
i'55534
A n a ly tica  Chim ica A c ta ,  156  (1 9 8 4 ) 207—219
Elsevier Science Publishers B .V., A m sterdam  — P rin te d  in T he N etherlands

APPLICATION OF STEAM DISTILLATION IN THE DETERMINATION  
OF PETROLEUM HYDROCARBONS IN WATER AND MUSSELS 
(M ytilus edulis) FROM DOSING EXPERIMENTS WITH CRUDE OIL

P. D ON KIN * and S. V. EVANS

In s titu te  fo r  M arine E nv ironm en ta l Research, P ro sp ec t Place, T he H oe, P lym o u th ,
P L I 3D H  (G reat Britain)

(R eceived 2 8 th  June  1983)

SUM M ARY

Steam  d is tilla tion  is show n to  prov ide recoveries in  excess o f 80% fo r p e tro leu m  h y d ro ­
carb o n s in th e  vo la tility  range encom passed  by to lu en e  and pyrene  from  w ate r and mussel 
tissues. These recoveries w ere achieved w ith  an appara tu s based on Dean and S tark  w ater 
e stim ato rs  w hich are com m ercially  available a t low  cost. S apon ifica tion  is show n to  aid 
h y d ro ca rb o n  recovery  from  m ussel tissue. T he s team  d istillates derived from  tissues were 
analysed  by u.v. sp e c tro p h o to m e try  a fte r clean-up o n  alum ina , o r d irec tly  by gas-liquid 
ch ro m ato g rap h y  o r  norm al- and  reverse-phase h igh-perfo rm ance liqu id  ch rom atography  
(h .p .I.e .). S team  distilla tes o f w a te r did n o t requ ire  p rio r c lean-up. N orm al-phase h .p .l.c . 
o f  steam  distilla tes on  an am ino-cyano  phase p rov ided  a particu larly  conven ien t m ethod  
fo r petro leum -derived  arom atic  h y d ro ca rb o n s. These techn iques w ere exam ined  e x te n ­
sively in lab o ra to ry  exp erim en ts  w ith  crude  oil, b u t p relim inary  resu lts suggest th a t  they  
m ay  be used also in env ironm en ta l m o n ito rin g  o f  hyd rocarbons.

The objective of these investigations was to  develop a procedure for deter­
mining some of the major com ponents of crude oil known to be im portant 
in oil spills and chronic oil pollution, with emphasis on the particularly toxic 
arom atic com pounds. The extraction procedure should perm it rapid screen­
ing of num erous samples w ithout excluding the possibility of subsequent 
detailed examination of the extracts. The techniques m ost comm only used 
for the extraction of hydrocarbons tend to  be complex, give poor recoveries 
of alkylbenzenes and some naphthalenes, and perform  badly in interlabora­
tory  comparisons [1—3 ].

Steam distillation has been used successfully to  ex tract hydrocarbons 
from water, sedim ent and biota [4—13] and forms the basis of the proposed 
m ethod.

EX PER IM EN TA L

Apparatus
The apparatus comprised a 2-1 round-bottom  flask fitted  with a 12.5-ml 

capacity Dean and Stark w ater estim ator (for heavy entrainers) the riser part
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of which was wrapped in aluminium foil for insulation, and a Liebig con­
denser of 50-cm overall length; all items were Quickfit products (Fig. 1). The 
extraction systems were heated on a six-place electric m antle. Cooling water 
a t 16 ± 2°C was passed through the six condensers linked in series a t a flow 
rate of 1.7 1 m in“1.

Extraction o f  hydrocarbons from  water
The w ater was placed in the round-bottom  flask followed by extracting 

solvent (4—10 ml) and boiling chips and then  the apparatus was assembled 
as shown in Fig. 1. Suitable distillation rates were within the range 0.9—1.4 
ml min-1 for the water condensing, but for each batch of extractions the dis­
tillation rates in each of the six apparatus were adjusted to within 0.08 ml 
min-1 of each other. At the end of the distillation period, the recovered 
solvent was removed from the water estim ator which was then  rinsed with 
< 1  ml of solvent to  recover residual traces of hydrocarbon. Extracts were 
stored at —17°C.

The efficiency of extraction of crude oil com ponents from  water by 
steam distillation was com pared with tha t of direct extraction by extracting 
20-ml samples of the water-accom modated fraction (w.a.f.) of North Sea 
crude oil [1 4 ], or w.a.f. dilutions, with three successive 3.3-ml aliquots of 
2,2,4-trim ethylpentane (TMP), or by extracting 1-1 samples of oil-contam­
inated aquarium water with four successive 5-ml aliquots of TMP (see 
Table 2).

a t

Fig. 1. S team -d istilla tion  appara tu s.
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Extraction o f  hydrocarbons from  tissues
Homogenised wet tissue, usually no t m ore than 20 g, was added to  the 

round-bottom ed flask which already contained boiling chips, 100 ml of 
distilled w ater and organic solvent (4—10 ml). Then 10 ml of sodium hydrox­
ide solution (4 M) was added, followed by w ater to  a to tal volume of 400 ml. 
The apparatus was then heated sufficiently to  m aintain the tem perature of 
the aqueous homogenate at 80 ± 5°C for 2 h, after which time 50 ml of 
0.68 M hydrochloric acid was added by pouring down the condenser, fol­
lowed by a rinse of 50 ml of distilled water. The acid addition should reduce 
the  pH of the hom ogenate to  between 7.5 and 11; acidification increased the 
recovery of non-petroleum u.v.-absorbing material.

Distillation was then continued and the distillate recovered as described 
above. For many aromatic hydrocarbons, distillation rates of 0.9—1.4 ml 
min-1 for water condensing proved satisfactory, bu t the recovery of chrysene 
and involatile alkanes, the latter prior to  gas-liquid chrom atography (g.l.c.), 
was improved by higher rates.

Spiking experiments. Standard com pounds were dissolved in acetone and 
spike volumes of 100 or 200 /ul o f solution were added directly to  water in 
the distillation flask before solvent addition, or to  the tissue homogenate 
before transfer to  the flask.

Treatm ent o f  distillates
Gas-liquid chromatography. Distillates, concentrated by evaporation if re ­

quired, could be injected directly. G.l.c. was conducted as described else­
where [14 ].

For routine g.l.c. of petroleum -contam inated mussel tissue, the hom ogen­
ate, plus internal standards [1 4 ], was saponified and distilled along with 
4 ml of hexane at a distillation rate of approxim ately 1 ml min-1 for water 
condensing. The distillation was stopped after 2 h , the hexane removed, 5 ml 
of hexane/cyclohexane (4:1, v/v) added to  the cooled distillation flask, and 
the distillation was then  continued for a further 14 h a t a rate of 1.7—2.0 ml 
min-1 for water condensing to  recover involatile alkanes. Benzenes with three 
or fewer alkyl carbons were measured directly in the first distillate, and then 
the  distillates were fractionated on 2.5-g, 4% water-deactivated silica columns 
[1 5 ]. Alkanes were recovered in 7 ml of pentane and aromatics in 10 ml of 
10% (v/v) diethyl ether in pentane.

U.v. spectrophotom etry. Distillations were done with either hexane or 
TMP (h.p.I.e. grade). Distillates of aquarium w ater were measured directly. 
The u.v. spectrum was recorded in the range 200—350 nm.

For u.v. spectrophotom etric determ ination of oil in mussels, a maximum 
wet weight of 6 g of tissue was used, and the maximum distillation time, 
after a preliminary 2-h saponification, was 2 h. Biogenic interferences were 
removed by chrom atography on 2-g alumina colum ns [16 ]. Distillate (10 ml) 
previously dried over anhydrous sodium sulphate was loaded onto each 
colum n and the column was eluted with the same solvent as used for the
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distillation until 15 ml was recovered. Alternatively, 5 ml of distillate was 
run onto  the column, and elution was continued until 10 ml was collected.

The u.v. spectrum of the product, diluted if necessary to  give an absorb­
ance of less than 1 in the 220—225 nm region, was then  recorded against an 
appropriate solvent blank.

High-performance liquid chromatography (h.p.I.c.). Both normal-phase 
and reverse-phase systems were used. Tissue weights distilled ranged from  1 
to  6 g; extracting solvent was generally hexane (5 ml).

The normal-phase system comprised a Shandon column (250 mm long, 
5 mm bore) and precolumn, packed with Partisil-10 PAC (polar amino- 
cyano; Whatman). The mobile phase was hexane a t a flow rate of 2 ml min-1. 
Eluting aromatic hydrocarbons were detected by means of a Perkin-Elmer 
LC-75 u.v. spectrophotom etric detector with wavelength settings of 225 nm 
or 254 nm and sensitivity set at 0.01 to 0.04 absorbance for f.s.d. A t least 
200 injections of distillate could be made into the PAC system w ithout 
noticeable deterioration of colum n performance. Procedures for regenerating 
contam inated columns have been devised [17—19].

For reverse-phase h.p.I.e., a column of the same dimensions as th a t de­
scribed above was packed with 5-pm ODS-Hypersil (Shandon) and eluted 
with 20% (w/v) water in m ethanol; u.v. detection was used as above. Prior to 
injection into this system, m ethanol was added to  the distillates, and the 
hexane was evaporated off.

Samples were injected with a syringe via a Rheodyne valve fitted  with 
loops of 100- or 200-pl capacity. The larger loop was used with the normal- 
phase system only.

R ESU LTS AND DISCUSSION

Recovery o f  hydrocarbons by steam distillation
Recovery o f  specific hydrocarbons from  water. The results in Table 1 

show that good recoveries can be obtained for hydrocarbons which are major 
components of aqueous dispersions of crude and fuel oils [2 0 ]. A distillation 
time of 1 h was adequate to  recover hydrocarbons encompassing a wide 
range of volatility.

Recovery o f u.v.-absorbing com ponents o f  N orth Sea (A uk Field) crude 
oil from  water. The u.v. spectrum  of Auk crude oil in hydrocarbon solvents 
(Fig. 2) has a broad peak with a maximum at approxim ately 225 nm, largely 
from alkylnaphthalenes, and a less strongly absorbing shoulder, partly from 
phenanthrenes and benzenes, a t approxim ately 257 nm. The region of high 
absorbance below 220 nm which is predom inant in w.a.f. of the  oil is due 
mainly to  the high concentration of benzenes [14 ].

Typically, more than 70% of the com ponents absorbing at 220—225 nm 
could be recovered within 1 h (Table 2). Recovery at 255 nm was less than 
at 220—225 nm.
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T A B LE 1

R ecovery  o f  h y d ro ca rb o n s from  w ate r b y  steam  d is tilla tio n

H ydrocarbon H y d rocarbon  
con cen tra tio n  
in  w ate ra 
(Mg I '1)

D istillation
tim eb
(h)

H ydrocarbon
recovery0
(%)

A ro m a tic s
T oluene 50 2 90 .3  ± 3.5 (3)

130 0.5, 1 and 2 100 .9  ± 2.8 (6)
870 2 98.5  ± 3.4 (4)

4 ,320 3 84.6
o -X ylene 50 2 92 .5  ± 3.7 (3)

130 0.5, 1 and  2 110 .0  ± 4.9 (6)
4 ,380 1 and 3 98 .9  ± 4 .2  (2)

n -P ropy lbenzene 230 3 93.1
N ap h th a len e 1 1 99.5  ± 1.7 (3 )d

6 1 95.1  ± 1.7 (3 )e
2 ,510 1 95.7  ± 7 .2  (3)

2 -M ethy lnaph thalene 2,510 1 and 3 93.1  ± 2.2 (4)
1 ,5 -D im ethy lnaph tha lene 530 2 90 .2  ± 9.2 (4)

2 ,640 1 and 3 87.7 ± 5.2 (4)
B iphenyl 250 3 92.3

2,420 1 and 3 9 3 .2  ± 1 .4  (4)
P h en an th ren e 1 1 89.0  ± 8.3 (3 )d

650 2 89.7 ± 8.7 (4)
2,700 1 and 3 97 .9  ± 3.5 (4)

P yrene 1 1 88.4  ± 6 .2  (3 )d
4 1 1 0 2 .0f

10 1 97 .2  ± 8.1 (2 )e
C hrysene 1 2 87.7 ± 1.4 (3 )d

A lka n es
U ndecane (n-Cu ) 3 ,690 1 95 .4  ± 2.2 (2)
E icosane  (n-C20) 130 3 80.3

220 2 86 .9  ± 2.9 (4)

aT he h y d ro ca rb o n s  w ere sp iked  in to  0 .4  1 o r 1 1 o f filte red  sea w ater and steam -distilled 
w ith  e ith e r  4 ml o r 10 ml o f  hexane or TMP o r 10 m l of p en tan e . P en tan e  w as n o t used 
fo r th e  ex tra c tio n  o f  to luene , xy lene  o r undecane. b W here m ore th a n  one  d is tilla tion  tim e 
is in d ica ted , recoveries o b ta in ed  w ith  each ind iv idual d is tilla tion  are averaged; no  accoun t 
is ta k e n  o f  d is tilla tion  tim e. cM ean ± range w here n = 2 or ± stan d a rd  dev ia tion  w here n > 
2; n, th e  n u m b er o f  de te rm in a tio n s is show n in p aren theses. D istillates w ere analysed by 
g.l.c. ex c e p t w here d e n o ted  o therw ise. d H .p.l.c. eU.v. sp ec tro p h o to m e try , fU .v. fluores­
cence.

Hydrocarbon recovery from  mussel tissues. The results presented in 
Table 3 show th a t alkaline saponification can substantially increase the re­
covery of hydrocarbons from mussel tissue by steam distillation. This observ­
ation is consistent with o ther evidence tha t the presence of lipids in biota 
can adversely affect recovery of non-polar com pounds by vapour-phase pro­
cedures [21, 22].
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TA B L E  3

E ffe c t o f sapon ifica tion  on th e  recovery  o f  h y d ro ca rb o n s fro m  mussel tissues by  steam
dis tilla tion

H y d ro ca rb o n H ydrocarbon  
added 
to  tissue
(Mg g '1 
w et w t.)

H y d ro ca rb o n  recovery3 
(%)

Relative 
increase in 
recovery13
(%)

+ N aOH —NaOH

Spec ific  h yd ro ca rb o n sc
T oluene 57.7 93 .3  ± 5.5 8 5 .9  ± 12.3 8.6
1 ,5-Dim e thy lnaph tha lene 35.0 97 .4  ± 3.2 86.1  ± 4.6 13.1
P h en an th ren e 43 .0 90 .5  ± 6.8 73 .7  ± 3.3 22.8
C hrysene 29.8 23 .2  ± 2.1 16.9  ± 2.8 37.3

C o n cen tra tio n  in tissue
(Mg g"1 w et w t.)

+ NaOH -N a O H

Crude o ild
A lky lnaph tha lenes 1 .86  ± 0.18 1.31 ± 0.14 42.0
A lk y lp h en an th ren es 0 .99  ± 0.11 0.57 ± 0.11 73.7

a R ecoveries and tissue con cen tra tio n s are m eans ± standard  dev iation  fo r 3 replicate 
d e te rm in a tio n s  on  th e  tissue hom ogenates. A nalysis o f  “ c o n tro l”  (i.e ., u ncon tam ina ted ) 
tissues w as also tr ip lica ted  and th e  resu lts  w ere used  to  co rrec t th e  co n cen tra tio n s given 
fo r w .a .f.-exposed  tissues. b [i? (+NaOH) — NaOH)/-^(—NaOH)] x 100, w here ñ  denotes 
recovery . c6 g o f  spiked tissue (all w e t tissue b u lked ) was saponified  fo r 2 h in th e  p re ­
sence o f 6 ml o f  hexane and th en  steam -distilled  fo r 2 h ; p rocedura l details w ere as de­
scribed  u n d er E xperim en ta l; g.l.c. was used. d D istilla tion  was done  as described above, 
using tissues from  m ussels w hich had been exposed  to  a d ilu ted  w .a.f. o f N orth  Sea crude 
oil fo r in excess o f 1 m o n th . N orm al-phase h .p .I.e . was quan tified  b y  reference  to  2,3- 
d im e th y ln ap h th a len e  (225 nm  d e tec tio n ) o r 1 -m ethy lphenan th rene  (254  nm  detec tion ).

Com pound recoveries achieved from  both water and tissues by the water 
estimator-based apparatus were comparable with those obtained with more 
specialised equipm ent [8—10, 12, 13, 23].

M easurement techniques applicable to  steam distillates containing petroleum  
hydrocarbons

Gas-liquid chromatography. Here, g.l.c. was used to  examine mussel distil­
lates for hydrocarbons with volatilities in the range encompassed by toluene 
and Cj-alkylnaphthalenes. However, the chrom atographic peaks of less volatile 
hydrocarbons are masked by biogenic compounds which increase in concen­
tration with distillation time. These biogenics are eluted from silica clean-up 
columns with the aromatic hydrocarbons; removal requires gel-permeation 
chrom atography [24] or normal-phase h.p.I.e. [2 2 ].

If 20 g (wet weight) of mussel tissue is extracted by steam distillation and
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Fig. 2. U .v. abso rbance  spec tra  in 2 ,2 ,4 - tr im e th y lp e n ta n e : spec trum  o f  N orth  Sea (A uk 
F ield) cru d e  oil and  sp ec tru m  of a 2 ,2 ,4 -tr im e th y lp en tan e  e x tra c t o f  w ater-accom m odated  
frac tion  (w .a .f.) of A uk F ield  crude oil [1 4 ] .

Fig. 3. U.v. ab so rb an ce  spectra  o f a lum ina c leaned-up  s team  distilla tes o f  m ussel tissue (all 
rem ain ing  tissues a fte r  rem oval o f th e  digestive g lan d s); m ussels exposed  fo r 1 m o n th  to  
A uk F ield  w .a .f. w ith  a to ta l h y d ro ca rb o n  c o n te n t o f  30 Mg I"1 [1 4 ]  and  “ c o n tro l” ani­
mals. E s tim a ted  a ro m atic  h y d ro ca rb o n  c o n te n t o f  th e  oil con tam in a ted  tissue was 9.3 Mg 
g"1 w e t w eight. S o lven t, 2 ,2 ,4 -trim ethy lpen tane .

Table 4 shows th a t the proposed saponification/steam  distillation proce­
dure is capable of efficient recovery of a range of hydrocarbons known to 
be accum ulated by oil-contaminated mussels [3 ]. The less volatile com­
pounds proved difficult to  recover within 2 h, b u t recovery could be im­
proved by extending the distillation time (see chrysene, eicosane and tetra- 
cosane) and /o r increasing the distillation rate.

TA B LE 2

R ecovery  o f  cru d e  oil from  w a te ra

F o rm  o f  oil C one, in 
w ater 
(ms h 1 )

Vol. o f 
w ater 
0 )

Dist. tim e  
(h)

A. used 
(nm )

R ecovery13
(%)

C rude 1,580 0.2 0 .75, 2 .0 224 72.3  ± 1.8 (5)
255 49 .4  ± 4.7 (5)

W .a.f.c 4 ,2 0 0 d 0.4 1.0 221 72 .0  ± 5.0 (2)
D ilu ted  w .a.f. 1 ,4 0 0 d 1.0 1.0 221 68.2

2.0 m ore 221 9.7
A quarium e 25d 1.0 1.0 221 125.1 ± 22.6 (3)

20d 1.0 1.0 221 1 0 7 .0  i  4.6 (2)

aF ilte red  sea w ate r w as e x tra c te d  by s team  d is tilla tion  w ith  10 ml o f  2 ,2 ,4 -trim e th y lp en ­
tan e  and  th e  d is tilla tes w ere exam ined  by  u.v. sp ec tro p h o to m e try . b M ean ± range w here n 
(in p aren theses) = 2 o r  ± s ta n d a rd  dev iation  w here n > 2 . 100%  recovery  was considered to 
be th a t  achieved by  d irec t p a rtitio n  ex trac tio n  in to  TMP (see E xperim en ta l). cWater- 
acco m m o d ated  frac tio n  o f  c ru d e  oil. d H y d rocarbon  co n cen tra tio n s de te rm ined  by g.l.c. 
eA quarium  co n ta in in g  m ussels and  dosed w ith  w .a.f. p lu s algae [14  ].
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TA B LE 4

R ecovery  o f  h y d ro ca rb o n s from  m ussel tissues by s team  d is tilla tion3

H y d ro ca rb o n H ydrocarbon  
co ncen tra tion  
in tissue 
(Mg g '1 w e t w t.)

M ass o f 
tissue  
(g w e t  w t.)

T im eb
(h)

H ydrocarbon
recovery0
(%)

A rom a tics
T oluene 14 6 1 (0 .5 ) 104 .3  ± 4 .4  (3)

30 6 85 .8  ± 4 .3  (2)
o-X ylene 15 6 1 (0 .5 ) 109 .3  ± 4 .4  (3)

90 20 83.3
N aph thalene 1 6 88 .8  ± 4 .2  (3)d

50 20 85.1
2-M ethy lnaph thalene 50 20 92.3
1 ,5 -D im ethy lnaph thalene 20 6 94.5  ± 2.5 (2)

50 20 94.3
B iphenyl 5 20 1 (D 100.6

40 15 103 .5  ± 4.7 (6)
40 2 95 .5

P h en an th ren e 1 6 85 .6  ± 9.5 (3 )d
20 6 97 .0  ± 2.0 (2)
50 20 102 .0

Pyrene 1 6 84 .0  ± 9.4 (5 )d
C hrysene 1 6 2 ( 2 ) 29.4  ± 5 .0  (3 )d

14 m ore 47 .6  ± 5.7 (3 )d
A lka n es
U ndecane (n-C „ ) 70 20 86.7
T etrad ecan e  (n-C14) 2 15 1 4 (2 ) 89.1  ± 1.2 (2)e

30 6 105 .2  ± 1.9 (2)
H exadecane (n-C 16) 30 6 91 .3  ± 5.9 (5)
E icosane  (n-C20) 3 15 1 4 ( 2 ) 77 .5  ± 6.5 (3 )e

7 6 31 .9  ± 5.7 (3)
T e tracosane  (n-C24) 15 15 2 ( 2 ) 5.3 ± 0.9 (6)

14 m ore 4 3 .6  ± 0.1 (2)

aE ith e r all tissues w ere com bined  fo r analysis o r digestive glands w ere rem oved  and  the 
rem ain ing  tissues w ere com bined . E x trac tio n  w as w ith  4 m l o f  e ith e r hexane o r hexane/ 
cyc lohexane  (2 :1 , v/v) m ix tu re ; th e  la tte r  was u sed  fo r 14-h distillations. b S aponification  
tim e w as 2 h  and  d is tilla tion  tim e (in paren th eses) w as 2 h unless o therw ise tabu la ted . 
cSee T able  1. dH .p J .c . eR ecovery  a fte r  steam  d is tilla tion  and silica-gel co lum n chrom a­
tog raphy .

colum n fractions are reduced to  1 ml, individual hydrocarbons can be 
measured down to  a concentration of 0.1 pg g”1 (wet weight) with a preci­
sion generally within ±10% when quantification is by reference to  internal 
standards.

Steam-distillation extraction of 1.5 1 of water followed by concentration 
of the distillate to  1 ml enables individual hydrocarbons to  be determined 
with acceptable precision by g.l.c. a t concentrations down to 1 ixg I“1.
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U.v. spectrophotom etry. Aromatic hydrocarbons can be detected selec­
tively in a m atrix of biogenic compounds by  measuring their characteristic 
u.v. absorbance/fluorescence; this enables clean-up procedures to  be simpli­
fied. Englehardt e t al. [11] quantified petroleum  hydrocarbons in distillates 
of seal tissue by u.v. fluorescence, but did n o t  provide recovery data for the 
fluorescent com ponents. Present observations suggest th a t recovery by steam 
distillation of hydrocarbons fluorescing at long wavelengths is incomplete. 
By combining steam-distillation extraction w ith  u.v. spectrophotom etry, it 
proved possible to  measure the naphthalenes, a petroleum  com ponent effi­
ciently recovered from  mussel tissue, with be tte r precision than could be 
achieved with an alternative spectrophotom etric procedure [25 ].

Aromatic hydrocarbons ranging in m olecular weight from benzene to 
pyrene were recovered with an efficiency of m ore than 90% from the alumina 
clean-up column. Recovery of u.v.-absorbing com ponents of crude oil from 
this column was 76.7 ± 1.3% at 225 nm and 68.5 ± 0.0% at 256 nm (mean ± 
s.d., n = 3 in each case).

The u.v. spectrum  of a typical cleaned-up distillate of mussels experim en­
tally exposed to  Auk field crude oil is shown in Fig. 3, along with a distillate 
from control animals. Comparison of these spectra with th a t derived from  a 
w.a.f. extract (Fig. 2), dem onstrates more efficient accumulation of diaro- 
matics by the mussel than m onoarom atics.

The spectrophotom etric results were quantified by calibrating against 
naphthalene, readings from  both sample and standard spectra being taken at 
the peak wavelength for naphthalene (221 nm). The m easurem ents were 
then related to  arom atic hydrocarbon concentrations determ ined sim ultane­
ously by g.l.c. on a lim ited num ber of samples [14, 25 ]. Because of selectivity 
of hydrocarbon accum ulation [3, 14 ], reference to  a di- or tri-alkyl substi­
tu ted  naphthalene a t 225—230 nm is more appropriate for tissue analysis.

The detection lim it fo r experim ental hydrocarbon contam ination of 
mussels is controlled by the variability of the background signal measured in 
groups of “con tro l” animals. Twice the error (standard deviation) of measure­
m ent of an average “con tro l” background gave a detection lim it of 0.2—0.8 
pg g~l wet weight when expressed in naphthalene equivalents or 1.3—5.2 pg 
g"1 wet weight expressed as arom atic hydrocarbons, determ ined by g.l.c. 
intercalibration [1 4 ]. Precision of duplicate hydrocarbon results corrected 
by means of associated duplicate control results was generally better than 
±10% (range) a t tissue hydrocarbon concentrations greater than  2—3 pg  g”1 
w et weight expressed as naphthalene. The detection lim it for u.v. spectro­
photom etric analysis of oil-dosed aquaria based on the precision of results 
for uncontam inated w ater (500-ml samples) was approxim ately 0.2 pg I-1 
expressed as naphthalene of 3 pg I-1 expressed as oil w.a.f. The relative stan­
dard deviation a t ten  times this detection lim it was better than  ±5% (n = 3).

Phthalates absorb strongly at 220—230 nm and were efficiently recovered 
by steam distillation. However, they were no t eluted from the alumina clean­
up columns so could only interfere with measurements of aromatic hydro­
carbons where clean-up was om itted  (i.e., water analysis).
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High-performance liquid chromatography. By combining u.v. spectro­
photom etric and spectrofluorimetric detection with h.p.l.c., the procedure 
for arom atic hydrocarbon can be made compound-specific or compound- 
group specific. Reverse-phase h.p.l.c. has been applied in this way to  steam 
distillates of industrial effluents [7 ]. A reverse-phase chrom atogram  of a 
steam distillate of an oil-contaminated mussel tissue and of its associated 
“con tro l” is shown in Fig. 4, along with a chrom atogram  of the oil w.a.f. 
used for experim ental dosing (see [1 4 ]). The detection wavelength is 222 
nm, selective for naphthalenes. The increase in biological concentration factor 
with increasing alkyl substitution of naphthalene is clearly dem onstrated [3,

Fig. 4. R everse-phase h .p .l.c . o f  a hexane ex tra c t o f  a w .a .f. o f A uk F ield  crude oil and o f 
steam  distilla tes o f  m ussel tissue  (tissues as fo r F ig. 2). Mussels w ere exposed  fo r 1 m on th  
to  w .a .f. co n ta in in g  36 M g  I '1 h y d rocarbons and had a tissue arom atic  h y d ro ca rb o n  con ­
te n t o f  12 .6  M g  g’1 w e t w eigh t [1 4 ] .  A ch rom atog ram  of a d istillate derived fro m  “ con ­
tr o l” m ussels is show n by th e  b roken  line. C ,, C 2 and C3 deno te  th e  re te n tio n  tim es of 
1 -m ethy lnaph tha lene , 1 ,5 -d im eth y ln ap h th a len e  and 2 ,3 ,5 -trim e th y ln ap h th a len e  stan­
dards, respectively . D e tec tio n  w avelength was 222  nm.

Fig. 5. N orm al-phase h .p .l.c . o f  a hexane e x tra c t o f  w .a.f. o f A uk F ield cru d e  oil and of a 
steam  d istilla te  o f  m ussel tissue  (m antle). M ussels w ere exposed fo r 20  days to  w .a.f. w ith 
a to ta l h y d ro ca rb o n  c o n te n t o f  30 Mg I"1. A ch rom atog ram  o f a d is tilla te  derived from  
“ c o n tro l” m ussels is show n by th e  b ro k en  line. N and  P deno te  th e  re te n tio n  tim es o f  2,3- 
d im e th y ln ap h th a len e  an d  1 -m eth y lp h en an th ren e  s tan d ard s, respective ly . D etec tion  wave­
lengths are show n.

c

W at er  a c c o m m o d a t e d  fr ac t io n N
r

M u s s e l  t i s s u e
N
Y

50 4 0  30  20 IO 0
T i m e  ( m m )

M u s s e l  t i s s u e s

M u s s e l  t i s s u e

70 60  5 0  4 0  30  20  10 0
T i m e  ( m m )

10 5 0
T i m e  ( m i n )

5 0



217

1 4 ]. Phenanthrenes may be detected m ore selectively at 254 nm [26]. 
In  this work, such chrom atograms were quantified by reference to  naph­
thalene, and representative Ci, C2 and C3 alkylnaphthalenes or phenanthrene 
and 1-m ethylphenanthrene, as appropriate to  the  m onitoring wavelength. 
However, quantification is difficult because o f  the  complexity of the chro­
matograms.

Shorter retention tim es and chrom atogram s of simpler form  may be 
obtained by using normal-phase h.p.l.c. on amino or amino-cyano phase 
columns [19, 27—3 0 ]. Typical normal-phase (PAC) chrom atograms derived 
from steam distillates of oil-contaminated mussels and an associated “ con­
tro l” are shown in Fig. 5, along with a chrom atogram  of a hexane extract of 
the oil w.a.f. to  which the mussels were exposed [14 ]. The preferential 
accum ulation of C3-alkylnaphthalenes by th e  mussels is indicated by the 
broadening of the naphthalenes peak in com parison to tha t derived from 
the  w.a.f. The quantity of u.v.-absorbing m aterial detected by h.p.l.c. in­
creased linearly with tissue weight extracted over a range 1—6 g wet weight 
for both experimentally contam inated and contro l animals.

The detection lim it for experim ental hydrocarbon contam ination was 
determ ined in the same way as described fo r u.v. spectrophotom etry. Ex­
pressed in terms of 2,3-dim ethylnaphthalene and 1-methylphenanthrene 
equivalents, detection limits with PAC h.p.l.c. were always less than  1 ßg g-1 
w et weight for naphthalenes, and less than  0.1 ß g  g-1 wet weight for phenan­
threnes; relative standard deviations were better than  ±10% at concentrations 
10 tim es the  detection limit. Chromatograms may be quantified by reference 
to  these standard com pounds a t the appropriate m onitoring wavelengths 
(225 nm for alkylnaphthalenes, 254 nm for alkylphenanthrenes). The error 
introduced by using a single arom atic hydrocarbon to  quantify a m ulticom ­
ponen t peak may be estim ated in selected samples by analysing appropriate 
h.p.l.c. fractions by g.l.c. [31 ].

Phthalates could no t be recovered from  the PAC colum n under the elution 
conditions described, so could n o t interfere with the  analysis.

Application o f  steam distillation to  analysis o f  environmental hydrocarbon  
residues

Although the procedures described above have been evaluated in labora­
to ry  experiments, they have also been applied successfully to a comparison 
of hydrocarbon contam ination of mussels from  a polluted dock and an 
estuary [3 2 ]. Exam ination of the steam distillates by u.v. fluorescence has 
enabled the distribution of arom atic hydrocarbons in an estuariae water 
colum n to  be m apped [3 3 ].

We are grateful to  Dr. J. Widdows and Dr. R. F. C. M antoura for critically 
reading the manuscript. This work forms part of the  experim ental ecology 
programme of the Institu te for Marine Environmental Research, a com pon­
en t of the Natural Environm ent Research Council. It was commissioned in
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