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The Determination of Mercuqv i n  C o a l  by Flameless Atomic Absorption 

G. W i l l i a m  Kalb 

TraDet Inc., Columbus, Chi0 

Recently there has been considerable in te res t  i n  the potent ia l  release of 
vo la t i le  mercury to  the atmosphere from parer plants. The mercury, natural ly  
occurring in coal a t  very low levels,  i s  volat i l ized during combustion of the 
coal i n  f o s s i l  fue l  f i r e d  steam generating plants. The present consumption of 
coal ( i n  excess of 300 million tons per year) could r e s u l t  i n  the release of a 
s ignif icant  quantity of mercury t o  the atmosphere. T h i s  potential  problem ha.8 
resulted i n  the need f o r  the development of analyt ical  procedures f o r  determining 
the mercury concentrations i n  coal. 

program for mercury i n  coal with 12 independent laboratories i n  the  Spring of 
1971. 
country, were -shed t o  each participant. 
developed i ts '  own analyt ical  method and submitted its' data t o  the  Bureau of 
Mines a t  the completion of analyses. The methods and results presented i n  this 
paper represent our participation in  this program. 

ationa may be divided into four general catagories: (1) neutron activation, 
(2) amalgemation-flameless atomic absorption, (3) wet digestion-flameless atomic 
absorption, and (&) oxygen bomb combustion-flameless atomic absorption. 
these methods can produce accurate r e s u l t s  although some are  considerably more 
d i f f i c u l t  than others. This paper presents an amalgamation-flameless atomic 
absorption procedure. 

The United Statea Bureau of Mnes instigated a round-robin analyt ical  

Eleven coal samples, representing a cross-section of coals i n  t h i a  
Each participating laboratory 

Analytical procedures presently being u t i l i zed  for mercury in coal determin- 

A l l  of 

The cold vapor flameless atomic absorption procedure for  mercury w a s  
developed f o  the analyses of water and other digestable materials such as  fish,  
t issue,  e t c>  The material is digested i n  a strong acidic  oxidizing media. 
T h i s  solution is then reduced and aerated, volat i l iz ing the mercury which is 
carried by an air stream through a quartz c e l l  located i n  the opt ical  path of 
an atomic absorption spectrophotometer.- Gold and s i lver  amalgamation was added 
aa an intermediate s t e p  t o  (1) increase sens i t iv i ty  (preconcentrate the mercury 
a f t e r  aeration) and (2) eliminate interferences from aromatic organic compounds, 
sulfide, and water vapor that also absorb a t  the 2536 A mercury line.2 Coal, 
which is  extremely difficult t o  wet digest, waa not  direct ly  amenable to the 
above procedure. 
the coal sample in a closed system, volat i l iz ing the mercury which is  separated 
from the other gaseous by-products and then analyzed by flameless atomic absorption. 
The mercury is isolated from the interferents  by bubbling the vola t i les  through 
an acidic oxidizing solution i n  which the  mercury is oddized and subsequently 
absorbed into the solution. After the solution is reduced and aerated, an air 
stream car r ies  the mercurg through a s i l v e r  or gold amalgamator which quantitat- 
ively adsorbs the mercury. The amalgam is then f i r e d  i n  an induction furnace, 
instantaneously revolat i l iz ing the mercury which is  carried through a quartz 
tube i n  the optical  path of the spectrophotometer. The nmrcury absorption is 
recorded on a s t r i p  chart recorder as a very sharp peak w i t h  a sens i t iv i ty  of 
0.01 /& of mercury. 

The method is adapted t o  mercury i n  coal  analysis by f i r i n g  
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A schematic of the apparatus i s  shown i n  ii:-.:~e A. A Lecn single tr do.ible 
induction furnace is  used in conjunction Mith a !‘crkin-Zker ?.!ode1 303 atonic 
absorption spectrophotor.eter. 
i s  maintained through the  system during the  anal;clz. T?.,, cor.hustion chamber ( A )  
is constructed of quartz and i s  designed t o  hol:i h 

crucible. A picture of the oxidation chmber (::‘ :?sz m F i p r e  2. A drying 
tube (E)  i s  f i l l e d  with nagneslun perchlorate. Y h +  .a:.fy..fit.or [F) is constructed 
of $ inch diamet.er quartz tubing and con tahs  A ;:wxi pis te  tha t  supports 6 - 8 
grams of 0.007 inch t?-,ick gold or s i lver  f o i l  c::: i n t ?  R 
square sections. 

i n  the ir.2uction ?.irzwr! ( A > .  The air f l n w  :‘ii:.: ’.: - I . ’ ’  

f i r e d  f o r  l& 1nk7utn3 at, Lhe r a r i ac  cor.trol zc:t~?.g r.’ 
additional 30 seconds a t  a 755 setting. 
w i l l  result in ‘ f lasking’  of the sample and i r 
chamber. 
through the acidic :)xidizing solution i n  the ac rz f i cn  ckaxber ( 2 ) .  
wey stopcock (D)  i s  opened t o  vent the non-abscrbed combustion products. 
the two minute f i r i n g  period and collection of the mercury i n  the oxidizing 
solution, the excess oxidant and mercury are rcdiicsd by the addition of h 
reducing agent with a syringe through the sept,m cover (C). 
then aerated for two minutes collecting the renrolatllized mercury on the gcld 
or s i lve r  amalgamator (F). The induction furnace (F) i s  then fired,  instantan- 
eously releasing the  mercury which is carried by the air stream through the 
quartz ce l l ,  The detachable tube conhaining the reduced oxidizing agent is 
replaced with fresh solution and the procedure is repeated f o r  another coal 
sample. Approximately 5 minutes is required fo r  each determination. B l a n k  
detelminetions nust be routinely performed. Standards are obtained by replacing 
the oxidizing solution with k n m  mercury i n  water samples and repeating the 
above procedure deleting the combustion step. 

HNO as  possible oxidizing solutions. Mercury would not amalgamake when aerated 
f r d  I C 1  solutions, possibly due t o  sone interference from 1 2  which is also 
released. 
H2SO solutions. KblnO@?03 provided‘a s tab le  oxidizing solution and was used 
t o  obtain the reported data. The solution i s  prepared by adding 5 nl of 
concentrated. HNO3 t o  25 ml of a f i l t e r e d  6% KMnOb solution which is  then 
diluted t o  50 m l  with d i s t i l l e d  water f o r  each analysis. The blank determinations 
a re  made on these solutions. A considerable excess of permanaganate must be 
present i n  the tubes since the  SO2 released from the coal i n  the combustion 
process will also reduce the permanganate. These solutions are prepared i n  
mass and are stored immediately prior t o  the beginning of a ser ies  of analyses. 

.After the vola t i l i zed  mercury is  collected i n  the oxidizing solution the excess 
permanganate is reduced with 5 ml of a 10% hydroxylanine hydrochloride solution 
and the mercury is  then reduced with 1 ml of 20% SnC12 in 
reducing agents a re  added by syringe through the septum cover. 

optimum f l o w  rates f o r  greatest  sensit ivity,  quickest cooling of the quartz- 
graphite crucible a f t e r  f ir ing,  and f a s t e s t  aeration (revolati l ization of a l l  
the  mercury) of t he  reduced oxidising solution. Compressed air vas found t o  be 
adequate, eliminating the  necessity of using oxygen. Gold and s i lve r  f o i l  both 
worked very well i n  the.amalgamator b u t  the s i l v e r  f o i l  did require daily cleaning. 

An air flow ra te  o f  1.5 t o  2.C liters per minute 

.?-?.;: .T icscc! graphite 

CxLmtr31y 1/16 inch 
$ 2 ~  with quartz endphtes. The abscration c e l l  i s  c~r.?tr-.::i,c -:. 

A 500 mg coal sa-.ple i s  weighed in R qua::.:. ;:?::-kite s n i c 5 l e  md ccsitioned 
d an-. tb.e sh;;r;la i s  
nd thcn f i red  an 

Ir.itlnl fir.ing of the sa-nple a t  75$ 
: I tant  ?lugging of the comhustion 

Volat l l lzer?  r s r c w j  and the o5her ‘-:.:--c~;s by-Froducts ~rc: bubk1.4 
The ?!-me- 

After 

?he solction is 

R e l b i n a r y  investigations included studying IC1,  IO.InOb-H2SO , and M O L , -  

Some s t a b i l i t y  and equilibrium problem were observed with KIW& - 

HC1. Both of these 

The l.S-’to 2.0 l i t e r  per minute a i r  flow r a t e  is  a compromise between the 
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The coal samples were air dried. The samples furnished by the United 
States Bureau of Mhes were received crushed t o  minus 60 mesh, the I l l i n o i s  
Geological Survey  samples were crushed t o  minus 20 mesh and the Tennessee 
Valley Authority samples were run as sampled from the Muscle Shoals' Colbert 
Steam Generating Plant. The TVA samples include three fly ash samples. 
The resu l t s  of the analyses are  presented in Table 1. The tow sulfur and 
pyr i t ic  sulfur values were Furnished by the  Bureau of Mines and the I l l i n o i s  
Geological Survey. The sulfur concentrations were determined from moisture 
f ree  samples. T h i s  data is included because of the suggested concentration 
of the mercury in the pyr i t ic  f ract ion of the coal.3 

Table 1. Results of analyses of mercury in c o d .  

Sample NO. DRB-A 
State  Ohio 
s e m  #9 
county Belmont 
Tspe M i n i n g  s t r i p  
Preparation raw 

Total S u l f u r  % k. 34 
Fyri t ic  sulfur % 2, l l  

Determinations 0.23 
( P P I  0.15 

0.15 
0.18 
0.19 
0.u1 
0.15 
0.22 

Averwe (pm) 0.18 

Standard Deviation 0.035 

DRB-B 
Ohio 

Harrison 
deep 
ran 

3.28 
2.25 

0.a 
0.36 
0.33 
0.67 
0.L3 
0.37 
0.13 
0.63 

0 . k  

0.13 

#a 
DRB-C MLB-D 
Ohio W. Va. 
Pgh. #8 Hernshaw 
Jefferson Kanawha 
s t r i p  deep 
washed washed 

ll.2k 1.02 
2.85 0.17 

0.22 0.070 
0.2h 0.06 
0.17 0.15 
0.32 0.09k 
0.22 0.080 
0.20 0.12 
0.28 0.028 
0.22 0.031 

0.23 0.079 

O.Oh7 O.OL2 

DRB-E 

Pgh. 
Pa. 

Washington 
deep 
washed 

l.ll2 
0.55 

0.13 
0.15 
0.077 
0.085 
0.13 
0.075 
0.082 
0.a 

0.11 

0.023 
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Table 1. Cont. 

State Indiana 
Seam Ind. 53 
county C l a y  
Mining Type 
Preparation washed 

Total S u l f u r  $ b.37 
Pyritic Sulfur  % 1.67 

Determinations O.Ok3 
( PPd 0.036 

0.060 
0.060 
0.051, 

Averaee (PP) 0.051 

Sample No. G-1 

Standard Deviation 0.010 

P-1 P-2 P-3 
Ky.fi.Qa. Mont. Mont. 
#9 Rosebud Teboheir 
Muhlenberg Rosebud Henry 

raw ran wnsh/raw 

0.85 9.37 
2.U 0.26 5.81 

0.20 0.056 0.17 
0.20 0.051, 0.20 
0.36 0.080 0.21 

0.21, 0.01,s 0.22 

0.25 0.062 0.20 

0.26 0.073 0.22 

0.066 o.ou1 0.021 

Sample No. C16987 C16891 TVA1013 
State Ill. Ill. KY. 
Seem Hemin #6 Herrin #6 
Sample Type 
Preparation raw ran 

Total S u l f u r  % 3.B6 B.1,S 
Pyritic S u l f u r  % 2.07 2e36 

Detelninations 0.071 0.13 0.20 
( P P I  0.096 0.11 0.21 

0.21 0.a . 0.17 
0.13 0.12 0.27 
0.17 0 .lo 0.17 

Average (pp) 0.13 0.12 0.20 

Standard Deviation 0.056 0 016 O.O&l 

P-ll P-5 
Colo. Aria. 
Nucla Red 
Montrose Navajo 

raw raw 

0.80 0.u 
0.23 0.11 

0.0% o.oU 
0.01,O 0.01,6 

0.0h 0.066 
O.Oh3 0.035 
0.033 0.S71 

0.038 0.052 

0.00h 0.016 

KY. 

0.17 
0.a 
0.20 
0.1& 
0.13 

0.16 

0.029 

f ly  ash f ly  ash f l y  ash 

0.20 0.21 0.16 
0.a 0.17 0.15 
0.15 0.25 0.17 
0.20 o a  0.lL 
0.a 0eJJ.t 0.13 

0.17 0.17 0.15 

0.031 0,051 0.016 

With 9 0  mg samples the procedure has a sensitivity of approximately 0.02 
p p o  
samples. This is illustrated with the values obtained for ample DRB-B. This 
coal represents the highest mercury concentration of those coals investigated. 
Although it represents the finest mesh group (minus 60 mesh) specific analyses 
resulted in extremely high mercury concentrations. The large variation between 
determinations of t h i s  sample suggests a non-homogeneous distribution of the mercury 
in the coal. 

fiecision w a s  undetermined due to the apparent lack of honogeneity of some 
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A modification of this procedure utilizes a double amalgamation reaction 
and eliminates the liquid oxidizing solution. A schematic of the apparatus is 
shown in Figure 3. The y d u r e  is a modification of the double amalgamation 
method developed by Suhr. 
separate furnaces for the coal combustion and both amalgams used by Suhr is 
replaced with a vertical quartz tube containing the quartz graphite crucible 
and both amalgama. An air or oxygen streem is maintained through the system 
during the whole procedure. 
of the coal, amalgam 1, and amalgam 2 the quartz tube tube is lowered stepwise 
positioning the single induction furnace at the desired location. 

The horizontal resistance wound tube furnace containing 

During the subsequent steps requiring the firing 

The method consists of firing the coal sample in the quartz graphite crucible 
and then lowering the quartz tube firing each successive amalgam respectively. The 
system is vented, bypassing the quartz absorption cell, until the last amalgam 
is fired. After firing the final amalgam the mercury is carried by the air stream 
through the quartz absorption cell located in the optical path of the spectro- 
photometer. The double amalgamation is used to ensure the complete removal of any 
interferences. When silver foil is used a sulfide coating forms on the silver 
resulting in a constantly decreasing sensitivity with each successive analysis. 
Gold foil works very well in the amalgamators. 
there is no blank determination required, 

This system has the advantage that 

SUMMARY 

A method was presented for the analysis of coal for mercury at naturally 
occurring levels. 
furnace, separating the mercury from other interfering gaseous by-products by 
collection in a strongly acidic oxidizing solution and on a silver or gold 
amalgamator, and then determining the mercury concentration by a cold vapor 
flameless atomic absorption method. A modification of this procedure to perform 
a direct double amalgamation is briefly described. 

The procedure consists of firing the coal in an induction 

, 
.' 

1 
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Figure 1. Schematic of mercury in coal apparatus. 

Figure 3. Schematic of modification for mercury in coal determinations by 
double amalgamation. 
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A COMBUSTION BOMB METHOD FOR THE 
DE;TERMTNATIN OF MERCURY W COAL 

Robert C. Streeter 

Bit-oue Coal Research, Inc. 
350 Hochberg Road 

Monroeville, Pennsylvania 

Earlier workers have described the use of an oxygen combustion bamb in 
conjunction with procedures f o r  detellnining trace mounts of mercury i n  a 
variety of organic substances. 
procedure for the  analysis of microgram quantit ies of mercury in paper. (1) 
One-gram semples of paper were rolled in to  a cylinder, placed inside a 
platinum coil, and ignited under 25 t o  30 atm of oxygen i n  a Parr combustion 
bcanb containing 15 m l  of 0.1 N potassium p e w a n a t e  solution and 10 m l  of 
10 percent sulfuric acid solution. The contents of the bomb were subse- 
quently transferred to a separatory -el, treated with hydroxylamine sul- 
f a t e  solution t o  reduce the permanganate, and extracted with a dithizone 
eolution in chlorofonu. 
dithizone-chloroform extract .  The method was found t o  be suitable f o r  the 
detennination of mercury in the range of 1 t o  10 microgms per gram (p~rm). 

In 1958, Borchardt and Browning reported a 

Mercury was determined colorimetrically on the 

Various modifications of the procedure of Borchardt and Bmwning have 
Thus, Fujita been reported by several  workers a t  the University of Tokyo. 

e t  al. described a similar technique i n  which combustion was carried out in  
the presence of 1.0 N n i t r i c  acid previously added t o  the bomb. (2) 
oxidation products were subsequently reduced by the addition of hydroxylamine 
hydrochloride and urea aolutions, and mercury wa8 extracted with a solution 
of dithizone in carbon tetrachloride. The procedure was developed primarily 
f o r  the detennination of mercury i n  rice which had been treated with mer- 
cu r i a l  fungicides, although various other materials including vegetable o i l s ,  
human hair, and t i s sue  semplee from mercury-poisoned rats were analyzed with 
apparent success. Values as low as 0.17 ppm were reported for the combustion 
of 4 gram of unpolished r i ce  grain (the maximum amount that could be burned 
completely in  the  bomb). 

The 

Fujiwara and N a r a s a k i  have discussed the re la t ive  merits of using the 
oxygen combustion bomb for trace element determinations in a variety of 
samples. (3) 
platinum-coated to reduce contamination of the semple or interactions of the 
combustion products with the bomb walls. 

Ukita e t  al. also reported the de tendmt ion  of mercury i n  rice, wheat, 
and various biological materials by a combination of the bomb combustion 
method and atomic absorption spectrophotometry. (4) 
wa8 S b t d h ~  to t ha t  of Borchardt and Browning in t h a t  a potassium 
permanganate SOlUtiOn, acidified with sulfuric acid, m s  used in the bmb t o  
trap combustion products. After combustion, the liquid from the bomb was 

They suggested that the in t e r io r  of the bcrmb should be 

The combustion procedure 



treated with hydroxylamine hydrochloride, rinsed into a 100 m l  volumetric 
flask, and diluted with 1 N  su lAv ic  acid. 
treated with 10 percent atannow chloride solution t o  reduce mercury, which 
was then determined by a flameless atcmic absorption technique. 
advocate the use of a platinum-coated s ta inless  steelbamb t o  8Void din- 
solution of trace amounts of iron, nickel, and other metals fKrm the bomb 
walls during combustion. 
metals did not interfere  with the determination of mercury by the stannous 
chloride reduction method. 
0.5 t o  1.0 g were reported. 

quantities of mercury i n  whole coal. 
the coal i n  a combustion bomb under 24 a h  of oqgen i n  the presence of a 
n i t r i c  acid solution containing hydroxylamine hydrochloride. 
bustion, the contents of the bomb are diluted t o  a known volume and mercury 
is  determined by a flameless atomic absorption technique involvlpg stennous 
chloride reduction. 
analysis of trace amounts of mercury in  coal, and it can be carried out with 
standard equipment accessible t o  most coal analysis laboratories. 

Aliquots of t h i e  solution Vere 

U k i h  e t  dl. 

However, it vas also reported tha t  these extradeous 

Detection limits as l o w  as 0.05 pg for samples of 

This paper describes a procedure for the determination of nanogram 
The method involves decomposition of 

Following cm- 

The procedure has given repeatable results for the 

EXPERIMENTAL 

Apparatus 

bustion bomb (Parr  Instrument Co., Model No. l l02)  using No. 34 B. & S. 
gauge nichmme fuse wire and a quartz canbustion crucible. 
originally of 10 m l  capacity, had t o  be cut down with a diamond saw to about 
6 m l  capacity t o  allow proper placement of the  fuse wire in the bomb. Other 
components of the Parr Series 1200 adiabatic calorimeter, including the 
Series 2900 ignition uni t ,  were used routinely i n  these t e s t s .  

Combustions were carried out in a standard 360 m l  stainless  s t e e l  com- 

The crucible, 

I 

4 

A n  Instrumentation Laboratory Model 153 atomic absorption spectrophoto- . meter, incorporating a Varian Techtron hollow cathode mercury lamp and a 100 
mil l ivol t  Honeywell Electronik 194 s t r i p  chart  recorder, was used f o r  the 
spectrophotometric detelrmination of mercury. The instrument conditions were 

photomultiplier tube (R 372) voltage, 620 v; hollow cathode lamp current, 
4 ma; mode, high damp; gas flow, 1 l i t e r  He/min; chart speed, 1 inch/mln. 
The absorption ce l l ,  shown i n  Figure 1, consisted of a Plexiglas tube 125 nun 

means of modified polyethylene snap caps. 
top of the nitrous oxide burner head, and i ts  position could be adjusted 
using the standard controls on the instnrment. A cylindrical ,  flat-bottom 
cold test jar (Fisher No. 13-415) of approximately 100 m l  capacity and in- 
corporating a Teflon-covered micro s t i r r ing  bar was employed as the reaction 
vessel fo r  stannous chloride reductions. Hel im purge gas was admitted t o  
the reaction vessel through a f r i t t e d  gas dispersion tube. Connections t o  
the absorption c e l l  were made with Tygon tubing. 

I maintained as follows: slit  width, 320 w; wavelength, 253.7 nm; scale, 0.25; 
\ 

f 

I long and 22 mm I.D.; the tube was f i t t e d  with removable quartz windows by 
I The c e l l  was mounted direct ly  on 
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Procedure 

' .  

A 0.500 gram sample of minus 60 mesh coal was weighed i n  a tared quartz 
combustion crucible. 
s ta inless  s t e e l  bomb containing 20 m l  each of 1 N n i t r i c  acid and 10 percent 
hydroxylamine hydrochloride solution. 
should be below the bottom of the combustion crucible t o  avoid incomplete 
combustions. The Puse wire was  attached, the bomb was assembled, and oxygen 
gas was added t o  a pressure of 24 atm (gauge). 
the calorimeter ( a  cold water bath i n  a large s ta inless  s t e e l  beaker i s  also 
satisfactory) and the sample w a s  ignited using appropriate safety precautions 
ordinarily employed i n  bomb calorimetry work. 
erature equilibration period of about f ive minutes, the bomb was rolled on 
i t s  side several times t o  rinse down the inner walls and the combustion 
gases were  slowly released. The bomb was then opened and i t s  contents were 
emptied into a 100 ml volumetric flask.  
and t h e  quartz crucible were rinsed w e l l  with 1 N n i t r i c  acid and the volu- 
metric f lask was f i l l ed  t o  the mark with 1 N  n i t r i c  acid. 

The crucible was placed in  the electrode suppod of a 

The level  of the liquid in  the bomb 

The bomb was then placed in  

After combustion and a temp- 

The in t e r io r  surfaces of the bomb 

Ordinarily, a 10 m l  aliquot of the sample solution w a s  pipetted into 
the reaction vessel containing the micro magnetic s t i r r ing  bar. However, 
the s ize  of the aliquot could be varied between 1 and 15 m l  depending on the 
mercury concentration. 
solution w a s  added using a Pasteur pipet, and the sample w a s  diluted t o  a 
t o t a l  volume of 20 ml with deionized water. The reaction vessel was  then 
stoppered and the helium i n l e t  tube w a s  adjusted so t h a t  the frit was j u s t  

which the helium purge gas f low was in i t i a t ed  at a ra te  of one l i t e r  per 
minute. 
direct ly  through the absorption c e l l  and in to  an exhaust system. The ab- 
sorption peak height was recorded on the s t r i p  chart and was  converted t o  
nanograms of mercury by comparison with standards run under the same con- 
dit ions.  

Approximately 2 m l  of a 1 percent stannous chloride 

I above the s t i r r ing  bar. The solution was s t i r r ed  fo r  one minute, a f t e r  

1 The gas was not recirculated as i n  some procedures, bu t  was passed 

All resul ts  were corrected fo r  reagent blanks. 

RESULTS AND DISCUSSION 

A sample of Lawer Kittanning seam coal was analyzed by the procedure 
1 described above. 

period were used i n  evaluating the precision of the method. 

absorption analysis. 
0.319 pg per gram of coal (as-received basis) with a standard deviation of 

Results from 21 separate ccrmbustion tests over a 6-month 
I n  each t e s t ,  

\ duplicate 10-ml aliquots of the sample solution were taken fo r  atomic 

0.015 pg, corresponding t o  a re la t ive standard deviation of 4.8 percent. 

These data showed a mean mercury concentration of 

I 
I 

This same coal has also been analyzed fo r  mercury elsewhere by other 
techniques, including neutron activation and the dithizone colorimetric 
method. Based on a s t a t i s t i c a l  analysis of these independent resul ts ,  the 
calculated "best value" f o r  the Lower Kittanning coal has been reported as 
0.31 2 0.03 pg/g. (5) 
with that obtained by the oxygen combustion bmb method. 

This r e su l t  i s  considered t o  be i n  good agreement 

1 . . .  
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Mercury present i n  the 10 m l  al iquot taken a f t e r  the combustion of 
0.500 g of the Lower Kittanning coal generally produced a peak height of 
about 20 chart divisions on the s t r i p  chart  recorder. After subtraction of 
the reagent blank, which was nonnally about 4 chart divisions, the re- 
mainder of 16 chart  divisions corresponded t o  the 16 ng of mercury actually 
present i n  the 10 m l  aliquot. The most widely used definit ion of detection 
l i m i t  i s  that concentration of an element necessary t o  displace the  average 
absorbance reading by an amount equivalent t o  the peak-to-peak noise of the 
base l ine .  (6) 
the  background noise was ordinarily 2 1 chart division. Thus, the detection 
l i m i t  of the method was on the order of 0.040 pg/g. 
can be improved, of course, by the use of la rger  coal samples f o r  combustion 
(up t o  1.0 g) and/or la rger  aliquots of the solution taken for  stannous 
chloride reduction. 

A t  the  instrument sett ings employed i n  these measurements, 

This detection l i m i t  

It was found necessary t o  check f o r  background levels of mercury i n  the 
combustion bcnnb a t  frequent intervals, particularly a f t e r  a comparatively 
large amount of mercury had been introduced to the bomb v ia  unknowns or  
standards. 
pe l le t s  u n t i l  a s tab le ,  consistently low blank was obtained. 
the condition of the bomb i t s e l f  is believed t o  be quite c r i t i c a l  t o  the 
success of the procedure. 
method, it was observed tha t  mercury recoveries from both standards and pre- 
viously analyzed coal samples we# unexplainably low. 
bomb revealed numerous small cracks and fissures on the inner w a l l s  of the 
bmb. 
pressure testing, and a f t e r  it was returned normal resu l t s  were once again 
obtained. 

This was accomplished by repeated f i r ings  of 0.5 g benzoic acid 
In  addition, 

Thus, a t  one point i n  the development of the 

A n  inspection of the 

The bomb mrs sent t o  the manufacturer fo r  reboring, polishing, and 

The presence of chloride ion i n  the  trapping solution is apparently 
necessary t o  s t ab i l i ze  the  mercury released from the coal during combustion, 
presumably through the  formation of complex ions. 
chloride ion source, the resu l t s  were e r r a t i c  and mercury recoveries were 
usually low. 
chloride and sodium chloride were used with comparable results,  although the 
l a t t e r  has the disadvantage of introducing extraneous metal cations t o  the 
system. 
purpose, although a l l  samples of reagent grade H C 1  employed i n  these studies 
were found t o  contain significant t race  levels of mercury, leading to un- 
acceptably high reagent blanks. 

The e f fec ts  of several  variables involved i n  the cold vapor atomic 
absorption step of t h e  procedure were investigated. The f irst  of these was 
the  flow ra te  of helium gas used t o  entrain the mercury vapor subsequent t o  

solutions containing 100 ng of mercury are Shawn i n  Table 1. 
cate tha t  sens i t iv i ty  can be increased by decreasing the helium flow rate. 
However, above 1.0 l i t e r /& the increases axe marginal and are offse t  by 
impractically long peak recording times. For these reasons, a f low ra te  of 
1.0 liter/min was considered t o  be the optimum setting. 

I n  the absence of a 

I n  addition t o  Qdroqlamine hydrochloride, both ammonium 

Hydrochloric acid would probably be the preferred reagent fo r  t h i s  

. stannous chloride reduction. The results of  these t e s t s  fo r  standard 
The data indi- 
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I 
A second variable involves the unoccupied or dead space volume above 

the solution in  the reaction vessel, which i s  dependent on the volume of 
the reaction vessel as well as the volume of solution contained therein. 
Although the results of these t e s t s  were not sufficiently consistent t o  
afford a good correlation, there was a definite indication that the sen- 
s i t i v i t y  was increased as the dead space volume decreased. 

! 
, This relation- 

TABLE 1. EFFECT OF HELNM FL(Jw RATE ON PEAK 
HEIGIFT AND PEAK RECORDING TIME 

sample ( th i s  problem was observed frequently during the course of these 
studies). 

A th i rd  variable considered was the reaction time (with s t i r r ing )  be- 
tween the addition of the reducing agent and the beginning of the helium 
gaa purge. The resu l t s  with standard solutions containing 100 ng of mercuzy 
w e r e  essentially identical  over a r&e of reaction times between 10 seconds 
and 4 minutes. 
be adequate for the procedure. 

Consequently, a reaction period of one minute was judged t o  

I 
i 

The combustion bmb method fo r  the determination of mercury i n  coal has 
given reproducible results f o r  several coaLs analyzed i n  this laboratory. 

have not been quantified, and further work would be helpful i n  defining the i r  
effects. These include the following: 

, 
i Huuever, there are several parameters involved in the overall  procedure which 

L 

, 1. Both the concentrations and volumes of the n i t r i c  acid and hydroxy- 
lemine hydrochloride solutions used i n  the bomb t o  t rap  mercury. 

2. 
the sample. 

The length of time the solution remains in the bomb after f i r i ng  
PrellmFnary data have indicated tha t  waiting periods on the f 
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3. Handling of the bomb after combustion. Although some amount of 
mixing of the contents would seem desirable, vigorous agitation is  pre- 
cluded by the presence of the s i l i c a  combustion capsule i n  the bomb, a s  well 
as the poss ib i l i ty  that some of the liquid will enter the valve mechanism 
and be subsequently expelled when pressure i s  released from the bomb. 

Loss of mercury due to adsorption on the walls of the bomb. 
though th i s  e f f ec t  is known t o  exist ,  it seems t o  occur i n  an e r r a t i c  
fashion and can only be compensated for by f i r ing  blanks of benzoic acid 
u n t i l  a stable background leve l  of mercury i s  obtained. 
particularly troublesome, as the mercury adsorbed during combustion of one 
sample may be l a t e r  desorbed t o  contaminate a subsequent sample. 

4. Al -  

This effect  is 
I 

1 

5 .  The timing of various steps i n  the procedure involving transfer 

Although attempts were generally made in  these studies 

and dilution of the sample solution pr ior  t o  atomic absorption analysis. 
Each of these operations involves possible loss of or contamination from 
adsorbed mercury. 
t o  csrry out the  atomic absorption analysis as soon as possible mer com- 
busting the sample, t he  chronology of operations i n  t h i s  phase of the pro- 
cedure was not en t i re ly  consistent. 

In summa2y, the oxyQen combustion bomb procedure as described herein 
i s  considered r e l i ab le  for the analysis of trace amounts of mercury i n  coal. 
It is sufficiently simple and rapid, and can be carried out with equipent  
available in  most modern coal analysis laboratories. 



, 

I 

1 

J 

.15 

REFEREIJCES 

Borchardt, L. G. and B. L. Browning, "Determination of dcrogram 
quantities of mercury in paper," Tappi !& (U), 669-71 (1958). 

Fujita, M., et al . ,  "Microdetermination of mercury by the oxygen b m b  
combustion method," Anal. Chem. & (13), 2042-3 (1968). 
Fujiwara, S. and Narasaki, H., "Detelmination of trace elements in 
organic material by the oxygen bomb method," Anal. Chem. 40 (13), 
a31-3 (1968). 

Ukita, T., et a l . ,  "Rapid detennination of mercury," Eisei Kagaku 
(Journal of Hygienic Chemistry) & (5), 258-66 (1970). 
Schlesinger, M. D. and Schultz, H., "Analysis for mercury in coal," 
U.S. Bur. Mines Tech. Prog. Rept. 43, September 191. 

Felclman, F. J., llInnovations in a t d c  absorption and emission 
~ ~ ~ C ~ ~ O S C Q P Y , "  Research/Development 

4 pp. 

(10) , 22 (1969). 



16 

"AN EVALUATION OF TBREE NEUTRON ACTIVATION 

ANALYSIS METHODS FOR MERCURY IN COAL" 

Jack N.  Weaver, Nuclear Engineering Department, N.C. S t a t e  University, Raleigh, N.C. 
Darryl  J. von Lehmden, Environmental Protect ion Agency, Division of  Atmospheric 
Surveillance, Source Sample and Fuels Analysis Branch, Research Triangle Park, N.C. ' 

INTRODUCTION 

Due t o  t h e  rapid growth i n  heavy industry i n  the  United S ta tes ,  man has 
displaced many chemical elements from t h e i r  n a t u r a l  environment and has poured 
them back in to  h i s  d a i l y  environment. 
elements i n  process raw mater ia l s  and f u e l s  contr ibute  t o  the environment, the  
Environmental Pro tec t ion  Agency has i n i t i a t e d  a program of analysis f o r  a 
var ie ty  of elements including mercury, beryllium, cadmium, arsenic ,  vanadium, 
manganese, nickel ,  antimony, chromium, zinc, copper, lead,  selenium, boron, 
f luorine,  l i thium, s i l v e r  and t i n .  To conduct t h i s  ana lys i s  program on raw 
mater ia l s  and f i e l s  has  required the  evaluation of a n a l y t i c a l  techniques avai lable  
f o r  chemical elements i n  trace quant i t ies ,  espec ia l ly  f o r  mercury. 

I n  order  t o  determine the  ex ten t  chemical 

I n  j u s t  such a n  endeavor, the  Environmental Protect ion Agency (EPA) i n  con- 
junction with t h e  Nuclear Engineering Department of North Carolina S ta te  
Universi ty  (NCSU) evaluated neutron ac t iva t ion  analysis (NAA) of mercury i n  a 
round-robin series of c o a l  samples from the U.S. Bureau of Mines. This round- 
robin s e r i e s  was se lec ted  f o r  two reasons. These w e r e  (1) extensive and carefu l  
e f f o r t s  had gone i n t o  s e l e c t i n g  and preparing the  c o a l  samples; and ( 2 )  the many 
labora tor ies  (both atomic absorpt ion and neutron ac t iva t ion  a n a l y s i s )  par t ic ipa t ing  
i n  the  series provided an  excel lent  check on the accuracy of the  r e s u l t s .  

To completely cover the ranges of mercury expected i n  the  c o a l  samples, 

Instrumental NAA using a 3 x 1 0 ~ 3  n/cm -see i r r a d i a t i o n  and counting on a 
l a r g e  (Lithium d r i f t e d  g e m i u m )  Ge(Li) eo-axial  de tec tor .  

A 3 x 1013 n/cm2-sec i r r a d i a t i o n  followed by radiochemistry and counting 
on a 3" x 3" N a I  de tec tor .  

A 3 x 1 0 ~ 3  n/cm -see i r r a d i a t i o n  and counting on a newly developed 10 mm 
Ge(Li) LOW Energy Photon Detector. 

three types o r  v a r i a t i o n s  of NAA were t r i e d .  These were: 

1. 2 

2 .  

2 3. 
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S a m p l e  I/ 

DRB-A 

DRB-B 

DRB-C 

DRB-D 

DRB-E 

G- 1 

P- 1 

P- 2 

P-3 

P - 4  

P- 5 

I 

TABLE 81 

Geological Background of Coal Samples 

Geological Location 

Belmont Co. ,  Ohio 

Harrison Co., Ohio 

Jefferson Co., Ohio 

Kanawha Co., W. Va .  

Washington Co., Pa. 

Clay Co., Indiana 

Muhlenberg Co., Ky. 

Rosebud Co., Mont. 

Henry Go., Ma. 

Montrose Co., Colo. 

Navajo Co., A r k .  
I 

Mining Process 

S t r i p  - raw 

Deep - r a w  

S t r i p  - washed 

Deep - washed 

Deep - washed 

Deep - washed 

Raw 

. Raw 

Washed - r a w  

Raw 

Raw 

\ 
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EXPERIMENTAL 

Sampling and Preparat ion f o r  I r rad ia t ion  

Fresh samples of c o a l  representat ive of the mines l i s t e d  i n  Table I were 
obtained and sample preparat ion was a s  follows: 

1. Each p l a s t i c  b o t t l e  was washed with a 2-1 mixture of concentrated n i t r i c  
ac id  and hydrochloric ac ids ,  r insed f irst  w i t h  d i s t i l l e d  water and then 
with acetone. 

Coals were sampled, crushed t o  minus 60 mesh, divided equal ly  and placed 
i n  the cleaned sample b o t t l e s .  

From these c o a l  samples, th ree  s e t s  of samples of each were carefu l ly  

The b o t t l e s  were a i r  d r i e d  and capped. 

2. 

t ransfer red  t o  pre-cleaned low mercury content poly- i r radiat ion v i a l s .  
weighing, these were hea t  sealed along with s e t s  of  carefu l ly  ca l ibra ted  1 and 
5 microgram mercury standards.  These samples provided the necessary number t o  
perform dupl icate  analyses  w i t h  each of  the three techniques. 

Af te r  

1. 

2. 

3. 

4. 

5. 

Nuclear Parameters 

Weight of coal:  0.25 t o  0.50 grams 

Reactor neutron f lux :  

I r rad ia t ion  time: 4 hours 

3 x lox3 n/cm2-sec 

Decay times: Approximately 4 days f o r  Technique 1 and 3 and approximately 
7 days f o r  Technique 2.  

Technique #1 
Radiochemistry and Counting on a 3" x 3" NaI (Well-Type) Detector 

Approximately 24 hours a f t e r  i r r a d i a t i o n ,  t h e  poly v i a l  containing approxi- 
mately 0.5 gram o f  c o a l  dust  was opened and the  contents were completely 
t ransferred t o  a c lean  d i s t i l l a t i o n  f l a s k .  

Using 100 ug of mercuric oxide as a c a r r i e r  and 8 t o  9 m l  of fuming R2S0L 
f o r  digestion, t h e  so lu t ion  was mixed, then heated. 

Next, fuming n i t r i c  a c i d  w a s  added. 
u n t i l  charring was complete. 

A small amount of water and potassium b i s u l f a t e  was added t o  dr ive of f  the 
n i t r i c  a c i d  and n i t r i c  fumes. 

A f t e r  appropriate cool ing and t r a n s f e r  of  the  contents t o  a 300 m l  cali-  
brated beaker, the normality was adjusted t o  approximately 0.2 N and a 
standard di thiozone ex t rac t ion  procedure was used t o  remove the mercury. 

The addi t ion of HNO was repeated 3 
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The f i n a l  ex t rac t ion  (approx. 50 m l )  containing the mercury was poured i n t o  
a 150 cc wide bottom p l a s t i c  b o t t l e  f o r  counting on a 3" x 3" (well-type) 
N a I  detector.  

The 0.07 MeV photopeak of Hg-197 was u t i l i z e d  f o r  the c l a s s i c  method of 
da ta  reduction and s t a t i s t i c a l  evaluation. 

Hgures  #1 and 2 i l l u s t r a t e  the typ ica l  gamma spectrum of t h i s  ex t r ac t ion  
and the mercury standard respectively.  

Technique #2 
Instrumental NAA Using a 36 cc Ge(Li) Detector Coupled t o  a 

4096 Nuclear Data Multichannel Analyzer 

After a 7-day decay, the poly i r r a d i a t i o n  container was opened and the 
coa l  powder was t ransfer red  t o  a f lat  bottom p l a s t i c  100 m l  b o t t l e  f o r  
counting. 
powder over the b o t t l e  bottom. 

Each sample was counted for 30 minutes on a 36 cc co-axial  Ge(Li) de tec tor  
coupled t o  a 4096 Nuclear Data Multichannel Analyzer. 

Data reduction was performed using the c l a s s i c  method and the 0.07 MeV 
x-ray of Hg-197. 

Figures #3 and 4 i l l u s t r a t e  the spec t ra  obtained with t h i s  counting 
system fo r  unknown and standard respectively.  

The b o t t l e  was tapped t o  provide a uniform spread of the 

Technique #3 
Instrumental NAA Using a 10 mm Ortec Low Energy Photon Detector 

Coupled t o  a RIDL 400 Channel Analyzer 

Af te r  8 h a y  decay, the poly i r r a d i a t i o n  container w a s  opened and the 
coa l  powder was t ransfer red  t o  a f l a t  bottom p l a s t i c  15 ml b o t t l e  for 
counting. The b o t t l e  was tapped gently t o  provide a uniform spread of 
the powder over the b o t t l e  bottom, thus  insur ing  the geometry over the  
10 m surface of the de tec tor  window. 

Each sample was counted f o r  30 minutes on a 10 m G e ( L i )  Ortec Low Energy 
Photon Detector coupled t o  a 400 channel RIDL analyzer.  

Data reduction was performed using the  c l a s s i c  method and the 77.97 KeV 
x-ray of Hg-197. 

Figures #s and 6 i l l u s t r a t e  the s p e c t N  obtained with t h i s  counting system 
f o r  unknown and standard respectively.  

RESULTS 

The r e s u l t s  of a l l  three  NAA techniques p lus  the  average r e s u l t s  of the 
same samples analyzed by 8 other labora tor ies  pa r t i c ipa t ing  i n  t h e  c o a l  round- 
robin ana lys i s  are shown i n  Table 2. 
less atomic absorption and neutron ac t iva t ion  ana lys i s  with radio-chemistry. 

The other laboratory techniques were flame- 
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DISCUSSION OF RESULTS 

\ 

A s  can be seen from the  descr ip t ion  of each technique, the three  methods 
were kept as simple t o  perform as possible since we were s t r i v i n g  t o  achieve a 
rapid,  accurate procedure f o r  routine coa l  ana lys i s .  
developed i n  conjunction with thorough e f f o r t s  t o  maintain dupl ica te  conditions 
f o r  both standards and unknowns. I n  evaluating the three NAA techniques f o r  
mercury ana lys i s  i n  coal,  the  following conclusions were reached: 

This s impl ic i ty  was 

Technique #1 involving NAA and radiochemistry proved t o  be a very r e l i ab le  
method of ana lys i s  with c lose  agreemnt  of r e s u l t s  t o  other labora tory  r e su l t s .  
However, the t o t a l  number of samples t h a t  can be analyzed i s  l imi ted  by the  
r e s t r i c t i o n  of having t o  dissolve the  coa l  and pe r fom time-consuming radio- 
chemistry. A grea t  dea l  of technician contact i s  required i n  the chemical 
separation, and the v i s u a l  i n t e rp re t a t ion  o f  the  d i f f e ren t  s t eps  of the sepa- 
r a t ion  could lead t o  recovery e r r o r s  if on a routine bas i s .  A s ign i f i can t  
amount of  glassware i s  required p lus  the obvious l imi t a t ion  of hood space versus 
number of  separation u n i t s  t h a t  can occupy that space. 
backs t o  radio-chemical separation a r e  the  t ie-up of equipment and manpower with 
a l imi ted  ana lys i s  r a t e ,  p lus  poss ib le  recovery e r ro r s .  

Hence, the  main draw- 

Technique #2 using a la rge  coaxia l  Ge(Li) de tec tor  f o r  instrumental  NAA 
proves t o  be inadequate as the r e s u l t s  i n  Table 2 i l l u s t r a t e .  
and a t  these sub-microgram l eve l s ,  in te r fe rences  from other  elements prevent an 
accurate ana lys i s  u s in  
& b i n  and Leddicotte !? at Georgia Tech confirm these r e s u l t s  i n  t h a t  l a rge  
volume Ge(Li) de tec tors  do not possess the  required reso lu t ion  i n  t h e  x-ray 
region of the  energy spectrum. Note the  poor energy curve for mercury i n  
Figure #3. 

I n  t h i s  matrix 

the  0.07 MeV gamma ray of Hg-197. Similar work by 

Technique #3 using the Low Energy Photon Ge(Li) de t ec to r  (LEPD) f o r  ins t ru-  
mental NAA by f a r  appears t o  o f f e r  the most promise for fu ture  ana lys i s  of 
environmental m t r i c e s  such as coal,  f u e l  o i l s ,  air  pa r t i cu la t e s ,  etc. 
f a c t  t h a t  a l l  t h a t  i s  required i s  a 4-10 hour i r r a d i a t i o n  at a flux of 10 
neutrons/cm2-sec, p lus  a 24-72 hour decay, and a 20 minute count on a 16 mm 
LEPD ( t h i s  work was performed using a 10 mm de tec tor  width, bu t  t he  16 mm i s  
preferred due t o  the  increase i n  s e n s i t i v i t y  versus c o s t )  means t h a t  highly 
accurate,  inexpensive, and instrumental  NAA can be performed a t  a rapid ana lys i s  
rate. 

95 

The main f a c t o r  behind the LEPD's usefulness i s  that of i t s  extremely f ine  
reso lu t ion  (220 e V  at 55 KeV which i n  this case c l e a r l y  def ines  Hg-197's 66.98, 
68.79, 80.16 KeV x-rays and 77.97 KeV gamma ray. Hence, even with possible 
in te r fe rences ,  the choice of 1 of  3 or 4 photopeaks allows one t o  accura te ly  
perform the  quant i ta t ive  ana lys i s .  When photopeak count rate r a t i o s  do not 
compare those of the Hg-197 standard, a h a l f - l i f e  determination based on a 
second count can be used t o  choose the photopeak f o r  quant i ta t ive  ana lys i s .  
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SUMMARY 

An evaluat ion of three  NAA techniques f o r  nercury ana lys i s  i n  coa l  has 
been presented with special emphasis given to the  use of a 16 mm L o w  Energy 
Photon Ge(Li) Detector  f o r  rapid instrumental NAA. 

Preliminary results show the  p o s s i b i l i t y  t h a t  many other  elements with 
nucl ides  having l o w  energy x-rays can e a s i l y  be analyzed i n  c o a l  using the 
LEPD gamma detec tor .  

I 

, 

r 

- 1/ D. M. Walker, M. E .  McLain, and G. W. Leddicotte, "Semiconductor Detector 
Optimization f o r  Trace Mercury Analysis i n  Environmental Samples", Georgia 
I n s t i t u t e  of Technology, Atlanta, Georgia i 
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GAS ANALYSIS W I T H  CARBON MOLECULAR SIEVE 

Daniel M. O t t ens t e in  and Walter R. Supina and P a t r i c k  W. Byrnes 

Supelco, Inc.  F i she r  S c i e n t i f i c  Co. 
Supelco Park 711 Forbes Avenue 

P i t t sbu rgh ,  Pa. 15219 Bel lef  onte,  Pennsylvania 16823 

INTRODUCTION 

Carbosieve B is a unique adsorbent f o r  gas s o l i d  chromatography which can be 
used f o r  t h e  separat ion of: 

(1) Permanent gases 
(2) Su l fu r  and n i t rogen  oxides 
(3) Light hydrocarbons C t o  C 
(4) Certain lower molecular wefght compounds such as formaldehyde, 

methanol and water 
(5) Water from most organics 

Because of i ts  ine r tnes s  i t  can be used f o r  the determination i n  t h e  p a r t s  p e r  m i l -  
lion and p a r t s  pe r  b i l l i o n  concentrat ion l e v e l .  Due t o  its unique s t r u c t u r e ,  i t  w i l l  
e l u t e  compounds in an order  d i f f e r e n t  from t h a t  obtained with o t h e r  adsorbents  o r  
packings. 

Carbosieve e i s  manufactured by SUPELCO, I N C .  Kaiser' described 

Z la tk i s  e t  a l .  have a l s o  descr ibed i t s  chromatographic p rope r t i e s  for 
i t s  use f o r  t he  determination of trace q u a n t i t i e s  of water and as a gene ra l  purpose 
GSC packing'. 
l ight  gas ana lys i s3 .  

Carbosieve B is a highly pure carbon with a su r face  area of approximately 1000m2/g 
and pore r ad ius  i n  the range of 10-12 Angstroms, making i t  e s s e n t i a l l y  a carbon 
molecular sieve. Its high p u r i t y  e l imina te s  t h e  adsorpt ion problems t h a t  are nor- 
mally encountered with conventional carbon and o t h e r  adsorbents;  t h i s  is an impor- 
t a n t  f ea tu re .  
i n s t ances ,  are considerably d i f f e r e n t  from t h a t  obtained with o t h d  adsorbents .  

Its unique su r face  and s t r u c t u r e  cause sepa ra t ions  which, i n  many 

This adsorbent is  highly nonpolar;  .Rohrschneider Constants show t h i s  very w e l l  
and are as follows: 

Benzene Ethanol MEK Nitromethane Pyridine 
(XI (Y 1 ( 2) (U) (SI 

-1.03 -0.84 -0.62 -1.93 -1.51 

A l l  values are negat ive i n d i c a t i n g  t h a t  Carbosieve B is even more nonpolar than 
squalane. 
compounds, even before  methane. 

Because of its nonpolar cha rac t e r ,  water is e l u t e d  be fo re  a l l  organic  

APPLICATIONS 

PERMANENT GAS SEPARATIONS 

Permanent gases such as H2, 02, N2,  CO, CH and C02 can be sepa ra t ed  with 4 To do t h i s  i t  is necessary t o  temperature program the  column from 
are no t  e a s i l y  separated so t h a t  a 9 f t .  x 

Carbosieve B. 
room temperature t o  175OC. 
118" s t a i n l e s s  steel column is neede3, packed with 120/140 mesh Carbosieve B. 
column is h e l d  isothermally f o r  fou r  minutes, then programmed a t  the ra te  of 3O0C/min. 

O2 and N 
The 
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t o  115°C. 
Under these condi t ions,  oxygen and argon a r e  not  separa ted  from each o t t e r .  
3 shows a chromatogram of CO, m4 and C02 i n  a i r .  

SEPARATION OF HYDROCARBONS 

The components are e l u t e d  i n  t h e  order  o f  H 2, 02, N2, CO, CH and C02. 
Figure 

Carbosieve B can b e  used t o  s e p a r a t e  hydrocarbons i n  t h e  C - C range. TO do 
t h i s ,  the  column m u s t  b e  opera ted  above ambient temperature. 'de C54and higher  
molecular weight hydrocarbons are n o t  e l u t e d  from t h e  columns. They appear t o  be  
permanently adsorbed by the Carbosieve B. Conceivably they could be  e lu ted  i f  t h e  
column temperature were r a i s e d  s u f f i c i e n t l y ,  bu t  t h i s  would r e s u l t  i n  pyro lys i s  of 
t h e  sample. range, the compounds are e l u t e d  by the degree of unsat- 
u r a t i o n ,  w i t h  s a t u r a t e d  compounds e l u t e d  las t .  This i s  i n  c o n t r a s t  t o  conventional 
po lar  columns where t h e  order  would be  ( a )  p a r a f f i n i c  (b) o l e f i n i c  (c)  ace ty len ic .  
The polar  columns would b e  u s e f u l  f o r  t r a c e s  of p a r a f f i n s  i n  o l e f i n s  o r  o l e f i n s  i n  
a c e t y l e n i c  compounds, b u t  f o r  t r a c e s  of ace ty lene  i n  o l e f i n s ,  o r  o l e f i n s  i n  p a r a f f i n s ,  
Carbosieve B is unique. 

In t h e  C1 - C 3 

C Hydrocarbons 2 

The C2's are s e p a r a t e d  i n  the order  acetylene,  e thylene and ethane. These com- 
ponents alolig w i t h  methane are shown separa ted  i n  Figure 4 a t  150'C w i t h  a 3 f t .  x 
2mm g l a s s  column. 

C3 Hydrocarbons 

order  of methylacetylene, allene, propylene, and propane. Cyclopropane and a l l e n e  
are n o t  separated from each  o t h e r  and are e l u t e d  together .  
C 3 ' s  along with methane and t h e  C 2 ' s  i s  shown in Figure 5 wi th  a 3 f t .  column a t  ZOO'C. 

The C ' s  are a l s o  s e p a r a t e d  by t h e  degree of s a t u r a t i o n .  They are e lu ted  i n  the 3 

The separa t ion  of the  

C Hydrocarbons 4 

I n  prel iminary work w i t h  t h e  C 's, i t  has  been p o s s i b l e  t o  e l u t e  is0 and n-butane, 
b u t  n o t  the unsaturated C ' s .  4 are n o t  resolved w i t h  a 3 f t .  x 2mm column at 215'C. 
i n  Figure 6 at  215°C. 

The $so and n-butane peaks are r e l a t i v e l y  broad and 
Separat ion of C1 - C4 is shown 

Acetylene i n  Ethylene 

Z l a t k i s 3  has  shown that t r a c e s  of ace ty lene  can b e  determined i n  ethylene. 
p r i n c i p a l  advantage of Carbosieve B f o r  t h i s  ana lys i s  is that acetylene i s  e lu ted  
before  ethylene. This allows a l a r g e  sample t o  be  used without  swamping the  acety- 
l e n e  peak, as is t h e  case where ethylene is e lu ted  f i r s t .  

The 

The separa t ion  shown i n  Figure 2 w a s  c a r r i e d  out  w i t h  a 3 f t .  x 2mm column, 
Carbosieve B ,  45/60 mesh at 1 4 O " C ,  flow 4Omllmin. N and a flame ioniza t ion  d e t e c t o r  
w a s  used here. Sample size 1 . 5 m 1 ,  s e n s i t i v i t y  2 x 18-" A.F.S., lmv recorder .  

SEPARATION OF PERMANENT GASES AND METHANE, ETHYLENE AND ACETYLENE 

I f  it i s  n o t  necessary  t o  s e p a r a t e  O2 and N but  only air ,  CO, CH , C02, acety- 

methane, e thane,  ethy- 

2 lene, ethylene and e thane ,  the separa t ion  can b e  c a r r i e d  o u t  w i t h  a 4 'ft. x 1/8" 
column with Carbosieve B ,  60180 mesh programmed from 30 t o  l l O ° C  as shown i n  Figure 
7. If O2 and N2 are a l s o  t o  b e  separated along with 

C ' s  e lu ted  i n  order  of ace ty lene ,  e thylene  and ethane. 2 

lene and ace ty lene ,  the  9 f t .  x 1/8" column used i n  can be  used with the 
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SEPARATION OF WATER, FORMALDEHYDE AND METHANOL 

Kaiser2 f i r s t  reported t h i s  d i f f i c u l t  separa t ion ;  i t  can be  r e a d i l y  made with 
Carbosieve B as shown i n  Figure 1. 
t i o n  containing 36-38% formaldehyde, 10% methanol and t h e  remainder water .  
condi t ions used are as follows: Column, 4 f t .  x 3mm I.D. g l a s s  packed with 60/80 
mesh Carbosieve B ;  Column Temp., 20OoC; Flow rate, 7fml/min. H e l i u m :  Sample s i z e ,  
0.5 m i c r o l i t e r s .  

The separa t ion  w a s  made of a formaldehyde solu- 
The 

A thermal  conduct ivi ty  de tec tor  i s  used h e r e  because i t  responds t o  a l l  t h r e e  

Note t h a t  t h e  order  of e l u t i o n  f o r  t h e  three components 
components. A flame d e t e c t o r  i s  less s u i t a b l e  since water  i s  n o t  seen a t  a l l  and 
formaldehyde only poorly. 
d i f f e r s  from t h a t  obtained wi th  porous polymers. 

TRACE ANALYSIS 

Trace Gases 

Kaiser2 has shown that trace a n a l y s i s  i s  poss ib le  wi th  Carbosieve B ,  and t h a t  
i t  is p o s s i b l e  t o  d e t e c t  p a r t s  p e r  b i l l i o n  of hydrocarbons using revers ion  gas chro- 
matography. This technique c o n s i s t s  of p u l l i n g  a l a r g e ,  known volume of the sample 
through t h e  column, a l lowing t h e  impur i t ies  t o  c o l l e c t .  Then carrier gas  i s  turned 
on and the column is  heated,  by a moving oven, which causes t h e  sample t o  move through 
t h e  column. This technique allows f o r  the sample t o  b e  highly concentrated in  the  
column. 

Since Carbosieve B does n o t  b leed ,  it can b e  used with u l t r a  high s e n s i t i v i t y  
d e t e c t o r s  such as helium i o n i z a t i o n .  

TRACE WATER ANALYSIS 

Kaiser' has  shown t h a t  trace q u a n t i t i e s  of water can be  determined using a 
Carbosieve B column. Because of the  l o w  a f f i n i t y  f o r  w a t e r  of i ts  carbon sur face ,  
water i s  quickly e l u t e d  from a Carbosieve B column without  t a i l i n g  even before  
methane. 
from being adsorbed on the  w a l l  of t h e  column tube. 
is less adsorp t ive  than g l a s s  o r  s t a i n l e s s  steel tubing 

To car ry  out trace water  a n a l y s i s ,  care  must be  taken t o  prevent  water  
Kaiser has  shown t h a t  quartz  

SULFUR GASES 

S u l f u r  dioxide is r e a d i l y  e l u t e d  f r  m Carbosieve B columns wi thout  ind ica t ion  9 of t a i l i n g  as shown in Figure 8. 
t o  30 ppm. Be low t h a t  l e v e l  t h e  SO2 i s  l o s t  on the  column.2 Consequently, Carbosieve 
B can b e  recommended only f o r  h igher  concentrat ions of SO2. 
badly a t  r e l a t i v e l y  high concentrat ion so Carbosieve B cannot b e  recommended f o r  
H S a n a l y s i s  a t  this t i m e .  

Kaiser has  found t h a t  SO can be  determined dawn 

Hydrogen s u l f i d e  tails 

2 
OXIDES OF NITROGEN 

Both n i t r o u s  oxide (N 0) and n i t r i c  oxide (NO) can b e  separa ted  from each o ther  
as w e l l  as other  gases w i t 2  Carbosieve B. No information of n i t r o g e n  dioxide (NO2) 
i s  a v a i l a b l e  as y e t .  

Nitrous oxide is r e a d i l y  separa ted  from other  compounds and is e l u t e d  a f t e r  
CO and b e f o r e  acetylene.  
Thfs s e p a r a t i o n  w a s  c a r r i e d  out a t  100°C wi$h a 3 f t .  x 118'' s t a i n l e s s  steel  column 
wi th  60180 mesh Carbosieve B. 

Figure 9 shows N 0 separa ted  from air ,  methane and C02 .  
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Ni t r i c  oxide is e l u t e d  from Carbosieve more rap id ly  than N 0. A t  room tempera- 2 t u r e  i t  i s  quickly e l u t e d  a f t e r  N 
a 6 f t .  x 1/8" s t a i n l e s s  steel  co?hmn with 60180 mesh Carbosieve B. 

and before  CO. This i s  shown i n  Figure 10 with 

Spec ia l  precaut ions m u s t  be observed when NO i s  t o  be separated.  The column 
must b e  conditioned wi th  hydrogen t o  prevent  the  NO peak from t a i l i n g .  This can be 
done with e i t h e r  pure hydrogen o r  a mixed gas such as n i t rogen  o r  helium and hydro- 
gen. 
f o r  condi t ioning.  
e s s e n t i a l l y  the  same r e s u l t s .  
wi th t r a c e  q u a n t i t i e s .  

We have t r i e d  a 94% N2-6% H2 mixture and found t h i s  comparable t o  pure hydrogen 

It should b e  noted t h a t  none of the work with NO d e a l t  
Conditioning f o r  one hour a t  200, 300 and 400°C seemed t o  g ive  

I f  t h e  column is  t o  b e  operated a t  room temperature f o r  NO and then temperature 
programmed t o  h igher  temperatures ,  t h e  c a r r i e r  gas should conta in  hydrogen. 
column is  heated wi thout  hydrogen i n  the  carrier gas ,  then t h e  NO peak w i l l  tai l .  
This w a s  found with hel ium as t h e  carrier gas. 
r i o r a t e d  f o r  NO when t h e  column w a s  repeatedly temperature programmed t o  200°C t o  
e l u t e  o ther  components. 
explora tory ,  and at t h i s  p o i n t  w e  a r e  n o t  c e r t a i n  t h a t  i t  can b e  reproduced. 

I f  the 

We found t h e  column gradually dete- 

Our work wi th  NO and t h e  hydrogen deac t iva t ion  has been 

Both NO and N20 can be  separa ted  from 02, N2,  CO, CO and methane with a 6 f t .  
2 x 118" column. The column is  operated a t  room temperature t i l l  CO i s  e lu ted ,  then 

t h e  column is programmed quickly t o  150°C t o  e l u t e  methane, C02 and N20. When t h e  
column is  programmed, the c a r r i e r  gas must b e  dry. 

MISCELLANEOUS RETENTION DATA 

Data prepared by Kaiser  i n  Table 1 compares Carbosieve B ,  Porapak Q and Molec- 
u l a r  Sieve SA. Note t h a t  the  values  a r e  r e t e n t i o n  volumes, no t  r e t e n t i o n  t i m e s .  
Water is shown t o  e l u t e  b e f o r e  methane and CO on t h e  Carbosieve B bu t  i t  i s  evident  
t h a t  i t  takes  q u i t e  some t i m e  f o r  butane t o  b e  e l u t e d ,  even a t  250°C. 2 

The d a t a  i n  Table 2 were obtained i n  our labora tory  using a 3 f t .  x 118" O.D. 
s t a i n l e s s  s t e e l  column packed with 60180 Carbosieve B and operated a t  40mlfmin. and 
are absolu te  r e t e n t i o n  times. 

HANDLING OF CARBOSIEVE B 

Carbosieve B is suppl ied  i n  f i f t e e n  cc evacuated, sea led  v i a l s .  when the  v ia l  
i s  opened, unused material should b e  t r a n s f e r r e d  t o  a g l a s s  b o t t l e  and t i g h t l y  closed. 
To avoid contamination, Carbosieve B should n o t  be  exposed t o  t h e  atmosphere f o r  pro- 
longed per iods of t i m e .  Because of i t s  high sur face  area, it tends t o  readi ly  pick 
up contaminants from t h e  air; these  can be  removed b u t  i t  requi res  extensive condi- 
t i o n i n g  of t h e  column. To avoid oxidat ion and damage t o  i t s  sur face ,  do not  heat  
Carbosieve t o  over 2OO0C i n  air; do not  h e a t  columns above t h i s  temperature i f  the  
carrier gas i s  n o t  f r e e  of oxygen. Columns t h a t  are t o  be temperature programmed 
should be conditioned f o r  a number of hours a t  o r  s l i g h t l y  above the  h ighes t  tem-  
pera ture  an t ic ipa ted .  

f 

Carbosieve B should b e  used wi th  a carrier gas that  is f r e e  of oxygen t o  avoid 
oxidat ion of i ts  sur face .  
Oxygen can b e  removed c a t a l y t i c a l l y  by means of s p e c i a l l y  designed t r a p s  which are 
i n s t a l l e d  i n  the carrier gas l ine.  

I f  ox ida t ion  should occur, the  peak w i l l  show t a i l i n g .  

I f  temperature programming is used, i t  i s  imperative t h a t  the c a r r i e r  gas a l s o  
b e  dry. Use of a device such as a molecular s ieve  t r a p  t o  remove water is recom- 
mended. I f  t h e  carrier gas  i s  n o t  dry ,  an i r r e g u l a r  base  l i n e  w i l l  b e  obtained when 
t h e  column i s  programmed wi th  a broad peak f o r  water seen i n  the v i c i n i t y  of the  co2 
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peak. This i s  a problem with a thermal conduct iv i ty  d e t e c t o r ,  bu t  not  a flame which 
does n o t  respond t o  water. 

A drying '  c a r t r i d g e  should be  used t o  remove water from t h e  carrier gas. One must 
assume t h a t  a l l  carrier gases have some moisture  i n  them. 
t o  i n s t a l l  a s m a l l  drying t r a p  a f t e r  t h e  flow c o n t r o l l e r  i n  the instrument .  
seen i n  several ins tances  where i t  is t h e  flow c o n t r o l l e r  bleeding moisture  t h a t  causes 
the base  l ine problem even though the carrier gas w a s  being dr ied .  One can also h e a t  
the  carrier gas tubing from t h e  cy l inder  t o  t h e  chromatograph t o  remove moisture  from 
the  w a l l s  of t h e  tubing, bu t  t h i s  i s  unnecessary i f  the  t r a p  i s  placed a f t e r  the  con- 
t r o l l e r .  
Once t h i s  is done, h e a t  t h e  column to t h e  maximum temperature which you expect t o  reach 
and hold t h e  column a t  t h a t  temperature f o r  s e v e r a l  hours t o  condi t ion it. 

We a l s o  f i n d  i t  necessary 
We have 

A s h o r t  sec t ion  of tubing f i l l e d  with Molecular Sieve 5 A  is adequate f o r  t h i s .  

The problem of moisture i n  t h e  c a r r i e r  gas  is i l l u s t r a t e d  in  Figure 11 which 
The s i z e  and pos i t ion  of the water peak w i l l  shows t h e  peak f o r  water a f t e r  C02.  

depend on t h e  amount of water present .  
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TABLE 1 

Molecular Sieve 
Carbosieve B Porapak Q 5A 

O2 

N2 

c02 

CH4 

c2H2 

c0 

‘ZH4 

‘ZH6 

C3H8 
‘qH1O 

‘gH12 
CHOH 
CH30H 

C2H50H 

H2° 

150°C 

1.22 

1.22 

1.75 
9.09 

4.71 

21.6 

40.5 

64.1 
- 
- 
- 

27.1 
65.7 

- 
4.59 

250°C 

- 
- 
- 

1.80 

1.03 

4.08 

6.59 

9.42 

54.9 

126 .O 
- 

3.96 
8.35 

38.3 

0.51 

l5ooc - 

0.28 

0.28 

0.28 
0.78 

0.40 

1.11 

1.04 

1.23 

3.09 

7.83 

16.72 

3.78 
5.59 

12.35 

2.61 

S p e c i f i c  Retention Volume Vg a t  150°C 
Methane 3 . 0 m l f p  
Ethane 47.4ml/gm 
Propane 506. l m l  f gm 

15OoC 

0.32 

0.56 

1.34 

1.01 

43.0 

- 
63.9 

7.36 
- 
- 
- 
- 
- 
- 
- 

I n  the t a b l e  above (prepared by Kaiser) r e t e n t i o n  volumes f o r  a number of compounds 
are compared .for s e v e r a l  types of columns. In  a l l  cases  column length w a s  one meter. 
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TABLE 2 

RETENTION TIMES (ABSOLUTE) 

HZ 

O2 

N2 

m4 

c02 
N2° 

H2S 

s02 

Argon 

NO 
CO 

Acetylene 

E thy l ene  
Ethane 

Methyl Acetylene 
Cyclopropane 
Allene 
Propylene 
Propane 
Water 
Formaldehyde 
Methanol 

Column Temperature 

T ime  i n  Minutes 
l0O0C 15OoC 2000c 

0.23 

0.23 
0.23 

0.23 

0.23 
0.23 
0.5 

0.92 

1.45 

2.4 
4.7 

5.4 
9.8 
- 
- 
- 
- 
- 
- 
- 
- 
- 

0 .2  

0 . 2  
0 .2  

0 . 2  

0 .2  
0 . 2  
0 .3  

0.4 

0.6 

0.85 
0.450 

1.6 
2.6 
5.0 
- 

12.8 
15.7 - 

- 
0.15 
0.35 
1.0 

0.15 

0.15 
0.15 

0.15 

0.15 
0.15 
0.15 

0.27 

0.3 
0.4 
0.3 

0.7 
1.0 
1.6 

3.7 
4.2 
4.5 
6 .O 
8.6 
0.15 
0.2 
0.45 

Column: 3 f t .  x 118'' S.S., 60180 mesh Carbosieve B Flow: 40mlfmin. 
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YlNUlES 

FIGURE 7 - Water-FormaldehydeMethenol Separation 
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FIGURE 3 - Separation of O1 N2 CO. CH4 and C02 

FIGURE 2 - Trace Acetylene in Ethylene 
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FIGURE 4 - Separation of Methane and Cz's 
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FIGURE 5 - Separation of C,'s, C2f and C3's FIGURE 6 - Separation of n-Paraffins - C, - C4 
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FIGURE 7 - Separation of Air, CO, CH4 COz C p z  Cp, and 

'p6 
FIGURE 8 - Separation of Air and soz 
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1 

0 I 2 MINUTES 

FIGURE 9 - Separation of Air. CH4 C02 and N20. 
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i 
0 1 2 3 MINUTES 

FIGURE 10- Separation of Nr NO and CO 

. .. 

I , 1 1 

I 2 3  4 5 6 7 YINUTES 

FIGURE 11 - Separation of Or Nz CO, CH, COz and H20. 
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THE ISOLATION ANI) D E T E R l l l N A T l O N  OF AROMATICS 
IN GASOLINE BY GAS CHROMATOGRAPHY 

L I Stamnoha and F M NeWriidn 

U.S. Ariny Fuels and Luhric:irits Research Lihoratory 
Southwest Keseardi Institute 
San Antoni<). Texas 78284 

INTRODUCTION 

Evaluaiioii and coiitiol of  the aromatic Iiydrocarhiin iontwr of niii!(ir g:isolines used in cnginc deposition a n d  i,xh3itCt 
emissiori tests hwe necessi1:ttcd thr developnicnl r)fqiianriraiive methods of analysis for the deterniiti:iii<)n ~11'aroni;1t ICS. (;:I> 

liquid chromatographic analyses invulving selective separation of saturates :iqd olefins from aioniatics t h r o u g h  the use 0 1  
polar liquid phases offer advaiiiages in specificity when compared to other approaches. such :is open tubul:ii coliitiiri ( ; I . ( '  
techniques('), due tu the large variety of hydrocarbons prasent in broad boiling-point range fuels. Hctwcvt.r. lhc  existing 
standard method using selective separation has ;in upper temperature limit of 300"F(*', which excl~itles the :iiialyCis 01' i th i t< i r  

gasolines. This upper temperature has been extended by the method described in ihis paper. This method cunihiiics s e l e c i i w  
isolation with a highly repeatable wmplirig technique and a quantitative analytical separation method. Henmic. tol i ic i ic. 
ethylbenzene, m+p-xylene, o-xylene, isopropylhenzene, and C9+ aromatics containing components with boiling pciirits a\ liigli 
as 486°F are quantitatively determined. An extended method provides for the analysis o f  fuels having boiling points as Iiigh 
as 550°F. 

EXPERIMENTAL 

Apparatus. A high-pressure, high-temperature liquid sampling valve, obtained from Valco, Inc., Houston. Texas. W:IS 

interfaced to an oven constructed in this laboratory. The oven was equipped with columns and switching valves :IS illustrated 
schematically in Figure 1.  Isothermal heat control was obtained using a fan, heating coils,.and a powerstat. This oven was 
interfaced to a Hewlett-Packard Model 7621 gas chromatograph equipped with a dual hydrogen-flame ionimtion detector 
(HFID), multilevel-oven temperature programmer, electrometer, and a I-mV. 1/2-sec recorder. The electrometer output. 
coupled to a Vidar Autolab Model 6230 digital integrator equipped with an ASR-33 Teletype, provided retention tiiiics and 
peak areas as hard copy printout and punched paper tape records. Experiments to establish the separating characteristics of 
CEF columns were conducted in the Hewlett-Packard Model 7621 gas chromatograph. The detector inlet was modilied to use 
flow restrictors made of S i n .  lengths of 0.010-in.-I.D. stainless steel tubing crimped to effect increased back pressure. 

Reagents. Hydrocarbons used in calibration standards for composition and retention time determinations were 99t 
mole percent pure and were obtained from the following sources: 

0 benzene, toluene, 3,5di-isopropylbenzene-J. T. Baker Chemical Co., Phillipsburg, New York. 

ethylbenzene-Phillips Petroleum Company, Bartlesville, Oklahoma. 

o-xylene-Matheson Coleman & BeU, Nonvood, Ohio. 

. n-propylbenzene, 1,2,4-trimethyIbenzene, n-pentylbenzene-Eastman Kodak Company, Rochester, New York. 

The N,N-bis(2-cyanoethyl) formamide (CEF) used as the liquid phase in the separating column (C, in Figure 1) was obtained 
from Applied Science Laboratories, Inc., State College, Pennsylvania. The Dexsil 300 liquid phase used in the analytical 
column (C, in Figure 1) was obtained from Analabs, Inc., North Haven, Connecticut. The SE-30 liquid phase used in the 
restrictor column (C, in Figure 1) was obtained from Varian Aerograph, Walnut Creek, California, and the Chromosorb solid 
supports were also obtained from Varian Aerograph. 

Column Preparation. All column packings were prepared by mixing dissolved liquid phase. using the solvents recom. 
mended by the manufacturer, with the column solid support on a weight-percent basis, and removing the solvent in a'vilcuuni 
rotary evaporator at I15"F. After the columns were packed, they were conditioned at the maximum operating temperatures 
and carrier gas flows for 24 hr, except for the high-load CEF columns which were conditioned for a minimum of 3 days. 

Chromatographic Procedure. The chromatographic system, schematically illustrated in Figure I, was designed 10 
analyze both the aromatic and the saturatealefin fractions of gasoline. The chromatographic operating conditions cnmmon 



to  both of these analyses are given in Table 1. For the aromatic fraction analysis, Valves V, and V3 are initially in position A 
as in Figure 1 ; at 5 min, V2 is turned 90 deg CW t o  position B; at 7 min, V3 is turned 90 deg CW to position B. For the 
saturate-olefin fraction analysis, V, and V3 are initially in positions A and B, respectively; at 4.5 min, V, is turned to  
position B; at 6.5 min, V3 is turned t o  position A. 

At the end of each test, the valves were returned to their initial positions for the next test and carrier gas flow allowed 
to stabilize for a minimum of 3 min. 

Quantitation of Aromatics. Because of the many aromatic hydrocarbons present in gasolines, a direct or absolute 
calibration technique (as opposed to internal standardization) was employed using the calibration standard described in 
Table 11. 

. Sampling Rocedure. All gasoline samples were stored at 0°F in sealed metal containers or room temperature in 75-1111, 
nitrogen-pressurized stainless steel cylinders, doubleended with stainless steel valves. The cylinders were used to  pressure 
introduce the sample into the GLC system via a 1-p1 heated liquid sampling valve. The sample was passed through a 7-pin. 
stainless steel filter before entering the liquid sampling valve, and other hydrocarbon samples were also introduced into the 
GLC system through the use of the liquid sampling valve, unless otherwise indicated. The cylinders were filled with 50 to  
55  ml of test fluid after evacuation of  the cylinder. Approximately 5 ml of the sample was used to purge the liquid sampling 
system during filling. The liquid sampling valve was held at 1 7SoC, and the nitrogen driving pressure was 450 psig. 

RESULTS AND DISCUSSION 

Establishing the Separating Characteristics of NAN-bis(Zcyanocthyl) famamide. The effects of N,N-bis(2-cyanoethyl) 
formamide (CEF) liquid phase loading and column length have been investigated at a column oven temperature of 120°C 
which is 5°C lower than the manufacturer's recommended maximum operating temperature. An n-heptane mixture contain- 
ing 3% v tetradecane and 10% v benzene was injected by syringe into various columns both with and without a flow restrictor 
between the column and detector. The tetradecane could not be completely resolved from the benzene using 15, 25 ,  and 
35% wt CEF in columns varying in length up to 5 ft. Separation was effected using 35% wt CEF in columns at least 3 ft long 
when flow. restrictors were employed between the column and detector. The data presented graphically in Figure 2 
demonstrate the increased separating ability at a measured pressure of 37 p i g  between the restrictor and the column which 
was supplied carrier gas through a flow controller at a pressure of 70 psig. Also demonstrated in Figure 2 is the effect of CEF 
Ibading. At a loading of 15% wt CEF, benzene elutes before tetradecane; at a loading of 25% CEF, no separation is effected; 
and at 35% CEF, the desired separation was obtained with tetradecane being eluted before benzene. Under the latter 
condition, pentadecane was eluted before benzene but was not fully resolved. A 3-ft column containing 35% wt CEF was 
chosen for the GLC system in Figure 1 to  allow ample time to effect column switching and assure quantitative isolation of 
benzene and higher boilingpoint aromatics from tetradecane and lower boilingpoint hydrocarbons. Most of the gasolines 
which were analyzed contained less than 0.25% v material having boiling points above that of tetradecane. 

' , 

Establishing Operating Procedure. Because of CEF's upper temperature limit of 125°C and the need to hold the CEF 
column's temperature constant during separation of the aromatics, versatility in the analysis of the aromatics was not 
provided with the Use of CEF alone. Through the use of appropriate valving, the CEF column can be used to isolate the 
aromatic fraction on another column which can then be temperature programmed to provide the desired separation of the 
aromatics present. The simplest system would involve the valving described in Figure 3 ,  with the valve switching time 
determined and an appropriate temperature program chosen for the analytical column to effect the desired aromatics 
separation. A somewhat more complicated system, described schematically in Figure 1, was chosen for use in t h i s  laboratory. 
In this system, a packed column having SE-30 liquid phase was placed in the same oven as the CEF column to provide the 
required back pressure in the CEF column to obtain the desired separating efficiency. A needle valve or small bore tube could 
be used to provide the back pressure if no subsequent analysis of the effluent were made, The SE-30 column at 120'C 
provided long-term back pressure stability and a fair separation of hydrocarbons in the gasoline boiling-point range when the 
effluent was detected rather than vented. During the isolation process on the CEF column, it was important that the back 
pressure remained constant. The Dexsil300 column in Figure 1 was used to analyze the CEF column effluent. Dexsil300 has 
a lower bleed level than materials such as SE-30. 

This system allowed for the analysis of both the aromatic and the saturate-olefin fractions, depending upon the valve 
switching sequence chosen. Preliminary separations had to be made to  optimize the operating parameters involving both oven 
temperature programming and valve switching times. A calibration standard was specifically formulated to  provide the 
following: 

(1) Checks of the system's isolating efficiency by comparing the analytical ratios of benzene (10% v) to toluene 
( 1 0 % ~ )  with the ideal ratio (1:l) and by determining the presence or absence of tetradecane, which should be 
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absent; the Same criteria were used t o  establish the time at which the backflush valve, V2 in Figure 1, and the 
column switching valve, V3, were turned. The column switching valve was turned 1 to 2 min after the turning of 
the backflush valve. 

(2) A calibration of the system in terms of aromatic concentration vs digital integrator area over a nominal concentra- 
tion range of 1 to  10% v through the use of response factors. 

A calibration of the system in terms of boiling-point temperature vs retention time. (3) 

By varying the time before backflushing the CEF column, it was possible to  separate higher boilingpoint saturates from 
the aromatics, as the data in Figure 4 illustrate. Figure 4a shows the relative recovery with no valve switching. All of the 
saturate and aromatic components of the sample were recovered, and, except in Figure 4a, the effluent from the CEF column 
was switched to the Dexsil300 column 2 min after the backflush time. As the backflush time was varied from 5 to a 
maximum of 9 min, increasing amounts of saturates as well as aromatics were vented, and, as a result, they were not a part of 
the analyzed effluent from the CEF column. In order to raise the applicable boiling point (548°F a t  a backflush time of 
9 min), analysis of the lower boiling-point aromatics had to be sacrificed. This higher boiling-point procedure had to be used 
in addition to the standard procedure in order to analyze fuels for the lower boiling aromatics as well as for aromatics boiling 
above 486°F. 

In order to  analyze the saturate-olefi fraction of the fuel, the aromatics were vented through the SE-30 column and 
the saturate-olefin fraction passed into the Dexsil300 column. The valve switching schedule for this analysis was not the  same 
as that for the aromatics' analysis. The Dexsil300 column at O'C did not create as much back pressure on the CEF column as 
did the SE-30 column at 120°C. The result of the lower back pressure was twofold and predictable from Figure 2. The lower 
back pressure resulted in shorter retention time and lower isolation efficiency, but the effects were slight. 

A I-pl liquid sampling valve was used to eliminate sample injection errors due to the wide volatility ranges of gasolines. 
Neither peak areas from calibration standards nor premium or regular grade gasolines varied outside of the repeatability 
established for triplicate analyses, when the valve temperature or nitrogen pressure on the sample cylinder was vaned over the 
ranges of 160" to 190°C and 400 to 500 psig, respectively. Without having been disassembled, the valve was operated at 
175°C and 450 psig nitrogen in the analysis of several hundred samples over the past year. 

Analyses of Full-Range Motor Gasolines. Analytical results for two motor gasolines, one a premium grade and the other 
a regular grade, were chosen to demonstrate the type of results routinely obtainable through the use of this GU: system. 
Figure 5 contains reproductions of chromatograms obtained from these two gasolines and the calibration standard described 
in Table 11. A chromatogram was obtained for both the aromatic fraction and the saturate-olefin fraction of each of the three 
samples. ?e calibration standard provided a linear volumetric relationship based on integrated peak area and a linear 
boiling-point relationship based on peak retention time for.the aromatics. The aromatic volumetric data in Tables 111 and IV 
were computed on the basis of the summed weighted areas for the aromatics contained in the calibration standard and were 
not rounded off so as to reflect precision for the triplicate analyses of each of the gasolines. Only the areas for benzene, 
toluene, and ethylbenzene were weighted by multiplying by the response factors, 0.904, 0.939, and 0.973, respectively. 
These response factors were experimentally determined during detector optimization which also included evaluation of 
o-xylene, n-propylbenzene, 1,2,4-trimethylbenzene, and n-pentylbenzene for linear concentration response. These response 
factors also compare favorably with values of 0.893, 0.935, and 0.971, respectively, which are the reciprocals of published 
response factors.(3) Response factors for other aromatics vary ?3 percent from unity, which is a deviation directly 
translatable as a relative error for many of the unresolved aromatics. The use of carrier gas, makeup carrier gas, hydrogen, and 
purge airflow rates for optimized detector response and sensitivity in this system revealed negligible deiriations from linearity 
for the aromatics investigated except for benzene and toluene. Relative deviations of approximately f 2  percent of the 
concentration in the range 3 to 15 percent by volume were found for both benzene and toluene. 

The repeatability for triplicate analyses was found to be particularly good as indicated by the data contained in 
Tables 111 and IV for the two gasolines. Similarly, good repeatability was obtained' for the calibration standard. For an 
externally calibrated system, reproducibility within these repeatability limits was therefore a function of the repeatability 
with which the calibration standards could be prepared and analyzed. 

The interpretation of variations ip aromatic concentrations between gasoline Samples or batches of reference fuels is 
directly dependent upon the accuracy with which they are determined. The approach used to establish relative errors was to 
evaluate the accuracy of analyses of blends prepared from pure hydrocarbons. By use of a single batch of the calibration 
standard described in  Table I1 as an absolute calibrant, an analysis was made of blends of benzene, toluene, ethylbenzene, 
o-xylene, 1,2,4-trimethylbenzene, n-propylbenzene, n-pentylbenzene, and 3,5-di-isopropyltoluene in n-heptane. The highest 
relative errors observed for benzene, toluene, and ethylbenzene at concentrations of 15, 10,5,2.5,1.25, and 0.625 percent 
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by volume were t4, t4 ,  +2, +4, +4, and t8 percent, respectively. Essentially, the same maximum values were observed for the 
other aromatics except that concentrations above 5% v were not evaluated. Since additional errors could exist in the analysis 
of a gasoline sample, as opposed to these blends, the relative errors observed were increased for the concentration ranges of 5 
to 20, 2 to  5, and 0.5 to  2 percent by  volume t o  ?4, ?6, and ?10 percent, respectively. These were the more liberal values 
used as guides in evaluating data obtained by the aromatics procedure in this laboratory. Obviously, much more accurate 
analyses were possible for the resolved aromatics through the use of multiple standards and repetitive analyses. For the 
purposes for which these data are presently used, accuracy achievable without the use of multiple standards and repetitive 
analyses has been adequate, since new batches of calibration standards are analyzed to  maintain reproducibility. In this way, 
fuels were analyzed with better month-to-month reproducibility than would be indicated from the relative error. 

The boiling points reported for the aromatics in Tables Ill and IV were obtained through a linear best fit of boiling 
point versus retention time data given in Figure 6 for the aromatic fraction analysis. Retention time repeatability for the 
peaks was found t o  vary no more than ?3 sec from the mean retention times over the entire range for triplicate analyses. 
Some of the C9 + aromatic peaks given in Tables Ill and 1V have boiling points near the 486°F upper temperature limit and 
are therefore not considered to  be definitely aromatic. 

Generally, the saturatealefn fractions of fuels were not analyzed in detail except for determining their boiling-point 
distributions, data which have been found useful in the evaluation of other analytical methods both in use and under 
development. The boilingpoint data in Figure 7 for the boilingpoint distribution of the saturate-olefin fractions of the two 
gasolines were obtained through a fourth order polynomial best fit of the boiling point vs retention time data in Figure 6. 
Areas for the individual peaks in the chromatograms shown in Figure 5 for the saturate-olefin fractions were divided by the 
total of the peak areas and normalized to obtain a distribution in terms of weight percent. 

While the ability of CEF to isolate the aromatics from the saturates plus olefins in gasolines has been demonstrated and 
taken advantage of in the analytical procedures discussed in this paper, these procedures do not provide for the specific 
determination of the aromatic hydrocarbons which have been identified simply as C9+. Methods for greatly improving 
resolution of the C9 t aromatics are being considered for future evaluation. 
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L TABLE I. CHROMATOGRAPHIC OPERATING CONDITlONS FOR 
THE ISOLATION AND DETERMINATION OF AROMATIC AND 

SATURATE-OLEFIN FRACTIONS OF MOTOR GASOLlNES 

lnrtrumcnt Hewlett.hckud Model 7621 GC 
Detector Hydrogen-Flame lomzation 
Liquid Sampling Valve 

Temperature 17s-c 

Volume 1 PI 
Reasun 450 pslg N1 

Detector Temperature 250°C 
CEF Column 35% wt N,N.bis(2cyanoethyi) formsmide 

on 60/80Chmmosorb P, AW.DMCS, 
3' X 0.19" I D X 0 25"O D aluminum 
S%wt SE.30 on 100/120 ChromosorbC, 
AW-DMCS.IS'XO09''lD X O 1 3 " - 0 D  
stainless steel (316) 
4% w( Demit 300 on 80/100 Chromosorb C, 
AW.DMCS,lS' X 0 09" I D X 0 13"-O.D 
stainless steel (316) 

SE-30 Column 

Dexsil3W Column 

CEF Column Oven Temperature 
Dexul300 Column Oven 

Carncr Gas Flow 
Auxdinry Carncr Gas Flow 
Hydrogen Flow 35 ml/nun 
Airflow 375 ml/min 
Recorder Attenuation 32 

mm at O'C, linear program of CC/min 
to 22S°C, 10 nun at 225%. recover to O'C 
25 ml hehumlmin 
60 ml heliumlnun 

TABLE 11. CALIBRATION STANDARD 

Component 
Identification 

Number. 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
I2 
13 
14 
IS 
16 
17 
18 
19 
20 
21 
22 

a 

Component 
Concentration, 

% v  

Lknrene 
Toluene 
Ethylbenzene 
mtp-Xylene 
o-Xylene 
Isopnpylbenzene 
n-Ropy!henrene 
I ,2,4-Trimethylbcnzcne 
n-Pentylbenrene 
nOutane 
n-Pentane 
n-Hexme 
n-Heptane 
n-Octane 
n-Nomnc 
n-Decane 
n-Undecane 
n-bdccane 
n-Tridecane 
ndetradecanc 
n-hntadeeane 
n-Hexadecane 

10.0 
10.0 
8.0 
0.0 
0.0 
0.0 
4.0 
2.0 
1 .O 
0.5 

20.2 
0.8 

28.2 
0.8 
0.8 
0.8 
0.8 
0.8 

0.8 

0.8 
0.8 

0.8 

*.%me component identification numbers used throughout thir paper. 
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TABLE 111. THE AROMATIC COMPOSITION OF A 
PREMIUM GRADE GASOLINE 

, 

Beorcoc 
Tducnc 
mrlaonoc 

*xyhnc 
wnmfb== 
G+ 
cp+ 
G+ 
G+ 
G+ 
G+ 
G+ 
G+ 
G+ 
G+ 
G+ 
G+ 
G+ 
G+ 
G+ 
G+ 

1255 
1451 
1593 
1617 
1651 
1682 
I725 
I 743 
I765 
1800 
1839 
1873 
1913 
1945 
1972 
1994 

2066 
2110 
2137 

2224 

2013 

2203 

176 
231 
277 
285 
2% 
306 
319 
325 
332 
342 
355 
366 
378 
388 
396 
403 
410 
426 
440 
448 
468 
475 

0.no 
16.990 . 
3.1 34 

3566 
0.133 
0.535 
2.626 
1517 
3.147 
0.616 
1384 
0.966 
0.093 
0.599 
0.109 
0302 
0.441 
O.Ol5 
0.014 
0.032 
O M 6  

1 i . m  

- 

0.765 
16.952 
3.129 

11.187 
3.553 
0.136 
0.531 
2.617 
1517 
3.144 
0.61 I 
I 3 8 1  
0.962 
0.091 
0.599 
0.107 
0.304 
0.446 
0.016 
O M 4  
0.037 
0.010 - 

Toial 48.190 48.119 

TABLE IV. THE AROMATIC COMPOSITION OF A . 
REGULAR GRADE GASOLINE 

0.759 
16.987 
3.122 

11.229 
3563 
0.136 
0528 

1516 
3.143 
0.612 
I .379 
0.957 
0.089 
0.595 
0.104 
0.300 
0.452 
0.012 
0.012 
0.033 
0m6 

48.154 

2.620 

- 

AmsgeRetcntion 
Tm. oec 

1257 
1447 
1595 
1617 
1652 . 
1684 
1728 
1746 
1768 
1802 
1842 
1875 
1916 
1947 
1974 
1996,  

2068 
21 10 
2139 
2156 
m5 
2225 

mis 

B.P.. 
OF 

176 
231 
277 
ULI 
295 
305 
319 
325 
332 
343 
355 
365 
379 
388 
397 
404 
409 
426 
440 
448 
454 
468 
475 

- 
V O I ~ C  cnnetatntion, % 

Rm I Run3 

0.419 
2.713 
1.965 
7.798 
2.880 
0.149 
0.657 
3365 
1.958 
4346 
0.911 

1.463 
0.143 
0.915 
0.198 
0.497 
0.724 
0.030 
O M 6  
0.015 
OR64 
0.012 

33327 

zm9 

- 

0.403 
2.651 
1.911 
7.726 
2846 
0.146 
0.619 
3.323 

. 1.934 
4.305 
0.907 
2.056 
I .440 
0. I38 
0.903 
0.180 
0.494 
0.714 
0.026 
OM4 
0.013 
0.061 
0.01 1 - 

32s3i 

.0.405 
2682 
1.933 
7.774 
2.875 
0.148 
0.634 
3.351 
1.953 
4.333 
0.908 
2.068 
1.451 
0.142 
0.909. 
0.185 
0.49% 
0.722 
0.028 
O.lYZ4 
0.014 
0m1 
0.01 1 

33.109 

- 
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OVEN 2 TEMPERATURE PROGRAMMED DEXSIL 300 COLUMN OVEN 
VI 
V2 
V3 
v4 .V5 .v6 SHUT-OFF VALVES 
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CI CEF COLUMN 
C2 S E - 3 0  COLUMN 
C3 OEXSIL 300 COLUMN 
N NITROGEN PRESSURE REGULATOR 
S HIGH PRESSURE CYLINDER CONTAINING SAMPLE 
ne HELIUM CARRIER GAS 
D FLAME IONIZATION DETECTOR 
I HEATED INTERFACE, SAME TEMPERATURE AS OVEN I 

HEATED SAMPLING VALVE IN FILL POSITION, TURN 90' CW TO INJECT POSITION 
BACKFLUSH VALVE IN POSITION A ,  TURN 90' CW TO POSITION B 
COLUMN SWITCHING VALVE IN POSITION A, TURN 90° CW TO POSITION B 

FIGURE 1. SCHEMATIC DIAGRAM OF GAS CHROMATOGRAPHIC SYSTEM FOR THE 
ISOLATION AND DETERMINATION OF AROMATICS IN GASOLINE 
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AW-DMCS 

3 

FIGURE 2. EFFECT OF COLUMN PARAMETERS ON THE 
SEPARATION OF TETRADECANE FROM BENZENE 



I CARRIER GAS (B) 

I - POSTION ONE, START OF TEST 
--- POWION TWO. BACKFLUSH INTO ANAcyTlCAL COL I 

FIGURE 3. SIMPLIFIED S Y s l w  FOR AROMATICS 
ANALYSIS USING TWOPOSITION VALVE 

FIGURE 4. EFFECT OF CEF COLUMN BACKFLUSH 
TIME ON ANALYTICAL RECOVERY 
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C#mATKN STANDARD 12 13 4 

(TABLE IT) 

17 19 21 
14 IS I6 18 20 

19 11 I r ) , i u  
i r  

PREMIUM GRADE 
.. /-l;k GASOLINE 

A 

- 2  5 REGULAR GR- 
GASOLINE 

3 

I .L 
H '  o;o 25 $3 js 40 

RETENTION TIME, MINUTES RETENTION TIME, MINUTES 

FIGURE s. REPRODUCTION OF CHROMATOGRAMS FOR A CALIBRATION STANDARD, 
A PREMIUM GRADE GASOLINE, AND A REGULAR GRADE GASOLINE 
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FIGURE 6. CALIBRATION CURVES FOR BOILING POINT VERSUS 
CHROMAToGRARflC PEAK -ON TIME 

Lr 

l- 

0 a. 

0 

z 

g =- 
J 
m 
0 

1 0 0 -  

- PREMIUM GRADE w a w E  

REGULAR GRADE soo- . GASOLINE 

300- 

0 I I 1 1 1 1 1 1 1 1  

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 # ) ( 1  

WEIGHT DISTRIBUTION. % 

FIGURE 7. BOILlNGpOINT DISTRIBUTION OF-THE SATURATE- 
OLEFIN FRACTIONS OF TWO CASOLINES 
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Analysis of Water Extracts of Hydrocarbon Mixtures 

S. Wasik and Robert L. Brown 

Institute for Materials Research 
National Bureau of Standards 
Washington, D. C. 20234 

INTRODUCTION 
=7 

Concern over the pollution of water systems by oil has generated a desire for 
improved methods of analyzing water for dissolved hydrocarbons (1). The complexity 
of crude oil and oil products makes the analysis of their water extracts difficult. 
It can be simplified by physically or cheaically separating the components of the 
extract into hydrocarbon groups such as saturated hydrocarbons, olefins, aromatics, 
and polar hydrocarbons. 
analysis of hydrocarbons in a gas which has passed through the extract. Elution 
times for the various hydrocarbons will depend on their partition coefficients; e.g., 
the slightly soluble aliphatic conpounds will be removed far more rapidly than the 
more soluble aromatic hydrocarbons. Group separations can thus be based on group 
elution times. 

In the present work, helium was used as the stripping gas and its hydrocarbon 
content was determined by gas chromatography. For group separation it is not essen- 
tial to achieve an equilibrium distribution of the hydrocarbons between the two 
phases, although this gives the highest sensitivity. 
approximated, however, the method yields a direct determination of the partition 
coefficients from the elution times. In practice, it is not difficult to approach 
equilibrium closely. 
peak area against the volume of helium passed through the extract will be linear, 
and the slopes of the plots will depend only on the volume of the extract and the 
partition coefficients of the solutes. 
and thus the slopes of the log plots can be drastically changed by the addition of 
complexing agents. This greatly facilitates group identification. The method is 
similar to the multiple phase-equilibrium scheme described by McAullife (2). 
differs, however, in that it is a continuous process and that it utilizes group 
complexing agents. 

One approach to this separation problem involves the 

If equilibrium can be 

Under such conditions, plots of the log of the chromatographic 

' Partition coefficients for members of a group, 

It I 
! EXPERIMENTAL 

\ Apparatus 
I 

The extract was contained in a vertically-mounted glass tube 50 crn long and 

This orifice 
1 cm in diameter. Bubbles of helium were injected into the bottom of this cell from ' a very small opening in the end of a 1/16-inch stainless steel tube. 

', was made by pinching of f  the end of the tube and reopening it slightly with a file. 
A pressure head of 80 psig across this hole produced a helium flow of 1 ml/min in 
the form of small bubbles averaging approximately 0.1 mm in diameter. 
the cell was connected to a gas sampling valve with 1/16-inch stainless steel tubing. 
The extract was introduced into the cell from a pipette, with the amount chosen to 

\ bring the liquid level almost to the top of the cell thereby minimizing the dead 
volume in the gas phase. A dye experiment showed that the rising bubbles kept the 

, liquid phase well stirred. 
was controlled to k 0.1'C. 

tubing packed with 60-80 mesh glass beads that had been coated with l.@ w/w of an 
aqueous solution of 6.0 M silver nitrate. 

The outlet of 

The cell was hersed in a water bath whose temperature 

The chromatographic column was a 1/4-inch by 12-foot length of stainless steel ' 

The column was used at room temperature. 
~ 

electronic integrater was used to measure peak areas. 

I '  
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Analysis of Data 

Assume that the concentration of a particular hydrocarbon in the helium 
leaving the cell is proportional to its concentration in the extract at that moment. 
One then has the relation C - Cs/K, where C is the hydrocarbon concentration in the 
heliuu, C is its concentration in the water extract, and 1/K is the proportionality 
factor. 
If v is the volune of helium which has been passed througb the extract, one can 
show that the ratio of C to its value, Coy at zero helim volume is given by the 
expression 

where Vs is the volume of the extract. 
V/V 
E& determined K, one can calculate C 
initial a m m t  of hydracarbon in the extfact can be determined from C 

are available (3), gave linear log plots and a value of K close to the equilibriuu 
value. 
partition coefficients even though more vork is necessary to learn how to discover 
and correct for non-equilibriuo effects. 

group. 
they have in aqueous solution. 
diminish to approximately 9 8  of their original concentration when V is equal to Vs. 
This very sharp decrease in peak area with heliun volume is the same for all 
saturated hydrocarbons and can be used to identify this group. 
a way of quickly eliminating the saturated hydrocarbons from the analysis thereby 
simplifying the identification of other types of hydrocarbons. 
carbons have a much larger value of K and can easily be identified by means of the 

ff there vere equilibrim, K would be equal to the partition coefficient. 

- loge(c/co) = K-l(VIVs), (1) 
A plot of log of this ratio or log C versw 

or V should be linear if K is constant, a d  the %ope vi11 give its vafue. 
provided C is known. In particular, the 

I and K. 
A series of experiments with benzene, for vhich extensive solugility data 

This technique should thus provide a convenient means for determining 

The log plotscanbeused to identify chromatographic peaks as to hydrocarbon 
For exanple, saturated hydrocarbons may be identified by the lov K values 

The concentration of saturated hydrocarbons will ' 

This also provides 

The polar hydro- 

log plots. 

reagents to the extract, thus changing the value of K in equation 1 (4). 
ions complex very strongly w i t h  olefins (IC - 10,000) but not with the aromatics. 
Addition of mercuric ions lowers the partial pressure of the olefins so much that 
their peak area is reduced practically to zero. 
as those peaks that disappear after the addition of mercuric ions to the extract. 
The same procedure may be used for the identification of aromatic compounds by the 
addition of silver ions to the extract. 
not as strong as the mercuric-olefin cclmplex the effect is sufficient for identifi- 
cation purposes. 

A water extract containing a normal paraffin (decane), an olefin (octene-1), 
and arcnuatic (ethylbenzene), and a polar compound (ethylacetate) vas used to illus- 
trate the identification of peaks as to hydrocarbon group. 
graphically in Fig. 1 as semi-log plots of the peak area versus helium volune for 
each component in the water extract. 
saturated hydrocarbons caolpared to the polar hydrocarbons is illustrated by the 
difference in slopes of the tvo compounds. 
that mercuric and silver ions have on the olefinic and aromatic compounds, respec- 
tively. 
case the peak area was reduced to a much lower value followed by a linear plot wi,th 
a reduced'slope. For this latter case, the lowering of the peak area and the value 
of the resulting slope depends upon the concentration of the silver ion, the 
stability canstant of the silver-arcnnatic complex, and the volume of the water 
extract. t 

There are solutes whose peaks overlap for the particular chromatographic 
C O l ~  being used but uhicb happen to belong to different hydrocarbon groups. 
use of the log plots and mercuric and silver ion additions can be very helpful both 
in recognition of the overlap condition and in the identification of the peak 

Peaks may also be identified as to hydrocarbon group by the addition of 
Mercuric 

' 

The olefins may thus be identified 

Although the silver-aromatic complex is ' 

The procedure is shown 
f 

The large difference in K values of the 

The plots also show the large effects , 

f In the olefinic case the peak area went to zero whereas in the aromatic 

The 



components. 
a peak from any other group. Passage through the cell of a volume of helium equal to 
that of the extract would so reduce the concentration of the eaturated hydrocarbon in 
the helium stream, that essentially only one peak would remain. 

J 

For example, consider the case of a saturated hydrocarbon peak overlapping 

Analysis Time 

In order for the analytical scheme presented in this paper to be practical, it 
is essential that the chromatography be capable of quick analyses. 
glass beads coated with aqueous silver nitrate were found to be ideal for this work. 
We achieved a complete separation of meta- from para-xylene in less than two minutes, 
,and an almost complete separation of sec-butylbenzene from iso-butylbenzene in six 
;minutes. 
column in 60 and 120 minutes, respectively. 

Columns packed with 

These two separations have been achieved (5) on a 100,000 plate capillary 

CONCLUSIONS 

A 

I 

f ’  

The method of analysis presented in this paper is restricted to aysteam in 
ich the solute molecules are fairly insoluble in the solvent. Water extracts of 
rude and processed oils are ideal because at equilibrium, from 75 t o  9 6  of the 
ydrocarbons are in the vapor phase. 
apor is injected directly into the analytical column. 
ith which the analysis can be divided into hydrocarbon groups. 
:he aromatic fraction of the water extract were of interest, the saturated hydrocarbons 
:ould be blown out with the helium and the olefins taken out by complexing with mercuric 
.ons, leaving only the aromatics and the polar hydrocarbons. The aromatic “fingerprint? 
:odd then be obtained by comparing the chromatograms before and after silver ions were 
dded to the cell. This analysis by groups could be important in toxicity studies or 
il identification. 

There is little loss in sensitivity because the 
The big advantage is the ease 

For instance, if only 

‘f 
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FIGURE CAPTION 

Hydrocarbon group- ident i f ich t ion  scheme. 
a r e a s  f o r  n-decane; h a l f - f i l l e d  circles, ethylbenzene; t r i a n g l e s ;  
octene-1; and squares, e t h y l a c e t a t e .  V is t h e  volume o f  helium passed 
through t h e  cell and Vs is t h e  volume of t h e  aqueous e x t r a c t .  The 
arrows i n d i c a t e  t h e  values  of V/Vs a t  which H * and A -k ions  were 
added t o  t h e  e x t r a c t .  

Open circles i n d i c a t e  peak 

g g 
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d i f f e ren t  molecular s i z e  and d i f f e r e n t  photochemical reac t iv i ty . -  To meet t h i s  ne 
the Bureau is developing a gas chromatographic (GLC) method as  a p a r t  of  i ts  s tudie  
of environmental contamination from motor gasol ine combustion. 

I 

Ear l i e r  Work resu l ted  i n  a chromatographic method with adequate s e n s i t i v i t y  ai 
I n t e r p r e t a t i o n  of t he  chromatographic spectra  w: acceptably shor t  a n a l y s i s  timezl. 

INTERPRETATION OF GAS CHROMATOGRAPHIC SPECTRA IN 
ROUITNE ANALYSIS OF GASOLINE EXHAUST HYDROCARBONS 

B. Dimitr iades ,  C. J. Raible,  C. A. Wilson, and S. L. Mayo* 

B a r t l e s v i l l e  Energy Research Center 
Bureau of Mines, U. S. Deparfment of t he  I n t e r i o r  

P. 0. Box 1398, Ba r t l e sv i l l e ,  Okla. 74003 

i 
1 

4 

EXPERIMENTAL PROCEDURES 1 
The objec t ive  of t h i s  s tudy was t o  explore the  use of chromatographic-colm 

r a t i o s  and igni t ion-t iming condi t ions because, i n  our  opinion, d i f fe rences  in the  

i d e n t i t i e s  i n  chromatograms o f  exhaust samples obtained from a var ie ty  of engine 

retent ion times f o r  i d e n t i f y i n g  component peaks. With adequate r e t e n t i o n  time 
r epea tab i l i t yz l ,  t he  success of t h i s  peak-ident i f icat ion method depends only on 

a chronatogram of exhaust emissions is ' indeed constant ,  a t  l e a s t  among exhaust s 

confirm or re fu te  t h a t  evidence. 

ambient temperatures were included i n  t h i s  study. 

* Present address,  Post Off ice  Box 374, Decatur, Miss., 39327; formerly with the  
Bar t l e sv i l l e  Energy Research Center. / 

/ 
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A 1968 Val iant ,  equipped with a 6-cylinder, 225-CID engine, was operated f o l -  

lowing t h e  7-mode Cal i fornia  cycle  on a chassis  dynamometer under four  sets of  engine 

VSA; and lean ,  without VSA. 
f 01 lows : 

, condi t ions :  Rich, with vacuum spark advance (VSA); r ich ,  without  VSA; lean, with 
Compositions of the  t h r e e  experimental f u e l s  were as 

b 

Fue 1 Component level .  volume % 
No. Satura tes  Olef ins  Aromatics 

1 66.0 15.1 18.9 

1 2 60.7 10.2 29.1 

3 53.1 1.9 45.0 

Four automobiles, a 1968 Delta 88 (455 C I D ) ,  a 1968 Fury I (318 CID), a 1968 
Impala (307 CID), and a 1968 Galaxie (302 C I D ) ,  were operated i d e n t i c a l l y  as 
described f o r  the  Val iant  automobile. 
No. 4, a t  ambient temperatures of 70° and 95" F. The composition of f u e l  No.  4 
was: Sa tura tes ,  41.8%; o l e f i n s ,  12.4%; aromatics, 45.8%. 

A l l  four  cars  were operated wi th  t h e  f u e l  

A l l  f u e l  and exhaust samples were co l lec ted  and analyzed by the  rout ine  methods 
of t h i s  1aboratoryLf. 
by a s u b t r a c t i v e  column technique?/, and from r e t e n t i o n  t i m e  and component s t a b i l i t y  
data.  Subtract ive agents  used were mercuric s u l f a t e ,  s e n s i t i v e  t o  unsaturated 
a l ipha t ics ,  and palladium s u l f a t e ,  s e n s i t i v e  t o  aromatics. Exhaust was analyzed 
chromatographically before and a f t e r  passing through the  s u b t r a c t i v e  columns. 
each peak i n  the chromatogram from t h e  untreated exhaust was i d e n t i f i e d  as  a hydro- 
carbon type (paraf f in ,  a l i p h a t i c  unsaturate ,  aromatic) o r ,  i f  a mixture of hydro- 
carbons, the composition of t h a t  mixture w a s  descr ibed.  Also, exhaust samples were 
allowed t o  s tand i n  t h e  dark and under s o l a r  i r r a d i a t i o n ,  and component losses were 
neasured. From these component-loss d a t a ,  peaks represent ing components t h a t  a r e  
thermally and photochemically reac t ive  w e r e  i d e n t i f i e d .  

Peaks i n  t h e  r e s u l t a n t  chromatographic spec t ra  were i d e n t i f i e d  

Thus, 

Because the  i d e n t i f i c a t i o n  of peaks was based mainly on t h e  s u b t r a c t i v e  column 
l a t a  and because the performance of t h e  s u b t r a c t i v e  agents  w a s  quest ionable ,  syn- 
t h e t i c  mixtures of paraf f ins ,  o l e f i n s ,  and aromatics of varying s t r u c t u r e  and 
bolecular s i z e  were prepared and used t o  evaluate  the  performance of  t h e  subt rac t ive  
~olumns.  

RESULTS AND DISCUSSION 

Resul ts  from measurements of e f f ic iency  of the  s u b t r a c t i v e  columns showed two 
anomalies i n  the function of the mercuric s u l f a t e  column. F i r s t ,  contrary t o  
expectations, c e r t a i n  o l e f i n s  were not  removed q u a n t i t a t i v e l y  by the  column. 
new peaks appeared i n  t h e  chromatograms of column-treated samples. 
gation of these new peaks by mass spectrometry revealed that they represented 3- 
nethyl-2-butanone and 3-methyl-Z-pentanoney formed from reac t ion  of the  s u b t r a c t i v e  
agent with 2-methyl-2-butene and 3-methyl-trans-2-penteneY respec t ive ly .  
s u l f a t e ,  therefore ,  i s  inadequate a s  a subt rac t ive  agent f o r  c e r t a i n  hydrocarbons, 
but cur ren t  da ta  do not  permit l inking t h i s  inadequacy t o  a s p e c i f i c  class o r  
c lasses  of exhaust components. 
i d e n t i f i c a t i o n ,  and da ta  were analyzed carefu l ly  t o  obta in  peak i d e n t i t i e s  l e a s t  
affected by the  def ic ienc ies  of the subt rac t ive  column. 

Second, 
Fur ther  i n v e s t i -  

Mercury 

The problem was considered i n  subsequent work i n  peak 

Resul ts  from the peak-ident i f icat ion study general ly  v e r i f i e d  the e a r l i e r  obser- 
vation t h a t  composition of material represented by each peak i n  exhaust chromatograms 
is near ly  constant among a l l  t h e  chromatograms of exhaust from d i f f e r e n t  engines but 
the same f u e l .  Results were as follows: 
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I n  the t e s t s  with three  fue l s  and one engine operated under var ied conditions, 

each exhaust chromatogram contained about 165 peaks of which 135 t o  145 represented 
e i t h e r  ind iv idua l  components o r  mixtures of components of similar type. The remain 
20 to 30 peaks represented mixtures of d i f f e r e n t  type components, such a s  paraffing 
with o le f ins  o r  w i t h  aromatics.  When the  chromatographed exhaust samples or iginatq 
from d i f f e ren t  f u e l s ,  the  composition of t he  mater ia l  represented by each peak v a r i  
s ign i f i can t ly  from chromatogram to  chromatogram. 
obtained under var ied engine condi t ions but wi th  t h e  same fue l ,  v a r i a t i o n  i n  within 
peak composition was much smaller  and comparable t o  the  v a r i a t i o n  caused by experi-  
mental e r r o r .  The magnitude of t h i s  v a r i a t i o n  i n  within-peak composition i s  bes t  
evaluated from i t s  e f f e c t  upon the  chromatographic ana lys i s ,  as i l l u s t r a t e d  next. 

4 When the  exhaust samples were 

I n  emission s tud ie s ,  chromatographic analyses  a re  comnonly used t o  compute th  
This computat r eac t iv i ty  or p o l l u t i o n  p o t e n t i a l  of exhaust hydrocarbon emissions. 

follows Jackson's equation41 

R = C X i  ri 

where R designates  r e a c t i v i t y  of the  exhaust hydrocarbon mixture,  and Xi and ri 
a r e  mole f r ac t ions  and s p e c i f i c  r e a c t i v i t i e s ,  respec t ive ly ,  of i t h  component. By 
u5e of mole f r ac t ion  values  f o r  a t yp ica l  exhaust and published values f o r  s p e c i f i  
rate-of-NO2-formation r e a c t i v i t i e s & /  , the  v a r i a t i o n  i n  within-peak composition 
observed i n  these tests was ca lcu la ted  t o  cause maximum v a r i a t i o n  i n  exhaust 
r eac t iv i ty  value equivalent  to  f 2.3%, f 1.8%, and f 1.7% fo r  fue l s  1, 2, and 3, 
respect ively . 

Similar r e s u l t s  were obtained from the  tests using four  engines and fue l  No. 
Variation i n  within-peak composition among the  exhaust chromatograms w a s  equivalen 
t o  a f 2.0% v a r i a t i o n  i n  exhaust r eac t iv i ty  value. 

Part of any observed v a r i a t i o n  i n  within-peak composttion i s  caused by experi  
mental e r ro r .  Thus, f o r  any two chromatograms from r e p l i c a t e  tests, the range of 
within-peak compositions was a s  much as about one-half of t h a t  obsenred among chro 
ograms from a l l  tests. Therefore,  t r u e  v a r i a t i o n  i n  within-peak composition shoul 
a f f e c t  calculated r e a c t i v i t y  values by no more than about f 1%, which is considere 
unimportant. 

These r e s u l t s  i n d i c a t e  t h a t  i n  chromatograms of exhaust from d i f f e ren t  engin 
but the same fue l ,  each peak represents  near ly  the same component o r  component 
mixture. This s i m p l i f i e s  spec t ra  i n t e r p r e t a t i o n  because exhaust. peaks must be 
iden t i f i ed  only once f o r  each parent fue l .  
can be used t o  i n t e r p r e t  chromatographic spec t ra  of a l l  exhaust samples from t h a t  
fue l .  
by the  Bureau of  Mines;?/. 

These peak i d e n t i t i e s ,  consequently, 

This method of i n t e r p r e t i n g  chromatographic spec t ra  i s  now used rout inely 

The work upon which t h i s  repor t  is  based was done under a cooperative agreeme 
between the Bureau of Mines, U. S:Department of t he  I n t e r i o r ,  and the,Bureau of 
A i r  Pol lut ion Sciences,  Environmental Protect ion Agency. 
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CLASS COMPOSITION OF LIQUID FUELS 
BY LIQUID CHROMATOGRAPHY 

W. A .  Dark 

Waters Associates Inc., Framingham, Massachusetts 

Liquid fuels are complex mixtures of hydrocarbons, 

A simple, rapid estimation of combustion character of 

obtained from the distillation of petroleum products. 

a fuel can be made if the amount of aliphatic, aromatic, and 
di aromatic hydrocarbons can be determined. 

Most saturated aliphatics in the heptane-decane range 
have heats of combustion of 1200-1300 k cal/mole and require 
about 45 cubic feet of air per cubic foot of organic vapor 
for complete combustion. The unsaturated aliphatics have 
heats of combustion about 10% less than the corresponding 
saturate member and require about 40 cubic feet of air per 
cubic foot of organic vapor for complete combustion. Mono 
aromatic compounds have heats of combustion of 750 k cal/mole 
and require about 35 cubic feet of air per cubic foot of 
organic vapor for complete combustion. The naphthanic 
compounds have heats of combustion of 1500 k cal/mole and 
require some 60 cubic feet of air per cubic foot of organic 
vapor for complete combustion. Bi phenyl compounds have 
heats of combustion of 1800-1900 k cal/mole and require 
some 75 feet of air per cubic foot of organic vapor for 
complete combustion. 

Thus, if the amount of saturated aliphatic, aromatic, 
and di aromatic hydrocarbons are known, estimation of the heat 
of combustion and air requirements of a fuel can be made. It 
must be remembered, however, that in most combustion processes 
the amount of air is fixed b'ecause of draft. Knowing the 
availability of air for the combustion, and that required 
by the fuel, allow estimates to be made as to whether the 
combustion will be complete or not. 

fuel can be obtained in less than 12 minutes using Waters' 
technology. 

The information on the class composition of a liquid 

SCOPE 

This method describes a procedure for the determination 
of the aliphatic, aromatic, naphthanic, and bi phenyl 
compounds in petroleum fractions that distill below 600'F. 
Samples should be depentanized if they contain any of the 
following - -  C3 or lighter hydrocarbons; more than 5% Cq 
hydrocarbons; more than 10% C4 and C g  hydrocarbons. 
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OUTLINE OF 'METHOD 

The sample, 2X, is introduced by means of a microliter 
syringe into a high pressure, high speed liquid chromatograph. 

The hydrocarbons are retained according to their sorption 
affinities into aliphatic, aromatic, naphthanic, and bi phenyl 
compounds. 

that displays the mass of material'eluting from the end of the 
column. The response of the detector is dependent upon the 
index of refraction difference between the solute and the 
solvent. 

The detector is a low volume differential refractometer 

With this method a semi skilled technician can perform 

The recorder gives a permanent display of the separation. 

a separation in twelve minutes. 

No additions have to be made to the sample and colored or 
fluorescing compounds will not interfere. 

The separation can be done in the laboratory without 
any special precautions. 

Once equilibrium has been established during initial 
start up, the equipment is ready for use at any time. 

APPARATUS 

b. The separation has been achieved on a Waters' ALC 

Column: PORASIL T - 4 ft. x 2.3 mm I.D. 

1 model 201 under the following conditions: 

Solvent: n-heptane - J. T. Baker - Baker Grade M 955 

Flow rate: 1.0 ml/min. . 

Pressure drop: 550 psig 

Attenuator setting: 8X 

Sample volume: 2.0X 

Chart speed: 12 in/hr 

Septum material: Buna-N 

Retention volumes: saturated aliphatic 

boiling range 98-99'C 

4 . 9 2  mls 

6.59 mls 
8.17 mls 
9.15 mls 

unsaturated aliphatic 
cyclo aliphatic 
aromatics 
naphthanic 
bi phenyls 
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APPLICATIONS 

Chromatograms are attached displaying the separation of 
a standard misture and four different liquid fuels. 
standard is a misture.of n-octane, benzene, 2-methyl naphthalene 
and p-methyl biphenyl. The samples are a jet fuel, # 2  fuel oil, 
two #6 fuel oil, and bunker C fuel. 

Note the difference of composition between the two 86 
fuel oils from the different refineries. . 

The 

The chromatographic evidence confirms what is known 
about these fuels, as you go from the jet fuel through 
#2-#6 fuel oil to the bunker C the amount of condensed 
aromatics increase. 

Thus, by determining composition of a fuel and knowing 
the air required for complete combustion, the draft require- 
ment of a combustion process could be adjusted. 

Reproducibility of the method, as determined from ten 
runs of the #2 fuel oil, is - 

aliphatics t o .  80% 
aromatics ?1.40% 

naphthalenic 21.18% 

bi phenyl 21.80% 
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FLUORESCENCE SPECTROSCOPY IN THE CHARACTERIZATION 
OF HIGH-BOILING PETROLEUM DISTILLATES 

J. F. McKay and D. R. Latham 

Laramie Energy Research Center, Bureau of Mines, U.S. Dept. of the Interior, Laramie, Wyo. 

INTRODUCTION 

Although many workers have attempted to use fluorescence spectroscopy i n  the characteri- 
zation of crude oils (1-5), the technique has found limited application in the characterization of 
crude oi l  fractions. This i s  a result of several factors. First, separation schemes have not been 
developed for obtaining simplified petroleum fractions that are suitable for fluorescence analysis. 
Second, commercial instrumentation that enables many spectm to be recorded in a small amount 
of time has not been available. Third, the lack of success in characterization of total crude oils 
has probably dompened the enthusiasm of some workers as to the potential of the fluorescence 
technique. Drushel and Sommen (6) successfully employed a combination of GLC and fluores- 
cence and phosphorescence spectroscopy to identify pyridines, quinolines, indoles, and carbazoles 
i n  a light catalytic cycle oi l .  Their work showed that fluorescence and phosphorescence, when 
used under proper experimental conditions, can supplement other spectroscopic methods in the 
characterization of petroleum distillates. The separation scheme used here, like that of Drushel 
and Sommers, separates distillates into fractions that are simple enough to be analyzed by fluo- 
rescence spectroscopy. The separation scheme was designed to isolate concentrates of compound 
types, not individual compounds. 

This paper demonstrates that fluorescence spectroscopy i s  an analytical technique which 
can be useful in the characterization of high-boiling distillates. Acid Concentrates isolated from 
a Wilmington, Calif., 400-500"C distillate and a Wasson, Tex., 400-500°C distillate were ex- 
amined. Carbazoles, 1 1H-benzo[alcarbazoles, 1,2,7,8-dibenzphenanthrenes (picenes), 7H-benzo- 
[clcarbazoles, chrysenes, benzo[alpyrenes, and perylenes were identified i n  the acid contents by 
fluorescence spectroscopy. Examination of other 400-500"C concentrates resulted in the identi- 
fication of coronenes, benzo[ghi]perylenes, and benz[a]anthracenes. 

EXPERIMENTAL 

Apparatus 

taining acid concentrates from high-boicng petroleum distil lates has been described (7). 
Anion Exchange Chromatography. - The preparation of ion exchange resins used for ob- 

Gel Permeation Chromatography. - The details of the gel permeation chromatographic 
separation of a Wilmington, Calif., 400-50O"C ocid concentrote have been Dublished 18). A . ,  
water-jacketed glass column, 1.3 cm i .d. by 150 cm, packed with 80 g of c;oss-linked styrene 
gel was used with methylene chloride as solvent. 

Thin-Layer Chromatography. - Thin-layer chromatographic plates 20 cm by 20 cm were 
prepared using a slurry of silica gel G and water. The layers were approximately 250 microns 
thick. The plates were conditioned at 100°C for several hours and were developed using cyclo- 
hexane 85%, diethyl ether 12%, and glacial acetic acid 3%. Visualization was effected by means 
of long (350 nm) and short (254 nm) wavelength ultraviolet light. 

Infrared Spectroscopy. - Infrared analyses were performed using a Perkin-Elmer Model 521 * 
infrared spectrometer. Methylene chloride was used as the solvent for al l  infrared analyses. 

*Reference to specific brand names or models of equipment i s  made for information only and does 
not imply endorsement by the Bureau of Mines. 
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Fluorescence Spectroscopy. - A Perkin-Elmer MPF-2A spectrofluorimeter WQS used for 
recording al l  fluorescence emission and excitation spectra. Continuously variable slits enabled 
spectra to  be rapidly obtained. Fluorescence-free cells having a 1 cm path were used in this WO. 

Materials 

Model Compounds. - The model compounds were obtained commercially. Approximately 
half of the compounds were found by fluorescence analysis to be contaminated with impurities 
that fluoresced. The desired model compounds were separated from the impurities using thin- 
layer chromatography on silica gel G or aluminum oxide G. 

Solvents. - The methylene chloride used for the gel permeation chromatographic separati. 
and subsequent infrared analysis was Baker and Adamson Co. reagent grade which had been flash 
distilled. Fluorescence analysis of this material did not detect aromatic hydrocarbons or other 
fluorescing impurities. 

The cyclohexane used for thin-layer chranatography and fluorescence analyses was Phillil 
Petroleum Co. research grade which had been passed over silica gel. Fluorescence analysis of 
this material did not detect aromatic hydrocarbons or other. fluorescing impurities. 

Fluorescence Emission and Fluorescence Excitation Spectra of Model Compounds 

Cyclohexane was used as the solvent for obtaining al l  spectra. Fluorescence emission an 
fluorescence excitation spectra of model compounds were recorded at room temperature in very 
dilute solutions (10" to lo-' molar). Typical spectra were recorded at one concentration, the 
sample diluted tenfold, and the spectra again recorded. This process wos repeated until the rela 
tive intensities of the bonds within each spectrum remained constant. In only a few cases did th 
band intensities change when the spectra were recorded in extremely dilute solutions. Using thi 
procedure, spectra distorted by concentration phenomena, such as eximer formation, were avoide 

impurities were contributing to the emission spectrum of the model compound. Similarly, excita 

the possibility that impurities were contrihuting to the excitation spectra of the model compoun 

-i Each sample was irradiated at several-different wavelengths to reduce the possibility t 

tion spectra were recorded with the emission monochromator set at different wovelengths to 

j Separation Procedure 

A diagram of the separation procedure i s  shown in  Figure 1. Samples of a Wilmington, ( 

500°C distillates were collected. The distillates were passed over an anion exchange resin, and 
Calif., crude oi l  and a Wasson, Tex., crude oi l  were vacuum distilled (7), and the nominal 400 

the materials which were retained on the resin were defined os the acid concentrates (7). The 
acid concentmtes (100-200 mg) were separated by gel permeation chromatogmphy (8). The gel 
permeation chromatographic fractions were analyzed by infrared spectroscopy to determine the 
separation obtained by the GF'C treatment. The G K  fractions that contained predominantly 
phenols and nitrogen compounds, fractions 35 through 47, were further separated by thin-layer 

' 
chromatography. The individual TLC fractions were removed from the plate, and the samples wet 
extracted from the silica gel with cyclohexane. Traces of silica gel were filtered from the cycla 
hexane solution. The fluorescence emission and fluorescence excitation spectra were then recoh 
Blank extraction runs were periodically made on the silica gel (using TLC plates which had been 
developed) to demonstrate that fluorescent impurities were not being extracted from the silica ~e 
In addition, a solvent blank was analyzed by fluorescence spectroscopy before the emission spec- 
trum of each TLC fraction was recorded to show that traces of fluorescing compounds were not ) 
present in the solvent or in the sample cell. 

1 
I 

d 



65 

RESULTS AND DISCUSSION 

Fluorescence Emission and Fluorescence Excitation Spectra of Model Compounds 

Identification by fluorescence spectroscopy of aromatic ring systems present in complex 
mixtures such as petroleum distillates requires a comparison of the ai l  sample spectra with those of 
model ring systems. Fluorescence emission spectra and tables of spectra of many heterocyclic 
and polyaromatic compounds have appeared in the literature (9-15); but these spectra were re- 
corded in a variety of solvents, at different temperatures, making them difficult to use in our 
study. These problems have been overcome by obtaining samples of heterocyclic and polyaro- 
matic compounds and recording the emission and excitation spectra using a uniform solvent, tem- 
perature, and recording procedure. Peak maxima of both fluorescence emission and fluorescence 
excitation spectra of heterocyclic and polyaromatic compounds which may be used to identify 
aromatic ring systems are presented i n  Table 1. The most intense peak i n  each spectrum i s  under- 
lined, and the compounds are listed according to the wavelength of the most intense fluorescent 
band. These spectra have not been corrected for varionces of spectral source and phototube 
response with wavelength. 

Application of Fluorescence Spectroscopy to the Characterization of a Wilmington 400-500°C 
Acid Concentrate 

Figure 2 shows the TLC chromatogram of the Wilmington gel permeation chromatographic 
fractions. Examination of Figure 2 shows that the silica gel G thin-layer treatment did not com- 
pletely separate some aromatic ring systems. Because of this incomplete separation, ultraviolet 
analyses were of limited value in the characterization of these fractions. Fluorescence analysis, 
however, was useful in characterizing these fractions because emission spectra and excitation 
spectra of  each component ring system could be instrumentally isolated and recorded. Each sample 
was irradiated at several different wavelengths to obtain an optimum emission spectrum. Similarly, 
excitation spectra were obtained by recording the excitation spectm with the emission mono- 
chromator set at several different wavelengths. 

the fluorescence emission and fluorescence excitation spectra of 1 lH-benzo[a]carbazoles found 
in  the Wilmington 400-500°C acid concentrate together with the corresponding spectra of the 
model compound 1 lH-benzo[olcarbazole. Visual examination of the thin-layer chromatographic 
plate indicated that 1 1H-benzo[alcarbazoles represented a large percentage of the material found 
in these fractions. Snyder and b e l l  (16) have previously identified and made quantitative es- 
timates of 11 H-benzo[alcarbazoles and 7H-benzo[a]carbazoles in cracked gas oils using ultraviolet 
spectroscopy. In the work described here a quantitative estimation of the benzcarbazoles in the 
acid concentrate i s  precluded by the use of thin-layer chromatography as well as by problems in- 
herent in the fluorescence method. 

11H-Benzo[a]carbazoles were identified i n  GPC fractions 35 through 43. Figure 3 shows 

The appearance of the 11H-benzo[a]carbazole aromatic ring system in a rather large num- 
ber of-GPC fractions i s  presumably due to the presence of a homologous series, Mass spectral 
analysis o f  a GPC fraction from a Wasson 400-500"C acid concentrate containing 1 lH-benzo[aJ- 
carbazoles indicated that a homologous series was indeed present. 

present in a single TLC fraction, the fine structure of the fluorescent emission spectrum of the mix- 
ture i s  the same as that of the parent model compound, within the detection limits of the spectro- 
meter. This behavior was expected, based on the work of Monkmann and Porro (12) concerning 
the effects of methyl substitution on the fluorescence of benz[a]anthracenes and of Schoental 
and Scott (1 1) concerning the effects of methyl substitution on the fluorescence of naphtho(2':1':2)- 
fluorene. The effects of methyl substitution on these systems were not large. Our data suggest 
that alkyl substitution or multiple alkyl substitution does not significantly alter the vibrational 

Although a complex mixture of  alkylsubstituted 11H-benzo[a]carbazoles appears to be 
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energy levels of the ground and excited states. Spectra of substituted ring systems in  the oi l  
are superimpable on those of the unsubstituted model compounds. This negligible effect of 
alkyl substitution i s  important because it allows mixtures of compounds having the same aromatic 
nucleus--compound types--to be identified by fluorescence spectroscopy. 

Substitution effects would be predicted to be smaller for large polyaramatic molecules 
than for small molecules. Thus, as higher boiling distillates are studied, the fluorescence fine 
structure of the aromatic systems should not be affected by substitution, enhancing the use of flu- 
orescence spectroscopy in the characterization of these materials. 

39 through 41. The emission and excitation spectra of a TLC spot from GPC fraction 41 together 
with corresponding model compound spectra are shown in Figure 4. These two compound types 
appear to represent a relatively small percentage of the material being examined. The distribu- 
tion of these ring systems in only a few GPC fractions suggests that these compound types are not 
as extensively substituted as the 1 lH-benzo[a]carboroles. 

Chrysenes and carbazoles were observed in the Wilmington acid concentrate GPC fractions 

\ 

, 
I 

1 concentmte GPC fractions 43 through 45. The emission and excitation spectra of 7H-benzo[c]- 
carbazoles and perylenes obtained from GPC fractions 43-45 together with the corresponding 
model c o m p n d  spectra are shown in Figure 5. 7H-Benzo[c~carbozoles and perylenes appeared 
to be more predominant in these GPC fractions than benzo[a]pyrenes, yet neither of these ring 
systems represented a large percentage of the total material being investigated. Perylene has 
been identified by ultraviolet absorption spectroscopy in high-boiling distillates by Carruthers 
and Cook (17) and also in marine sediments off southern California by Orr and Grady (18). 
Again, the GPC distribution of these compound types suggests that the polyaromatic ring systems 
are not extensively substituted. 

7N-Benzo[a]carbazoles, benzo[aJpyrenes, and perylenes were observed in Wilmington acid 

The presence of aromatic ring systems such os chrysene and benzo(a1pyrene in  the acid con- 
' centmtes has not been explained. Fluorescence analysis permitted the identification of the aro- 

, -  matic ring systems present i n  the acid concentrates but yielded no informotion concerning substi- 
tution with OH or N H  functional groups or whether small amounts of hydrocarbons have been 
retained in  the acid concentrates by entrainment or by some bonding mechanism, such as hydrogen 

Application of Fluorescence Spectroscopy to the Churacterization of a Wasson 400-500° Acid 

A survey of the fluorescing aromatic compound types  in  a Wasson 4OO-!BW"' acid concen- 
trate indicated that c o m p n d  types similar to those found in  the Wilmington oi l  were present in 
the Wasson oil. 1 IH-Benzo[a lca~o~es,  carbazoles, and 7H-benzo[c]carbazoles were identified 
in various TLC fractions os shown in  Figure 6. These compound types were eluted from the GPC 

mn in G K  fractions similar to those of the corresponding compound types of the Wilmington 
-5OoOC acid concentrate. Chrysenes, perylenes, and benzo[a]pyrenes were not found in the 

Wasson acid concentrate; however, 1,2,7,8-dibenzphenanthrenes (picenes) were identified in the 
Wasson acid concentrate. 

'&pl ication of Fluorescence Spectroscopy to the Characterization of Other 400-500°C Concentrates' 

Figure 7 shows the fluorescence emission and fluorescence excitation spectra of ring systems 
which have been identified in  other 400-500"C concentrates. The emission and excitation spectra 
of compound types isolated from these Concentrates are shown here to demonstrate the general 
applicability of the fluorescence method for the characterization of high-boiling distillates. 

b 
\ 

, 
2 
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CONCLUSIONS 

Fluorescence spectroscopy i s  a powerful analytical technique for characterizing high- 
boiling petroleum fractions, when used under proper experimental conditions. Data which are 
useful for identification of compound types can only be obtained from relatively simple fractions, 
not from complex mixtures. Ion exchange chromatography and gel permeation chromatography 
together with thin-layer chromatography appear to be satisfactory methods for obtaining oi l  
samples which are suitable for fluorescence analysis. In addition, spectra should be recorded 
using very dilute solutions in order to avoid problems such as concentration quenching and exime, 
formation. 

For qualitative applications, such as the identification of compound types i n  high-boilin: 
distillates, the fluorescence technique has proven useful for the following reasons: (1) Emission 
and excitation spectra of an individual ring system may often be instrumentally resolved even 
though the sample contains a mixture of aromatic ring systems. (2) The two spectra which are ob 
tained aid in the identification of the sample. An emission spectrum alone may not permit the 
unambiguous identification of a ring system. When this occurs, the excitation spectrum may be 
used to identify the sample. (3) Due to the high sensitivity of the instrumentation, very small , 
samples, micrograms or nanograms, may be used. 
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