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INTRODUCTION 

and 

The major toxicological portion of the  beryllium propellant development 
program of the U. S. A i r  Force Rocket Proplilsion Laboratories was performed 
by The Dow Chemical Company during the period from 1963 to 1968 (Spenccr 
et al., 1968). Results of long-term studies on rats, injected intratracheally with 
well-characterized kcy samples of beryllium oxide preparcd by calcining berylli- 
u m  hydroxide for 10 hours at 500, 1300, and 1600 C, respectively, showed clearly 
chat there is a definite gradation in  biological response depending upon the oxide 
administered. Thus ,  the oxide calcined at 500 C was highly active as Judged by 
histopathological examination of the lungs, incidence of tumors, and translocation 

f beryllium from the lungs to other tissues. In contrast, the oxide calcined at 
600 C showed much less severe effects. Dose-response studies were carried 
ut, using carefully prepared subsamples of "respirable particle size" of the 

ee kcy oxides; results showed a definite gradation in  response which dimln- 
cd with decreasing dosages of the administered oxide. Investigations on 
or cxhaust products have shown thae most samples have chcmical, physical, 
toxicological properties similar to the beryllium oxide calcined at 1600 C. 

the  other hand, other samples were heterogeneous, contained considerable 
ntities of water-soluble beryllium, and varied in toxicity. 

The present research study* was designed to define the physical and chemical 
actcxistics and toxicological properties of an exhaust product collected from a 
Ilium-fueled NASA -JPL High Energy Upper Stage (HEUS) motor. Comparisons 
been made with selected exhaust products previously studied as  well as with 

m oxide samples of varying physical properties and biological activity. 
studied will hercaftcr be identified as "Be0 exhaust product". 

F33615 -70-C - 181 1 
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SAMPLE STUDIES 

The physical and chemical properties determined on the "BcO exhaust 
product" arc  given below, along with the analytical methods employed: 

Specific surface area - nitrogen adsorption. 
Average crystallite size - X-ray diffraction. 
Crystallinity ; polarized light microscopy. 
Refracive index - dispersion staining. 
Density - sink-float method. 
Uaj or components of sample - X-ray powder diffraction. 
Trace elements i n  sample - emission spectroscopy and 

X-ray fluorescence. 
Sample solubility - gravimetric method. 
Determination of major and trace components in soluble 

and insoluble portions - X-ray powder diffraction and 
emission spectroscopy. 

Determination of amount of beryllium soluble in  water, 
0.1 N HC1 and 6 N HC1 - emission spectroscopic 
analysis of filtrate. 

Elemental analysis - 
beryllium by gravimetric method 
carbon by microcombustion 
hydrogen by microcombustion 
oxygen by neutron activation 
chloride by microvolumetric method 

Particle characterization - light microscopy, tran3mission 
electron microscopy, and scanning electron microscopy. 

Particle size - photomicrographs and Coulter Counter 
technique. 

. .  

The physical properties of the "Be0 exhaust product" are  presented in 
table 1. Data on t h e  key samples of Be0 calcined at 500, 1100, and 1.600 C 
a r e  includcd for comparative purposes. Surface area of the "Be0 exhaust 
product" is slightly greater than that of the key Be0 calcined at 1100 C, and 
density is midway between that of the  key Be0 calcined at 500 C and the density 
of the  1100 C material. The "Be0 exhaust product" most closely resembles t h e  
key Be0 calcined at 1600 C in  average crystallite size and refractive index. 
slightly less crystalline than the key Be0 samples calcined at 1100 and 1600 C. 

It is 

The physical properties of the "Be0 exhaust product" are compared with 
those of a group of selected cxhaust products previously studied i n  table 11. The 
"Be0 exhaust product" is higher in  surface area, smaller in  average crystallite 
size, and slightly less crystalline than the exhaust products previously studied. 
Other exhaust products previously studied, with properties similar to those of 
ARC Nos. 1, 22, and 24, were not measurcd for surface area due to limited 
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TABLE I 

PHYSICAL PROPERTIES OF "Be0 EXI-MUST PRODUCT" 
COMPAJXED WITH KEY SAMPLES OF Be0 

Re0 CALCINED FOR 10 HOURS AT: "Be0 EXHAUST 
PROPERTY 500 C 1100 c 1600 C PRODUCT 

Specific Surface 
Area Ma/G 58.8 2.2 1.3 2.51 

AveraGe Crystallite 
2000 + 300 

0 
S u e  A 150 1500 1600 

Crystallinity % < 10 100 100 9s 

1.683 + 0.003 2.704 + 0.002 1.711 + 0.007 1.712 -t- 0.002 - - - - Refractive Index 

Density G/ML 2.87 - - + 0.07 2.98 + - 0.02 3.00 - +0.03 2.92 3.0.03 0 

TABLE I1 

PHYSICAL PROPERTIES OF "Be0 EXNAUST PRODUCT" 
COMPARED WITH EXHAUST PRODUCTS PREVIOUSLY STUDED 

ARC ARC ARC "Be0 EXI-MUST 
PROPERTY NO. 1 NO. 22 NO. 24 PRODUCT" 

Surface Area 
Ivr / G  e2.5 0.8 0.7 2.51 

Size 7 5000 7 5000 7 5000 ,2000 - 5- 300 

Crystallinity 100 100 100 95 

1.704 3- 0.004 1.709 + 0.003 1.709 + 0.003 1.712 + 0.003 - - - Refractive Index 

Density G/ML 2.93 +0.07 2.92 3.0.03 - 2.80 -t0.05 2.99 +O.G1 - - 



Figure 1. S C A N N I N G  EJ,EC'rRON PHOTOMICROGRAI'I-f OF  
"DcO EX1 IAUST PItODUCT". x SO0 



Figtirc 2. SCANNING ELECTRON P1IOTOMICROGRAPH OF 
"BcO EXHAUST PRODUCT". x 5000 





TADLC 111 

BXI'ERIMf?N rAL DESIGN FOR PChfALU RATS RBCEIVINO 
'1W CXtlAlIST FRODVCr" by IMTRATRACIIEAI. ADhllNlSTRATlOH 

10 Al l  Survlvorr 'nm 50 60 10 10 
Oxhaumf,. 
Pruliiff IO 60 10 10 10 Al l  Survlvorr 

2 60 10 10 10 Al l  Survlvotr 

IM) 
Crlclned 50 60 
at 500 c 10 10 10 A l l  Sutvlvorr 

Srltne 0 60 10 10 10 AUSurvlvon 
Control 

- 
TOTAL 300 50 50 50 

TABLE 1V 

BERYLLTLIM CONCENTRATION IN TISSUES OF RATS KILLED 23 
WEEKS FOLLOWING INTRATRACHEAL ADMfNlSTRATION OP 

. "Bd EXHAUST PROWCT" 

BERYLLIUM COSCENTRATION f,, g/g TISSUE) DOSE 
SAMPLE Mgfig LIVER XIDNEY SPLEEN DONE 

~ 

50 1.7 

0.07 

0.16 

0.07 

0.01 

0.01 

0.01 

0.01 

1.7 0.52 

0.09 0.45 

0.26 0.47 

0.10 0.31 

10 

2 

<0.01 

0.02 

I. 3 

0.32 

c 0.01 

< O . O l  

co.01 

<0.01 

<0.01 

eo.01 

<o. 01 

eo. 01 

eo. 01 

<0.01 

40.01 

eo. 01 

0.03 <O. 1 

0.04 < O . l  

0.84 eO.1 

0.40 <O. 1 

<0.01 < O . l  

c0.01 < O . l  

<0.01 < O . l  

<0.01 c0.1 

<0.01 

c0.01 

co.01 

< 0.01 

<o. 01 

5 0.01 

< 0.01 

0.01 

<0.01 <0.1 

eo.01 < O . l  

< a 0 1  < O . l  

eo.01 < O . l  
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samplc quantitics and are, thcrcforc, not included in the comparntivc rrrhulation. 
Thcsc samples werc ARC No. 3, AC No. 2 (Aerospace Corporntlon), "Acrospficc 
Corporation BcO Snmplc from Largc Motor Firings" rccclved from Wright- 
Pnttcrson A i r  F;orcc Dasc in October, 1966, and I\ snmplc of bcrylllum exhaust 
products from Acrospncc Corporntlon - "BcO, Junc 29, 1967". 

Dctcrmination of the otlicr properties studicd on thc "BcO cxhaust product" 
gave unremarkable findings. Thc sample is primarily Bc0, with low lcvels of 
impurities. Water solubility of the sample is low, with 0.71% of the total sample 
soluble i n  water (chiefly CaSO, 4 Ha 0) and only 4 ppm soluble beryllium. Deter- 
mination of particle size distribution by Coulter Counter showed 87J0 of t h e  
sample mass to be less than llc, in diameter, whilc  examination by microscopy 
revealed that most of t h e  particles were less than 5 in  diameter. 

Scanning clectron photomicrographs of the "Be0 exhaust product" are 
prcscntcd in  figures 1, 2, and 3. Photomicrographs of key snmples of B e 0  and 
exhaust products previously studicd may be found in  the report of t h e  earlier 
work (Spenccr ct al., 1968). Figurc 1 (x500) can be compared with figures 21, 
24, 91, 93, and 96 of the rcport by Spcncer et al. (1968); figurc 2 (~5000) can 
be comparcd with figures 22, 25, 92, 94, and 97; and figure 3 (xW,  000) with 
figurcs 23, 26, 27, 95, and 98 of the 1968 rcport. 

ANIMAL STUDIES 

Thc biological activity of the "BcO cxhaust product" was evaluated by 
intratracheal administration of single closes of 50, 10, and 2 mg/kg of the 
sample to groups of female rats, followed by a 100-week tcst period. Another 
group of rats rcccived 50 mg/kg of thc key samplc of BcO calcined 3t 500 C a s  
a positive control, and a final group reccived saline as a negativc control. The 
cxpcrirncntal design is summarizcd i n  table 111. Pathological examinations 
w r c  conductccl on groups of rats necropsied 25, 50, 75, and 100 wceks following 
trcacment. Studies on the translocation of beryllium to oxtrapulmonary tissues 
werc carricd out at 25 and 100 wecks. 

Rcsul t s  of translocation studics on t h e  "Be0 cxhaust product" 25 weeks 
following treatmcnt are prcsentcd in  table IV. Beryllium was dctcctable in all 
4 tissues analyzed at the 50 mg/l:g dose, while only livcr and splccn showed 
mcasurablc amounts at thc 10 mg/kg dosc. Tissues frorn rats treatcd with 
2 nig/kg showcd no dctcctable quantities of beryllium. Translocation stud; 2s 
100 wecks following trcatmcnt with "BcO cxhnust product'' showed 3 similar 
decrease i n  herylliirm conccncration with decreasing dose (table V). The anal- 
yses conductcl after 100 wccks also showed slight incrcases in  beryllium con- 
centration ovcr tilc lcvels at 25 wccks. 
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TAULE V 

B E R Y L L I U M  C O N C E N T R A T I O N  IN TISSUES OF RATS K L L E D  XOO 
WEEKS FOLLOWING INTRATRACHEAL ADMINISTRA'X'ION 0 1 7  

"Be0 EX1 1AUS-I' PRODUCT8' 

BERYLLIUM CONCENTRATION (ug/g TISSUE) DOSE 
SAMPLE Mg/Kg L,IWR KIDNEY SPLEEN WNE 

"Be0 50 
Exhaust 
Product" 

10 

2 

M i n e  0 
Concrol 

0. 26 

11.0 

1.2 

0.22 

1.5 

0.07 

0.02 

0.15 

0.01 

0.01 

1.4 

0.02 

<O. 01 

c 0.01 

< 0.01 

< 0.01 

0.02 

0.04 

0.03 

0.02 

<o. 01 
< 0.01 

< 0.01 

<o. 01 

< 0.01 

<0. 01 

CO. 01 

eo. ox 

< 0.01 

<o. 01 

< 0.01 

< 0.01 

1.0 

34.0 

0.89 

0.41 

3.0 

0.12 

0.05 

Q. 25 

0.02 

8.03 

1.6 

0.04 

< 0.01 

< 0.01 

< 0.01 

e 0.01 

0.51 

1.3 

0.49 

0.51 

<o. 1 
<o. 1 
eo. 1 

<o. 1 

<o. 1 

<o. 1 
eo. 1 

<o. 1 

co. I 

CO. 1 

<o. I 

eo .  1 
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Translocation of bcrylmm from the "BcO cxhaust product" 25 wecks follow- 
ing treatment is comparccl with data obtained after similar time pcriods on kcy 
BcO snmplcs and cxhaust products prcviously studied in  tnblc VI. L,evcls of 
bcrylliitm i n  tissucs from rats trcatcd with  the kcy BcO cnlclnccl at 500 C arc 
grcatcr than those found in tissucs from rats trentcd with "BcO cxhaust product", 
whilc the latter sanlplc in t u r n  shows slightly greater translocntion than found 
from thc kcy BeG calcined at 1600 C or ARC Nos. 22 and 24. (Note that the 
doses of the key Be0 calcined at 1600 C, ARC No. 22 and ARC No, 24, wcre 
approximatcly twicc that of the  "Be0 exhaust product". ) A comparison of t h e  
100-week translocation data on the  "Be0 exhaust product" with long-term data 
on key Be0 samples and exhaust products previously studied is presented in  
table VII. Although the data are more variable, the same general comparative 
relationship that was observed i n  the  %-week data is  evident. (Note again the 
differences in dose. ) 

KcyDeO 50 
Calclned 
I t  mc 

'Bco 50 
Exbunt,, 
R d U C t  

Key Ilco- 100 
Calclnrd 
C t  l600C 

ARC -100 
No. 22 

ARC -100 
No. 14  

25 3.2 

1.3 

0.15 

0. 21 

25 1.7 

0.07 

0.16 

0.07 

a4 0 .021  

O.OS3 

0.070 

0.02R 

0.010 

0.007 

21 0.010 

0. WJS 

0. OOJ 

0.010 

21 0.0)O 

0.004 

0.11 

0.12 

0.11 

0.11 

0.01 

0.01 

0.01 

0.01 

* 0. 

e 0.003 

0.003 

0.MI 

0. m4 
0.004 

< 0.003 

0.m 

< 0. M S  

4 0.003 

0.004 

0.014 

3.6 

1.1 

0. I8  

0.36 

1.7 

0.0) 

0. zb 

0.10 

0.10 

0. I1 

0.26 

0.16 

0.010 

0.038 

0.019 

0.037 

0.015 

0.063 

0.014 

0. OB 

6.0 

5.0 

5.0 

6.5 

0.52 

0.45 

0.47 

0.31 

0.10 

0.06 

0.11 

0.11 

0. I4 

0.09 

0.28 

0.60 

0,23 

0.48 

0 .43 

0. 16 

I 
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TAZILE VI1 

TRANSLOCATION TO KXTIIAPULMONARY TLSSUES OF OERYLLWM 
PROM "DCO EXHALIST YRODUCX" AT 100 WEEKS COMPARED WITH 
KEY 000 SAMPLES AND ~ m u u s r  ntocuirrs PnuwousLY STUDIED 

ARC -100 
22 

*lo0 

*:00 

ARC 50 
u 

50 

50 

100 

I00 

100 

100 

100 

100 

100 

lOI, 

aa 
ao 
98 

98 

90 

98 

77 

77 

77 

55 

55 

65 

0.11 0. IS 

0.46 0 27 

0.24 0.20 

1.4 0.30 

0.26 0 .02  

11.0 0.01 

1.2 0.03 

0.22 0.02 

1.1 0.009 

0.029 e0.003 

0.60 0.008 

0.60 0.001 

0.34 0.006 

0.43 0.007 

0.012 0.0rM 

0.006 0.003 

0.00s 0.004 

0.008 <0.003 

0.007 eO.003 

0.013 q0.003 

(i. 39 

1.3 

0.97 

7.9 

1.0 

34.0 

0.89 

0.44 

0.92 

0.12 

1.0 

0.90 

0.64 

0.70 

0.022 

0.037 

0.042 

0.009 

0 .0s  

0. OM 

3.2 

5.7 

5.2 

8.5 

0. SI 

1.3 

0.49 

0.51 

0.4 

0.5 

0.75 

0.30 

0.20 

0.70 

0.2 

0.3 

0.4 

0.4 

0.5 

0.4 

Histopathological examination revealed a typically severe pulmonary response 
in rats treated with 50 mg/kg key Be0 calcined at 500 C. This reaction can be de- 
scribed as a progressive proliferative respanse charactcrized in the earlier phases 
by fibrotic and epithelial metaplastic changes, advancing into neoplastic changes as 
indicated by the development of pulmonary carcinomas. The associated lymph 
nodes from these rats  showed evidence of fibrotic proliferation. Thc pulmonary 
lesions observed in  the lungs of rats treated with 50 mg/kg "Be0 exhatist product'' 
were less scvere than those induced by the key Be0 calcined at 500 C, but were 
similar in nature. The severity of the pulmonary rcsponsc diminished with a de- 
crease in  dose of the "Be0 exhaust product", with only focal, minimal changes ob- 
served at the 2 mg/kg dose. N o  evidence of a proliferative response \-vas observed 
in the associated lymph nodes from rats treatcd with even thc highest dose of "BcO 
cxhnus t product ". 

I 

I 
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Thc occurrcnce of primary pulmonary tumors in  rats treated with 50 mg/kg 
kcy Be0 calcincd at 500 C or with 50 mg/kg "Be0 cxhaust product" is prcscntcd 
in tnblc VIII. The vast majority of all thcse tumors wcrc carcinomas, with occa- 
sional mctastmxx to the associatcd lymph nodes. A icw tumors werc morc sppro- 
priatcly clnssificd os adcnomas. Since the enrlicst primary pulmonary tumor was 
notcd 58 wccks following trcatmcnt in thc group ofra ts  that had rcceivcd 50 ing/kg 
of the kcy BcO calcined at 500 C, the tabulation was startcd at that point. For 
comparatlvcpurposcs, 58 weeks was used as the starting time in tabulation of 
tumors in  the group treated with 50 mg/kg "Be0 cxhaust product", although the 
first tumor was not noted in th is  group until the 75-week necropsy. The tabulation 
shows a higher occurrence of tumors in the group of rats treated with 50 mg/kg 
key Be0 calcined at 500 C than was found at the same dose of the "Be0 exhaust 
product". Only one pulmonary tumor was observed in  the group of rats treated 
with 10 mg/kg "Be0 exhaust product". None of the rats treated with 2 mg/kg "BcO 
exhaust product" had pulmonary tumors. 

TABLE Vlll 

PRIMARY PULMONARY TUMORS IN RATS FOLLOWING SlNGLE MTRATRACIEAL 
ADMINISTRATION OF "Bc! EXHAUST PRODUCT" AND KEY BcO CALCINED AT 500 C 

{EEKS 
OST 
'REATMENT 

58 

67 

73 

75 

80 

86 

87 

a9 

93 

95 

98 

100 

RATS RATS WITH 
EXAMCNED W/I'UMORS TUMORS 

1 

5 

7 

17 

21 

23 

27 

28 

30 

31 

32 

37 

1 

2 

3 

9 

11 

11 

15 

16 

18 

19 

20 

25 

100 

40 

43 

53 

52  

48 

56 

57 

60 

61 

62 

68 

RATS RATS 
EXAhlINDD W/TUMORS TUMORS 

1 

1 

3 

13 

16 

19 

23 

28 

29 

29 

29 

39 

0 

0 

0 

5 

6 

7 

9 

10 

10 

10 

10 

19 

0 

0 

0 

38 

38 

37 

39 

36 

35 

35 

35 

49 
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J.rr comparison with t h e  threc key Be0 samples (calcincd at 500, 1100, and 
1600 C), the  "Be0 exhaust product" is less activc, as far as tumorigenicity i s  
conccrncd, than thc kcy BcO calcined at 500 C, but is morc active than the key 
BcO samples calcined at  1100 and 1600 C. Datn regarding the tumorigenicity 
of the thrcc kcy samplcs of BcO a rc  prescntcd in the rcport of the carlicr work 
(Spcnccr C t  al. , 1968). 
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SUMMARY 

Physical md chemical characterization studies on an exhaust product 
collected from a beryllium-fueled NASA-JPL High Energy Upper Stage motor 
("Be0 exhaust product") showed t h e  material to be similar to the  key samplzs 
of BcO calcincc! at 1100 and 1600 C, and to a group of exhaust products prevfous- 
ly studied (ARC Nos. 1, 22, and 24). 11 slightly higher surface area, sma2ler 
crystallitc size, and lower crystallinity of the "Be0 exhaust product" were the 
notable dif ferenccs from the exhaust products previously studied. 

The biological activity was evaluated during a 100-wcek period following 
intratracheal administration of the "Be0 exhaust product" to rats i n  single doses 
of 50, 10, and 2 mg/kg. Criteria used for judgment wcre analysis of beryllium 
i n  extrapulmonary tissues and histopathological cxamination of the lung. 

Studies of the translocation of beryliium to extrapulmonary tissue.s (liver, 
kidney, spleen, and bone), conductcd 25 and 100 weeks following treatment, 
showed the translocation of beryllium from the "Be0 exhaust product" to bc 
considerably lower than that of the kcy Be0 calcined at 500 C, but slightly 
grcater than that of the  key Be0 calcined at lGO0 C and ARC Nos. 22 and 24. 

Histoprtthological examination 25, 50, 75, and 100 weeks following treat- 
ment rcvealcd a pulmonary response less scverc than that induced by the key 
Be0 calcined at 500 C, but with lcsions similar i n  nature. Evaluation of 
tumorigenicity of the "Be0 exhaust product" showed fewer tumors than were 
found in ra ts  treatcd with the kcy BcO calcincd at 500 C. The tumors found in  
rats treated with the "Be0 exhaust product" also occurred later than those i n -  
duccd by thc  key BcO calcined at 500 C. 
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DISCUSSION 

DR. THOMAS (Aerospace Medical Research Laboratory): Was that a 
perfcct static firing, o r  was that the one which blew up half way? 

DR. BACK (Aerospace Medical Repearch Laboratory): No, this was a 
perfect firing. For those of you who don't know, the ARC (Atlantic Research) 
material was fired in a tank at altitude and that's why it's so clean. It was fired 
in a tank at altitude through a water scrubber. It was I suppose almost a hard 
vacuum. If they fire in a closed system, they have to fire into a vacuum. 'Ihat's 
why it's so clean. Now, this other thing was fired outside and maybe the reason 
it looks so amorphous is because of the way it finally cooled. Cooling one way 
through a water scrubber at altitude a s  opposed to cooling out in the tropics, 
outside in  the ambient air, probably gave us  the differences. That's what we're 
looking for, obviously. We just made three new samples with the good help of 
Dow Chemical. Wlt we don't know whether somebody is going to let us work on 
them or not since beryllium is a bad name. But if we ever get any money to do 
it and if somebody will  let us, w e  a r e  certainly going to put two years effort 
into this, and I hope we can continue this work. Since we are this far  along, it 
would be a shame not to get the full answer. 
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