d e generation, 
have been w i d e l y adopted (6, 7, 8), p robab ly because of the ready 
ava i lab i l i t y of atomic absorpt ion instruments , the s i m p l i c i t y of the tech
n ique , a n d the relat ive f reedom f r o m interferences. I n the general 
technique used, the se lenium is reduced a n d l iberated as h y d r o g e n 
selenide i n one of several w a y s : ( 1) b y react ion w i t h t i n ( I I ) ch lor ide a n d 
z i n c i n a c i d so lut ion, (2 ) b y reduc t i on w i t h z inc a n d a c i d alone, or (3 ) 
b y reduc t i on w i t h s o d i u m borohydr ide . T h e H 2 S e is swept f r o m the 
system b y the stream of H 2 generated b y the z inc or b y a supplementary 
flow of argon into an a r g o n - h y d r o g e n entrained a ir flame or a heated 
furnace a n d measured b y atomic absorption. A l ternate ly , i t can be co l 
lec ted i n l i q u i d n i trogen c o l d t rap a n d a ba l l oon a n d measured later. 
D u r i n g the T r a c e M e t a l s Project each technique was evaluated. T h e 
technique whereby the H 2 S e is generated b y z inc i n a c i d a n d conveyed 
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direc t ly into a n a r g o n - h y d r o g e n a i r entra ined flame was establ ished as 
the pre ferred m e t h o d of measurement. 

Role of Neutron Activation 

A c t i v a t e d se lenium [ ( 7 4 S e (n,y) 7 5 S e ) ] y ie lds t w o measurable 
gammas (265 a n d 136 K e V ) that are not inter fered w i t h b y t y p i c a l 
components of c rude oils or pe tro leum products . H o w e v e r , extended 
i r rad ia t i on a n d count ing times are r e q u i r e d to reach a 10 n g / g detect ion 
l i m i t . 

Special Analytical Considerations 

D u r i n g the Trace M e t a l s Project i t was establ ished that some lots of 
acids were re lat ive ly free of se lenium a n d c o u l d be used w i t h o u t further 
pur i f i cat ion . O t h e r lots of the same a c i d contained unacceptable concen
trations of se len ium a n d h a d to be pur i f i ed before use. A sub -bo i l ing 
d i s t i l la t i on procedure (9 ) was f o u n d suitable for p u r i f y i n g the acids that 
are r e q u i r e d for the sample decomposi t ion a n d se lenium measurement. 
A l t h o u g h contaminat ion f r o m sul fur ic a c i d was expected because of the 
frequent association of se lenium w i t h sul fur , most lots tested c o u l d be 
used w i t h o u t puri f i cat ion . S ince others have reported severe contamina
t i o n ( J O ) , i t is advisable to screen sul fur ic a c i d lots careful ly before use. 
S e l e n i u m cou ld not be generated w h e n one lot of unpur i f i ed perch lor i c 
a c i d was used, but i t c o u l d be quant i tat ive ly generated after that lot h a d 
been pur i f i ed b y the sub -bo i l ing d is t i l la t ion technique. 

S e l e n i u m has been reported to be complete ly lost f r o m organic 
samples w h e n subjected to d r y ashing techniques ( I I ) . A s part of the 
T r a c e M e t a l s Project , ashing studies were carr i ed out w h i c h conf irmed 
the loss for d r y ashing of pe t ro leum matrices. W h e n ashing aids such as 
sul fur or magnes ium oxide were used, some se lenium was reta ined i n the 
ash, b u t the recovery was not complete. 

M o s t se lenium measurements are compl i ca ted b y the presence of 
other elements i n the sample. I n some cases se len ium c a n be separated 
f r om interferences b y d i s t i l la t i on as the bromide , b y h i g h pressure l i q u i d 
chromatography, or b y solvent extraction ( I , 12, 13 ) . T h e h y d r i d e gen
erat ion technique provides good separation of se lenium f r o m interferences 
i n the atomic absorpt ion technique that has been developed. H o w e v e r , 
separation f r o m arsenic a n d mercury is not accompl ished , a n d these 
elements a n d the nitrate i o n have been f o u n d to interfere (14, I S ) . H o w 
ever, the effect of these species o n the measurement is not signif icant 
for the m e t h o d deve loped b y the Project . 
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Sample Preparation 

D u r i n g the T r a c e M e t a l s Project several sample preparat ion tech 
niques w e r e evaluated for the determinat ion of se len ium i n pe t ro l eum 
a n d pe t ro l eum products . W e t ox idat ion under reflux was the technique 
adopted because i t was the on ly one that gave quant i tat ive recovery of 
se lenium f r o m various petro leum-type samples. Some of the techniques 
that were evaluated are discussed be low. 

W e t O x i d a t i o n u n d e r R e f l u x . T h e sample is m i x e d w i t h concen
trated su l fur i c a c i d i n a K j e l d a h l flask, a n d a water -coo led s p i r a l condenser 
is at tached ( F i g u r e 15.1). N i t r i c a c i d is a d d e d through the condenser, 
a n d the mixture is s t i rred a n d heated i n stages. A f t e r the b u l k of the 

(X 

Figure 15.1. Wet oxidation apparatus 
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organic mater ia l is destroyed, perch lor i c a c i d is a d d e d through the con 
denser to complete the ox idat ion . T h e condenser is removed , a n d the 
excess n i t r i c a c i d is e l iminated b y tak ing the so lut ion to fumes of su l fur ic 
a c id . R e m a i n i n g traces of n i t r i c a c i d are removed b y the a d d i t i o n of 
su l famic ac id . 

Q u a n t i t a t i v e recovery of se lenium was veri f ied for a gasoline sample 
s p i k e d w i t h a k n o w n amount of se len ium as d i laury lse len ide a n d a 
m i n e r a l o i l ( w h i t e o i l ) sp iked w i t h d i laury lse len ide a n d se len ium dioxide . 
T h e samples were o x i d i z e d u n d e r tota l reflux, a n d the se len ium was 
measured b y the h y d r i d e generat ion -atomic absorpt ion technique . Q u a n 
t i tat ive recovery of the a d d e d se len ium ind i ca ted that se len ium is not 
lost d u r i n g sample preparat ion ( T a b l e 15.1). 

Wet Oxidation-Open Flask. R a p i d a n d general ly complete ox ida 
t i o n of the organic mater ia l was obta ined w h e n a 1-2 g sample was m i x e d 
w i t h 10 m l of concentrated sul fur ic a c i d i n a n open K j e l d a h l flask a n d 
concentrated n i t r i c a c i d was a d d e d dropwise to the w a r m mixture . T h e 
last traces of organic mater ia l were destroyed b y the dropwise a d d i t i o n 
of perch lor i c ac id . Quant i ta t ive recovery of the se lenium was obta ined 
w h e n the ox idat ion was car r i ed out w i t h o u t charr ing the sample. H o w 
ever, i t was extremely diff icult to contro l since charr ing occurred as the 
result of variat ions i n the drop rate of the n i t r i c a c id , i n the type of sample , 
a n d i n the rate of heat ing . T h u s , each sample r e q u i r e d constant attention. 

Wickbold Combustion. Recoveries approx imat ing 5 0 % were ob
ta ined b y the combust ion of sp iked c rude oils i n a W i c k b o l d burner us ing 
either d i lute hydroch lo r i c a c i d or hydrogen peroxide as the absorb ing so lu 
t i on . Subsequent studies suggested that the l o w recovery was caused b y 
the loss of se len ium t h r o u g h adsorpt ion o n the wal l s of the hot combust ion 
tube. T h e losses b y adsorpt ion appeared to be independent of sample 
m a t r i x a n d to occur i n essentially a l l pe t ro l eum samples. Consequent ly , 
n o further studies o n the W i c k b o l d combust ion technique were carr i ed 
out. 

Raney Nickel Adsorption. R a n e y n i c k e l can adsorb se lenium a n d 
cer ta in other elements f r o m solution. I t c a n be separated b y filtration, 

Table 15.1. Recovery of Selenium by Proposed Method 

Selenium Concentration 
(ng/g) 

Sample Form Added Added Measured 

Gaso l ine d i l a u r y l selenide 200 198 
M i n e r a l o i l " 54 52 

108 114 
" selenium dioxide 50 62 

100 98 
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dissolved i n ac id , a n d the se lenium determined b y the h y d r i d e g e n e r a t i o n -
atomic absorpt ion technique . B y this technique u p to 500 n g of se len ium 
was recovered quant i tat ive ly f r o m aqueous solutions b y s t i r r ing the 
R a n e y n i cke l -aqueous se len ium solut ion overnight. H o w e v e r , recovery 
was on ly 1 0 - 2 0 % f r o m crude oils that were sp iked w i t h k n o w n amounts 
of se lenium. Recovery was i m p r o v e d to 8 0 % b y c a r r y i n g out the adsorp
t i o n i n a b o m b pressur ized at 10 a tm w i t h hydrogen , b u t n o further w o r k 
was done w i t h this approach . 

Measurement 

T w o different, yet complementary , techniques were evaluated for 
se len ium measurement. B o t h techniques are based u p o n h y d r o g e n sele-
n i d e generation a n d measurement of se lenium b y atomic absorpt ion 
spectroscopy. I n one, a h y d r o g e n - a r g o n entrained a i r flame is used ; i n 
the other, a flame-heated V y c o r furnace is employed . Inter laboratory 
studies conf irmed that for most samples either measurement system m a y 
be used. H o w e v e r , since l inear i ty was not obta ined w i t h the flame-heated 
V y c o r furnace for a l l sample types, the h y d r o g e n - a r g o n entra ined a ir 
flame is the recommended m e t h o d of measurement. I n the procedure 
adopted b y the Trace Meta l s Project, the hydrogen selenide is generated 
b y a d d i n g z i n c to a st irred a c i d so lut ion conta in ing se lenium a n d is swept 
f r o m the hydr ide -generat ing flask d i rec t ly in to the flame ( F i g u r e 15.2). 

Hydride Generation. H y d r i d e generation separates se len ium f r o m 
the generating ( sample ) matr ix a n d f r om most other elements. T h e rate 
of h y d r i d e generation is affected b y the a c i d compos i t ion of the generat ing 
solut ion. M a x i m u m response is obta ined w i t h 0.4 equivalent of h y d r o 
ch lor i c a c i d a n d 0.6 equivalent of su l fur i c a c i d ( F i g u r e 15.3). T h i s 
suggests that a H C 1 / H 2 S 0 4 equivalence rat io of about 0.67 is the o p t i m u m 
for m a x i m u m se len ium response. A study of the effect of to ta l a c i d ( H C 1 
+ H 2 S 0 4 ) concentrat ion on peak height a n d peak area response i n d i c a t e d 
that the m a x i m u m response is obta ined w i t h a to ta l a c i d concentrat ion of 
about 7 0 % ( F i g u r e 15.4). A l t h o u g h the response depends on a c i d rat io 
a n d tota l concentrat ion, i t is independent of the vo lume of generating 
so lut ion f r o m w h i c h the hydrogen selenide is generated ( F i g u r e 15.5). 
V o l u m e s less than 40 m l are diff icult to stir adequately , a n d vo lumes 
larger than 100 m l t end to f oam over d u r i n g hydrogen selenide generation. 
T h e f o l l ow ing condit ions are considered to g ive the o p t i m u m response 
for se len ium: (1 ) a H C 1 / H 2 S 0 4 equivalence rat io of about 0.67, (2 ) a 
to ta l a c i d concentrat ion of about 7 0 % , (3 ) a to ta l vo lume of 40-100 m l 
of generat ing so lut ion, a n d (4 ) the a d d i t i o n of 7 g of z i n c dust. U n d e r 
these condit ions , comparable response is ob ta ined for either Se ( I V ) 
or S e ( V I ) . 
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f MAGNETIC STIRRER 

Figure 15.2. Selenide generation apparatus 

Measurement of Response. U n d e r the condit ions descr ibed above, 
hydrogen selenide is in t roduced d i rec t ly into the flame a n d produces a 
transient s ignal for 4 - 5 sec. E i t h e r the peak height or the peak area m a y 
be used as the se lenium response. There is no signif icant difference i n the 
prec i s i on between the t w o measurements ( T a b l e 15.11). A l t h o u g h either 
m a y be used as a n ind i ca t i on of the se lenium response, peak height was 
used for the measurements i n the Project. 

Interferences. Since the se lenium is removed f r o m the aqueous 
( sample ) matr ix as hydrogen selenide p r i o r to measurement, possible 
interference w o u l d be expected to be l i m i t e d to the vo lat i le elements, to 
those elements that f o r m hydr ides , a n d to any species w h i c h affects the 
rate of generation. A l t h o u g h arsenic forms a h y d r i d e under the specif ied 
condit ions , no interference was observed w h e n either A s ( I I I ) or A s ( V ) 
was a d d e d at levels as h i g h as 10 f i g / m l . M e r c u r y , w h i c h c o u l d be evo lved 
under the r e d u c i n g condit ions used, was not s tudied b u t rare ly is f o u n d 
i n pe t ro l eum matrices i n significant quantit ies . S e l e n i u m response was 
unaffected b y the presence of 13 elements ( A l , C a , C o , C r , C u , F e , K , 
M g , M n , N a , N i , P b , a n d V ) w h e n each was present i n a concentrat ion 
rat io of 100:1 w i t h respect to the se lenium. 
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T a b l e 15.11. Prec i s i on o f F l a m e Measurement Step 

Selenium, ng Coefficient of Variation 

100 10 
150 12.6 
250 12.5 
500 3.3 

T h e response for the first e ight to 10 measurements at the start of 
each day was signif icantly l ower t h a n subsequent measurements ( F i g u r e 
15.5) a n d c o u l d not be used for quant i tat ion . H o w e v e r , after the first 
e ight to 10 measurements, b o t h the peak he ight a n d peak area become 
constant a n d reproduc ib le . N o explanat ion for this dr i f t has been f ound . 
T o a v o i d its effect, the system must be precond i t i oned b y generating 
H 2 S e f r o m eight to 10 se lenium standards before co l l ec t ing data . 

Recommended Method 

T h e organic matr ix is destroyed b y w e t ox idat ion under reflux con
dit ions w i t h sul fur ic , n i t r i c , a n d perch lor i c ac id . N i t r a t e w h i c h interferes 
w i t h hydrogen selenide generation, is removed , the a c i d concentrat ion is 
adjusted, a n d the se lenium is converted to hydrogen selenide b y the 

O H 2 S 0 4 variable at 
constant 0.5N HCl 

• HCl variable at 
constant 0.9N H9S0 

120 

Ό 

\ 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 

NORMALITY 

Figure 15.3. Effect of HCl and H2SOk on peak height 
of selenium 
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Ο Peak Height 

• Peak Area 

10 20 30 40 50 60 70 80 90 100 

% ACID (ml H C I / , ml H 2 S 0 4 

Figure 15.4. Effect of total acid concentration on peak 
height and area 

Ο Peak Height (mm) 

4 6 8 10 

DETERMINATION NO. 

12 

Figure 15.5. Updnft in selenium response 
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Table 15.III. Recovery of Selenium by Proposed Method 

Sample 

N o . 2 heat ing o i l 
Gaso l ine 
C r u d e 
W h i t e o i l 

Selenium 
Added 
(ng/g) 

100 
110 
200 

54 
108 
162 

50 
50 

100 
100 
150 

Form 

d i l a u r y l selenide 

selenium dioxide 

% 
Recovered 

94 
96 
91 
76 
94 

108 
130 
104 
105 
90 

107 

a d d i t i o n of z inc . T h e h y d r o g e n selenide is in t roduced d i rec t ly in to the 
h y d r o g e n - a r g o n entra ined a ir flame, a n d the se len ium is measured b y 
atomic absorpt ion spectroscopy. 

T h e prec is ion of the flame measurement step was establ ished u s i n g 
aqueous ca l ibrat i on standards ( T a b l e 15.11). T h e accuracy of the m e t h o d 
was evaluated us ing various pe t ro l eum materials s p i k e d w i t h se lenium 
diox ide a n d di laurylse lenide . T h e results ( T a b l e 15.111) show a n average 
recovery of 1 0 0 % a n d suggest that the m e t h o d is accurate w i t h i n the 
prec is ion of the measurement. 

T o val idate the accuracy of the procedure further , five pe t ro leum 
samples, i n c l u d i n g four that conta ined native se lenium, were ana lyzed i n 
three laboratories b y different methods. O n e laboratory used the flame-
heated V y c o r furnace measurement technique , another used the h y d r o g e n 
entra ined a i r flame, a n d the t h i r d used neutron act ivat ion ( T a b l e 1 5 . I V ) . 

Table 15.IV. Interlaboratory Cross-Check Results 

Selenium Concentration (ng/g) 

Added Measured 

Labora- Labora- Neutron 
Sample tory V tory 2b Activation 

Gaso l ine 0.0 < i o <10 — 
Gaso l ine 105 110 103 — 
N o . 2 fuel o i l 0.0 17 <18 15 
N o . 2 fuel o i l 105 122 109 110 
N o . 6 fuel o i l 0.0 137 130 144 
C r u d e A 0.0 125 — 124 
C r u d e Β 0.0 29 27 — 

β Measurements made with flame heated Vycor furnace. 
* Measurements made with hydrogen-argon air entrained flame. 
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T h e results obta ined w i t h the flame-heated V y c o r furnace a n d h y d r o g e n -
argon entrained a i r flame are i n excellent agreement w i t h each other a n d 
w i t h the results obta ined b y neutron act ivat ion . T h e results o n the two 
samples that were sp iked w i t h a k n o w n amount of se lenium, as d i l a u r y l -
selenide, show quant i tat ive recovery a n d suggest that b o t h the flame-
heated V y c o r furnace or h y d r o g e n - a r g o n entra ined air flame w i l l p rov ide 
re l iab le analyses o f pe t ro leum materials . H o w e v e r , the flame m e t h o d is 
recommended , because the response was l inear. 

T h e recommended procedure is r ead i l y adaptable to any laboratory 
w i t h atomic absorpt ion capabi l i t ies . H o w e v e r , considerable experience 
w i t h the procedure is r e q u i r e d before v a l i d results can b e obtained. I t is 
r e commended that a sample of k n o w n se lenium concentrat ion be ana lyzed 
u n t i l the necessary skil ls are developed, before at tempt ing to analyze 
samples of u n k n o w n se lenium concentration. 

Detailed Procedure 

Scope. T h i s m e t h o d is used to determine se len ium to the 10 n g / g 
l eve l i n petro leum a n d petro leum products . 

Summary of the Method. T h e sample is o x i d i z e d under reflux con
dit ions w i t h sul fur ic , n i t r i c , a n d perch lor i c a c i d , a n d the se lenium is 
measured as h y d r o g e n selenide b y h y d r o g e n - a r g o n entra ined a i r flame 
atomic absorpt ion. 

Apparatus and Instrumentation 
(1 ) Apparatus for sample preparation (see F i g u r e 15.1). 

( a ) K j e l d a h l flask, 300-ml w i t h 2 4 / 4 0 female s tandard taper 
joint. 

( b ) H e a t i n g mant le , to accommodate a 300-ml K j e l d a h l flask. 
( c ) S p i r a l condenser, 16- inch w i t h 2 4 / 4 0 male s tandard taper 

joint. 
( d ) V a r i a b l e auto-transformer, 140 V . 
(e ) M a g n e t i c stirrer, var iab le speed. 
( f ) M a g n e t i c s t i r r ing bar, 20 X 18 m m o v a l shaped. 

( 2 ) Hydrogen selenide generating apparatus, (see F i g u r e 15.2) . 
( a ) E r l e n m e y e r flask, 500 m l . B o r e a 15-, 10-, a n d 8-mm hole i n 

the rubber stopper. Insert a 10-cm long , 7 / 1 6 - i d T y g o n tube t h r o u g h the 
top of the 15-mm hole. C l a m p the free e n d w i t h a hose c lamp. Insert 
r, bent 8 -mm glass tube through the 8 - m m hole a n d connect the top e n d to 
the argon s u p p l y w i t h a 0.7 c m - i d T y g o n tube. Insert a 20-cm long , 
0.7 c m - i d T y g o n tube through the 10-mm hole a n d attach the other e n d to 
the d r y i n g tube. F i l l the d r y i n g tube loosely w i t h glass w o o l a n d connect 
the d r y i n g tube to the oxidant inlet of the burner w i t h 0.7 c m - i d T y g o n 
tube . 

(3 ) Instrumentation 
( a ) A t o m i c absorpt ion spectrophotometer, P e r k i n - E l m e r m o d e l 
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403, or equivalent , e q u i p p e d w i t h b a c k g r o u n d corrector, three-slot burner , 
a n d se len ium h o l l o w cathode l a m p . 

( b ) Recorder , var iab le range a n d 0.5-sec f u l l scale response. 
( c ) Pressure regulators, two-stage: one for hydrogen a n d one 

for argon. 
Reagents. A l l reagents l i s ted are A C S reagent grade. W a t e r is u n d e r 

stood to be d i s t i l l e d a n d de ionized . 
( 1 ) Sulfuric acid, concentrated. 
(2 ) Hydrochloric acid, concentrated. 
(3 ) Perchloric acid, 7 0 - 7 2 % ( concentrated) . 
( 4 ) Nitric acid, concentrated* 
(5 ) Z i n c , meta l l i c dust. 
( 6 ) Sulfamic acid, 9 9 % . 
(7 ) Hydrogen selenide generating solution. A d d 320 m l of water to 

a 1-liter flask. C o o l i n an ice b a t h a n d a d d s lowly , a n d w i t h caut ion , 
290 m l of su l fur ic a c i d a n d 390 m l of hydroch lo r i c a c i d . 

( 8 ) Standards 
( a ) Se len ium ca l ibrat i on s tandard , 1,000/xg/g (aqueous) 

F i s h e r Cer t i f i ed atomic absorpt ion s tandard or equivalent . 
( b ) C a l i b r a t i o n standard. Prepare ca l ib ra t i on standards that 

conta in 0.05, 0.1, 0.15, 0.2, a n d 0.3 μξ of se len ium per 100 m l of so lut ion 
b y serial d i l u t i o n of the se len ium caSbration s tandard (above ) w i t h the 
h y d r o g e n selenide generating so lut ion. 

Sample Preparation. Prepare a l l samples i n dupl i cate . C a r r y reagent 
b lanks t h r o u g h the entire procedure . 

(1 ) W e i g h 1.00 ± 0.01 g of sample into a 300-ml K j e l d a h l flask. 
(2 ) A d d 10 m l of sul fur ic a c i d , a magnet i c s t i rr ing bar , a n d assemble 

the apparatus as shown i n F i g u r e 15.1. A d d 10 m l of concentrated n i t r i c 
a c i d through the condenser, stir , a n d heat for 30 m i n at a n auto-trans
former setting of 35 V . 

(3 ) Increase the auto-transformer setting to 70 V a n d heat for a n 
a d d i t i o n a l 30 m i n . Raise the flask f r o m the heat ing mant le , a d d 5.0 m l 
(7.5 m l for crudes a n d res idua) of concentrated perch lor i c a c i d t h r o u g h 
the condenser a n d a l l o w to d r a i n into the sample. H e a t at a n auto-trans
former setting of 100 V for 1 h r or u n t i l the so lut ion is c lear a n d amber 
i n color. 

( 4 ) T u r n off heat, a d d 20 m l of water through the condenser, a l l o w 
to d r a i n complete ly a n d remove condenser. H e a t at a n auto-transformer 
setting of 100 V u n t i l fumes of su l f ruic a c i d appear, remove heat, a d d 0.1 
g of su l famic a c i d , cover flask w i t h a beaker, a n d a l l o w the so lut ion to 
coo l to r o o m temperature. * 

(5 ) A d d 19.0 m l of concentrated sul fur ic a c id . A d d 32 m l of water 
a n d a l l o w to cool . ( C A U T I O N ) . A d d 39 m l of concentrated h y d r o 
ch lor i c a c id , a l l o w to stand for 10 m i n , a n d transfer to a h y d r o g e n selenide 
generat ing flask ( F i g u r e 15.2). 

Measurement 
( 1 ) T h e f o l l o w i n g instrument parameters for de termin ing se len ium 
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w i t h a P e r k i n - E l m e r m o d e l 403 spectrophotometer w i t h a h y d r o g e n - a r g o n 
entra ined air flame m a y be used as a gu ide : 

( 2 ) P lace a magnet i c s t i r r ing bar i n the generating flask that contains 
the sample or ca l ibrat ion standard. P l a c e 7.0 ± 0.1 g of z i n c dust i n the 
dos ing tube a n d b e n d tube so that the z i n c w i l l not f a l l out w h e n the 
r u b b e r stopper is inserted into the generat ing flask. Insert the rubber 
stopper into the generating flask. St ir the so lut ion a n d p u r g e the flask 
w i t h argon u n t i l a steady basel ine is obta ined . A d d the z i n c dust to the 
generat ing flask b y b r i n g i n g the z i n c dos ing tube to a ver t i ca l pos i t ion . 

( 3 ) R e c o r d the s igna l u n t i l the recorder returns to the baseline. 
R e m o v e the r u b b e r stopper f r o m the generating flask a n d proceed to the 
next sample or standard. 

(4 ) M e a s u r e the peak he ight response for each sample, reagent 
b lank , a n d standard. 

(5 ) Subtract the appropr iate b l a n k to ob ta in the net se lenium 
response. 

Calculation 
( 1 ) Prepare a se len ium ca l ibra t i on curve b y p l o t t i n g the net se lenium 

response vs. nanograms se lenium for each se lenium standard . 
(2 ) Relate the net se lenium response for each sample to the c a l i b r a 

t i on curve to ob ta in the nanograms of se len ium i n the sample. 
( 3 ) D i v i d e the nanograms se lenium i n the sample b y the sample 

w e i g h t to ob ta in the concentrat ion of se lenium, i n n g / g ( p p b ) , i n the 
sample. 
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