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EXECUTIVE S U W Y  

The military is supporting collection and analytical methods 
development as  a part of  the DOD Installation Restoration Program. In 
this report, the collection and determination of phenol; 0 - ,  m-, and 
p-cresols; 2,4,5- and 2,4,6-trichlorophenols; 2,3,4,5- and 2,3,5,6- 
tetrachlorophenols; and pentachlorophenol are described. 

The phenols are collected from water samples by adsorption on XAD-4 
cartridges. After elution with diethyl ether and returning to nn 
aqueous media , the phenols are determined by high performance liquid 
chromatography with electrochemical detection (HPLC/EC).  

Initial studies demonstrated that a C,, reverse phase column could n o t  
resolve all of these phenols. However, a cyclobond 18 column composed 
of a cyclodextrin bonded to a high purity silica, was able to separate 
the phenols. An electrochemical detector with a glassy carbon 
electrode held at +1 V an Ag/AgCl reference electrode allowed 
detection limits of 1 pg/L for phenol and 5 pg/L f o r  the chlorophenols 
at a signal to noise ratio of 3 .  

1 





TABLE OF CONTENTS 

EXECUTIVE SUMMARY . . . . . .  . . . . . . . . . . . . . . . . . .  1 

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . .  4 

LISTOFFIGURES. . . . . . . . . . . . . . . . . . . . . . . . .  5 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

EXPERIMENTAL . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

Liquid Chromatograph-Electrochemical Detection . . . . . . .  7 
Procedure for XAD-4 Preparation and Collection 

of Phenols . . . . . . . . . . . . . . . . . . . . . . .  7 

RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . . . .  8 

ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . .  20 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 

DISTRIBUTION . . . . . . . . . . . . . . . . . . . . . . . . . .  21 

3 



LIST OF TABLES 

Table 

1 Analysis of phenol and CKeSOlS in water by HPLC/EC 
following collection on XAD-4 and elution with 
diethyl ether . . . . . . . . . . . . . . . . . . . .  11 

2 Analysis of chlorophenols in water by HPLC/EC 
following collection on XAD-4 and elution with 
diethyl ether . . . . . . . . . . . . . . . . . . . .  15 

4 



LIST OF FIGURES 

Figure PaRe 

1 HPLC/EC chromatograms showing the separation on a 
Cyclobond 1 p (5 p )  column of (upper) (1) phenol, 
(2) o-cresol, (3) m-cresol, (4) p-cresol; (lower) 
(1) 2,4,6-trichlorophenol, (2) 2,4,5,-trichlorophenol, 
( 3 )  2,3,4,5-tetrachlorophenol, ( 4 )  2,3,5,6-tetra- 
chlorophenol, (5) pentachlorophenol . . . . . . . . . 9 

2 HPLC/EC analysis of chlorophenols following 
collection on XAD-4 and elution with diethylether . . 19 

5 





INTRODUCTION 

Phenolic compounds are of concern in environmental waters due to their 
widespread usage. Chlorophenols, because of their use in thc. 
manufacture of herbicides and pesticides, are of particular interest in 
waters in view of their toxicity to fish and other aquatic life. 

In support of the DOD Installation Restoration Program, we report o n  
the collection and measurement of phenol, 0 - ,  m-, and p - c r e s o l s ;  2 , 4 , 5 -  
and 2,3,5,6-tetrachlorophenols and pentachlorophenol in water. The 
phenols are collected on XAD-4 cartridges and determined by HPLC wi.t:h 
electrochemical detection following separation on a Cyclobond 1p (5 pin) 
column. 

EXPERIMENTAL 

Liquid Chromatojxaphy-Electrochemical. Detection 

The HPLC system consisted of a Perkin-Elmer Series 2 liquid 
chromatograph. A Bioanalytical Systems (BAS) Plodel MF 4000 f low-  
through pulse damper was installed between the pump and injection 
valve. A Model 7120 Rheodyne valve fitted with a 20 ILL samples l o o p  
was used for sample injection. Mobile phases [acetonitride: 0.002 
sodium acetate (PH 5) 0.02 KNO, (25:75) arid (10:90)] were added to 
solvent reservoirs for pump A and pump E, respectively. All solvents 
and sample solutions were filtered through 0.45 pm nylon-66 filters. 

A BAS LC-4B amperometric detector was used in conjunction with a TJ,-iSA 
glassy carbon electrode assembly. All potentials were referred t.o an 
RE1 Ag/AgCl reference electrode. A Hewlett-Packard Model 7045A X-Y 
recorder and a Hewlect-Packard Model 3390A integrator were employed for 
data collection. The LC column was a 25 x 0.46 cm Cyclobond column 
(5 pm particle size) from Advanced Separation Technologies, Inc. , 
Whippany, New Jersey. 

Procedure for XAD-4 Preparation and Collection of Phenols 

The XAD-4 resin to be used is precleaned by Soxhlet extraction with 
acetone for 48 hours. The Soxhlet extractor is operated in the normal 
manner. At the conclusion of the Soxhlet extraction, the acetone is 
drained from the resin and replaced with methanol. After the Soxhlet 
extraction, the resin is never allowed to dry out. The cleaned r e s i n  
is stored in an Erlenmeyer flask under methanol until the collection 
cartridges are filled. 

The cartridges (1/4" x 10" g l a s s  tubes) are cleaned by rinsing with 
methanol. A glass w o o l  plug is inserted in one end of the tube and a 
capped union is attached. The tube is filled with methanol and all. air 
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bubbles removed. A s l u r r y  of X A D - 4  i n  methanol i s  then added, and the 
methanol i s  allowed t o  dra in  slowly from the ca r t r idge  by loosening the 
union cap. When suff ic i -ent  r e s i n  has been added t o  br ing the l eve l  
within l / 4 "  of the t o p  o f  the  tube,  a second g la s s  wool plug is 
inser ted  and the ends a re  capped. The capping can be accomplished 
using capped unions o r ,  more economically, by submerging the tube i n  
methanol. 

An agreement was made with SKC,  Inc.  (Eighty-Four, PA) on the 
production of disposable XAD-4 car t r idges  of the appropriate  geometry 
fo r  t h i s  purpose. The car t r idges  contain l . 2  g r e s i n  and a re  nominally 
0 . 8  mm o .d .  This i s  a reasonable compromise between capaci ty  and speed 
of ex t rac t ion .  The columns a re  purchased i n  l o t s  o f  100 fo r  $ 2 . 0 0  
each. 

For  co l l ec t ion  o f  the sample, the tubes a re  uncapped and 25 mL of 
organic- f ree  water a re  pimpc?d through the column i n  order t o  remove the 
methanol. The sample i s  adjusted t o  pH 2 with n i t r i c  ac id  and placed 
i n  a volumetric f l a s k  of 500 mL, volume (smaller volumes can be used i f  
the l eve l s  of phenols a re  expected t o  be h igh) .  Teflon tubing (1/8") 
i s  used t o  siphon the water sample through the r e s i n  car t r idge  by 
gravi ty  f l o w .  The flow r a t e  should be adjusted to 3 - 6  mL/min. The 
e n t i r e  sample is  allowed t o  d ra in  through the ca r t r idge .  Again, the 
ca r t r idge  i s  not allowed t o  go dry.  Five mL of organi-c-free water i s  
added t o  the tube a f t e r  the sample has been co l l ec t ed ;  the tube i s  
capped and r e f r ige ra t ed  a t  4°C p r i o r  t o  ana lys i s .  

For  phenols and c re so l s ,  the tubes a r e  desorbed by f i r s t  passing dry 
ni t rogen (10 l b s .  pressure) through the tubes fo r  ten  minutes t o  remove 
the excess water.  The tubes a re  inverted and the phenols a re  desorbed 
by passing 5 mL die thyl  e ther  through the  column (gravi ty  flow) i n  the 
opposite d i r ec t ion  a s  the aqueous sample flow. The e ther  e lua t e  i s  
co l lec ted  i n  1 5  mL beaker which contains 1 mL water.  The e ther  i s  
allowed t o  evaporate and the r e su l t i ng  water layer: adjusted t o  1 mL. 
This i s  the f i n a l  volume f o r  the HPLC measurement. 

For  the  chlorophenols, c o l l e c t  the e ther  e lua t e  i n  a 1 5  mL beaker t h a t  
contains 1. mL of 0 . 0 2  E NaOH. Mix the phases thoroughly. The e ther  i s  
then allowed t o  evaporate and the r e su l t i ng  so lu t ion  i s  neut ra l ized  
with 0 . 1  HNO, (-100 pL) and adjusted t o  2 mL. T h i s  i s  the f i n a l  
volume fo r  the BPLC measurement. 

Analyze the sample as  soon a s  poss ib le .  An ea r ly  e lu t ing  peak i s  
observed which i s  due t o  peroxides from the e t h e r .  This peak increases 
with time and may i n t e r f e r e  with the ana lys i s .  

RESULTS AND D I S C U S S I O N  

The separat ion of phenol, c r e so l s ,  and chlorophenols on a Cyclobond 1,B 
(5  p )  column i s  shown i n  Figure 1. A s  ind ica ted ,  t h i s  type column, 
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ORNL-DWG 86-17370 

20 30 40 0 10 
TIME (min) 

Mobile phase: acetonitrile: 0.002 E sodium acetate (pH 5) 
0.02 potassium nitrate 

Upper: (10:90) flow rate 1 rnL/min. 
Lower: (25:75) flow rate 1.5 mL/rnin. 

Injection volume: 20 pL. 

Detector: glassy carbon electrode @ +1 V vs, Ag/AgCl. 

Figure 1. HPLC/EC chromatograms showing the separation on a Cyclobond 
1 p (5 p) column of (upper) (1) phenol, (2) o-cresol, (3) m- 
cresol, (4) p-cresol; (lower) (1) 2,4,6-trichlorophenol, 
(2) 2,4,5,-trichlorophenol, (3) 2,3,4,5-tetrachlorophenol, 
( 4 )  2,3,5,6-tetrachlorophenol, (5) pentachlorophenol. 
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which is composed of cyclodextrin bonded to high purity silica, was 
able to separate all of the phenols. In this respect, the Cyclobond 
column out-performed a C,, reverse phase type column which, as we 
observed, could not resolve all o f  these compounds. The Cyclobond 
column has been shown to be effective for the separation o f  inany 
closely-related stereo-isomers (1-5). 

The electrochemical detector with a glassy carbon electrode held at: 
+1 V vs. an Ag/AgC1 reference electrode allowed detection limits o f  
about 10 pg/L for phenols and 40 pg/L for the chlorophenols at an 
S/N = 3 .  

Results from a four-day replication study for the collection of phenols 
and chlorophenols from fortified 1aborat:ory water on XAD-4 cartridges 
are shown in Tables 1 and 2 ,  respectively. A typical HPLC/EC 
chromatogram showing the separation of chlorophenols following 
collection on XAD-4 and el.ut:ion with diethyl ether is shown i n  
Figure 2 .  The early eluting peak is due to peroxides from the ether. 

The recoveries o f  the compounds tested are reasonable, generally in the 
range of 40-60%. For the range tested, 0.5-10 pg/L phenols and 
5-100 pg/L chlorophenols, this is quite good in view of  the fact that: 
phenols are not recovered well in solvent partition (EPA 6 2 5 )  or 
previous resin systems (6) at low concentrations (< 500 ppb). The 
range tested here is probably below any regulatory threshold and 
represents a worst-case scenario for the application of the 
methodology. We also wish to point out that the recoveries reported 
are absolute. Therefore, the data can be compared to that provided by 
TJSEPA in Method 1625 for acceptability o f  internal st:andard recovery. 
The resin data would appear adequate when viewed against these 
criteria. 

It has been demonstrated that HPLC/EC is well-suited for the analysis 
of low concentrations of phenolic substances (7-9). The 
electrochemical detector, because o f  its excellent sensitivity, was 
definitely the detector of choice for this work. However, phenols, and 
particularly chlorophenols ~ are notorious for electrode fouling. 
Therefore, it is good practice to keep the amount injected onto the LC 
column as small as practical. After several days, depending on usage, 
a significant l o s s  in sensitivity will likely occur. Upon viewing the 
glassy carbon electrode with a hand magnifier, a "reddish" film is 
evident. Usually, a brisk rubbing with Kleenex tissue wi.1-1 restore the 
electrode. If not, the electrode must be repolished. 

For future work, we plan to choose a phenol closely related to the 
phenols of interest for use as an internal standard. This should help 
t:o minimize changes in electrode characteristics. 
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Table 1. Analysis of phenol and cresols in water by HPLC/EC 
following collection on Xao-4 and elution with diethyl ether. 

REPLICATE 1 DATA 

Phenol 0 . 5  
1 
2 
5 
10 

I o-cresol 

E-cresol 

0.5 
1 
2 
5 
10 

0 . 5  
1. 
2 
5 
10 

g-cresol 0.5 
1 
2 
5 
10 

0.41 
0.93 
1.44 
2.80 
6.7 

0 . 2 8  
0.84 
0 . 8 8  
2 . 0 5  
6.1 

0.31 
0.60 
0.74 
2 . 2 0  
5.70 

0 . 3 3  
0.62 
1.22 
2.25 
6.60 

82 
93 
72 
56 
67  

55 
84 
44 
41 
61 

61 
60 
60 
44 
57 

66 
62 
61 
45 
66 
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REPLICATE 2 DATA 

C omp oimd Added (pg/L)  Found (PLg/L) Recovery (%)  

P h e n o l  

- o-cresol 

p-cresol 

0 . 5  
I 
2 
5 
10 

0 . 5  
1 
2 
5 
10 

0 . 5  
1 
2 
5 

10  

- rn- c reso l  0 . 5  
1 
2 
5 
10 

0 . 4 1  
0 . 4 8  
0 . 7 8  
1 . 9 0  
8 . 2  

0 . 3 0  
0 . 4 2  
0 . 6 2  
1.50  
6 . 3  

0.23 
0 . 2 4  
0 . 6 2  
1.95 
6 . 2  

0 . 3 1  
0 . 2 5  
0 . 5 6  
I.. 50 
6 . 5 0  

82  
4 8  
39 
38 
82  

6 0  
4 2  
3 1  
30 
63  

4 5  
2 h 
31 
39 
62 

62 
25 
28 
30 
65 
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REPLICATE 3 DATA 

Phenol 

- o-cresol 

2-cresol 

E-cresol 

0.5 
1 
2 
5 

10 

0 .5  
1 
2 
5 
10 

0.5 
1 
2 
5' 
10 

0.5 
1 
2 
5 

10 

0.34 
0.53 
1.26 
1.75 
7.1 

0.23 
0.47 
0.54 
1.25 
6.3 

0.19 
0.34 
1.04 
1.50 
5.7 

0.27 
0.39 
0 . 8 4  
1.55 
6 . 8  

67 
53 
6 4  
35 
71 

50 
47 
27 
27 
63 

37 
34 
52 
30 
57 

54 
39 
4 2  
31 
68 
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REPLICATE 4 DATA 

Compound Added (pg/L) Found (pg/L) Recovery (%)  

Phenol 

- o-cresol 

E- cresol 

m-cresol 

0 . 5  
1 
2 
5 
10 

0 . 5  
1 
2 
5 

10 

0 . 5  
1 
2 
5 
10 

0 . 5  
1 
2 
5 

0 . 4 0  
1 . 0 0  
0 . 5 0  
1 . 9 0  
7 . 7  

0 . 3 3  
0 . 9 4  
0 . 4 0  
1 . 9 0  
6 . 8  

0 . 3 0  
0 . 6 5  
0 . 5 0  
1 . 9 0  
6 . 0  

0 .41 
0 . 6 5  
0 . 4 0  
1 . 4 5  

80 
100 
25 
38 
77 

65 
94  
20 
38 
68  

6 0  
65 
25 
38 
6 0  

4 1  
65 
20 
29 
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Table 2. Analysis o f  chlorophenols in water by HPLC/EC 
following collection on XAD-4 and elution 

with diethyl ether 

REPLICATE 1 DATA 

Compound Added (pg/L) Found ( p g / L )  Recovery ( % )  

2,4,6,-trichlorophenol 2.5 
5 
10 
25 
5 0  

2.5 
5 
10 
25 
50 

2,3,4,5-tetrachlorophenol 2.5 
5 
10 
25 
50 

2,3,5,6-tetrachlorophenol 2.5 
5 
10 
25 
50 

Pentachlorophenol 5 
10 
20 
50 
100 

2.2 
4.4 
7 . 6  

16.5 
38.0 

2.0 
4.2 
7.4 

13.5 
44.0 

2.2 
4.4 
7.8 
17.3 
30.5 

2.0 
2.3 
6 . 1  
16.7 
38.0 

3 . 8  
4.8 
9.6 

37.5 
8 0  

8 8  
8 8  
76 
66 
76 

8 0  
84 
74 
5 4  
8 8  

89 
88 
7 8  
69 
61 

8 0  
50 
61 
67 
76 

7 5  
4 8  
48 
75 
8 0  
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REPLICATE 2 DATA 

Compound Added (pg/L) Found (pg/L) Recovery ( 8 )  

2,4,6,-trichlorophenol 2.5 
5 
10 
25 
50 

2,3,4,5-tetrachlorophenol 

2,3,5,6-tetrachlorophenol 

Pentachlorophenol 

2.5  
5 
10 
25 
50 

2.5 
5 
10 
25 
50 

2.5 
5 
10 
25 
50 

5 
10 
20 
50 
100 

1.6 
3.7 
8.3 
18.8 
40.5 

1.5 
3.5 
8.3 
10.3 
31.0 

1.6 
4 . 2  
8.3 
14.5 
21.5 

1.4 
3.8 
7.3 
15.0 
34.0 

3.2 
6.4 
7.6 
29.0 
71.0 

65 
73 
83 
75 
81 

60 
69 
83 
41 
62 

63 
83 
83 
58 
43 

55 
76 
73 
60 
68 

64 
64 
38 
58 
71 
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REPLICATE 3 DATA 

Compound Added (pg/L) Found (pg/L) Recovery (8) 

2,4,6,-trichlorophenol 2.5 
5 
10 
25 
50 

2,3,4,5-tetrachlorophenol 

2,3,5,6-tetrachlorophenol 

Pentachlorophenol 

2.5 
5 
10 
25 
50 

2.5 
5 
10 
25 
50 

2 . 5  
5 
10 
25 
50 

5 
10 
20 
50 
100 

2.2 
4.4 
7.2 
16.8 
38.5 

1.4 
4.4 
8.6 
16.5 
35.0 

1.9 
4.3 
7.0 
16.0 
27.5 

2.1 
4.1 
4.6 
19.3 
26.5 

4.0 
7.7 
13.0 
41.0 
63.0 

87 
87 
72 
67 
77 

57 
86 
86 
66 
70 

75 
85 
70 
65 
55 

85 
82 
46 
77 
53 

80 
77 
65 
82 
6 3  
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REPLICATE 4 DATA 

Compound Added (pg/L) Found (pg/L) Recovery (%)  

2,4,6,-trichlorophenol 2 . 5  
5 
10 
25 
50 

2,3,4,5-tetrachlorophenol 

2,3,5,6-tetrachlorophenol 

Pentachlorophenol 

2.5 
5 
10 
25 
50 

2.5 
5 
10 
25 
50 

2.5 
5 
10 
25 
50 

5 
10 
20 
50 
100 

1.5 
3.6 
8.0 
17.8 
37.5 

1.8 
4.3 
7.5 
18.3 
39.5 

2.0 
3.8 
8.3 
16.8 
26.0 

1.9 
4 . 0  
6.8 
17.8 
32.5 

3.4 
7.2 
10 
32.0 
55.0 

61 
72 
80 
71 
75 

70 
85 
75 
73 
79 

80 
75 
83 
67 
52 

78 
80 
68 
71 
65 

67 
72 
50 
64 
55 
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ORNL-DWG 86-I? 371 

I I I 1 
0 IO - 20 30 

TIME (min) 

(A) Calibration standard, 250 pg/L. 
(B) Sample, 5 pg/L, 100 mL original volume, 2 mL f ina l  

volume. 

Column: Cyclobond 1 p ,  5 p .  
Mobile phase: acetonitrile: 0.002 E sodium acetate (pH 5) 

Electrode: Glassy carbon, +1 V vs  A g / A g C l ,  10 nAFs 
Compounds: (a) 2,4,6-trichlorophenol 

(b) 2,4,5-trichlorophenol 
(c) 2,3,4,5-tetrachlorophenol 
(d) 2,3,5,6-tetrachlorophenol 
(e) pentachlorophenol 

0.02 KNO, (25:75) 1.5 mL/min 

Figure 2. HPLC/EC analysis of chlorophenols following collection on 
XAD-4 and elution with diethylether. 

19 



ACKNOWLEDGEMENT 

The authors acknowledge helpful discussions with Bruce A. Tomki.ns who 
suggested the use of a Cyclobond column for the separation o f  phenol 
and o-m-p cresols. 

REFERENCES 

1. 

2. 

3 .  

4. 

5. 

6 .  

7. 

8. 

9. 

D. W. Armstrong, T. W. Ward, R. D. Armstrong, and T. E. Beesley, 
Science 232, 1132 (1986). 

D. W. Armstrong, W. DeMond, A. Alak, W. L. Hinze, T. E. Riehl, and 
K. H. Bui, Anal. Chem. 57, 234 (1985). 

D. W. Armstrong, A. Alak, W. DeMond, W. L. Hinze, and T. E. Riehl, 
J .  Lis. Chromatogr. 8(2), 261 (1985). 

Y. Kawaguchi, M. Tanaka, M. Nakae, K. Funazo, and T. Shono, Anal. 
___.- Chem. 55, 1852 (1983). 

D. Fuyimura, T. Ueda, and T .  Ando, Anal. Chem. 55, 446 (1983). 

G .  A. Junk, J. J. Richard, M. D. Grieser, D. Witiak, J .  L. Witiak, 
M. D. Arguello, R. Vick, H. J .  Svec, J. S. Fritz, and G .  V. Calder, 
J .  Chromatogr. 99, 745 (1974). 

R. E. Shoup and G. S .  Mayer, Anal. Chem. 2, 1164 (1982). 

D. A. Roston and P. T. Kissinger, Anal. Chem. 5 3 ,  1695 (1981) 

D. N. Armentrout, J. D. McLean, and M. W. Long, A n a l .  Chem. 5 l ,  
1039 (1979). 

20 



DISTRIBUTION LIST 

Defense Technical Information Center 

Cameron Station 
Alexandria, VA 22314 

ATTN: DTIC-DDA 

Commander 
U . S .  Army Toxic and Hazardous Materials Agency 

Aberdeen Proving Ground, MD 21010-5401 
ATTN: AMXTH-CO-P 

Defense Logistics Studies Information Exchange 
U.S. Army Logistics Management Center 
Fort Lee, VA 23801 

Mary Ann Ryan 
USATHAMA 

Aberdeen Proving Ground, MD 21010-5401 
DRXTH-TE-A, Bldg. E-4585 

Central Research Library 
Building 4500-N 
Oak Ridge National Laboratory 
P. 0. Box X 
Oak Ridge, TN 37831-6286 

Document Reference Section 
Building 9711-1 
Oak Ridge National Laboratory 
P. 0. Box Y 
Oak Ridge, TN 37831 

M. R. Guerin 
Building 4500-S 
Oak Ridge National Laboratory 
P. 0. Box X 
Oak Ridge, TN 37831-6120 

Laboratory Records 
Building 4500-N 
Oak Ridge National Laboratory 
P. 0 .  Box X 
Oak Ridge, TN 37831-6285 

No. of Copies 

12 

2 

1 

1 

10 

3 

2 1  



Distribution List (Cont’d) 

Mr. J. A .  Lenhard, Assistant Manager 
Energy Research and Development 
U.S. Department of  Energy, Oak Ridge Operations 
P. 0 .  Box E 
Oak Ridge, TN 3 7 8 3 1  

D. L. Manning 
Building 4500 - S 
Oak Ridge National Laboratory 
P. 0. Box x 
Oak Kidge, TN 3 7 8 3 1 - 6 1 2 0  

M. P. Maskarinec 
Building 4500-S 
Oak Ridge National Laboratory 
P. 0. Box X 
Oak Ridge, TN 37831-6120 

ORNL Patent Office 
Buil-ding 4500-N 
Oak Ridge National Laboratory 
P. 0. Box X 
Oak Ridge, TN 3 7 8 3 1 - 6 2 5 8  

Technical Information Center 
U . S .  Department of Energy 
Oak Ridge, TN 37831. 
For DOE/TIC 4500 distribution under UC-4 category. 

No. o f  Copies 

1 

2 

10 

1 

323 

2 2  


