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A process to recover high purity B10 enriched crystalline boron 
powder from a polymeric matrix was developed on a laboratory 
basis and ultimately scaled up to production capacity. The 
process is based on controlled pyrolysis of boron-filled scrap 
followed by an acid leach and dry sieving operation to return the 
powder to the required purity and particle size specifications. 
Typically, the recovery rate of the crystalline powder is in 
excess of 98.5 percent, and some of the remaining boron is 
recovered in the form of boric acid. The minimum purity require
ment of the recovered product is 98.6 percent total boron.

FA/bjk

This report was prepared as an account of work sponsored by tha 
Unitad States Government. Neither the Unitad States, nor the 
United States Department of Energy, nor any of their employees, 
nor any of their contractors, subcontractors, or their employees, 
makes any warranty, expressed or implied or assumes any legal 
liability or responsibility for the accuracy, completeness or 
usefulness of sny information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.

The Bendix Corporation 
K nsai City Division 
P. O. Box 1159 
Kansas City, Missouri 64141

A prime contractor with the United States 
Department of Energy under Contract Number 
DE-AC04-76-DP00613

2



CONTENTS

SUMMARY........................................................ 8

D I S C U S S I O N ...................................................  10

SCOPE AND PURPOSE.......................................... 10

A C T I V I T Y ...................................................  10

Scale-Up Facility.......................................  10

Pilot Plant F a c i l i t y ................................... 37

Production Facility.....................................  73

ACCOMPLISHMENTS............................................  80

FUTURE WORK................................................. 83

REFERENCE.....................................................  84

Section Page

3



ILLUSTRATIONS

1 Pyrolysis Retort Assembly (Polaroid).........  12

2 Retort Assembly ffith Carbon Dioxide Inlet
and Thermocouple Connection (Polaroid). . .  12

3 Pyrolyzed Scrap (Polaroids) ................... 13

4 Boron Recovery Scale-Up Facility (P97043) . . 14

5 Processing Schematic Diagram for Scale-Up
Facility.......................................  15

6 Scale-Up Facility Processing Reactor.......... 16

7 Density Separation Apparatus, With Low
Density Material in Collection Vessel
(P99178).......................................  31

8 Density Separation of Natural Boron
(P99180).......................................  32

9 Photomicrographs of Virgin and Reclaimed
Boron Powder ( P 9 3 8 4 7 ) .......................  47

10 Silt Content as a Function of Percent
Recovered Product ............................ 50

11 Recovery Rate as a Function of Type of
S c r a p .......................................... 52

12 Assembly Drawing of Production Type
R e a c t o r .......................................  56

13 Carbon Content as a Function of Boron
Particle S i z e ................................  62

14 Boron Reclamation Facility Layout ............  75

15 Production Pyrolysis Furnace (Polaroid) . . .  76

16 Pyrolysis Retort (Polaroid) ..........  . . . .  76

17 Chemical Processing Area (P104056)............  77

18 Production Reactors and Silt Vessels
(Polaroid).....................................  78

Figure Page

4



19 Reactors R-l and RS-1 With Associated
Process Equipment (Polaroid)................  78

20 Computer Control Equipment (Polaroid) . . . .  80

21 Screening and Particle Separation Areas
(Polaroids)...................................  81

22 Twin-Shell Blender Area (Polaroid)............  82

23 Material Hold Area ( . P o l a r o i d ) ................. 82

5



TABLES

1 Trace Metal Impurities as a Function of pH in
Neutralized Hydrofluoric Acid Leaching
S o l u t i o n ........................................ 21

2 High-Purity Pyrolyzed Scrap Recovered in
Scale-Up Facility..............................  22

3 Correlation of Sieve Mesh Designations With
Particle Size................................... 24

4 Material Specification Boron Particle Size
Requirements ................................... 24

5 Sieve Analysis of Lot SUB-1 Powder ............  25

6 Sieve Analysis of Lot SUB-2A Powder............  26

7 Variable Concentration Leaching Study.......... 26

8 Purity Data of Boron Recovered in Scale?-Up
Facility (in ppm)..............................  29

9 Purity Data for Lot SUB-8 Boron................. 34

10 Boron Recovery Processing Parameters for
MS8104630 Material ............................ 35

11 Sieve Analysis Data for Reclaimed MS8104630
M a t e r i a l .......................................  36

12 Pilot Plant Rework Material.....................  39

13 Removal of High Density Particles From
Virgin Boron Powder............................ 40

14 Pilot Plant Reclaim Material ...................  42

15 Purity Data of Lots PP-1 and PP-2............... 43

16 Purity Data of Lot PP-3..........................  45

17 Sieve Analysis of Reclaimed Product and
Silt ............................................  46

18 Product Recovery Rates and Sieve Analysis of
Lots PP-4 Through 1 4 .........................  49

Number Page

6



19 Scrap Composition of Lots PP-4 Through 12. . . 51

20 Processing Conditions for Silt Lots PPS-1, 2,
and 3 ............................................  53

21 Purity Data of Silt Lots PPS-1, 2, and 3 . . . 54

22 Processing Conditions of Silt Lots PPS-4,
5, 6, and 7 .....................................  57

23 Purity Data of Silt Lots PPS-4, 5, 6, and 7. . 58

24 Analysis of Specific Elements in Silt Lots . . 61

25 Carbon Content as a Function of Particle
Size in MS8104630 S i l t .......................  61

26 Processing Parameters of MS8104635 Material
in Lots PP-15, 16, 23, and 2 4................  63

27 Sieve Analysis of Lots PP-15, 16, 23, and 24
MS8104635 Material ............................  64

28 Purity Data of Lots PP-15, 16, 23, and 24
MS8104635 Material .............................  65

29 Purity Data of Hydrochloric Acid Releach . . .  67

30 Processing Conditions’ of MS8104630 Material
in Lots PP-17 Through PP-22................... 68

31 Purity Analysis of Lots PP-17 Through PP-22
MS8104630 Material ............................  69

32 Sieve Analysis of Lots PP-17 Through PP-22
MS8104630 Material .............................  70

33 Elutriation Operation Involving Lot PP-22. . . 72

7



SUMMARY

Bendix initiated a reclamation effort with the following objec
tives: To reclaim from a polymeric matrix the maximum amount of
specification grade boron in the required particle size ranges, 
to return a maximum of reclaimed byproducts to stock in forms 
economically convertible to specification grade material, and to 
minimize deleterious or hazardous constituents in the reclaimed 
products. A further objective was to design a process with 
sufficient versatility to accommodate changes in polymer matrices, 
boron particle size distributions, and load levels and to remove 
contaminants added by the filled elastomer manufacturing processes.

A reclamation process was developed which uses technologies new 
to Bendix and demonstrated the technical feasibility for meeting 
the process objectives. The process consists of the following 
steps.

1. A controlled pyrolysis in a carbon dioxide atmosphere removes
the hydrocarbon polymer which will be either an ethylene/vinyl 
acetate/vinyl alcohol terpolymer or a styrene end-blocked 
ethylene-butylene copolymer. This process is currently
being expanded to include silicone polymers.

2. A deagglomeration operation breaks up the consolidated
"clinker" by removing water-soluble boron oxides. This step 
also removes some of the superfine boron particles, which 
reduces or eliminates the screening required to meet the 
specification on particle size distribution.

3. A leaching operation removes impurities introduced by the 
production milling and molding processes. Hydrofluoric acid 
was originally selected to remove beryllium oxide in addition 
to other metallic impurities, and this acid probably will be 
retained as the primary leachant because it lends itself 
very well to a waste treatment process which recycles most
of the process water. This in turn minimizes disposal 
costs. Secondary leaching with hydrochloric acid will be 
used only when high concentrations of elements which are 
insoluble or slightly soluble in hydrofluoric acid are 
present.

4. Screening of the dried and purified powder by one or a com
bination of three devices eliminates nonspecification particle 
sizes and sorts the required sizes by grade according to the 
appropriate product specification.



After establishing the boron reclamation process, efforts were 
concentrated on preparing a formal proposal for a production 
reclamation facility which, was submitted to DOE/ALO in February 
of 1976. Of the three methods and proposals submitted by competing 
agencies, the Bendix proposal was selected on the basis of 
demonstrated technical competence and economic advantage. An 
8-year multiprogram cost savings of $29 million is projected 
based on FY1977 dollars and program-related information available 
at the start of this project.

On April 22, 1976, Bendix was awarded the DOE/ALO Boron Recla
mation Mission Assignment for recovering boron in VCE slastomeric 
binder. A confidential invention disclosure, concerning the 
developed process was filed by R, M. Smith and M. L. Smith with 
DOE in June, 1976. United States Patent #4,091,077, entitled 
"Process for Recovering Filler from Organic Binders", was granted 
on May 23, 1978.

A Boron Reclamation Facility was completed and became operational 
in February, 1979. During the period between the mission assign
ment and the completion of the production facility, extensive 
design and development work were accomplished in a scaleup 
facility which was designed to help bridge the gap between 
laboratory and production scale. This scaleup operation subse
quently was upgraded to a pilot plant facility which served two 
important functions: to evaluate design concepts and hardware
prior to installation in the production facility and to provide 
added capacity to the production facility if required. This 
equipment also may be used for the recovery of field return and 
production scrap containing boron in silicone elastomers.
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DISCUSSION

The responsibility for the design, construction, evaluation, and 
operation of a production facility for the reclamation of boron 
was assigned to Eendix on the basis of a laboratory process, The 
evolution of production scale processes and equipment was 
simplified by the construction of a scale-up and then a pilot 
plant facility which had increasingly larger capacity and 
sophistication. Through the development work carried out during 
these phases, design changes for the construction of the produc
tion facility could be made efficiently. This aspect was of 
particular importance because the technologies involved were new 
to Bendix.

SCOPE AND PURPOSE

ACTIVITY

Development of the basic laboratory process was conducted in 
response to a DOE/ALO challenge to various agencies and is dis
cussed in the formal proposal submitted by Bendix. This proposal 
will be referenced later as to the assumptions made to establish 
the initial design concepts. The activity discussed here repre
sents the work conducted after the mission assignment was made 
to Bendix. Modifications and refinements in the basic process as 
well as program changes affecting the quantity and types of 
material to be recovered also are discussed.

Scale-Up Facility

DOE granted $500,000 to be used in the design and construction of 
a production facility for the recovery of boron and advance 
funding of $60,000 was made available for the construction and 
evaluation of a scale-up facility. Such a facility was needed 
to help fill the gap between processing several grams at a time 
in laboratory equipment and the 10- to 15-kg capacities of the 
production reactors, the primary areas of interest for this 
facility were as follows:

To determine the processing parameters which yield recovered 
product with the required purity;

To determine the settling times necessary to yield recovered 
product within or near the specification limits on particle 
size, thereby eliminating, or at least reducing, the sieving 
required for product acceptance; and

To develop a cost effective process for the disposal of acid 
waste.



The efforts involved in pursuing these areas of interest can best 
be seen through a detailed description of the equipment and proc
esses used in the scale-up facility.

Pyrolysis of all the scrap treated in both the scale-up facility 
a_id later in the pilot plant was conducted in a Model NMR-20 
muffle furnace. The furnace has a high temperature (1650°C) 
firebrick lining with internal compartment dimensions of 508 mm 
wide, 508 mm high, and 635 mm deep. This furnace was originally 
installed for pyrolysis of organic materials, and only limited 
modifications were required.

The boron filled scrap to be pyrolyzed is broken or cut into 
pieces of suitable size and placed in the wire-mesh compartments 
of a rectangular container (Part A in Figure 1). This container 
is placed in a loose-fitting shallow pan (Part B), and this 
assembly is placed atop a gas distribution baffle (Part C).
Next, Parts A, B, and C are placed inside a box retort with 
a loose-fitting lid (Figure 2) and a perforated gas injection tube 
is inserted through a hole in the bottom of the retort such 
that the tube extends the full length of the retort. A metal- 
sheathed thermocouple is then inserted through a hole in the lid 
and into the material contained in one of the wire-mesh compart
ments to monitor the temperature of the material during pyrolysis. 
The retort and associated parts were constructed from various 
available 300-series stainless steels.

The assembled and loaded retort is placed in the cool furnace.
The load-thermocouple and gas injection tube are fed through 
ports in the furnace door and connected to a digital thermometer 
and a commercial carbon dioxide (CO2 ) cylinder, respectively.
After the retort has been purged with CO2 for about 30 minutes 
at a flow rate of 2.4 x 10~4 m^/min, furnace power is applied 
and the CO2 flow rate is increased to about 3.1 x 10“4 to
4.7 x 10_4 m^/min. With the furnace control set at 535°C, a 
stable pyrolysis temperature of 524 to 529°C is obtained in the 
retort load in about 1.5 hours. After the material has been 
pyrolized for 3 hours at 525°C, the furnace power is turned off, 
and the material is allowed to cool with continuous purging until 
the temperature in the retort is about 260°C,

A small portion of the boron, about 1 percent, is oxidized to 
boric oxide which forms as a thin coating around individual boron 
particles, cementing them together. By operating the pyrolysis 
at the lowest possible temperature consistent with carbon removal, 
formation of the boric oxide, an undesirable by-product, can be 
minimized. The pyrolyzed material, consisting of boron, boric 
oxide, and oxides of metallic impurities added in the manufacturing 
operation, is removed from the retort as loosely-bound clinkers 
of the same physical form as the scrap charged to the retort.
Figure 3 shows two examples of pyrolized scrap, one of which used
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Figure 1, Pyrolysis Retort 
Assembly

Figure 2. Retort Assembly With
Carbon Dioxide Inlet and 
Thermocouple Connection



2 5 m m

M S8104630 BORON MS8104635 BORON

Figure 3. Pyrolyzed Scrap

the coarser boron, specified in Material Standard (MS) 8104630. 
Typically, this material is molded into thicker parts in comparison 
with the second example, which is similar except that this scrap 
is MS 8104635 boron used for molding thinner parts. These clinkers 
were taken from actual historical samples and are typical of 
scrap from these two boron types, except that the clinkers placed 
in the reactor often measure up to 15 cm along a side.

The pyrolized scrap is transported to the scale-up facility, for 
deagglomeration and leaching. An overall view of the processing 
equipment used in this facility is shown in Figure 4, and the 
processing schematic is illustrated in Figure 5. The photograph 
shows the polypropylene reactor, the heart of the system, located 
on the platform of the support structure. This first generation 
reactor (Figure 6) was designed to meet the basic processing 
requirements of the deagglomeration and leaching cycles at a 
relatively low cost while providing a capacity of 5 kg.

Before chemical processing, historical samples of from 20 to 40 g 
are collected from each lot of pyrolized scrap. Chemical processing

13



Figure 4. Boron Recovery Scale-Up Facility

begins by removing the reactor cover, the float, the locking 
collar, and the liquid transfer pipe. About 5 kg of scrap are 
loaded into the reactor body, the reactor cover and associated 
parts are returned to the reactor, and the cover is bolted in 
place. The float is raised to its uppermost position and held in 
place by the locking collar. Deionized (DI) water is added by 
pumping from the supply vessel through the fluid inlet pipe and 
screen at the base of the reactor. The DI water supply vessel 
and its pump located directly above the vessel are shown in the 
lower right corner of Figure 4.

Deagglomeration of the clinkers is accomplished by introducing
low pressure nitrogen gas through the fluid inlet pipe, which 
produces a bubbling agitation. The degree of agitation is adjust
able by means of a needle valve in the nitrogen line. This valve
along with two pressure regulators and a line filter are shown to

14



Figure 5. Processing Schematic Diagram for Scale-Up Facility



Figure 6. Scale-Up Facility Processing Reactor



the right of the reactor in Figure 4. The nitrogen is vented by 
means of the waste gas vent on the reactor, which directs the gas 
through a scrubber prior to atmospheric discharge. After suffi
cient time and agitation have been provided to dissolve the boric 
oxide "cement" binding the particles together., the coarser boron 
particles are allowed to settle. This settling time is dependent 
on the particle size required for the particular material specifi
cation. By selecting the proper settling time, excessive amounts 
of very fine boron particles (silt) remaining in suspension can 
be removed by transferring this liquid to a boric acid and silt 
(BAS) holding vessel. This vessel is shown to left of the reactor 
in Figure 4. To accomplish this transfer, the locking collar is 
repositioned on the liquid transfer pipe. With the float resting 
on the surface of the boric acid solution/boron suspension, the 
variable speed pump, located above the BAS vessel on the top of 
the support structure, is started. As the liquid is removed, the 
float maintains contact with the liquid surface until all the 
liquid has been removed and the float is resting on the bed of 
coarse boron which had already settled out. If the float is to 
be stopped short of the boron bed, the locking collar can be 
repositioned to stop the float at any height.

To ensure thorough removal of the boric acid in solution and 
excess silt, the boron remaining in the reactor is rinsed with DI 
water two more times. The deagglomeration and subsequent rinses 
use 7.5 L of water per kilogram of boron scrap. These rinses are 
combined with the deagglomeration solution in the BAS vessel 
which serves as a long-term settling tank. Because of the very 
fine particle size of the silt, complete settling usually requires
24 to 48 hours. After settling in the BAS is complete, the clear 
dilute boric acid solution is transferred to a separate vessel 
for concentration by distillation. This boric acid vessel is 
shown in the extreme right of Figure 4. This portion of the 
process will be discussed in more detail later in the text.

The coarse boron powder remaining in the reactor is ready for the 
leaching cycle. This operation is necessary to remove impurities 
introduced during manufacturing. Hydrofluoric acid had been 
selected as the leachant during the early developmental phase of 
the reclamation process because of the high concentration of 
beryllium oxide (BeO) in the scrap material.

The leaching cycle is initiated by starting the pump which 
supplies a 10-percent NaOH solution to the vent gas scrubber.
The caustic supply vessel is shown in Figure 4 next to the boric 
acid vessel, and the scrubber pump is directly above it and next 
to the water supply pump. After circulation of the caustic 
solution through the scrubber and back to the supply vessel is 
confirmed, the acid is pumped from its supply vessel to the 
reactor through the fluid inlet tube and screen. The hydrofluoric 
acid supply vessel is shown in Figure 4 as the small polyethylene
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carboy to the right of the reactor. Addition of the acid to the 
reactor is on a timed basis. By calibrating the delivery pump, a 
pumping time can be calculated to provide a total volume in the 
ratio of 1 L of acid per kilogram of boron. When sufficient acid 
has been added, gentle nitrogen agitation is started. This agita
tion is continued for the desired interval, usually between 4 and
24 hours.

After leaching is complete, the acid is diluted to a liquid-to-boron 
ratio of 7.5:1. Agitation is continued until thorough mixing of 
acid and water is assured, then the boron is allowed to settle.
This settling time is normally the same as tised in the deagglo
meration and rinsing cycle. The same procedures are used for 
transferring the acid as for the boric acid, except that a different 
receiving vessel is used. The acid in the reactor and any suspended 
boron particles are pumped into the acid rinse (AR) vessel using 
the same variable speed pump as before. The boron in the reactor
is rinsed with DI water four more times to reduce the hydrofluoric
acid concentration in the residual water to a few parts per 
million. All rinses are combined in the AR vessel. When all of 
the fine boron in the AR vessel has settled out, which usually
requires 24 to 48 hours, the clear acid rinse solution is trans
ferred to the neutralizer. The neutralization process is discussed 
later in the text.

When the last rinse has been completed, a small amount of water 
remains in the reactor because the liquid transfer pipe does not 
extend to the bottom of the float, thereby leaving some water 
when the float is resting on the boron bed. This residual water 
is drained off by opening the drain valve (Figure 6). When all 
the water has been removed, the lower manifold assembly (the 
fluid inlet pipe, screen, and drain valve) is removed by unbolting 
the flange. The boron in the reactor is then collected in a 
suitable container and dried in an air circulating oven under dry 
nitrogen purge. The drying oven is shown in Figure 4 in the 
upper right hand corner.

Although the pyrolysis conditions were optimized with respect to 
boric oxide formation and carbon removal, the pyrolized clinkers 
still contain up to 0.5 weight percent boric acid in the form of 
boric oxide. During deagglomeration and rinsing, the oxide is 
converted to boric acid which is dissolved and removed from the 
coarse boron particles. Recovery of the boric acid was included 
in the formal proposal as one of the process steps because of the 
value of boric acid enriched in the B^-0 isotope. Distillation 
was selected as the recovery method primarily because other tech
niques did not lend themselves to very dilute solutions.

Initially, the plan was to distill only the deagglomeration solu
tion because it contained nearly 98 percent of all the boric 
acid. Recovery of the remaining 2 percent would require distilla
tion of twice the volume of the deagglomeration solution for only

18



a small fraction of the product. Because recovery of the remaining
2 percent from the two rinse solutions was not economically 
feasible and the concentration of boric acid was so low (21.5 and
2.7 ppm, respectively), a proposal was made to dispose of these 
solutions through the plant lagoon. However, as Missouri State 
guidelines recommend that solutions containing more than 1 ppm 
not be disposed of in such a mauner, all rinses are combined and 
distilled.

Distillation is accomplished by a Corning Mega-Pure glass still 
which has a capacity of 1 L/hour. The still (not shown in Figure 4) 
is mounted on a platform high above the rest of the processing 
equipment. Dilute boric acid is pumped continuously from the 
holding vessel up to the still, where a portion of the water is 
removed as distillate and drains off into the DI water supply 
vessel. Excess water is returned from the still to the boric 
acid holding vessel for recycling. This continuous distillation 
process gradually increases the concentration of the boric acid 
until it begins to crystallize in the holding vessel. Periodically, 
the saturated solution is removed and further processed to obtain 
the crystalline product.

Because of the high disposal cost associated with the beryllium- 
contaminated acid waste solution, a process was sought which 
would reduce the disposal volume to a minimum. The first attempt 
along this line was to neutralize the hydrofluoric acid with a 
sodium hydroxide solution followed by purification of the neutral 
solution by reverse osmosis. The tall plastic neutralizing 
vessel is barely visible in Figure 4 behind the reactor. Two 
reverse osmosis units are shown mounted on the top rail of the 
support structure to the right of the reactor. The ionic strength 
of the neutral solution was so high, however, that purification 
by reverse osmosis was impractical.

Another technique involved the neutralization of the hydrofluoric 
acid with excess calcium hydroxide. This method has the advantage 
of chemically removing the hazardous fluoride ion by forming 
insoluble calcium fluoride. By adding a sufficient excess of the 
calcium hydroxide to raise the pH to about 12, the heavy metal 
ions present from the leaching cycle are precipitated as hydroxides. 
At this point, the solution is free of the most undesirable 
elements; however, it is still saturated with calcium ions and, 
therefore, is unsuitable for recycling into the reclamation 
process. This problem is alleviated by bubbling carbon dioxide 
gas through the liquid. The excess calcium ions react with the 
carbon dioxide to produce calcium carbonate which also precipitates 
out of solution.

This neutralization process is shown in Equations 1 and 2.
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2HF + excess C a f Q H ^—■ — CaF2+ + 2H20 + Ca(OH)2 (1)

Ca(OH)2 + C02-^=r CaC03+ + H 20 (2 )

Experiments showed that, by adding carbon dioxide and reducing 
the pH to a range of 8.5 to 10.0, nearly all impurities are 
precipitated and form a sludge in the bottom of the neutralizer.
The resultant clear water above the sludge is generally much 
better than city water entering the plant. Table 1 shows how the 
concentration of several elements change with pH during neutrali
zation. The column at the far right of the table is a summation 
of the total concentration of the subject metals and shows that 
in the pH range of 8.5 to 10.0 the sum of all measured impurities 
is essentially constant around 16 ppm. These data compare quite 
favorably with the average impurities observed in city water 
during the 1977 calendar year.

The water is pumped out of the neutralizer, through a 5-^m filter, 
into the sanitary drain system. The sludge, which represents a 
small fraction of the original waste volume, is pumped into 
plastic-lined 208-L drums for disposal. Because the sludge 
contains most of the beryllium, the barrels are labeled and 
disposed of in accordance with current Environmental Protection 
Department guidelines.

During this scale-up phase of development, only six 5-kg lots of 
high purity pyrolized scrap were available for treatment through 
the entire reclamation process. A description of the type and 
amounts of material involved in these lots is given in Table 2.
Also during the 12-month period of scale-up operation, less than
20 kg of pyrolyzed material which approximated scrap from WR 
production was available for chemical processing. Of that 20 kg 
of scrap, only one lot of MS8104635 material was available for 
processing. Although the two lots of high purity natural boron 
required deagglomeration and leaching, the purity of the material 
prior to treatment was unusually high and, consequently, was not 
representative of enriched boron scrap.

Because of the limited amount of material available for processing, 
the maximum amount of information had to be gathered from each 
lot. Some of the tests performed on one or more of the lots were 
as follows:

Evaluating the time required for deagglomeration;

Determining the optimum time for removal of silt without a
significant loss of the coarser powder using settling time
studies;

20



Table 1. Trace Metal Impurities as a Function of pH in Neutralized 
Hydrofluoric Acid Leaching Solution

Total

Trace Metal Impurities (ppm) Measured

pH Ca Mg Si Na Fe Cr Ni
impurities
(ppm)

12.16 179 0.01 1.1 1.42 0.19 0.09 0.02 182

11.85 100 <0.005 0.5 2.10 0.12 0.07 0.02 103
9.98 13.7 0.15 1.1 0.08 0.04 0.13 * 15.2

9.34 13.4 0.62 1.1 0.08 0.01 0.09 * 15.3
9.12 13.2 1.10 1.5 0.03 * 0.12 * 16.0
8.93 13.0 1.25 1.7 0.01 0.03 0.16 * 16.2
8.82 12.3 1.46 2.0 0.01 0.03 0.20 * 16.0
8.67 11.2 1.75 3.1 0.01 0.02 0.13 0.02 16.2
8.57 10.4 1.85 4.2 0.01 0.03 0.07 * 16.6
8.45 9.2 2.12 4.9 0.11 0.04 0.16 * 16.5

Trace Metals in City Water (ppm)

9.7** 46.5** 4.7** 74.2** 51*** 0.7** 0.08+ 0.02+

*Not detected.
**Mon£hly averages for 1977.

***March and July, 1977
+1977 Yearly Report by Bendix Environmental Protection Department.



Table 2. High-Purity Pyrolyzed Scrap
Recovered in Scale-Up Facility

Lot

Charge
Material Weight 
Specification (g)

Powder
Recovered
(Percent)

SUB-1 8104630 5000 98.8

SUB-2 8104635 5000 93.5

SUB-8 8104630 4894 98.5

SUB-9 8104630 4963 98.5

SUB-10 Bjjp* 6064 98.7

SUB-11 B^,* 3719 99.3

*High-purity natural boron with 
size as defined by MS8104630.

a particle

Determining the effect of hydrofluoric acid concentration on 
product purity;

Monitoring leaching time as a function of purity;

Measuring the boric acid concentration in each deagglo
meration rinse;

Measuring the fluoride concentration in the acid rinses; and

Evaluating the effect of leaching rinses on purity.

During the early phases of this work, a minimum deagglomeration 
time was sought in an effort to shorten the process as much as 
possible. This minimum may be as little as 3 to 4 hours; however, 
deagglomeration time is dependent on the degree of agitation and, 
to a lesser extent, on the charge weight in the reactor. The 
deagglomeration time probably could be shortened considerably by 
heating the water; this method was not attempted in the scale-up 
facility, and no plans were made to provide for such a capability 
in the production facility. Sufficient time is available in the 
processing schedule to allow for overnight or weekend deagglo
meration.

Deagglomeration did prove to be a problem in the only lot of 
8104635 material (SUB-2) processed in the scale-up facility. In
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this case, large chunks of agglomerated material were found in 
the bottom of the reactor after 2 hours of continuous agitation.
The situation had not improved considerably after an additional
2 hours; however, some evidence indicated that the nitrogen 
entering the bottom of the reactor was channeling up one side of 
the 102-mm perforated inlet area. Some of the fragments were 
very hard and difficult to crush. After a total of 23 hours of 
agitation, some of the very hard agglomerations still were present. 
Theise pieces retained their original shape and relatively sharp 
edges, so they were collected for further study. Thermogravimetric 
analysis showed the problem to be incomplete pyrolysis.

To alleviate the problem of channeling, an insert was made for 
the bottom of the reactor which continued the 45° taper of the 
cone down to a 25-mm inlet rather than the 102-mm inlet in the 
original design. This change was incorporated into the design of 
the larger reactors for the production facility.

Extensive settling time studies were performed on the first two 
lots (SUB-1 and SUB-2) because they represented the two particle 
size graduations which would be encountered throughout the program. 
As mentioned earlier, the rinsing steps provide two important 
functions: to remove the boric acid and the spent hydrofluoric
acid, and to remove extremely small boron particles from the 
coarser fraction. The first function is dependent primarily on 
the number of rinses used, while the second is controlled more by 
the time allowed for the particles to settle to the bottom of the 
reactor before the liquid and suspended particles are removed.

Table 3 provides a correlation between U. S. Standard Mesh and 
the actual particle size to which each corresponds as measured in 
micrometers. Table 4 lists the particle size requirements for 
boron powders according to Material Specifications 8104630 and 
8104635/8104619.

A settling time of 30 minutes was selected for the deagglomeration 
transfer and all acid leaching transfers; the last two deagglom
eration rinses used 18-minute settling times. Sieve analysis of 
the recovered coarse powder (Table 5) indicates the material met 
the particle size specification requirements except for a very 
small amount of material larger than 40 mesh (250 ura) .

A settling time of 90 minutes was chosen for lot SUB-2 because 
the specification for MS8104635 material allows more of the fine 
particle size fraction; a longer settling time was expected to 
allow more of the silt to be recovered with the coarser fraction. 
However, because of the problem of channeling during deagglom- 
eration and leaching, no sieve analysis was made. Instead, the 
unleached silt was combined with the purified coarser powder 
and was releaehed as lot SUB-2A after a spot check of a few 
elements in the recovered powder indicated poor leaching. This
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Table 3. Correlation of Sieve 
Mesh Designations 
With Particle Size

U. S. Standard Particle Size
Mesh (j*m)

40 425
60 250
80 180

100 150
120 125
140 106
170 90
200 75
230 63
270 53
325 43
400 38

Table 4. Material Specification
Boron Particle Size
Requirements

Particle Size Weight Percent
(j»m) Required

MS8104630

+425 1.5 maximum
-425, +250 35 minimum
-425, +106 70 minimum
-425, +63 80 minimum
-425, +38 95 minimum

-38 5 maximum

MS8104635 and MS8104619

+106 1.5 maximum
-106, +45 74 ±4

-10 10 maximum*

*10 percent maximum by Micromero-
graph or 20 percent maximum by
Andreasen pipet.



Table 5. Sieve Analy
sis of Lot 
SUB-1 Powder

Particle Size Weight 
Range* (./xm) Percent

+425 0.1

-425, +250 49.5

-250, +106 32.4

-106, +63 7.3

-63, +38 8.3

-38

-a*•

CM

releach used the modified inlet described earlier and the same 
settling times. Sieve analysis of lot SUB-2A indicated the settling 
time was too long as evidenced by the high percentage of boron 
particles smaller than 20 pm. Table 6 shows the sieve analysis 
of duplicate samples from lot SUB-2A.

A study was made to determine the effects of leaching boron in 
various concentrations of hydrofluoric acid. About 1,100 g of 
low purity natural boron powder was blended and split into four 
samples ranging from 263 to 280 g each. Each sample was placed 
in a 4-L hydrofluoric acid shipping container along with a 500 mL 
solution of hydrofluoric acid. The concentrations of acid used 
were about 6, 12, 24, and 48 volume percent for samples 1 through 4, 
respectively. All the samples were leached in a quiescent state 
with gentle swirling agitation provided every half hour. After
4 hours, all samples were diluted with 3 L of DI water and allowed 
to settle overnight. The following morning, the diluted acid was 
pumped off into separate containers, and the samples were rinsed 
two more times with 3-L volumes of DI water. The purified powder 
was dried and sieved to separate the +400 and -400 mesh fractions. 
The -400 mesh fractions were selected as a ‘'worst case" because, 
throughout the boron recovery project, experience has shown that 
the impurities, whatever the source, are present as very small 
particles and therefore are concentrated in the smallest size 
fractions. Several elements were analyzed by atomic absorption 
spectroscopy and the data are shown in Table 7.

The data in Table 7 show that a leaching solution of 6 volume 
percent hydrofluoric acid consistently was more reactive and 
produced the highest purity product with respect to the elements 
tested with one very significant exception: chromium. This
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Table 6. Sieve Analysis of Lot SUB-2A Powder

Weight Percent

Particle Size ------------------- ----------- Average
Range (#m) 1 2 (Percent)

+106 Slight trace Slight trace Slight trace

-106 , +45 50.5 47.6 49.1

-45, +20 23.6 26.6 25.1

-20 25.9 25.8 25.8

Table 7. Variable Concentration Leaching Study

Elemental Contents* (ppm)

Element Sample 1 Sample 2 Sample 3 Sample 4

Si 1100 6000 4100 1500
Mn 205 1475 1350 1200
Fe 956 6956 4456 9956
Cr 10250 3600 2800 2600
Sn 159 259 189 149

Ni 114 309 309 249
A1 98 420 270 550
Cu 6 192 142 192
Ca 24 290 90 120
Mo 125 325 450 725

Ti 48 368 366 360
V 5 4 6 4
Be 1.5 3 1.5 2
Mg 6000 to 10000 estimated for all samples

♦Sample 1, original designation BN60B, 6 volume
percent (v/o) HF concentration; sample 2 was
BN125L, 12 v/o HF concentration; sample 3 was
BN250B, 24 v/o HF concentration; sample 4 was
BN500B, 48 v/o HF concentrat ion.
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element exhibited the reverse trend, in that its concentration in 
the product steadily decreased as the concentration of hydro
fluoric acid in the leaching solution increased. Using the 
information provided by this study, the decision was made to 
change to a two-stage leaching cycle on subsequent lots, The new 
leaching cycle would involve leaching in concentrated hydrofluoric 
acid for a given time to remove chromium and then diluting the 
acid to about 6 volume percent and continuing the leaching to 
remove the other elements.

The one sample of purified powder from lot SUB-2 which was spot 
checked for five elements indicated a problem in the leaching 
cycle. The question was raised as to whether the vigorous bubbling 
with nitrogen might have depleted the hydrogen fluoride concentration 
to such an extent that leaching was affected. To answer this 
question, a sample of the leaching solution from lot SUB-2A was 
taken after the acid had been added and agitated for 30 minutes 
and allowed to settle for 3 hours. A second sample was taken 
after a total of 4.5 hours of nitrogen agitation and settling 
over tb.a weekend. As a side interest, both samples were analyzed 
for beryllium und silicon concentration as well as the concentration 
of hydrofluoric acid. Lot SUB-2A contained unleached silt from 
lot SUB-2 and this analysis provided information on the relative 
rates of attack on the two elements by the acid. Test results 
show the HF concentration after 30 minutes leaching was 14.63 molar 
(24.33 percent); after 4.5 hours leaching, the concentration was 
14.39 molar (23.98 percent). The concentration of silicon at
30 minutes and 4.5 hours was 4500 ppm; the concentration of 
beryllium at both times was 130 ppm.

Any loss of hydrofluoric acid during the total leaching cycle was 
negligible and, therefore, was not the problem in lot SUB-2.
The concentrations were less than 48 volume percent because the 
material had just undergone a rinse cycle to remove any boric 
acid generated during drying of the SUB-2 powder. This rinse 
left about 5-L of water in the reactor, causing the observed 
dilution. The remainder of the data indicates both silicon and 
beryllium oxides are readily attacked by the acid, as both apparently 
were completely dissolved in the first 30 minutes of leaching.
Such rapid attack does not seem to be characteristic of most 
other impurities; however, this may be caused by a difference in 
surface areas.

Each of the three deagglomeration rinses from SUB-i was analyzed 
for boric acid content to ensure that the boric acid was being 
removed efficiently and to collect data for estimating the ultimate 
amount which could be recovered from several lots. These analyses 
showed that nearly 98 weight percent of the boric acid was removed 
in the deagglomeration solution and that the second rinse removed 
all but the last 0.2 weight percent, which ended up in the last 
rinse.
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Using an Orion 801A Digital Xonanalyzer and an Orion specific ion 
electrode, a similar set of analyses was performed on the second 
through the sixth acid rinses of SUB-1 to monitor the fluoride 
ion concentration as a function of the number of rinses. After 
two rinses, fluoride ion concentration was 2540 ppm. The third 
rinse reduced the concentration to 200 ppm, and the fourth rinse 
again reduced the concentration, to 128 ppm. Following the fifth 
and sixth rinses, the concentration was found to be 32 and 24 ppm, 
respectively.

These data indicated the sixth rinse was unnecessary when consid
ering the extra volume of water used and the already low fluoride 
ion level following the fifth rinse.

To evaluate the effect of leaching rinses on purity of the recovered 
product, samples of the deagglomerated powder from SUB-1 were 
taken prior to leaching and after the third, fourth, fifth, and 
sixth acid rinses. Because the sampling procedure was necessarily 
rather crude, the dried samples were sieved to separate the +400 
and -400 mesh particles. This separation reduces the differences 
between samples caused by unequal amounts of silt, or -400 mesh 
material, in the coarse fraction. Both the +400 and -400 mesh 
fractions from each sample were subjected to complete trace 
elemental analysis by emission, atomic absorption, and X-ray 
fluorescence spectroscopy; however, uncertainties in the data 
clouded the picture considerably. The most serious discrepancies 
were found to be instrumental errors and were ultimately corrected. 
Truly representative sampling continues to be a source of error, 
especially when the test requires very small samples such as a 
few milligrams. Table 8 shows the trace elemental analysis of 
each of the lots processed through the scale-up facility. Lot 
SUB-8 was found to contain an abnormally high magnesium content, 
orders of magnitude greater than any material analyzed at that 
time except for the low purity natural boron used in the leaching 
study (Table 7). In addition, the iron, chromium, and nickel 
values were significantly higher than the same type of material 
processed in SUB-1. This problem remained unsettled until a 
determination of the B10 content 2 months later indicated that 
the lot had been contaminated with natural boron at some point in 
the process between the milling/molding operation and recovery of 
the powder. The B10 content of the coarse powder from SUB-8 
was 85.75 percent.

Between the submittal of the SUB-8 powder for analysis and receipt 
of the data indicating low B*0 content, lots SUB-9 and SUB-10 
were processed. Early work on this project indicated the silt 
contained the bulk of the impurities and, consequently, would 
require more stringent leaching parameters to return it to the 
same purity level as required in the specification for the larger 
particle size fractions. The total weight of silt from lots 
SUB-1, 8, and 9 was sufficient to compose a silt leaching lot,
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Table 8. Purity Data of Boron Recovered in Scale-Up Facility (in ppm)

Element
Atomic
Number SUB-1* SUB-2 SUB-8 SUB-9 SUB-10 SUB-11

Li 3 ** ** * * ** ** 10

Be 4 6 <0.5 <0. 5 2 <0.5 2

C 6 3300 9100 4000 2600 1400 1900

Na 11 * * 21 11 4 20 5

Mg 12 10 5 1068 96 80 67

A1 13 8 10 13 *** 0.7 23

Si 14 319 1473 822 896 100 191
P 15 <2 <2 <2 <2 <2 5

S 16 3 9 3 2 2 <2

Cl 17 4 7 <2 <2 <2 <2

K 19 ** 23 7 * * * *** 2
Ca 20 23 12 <1 <1 <1 82

Ti 22 29 4 7 *** *** <1

V 23 <2 0.1 0.1 *** *** <1
Cr 24 7 219 73 88 20 34
Mn 25 0.5 41 10 3 1.4 2
Fe 26 79 2527 207 141 13 26
Co 27 * * *** *** *** <•2
Ni 28 <2 76 7 *** *** <1
Cu 29 14 44 26 16 2 0.5
Br 35 15 11 4 6 <1 <10
Sr 38 10 1 12 16 11 43
Mo 42 <2.5 3 1.3 <0.1 <0.1 <0.2

Ag 47 <0.1 <0. 1 <0.1 <0.1 <0.1 <0.2
Sn 50 6 1.5 *** 1 0.9 4
Ba 56 10 4 7 *** *** 5
Ta 73 * * ** ** * * ** <10
Pb 82 <2 2 16 6 * ** 5

♦SUB-1 was sieved to remove all -400 mesh particles. 
**No analysis was made for this element 

***Not detected.



and those materials were blended for that purpose. As a result, 
the blended material inadvertently was contaminated by the SUB-8 
silt to the extent that the B10 content was lowered to 88.84 percent. 
Because the B10 content was below the product requirement for 
enriched boron, the material could be used only as high purity 
natural boron in development work. The only other alternative to 
this costly downgrading of the material was to return the material 
to Eagle-Picher Industries for reenrichment at a cost at that 
time of $18.31 per gram. Blending the material with that of a 
higher B10 content was impossible because of an insufficient 
amount of reclaimed boron to bring the contaminated material up 
to the specification requirement. Because of these considerations, 
the 3.2 kg of coarse SUB-8 powder and the 4.2 kg of blended silt 
were stored as high purity natural boron for later use in milling 
ar.d molding process development work.

About 2 months after the discovery of the SUB-8 contamination, an 
economical density separation technique was developed that permitted 
separation of natural boron powders from enriched boron powders.
This technique is based on the difference in densities of the 
enriched and natural boron powders, which are 2.19 and 2.34 g/cm^, 
respectively. Using the simple equipment setup shown in Figure 8, 
the natural boron powder was removed and the B*0 content of the 
coarse SUB-8 material was increased to 90.8 weight percent, and 
the silt was upgraded to 91.1 weight percent B1”.

The separation process was accomplished by placing about 100 g of 
the contaminated material in the pear-shaped separatory flask and 
adding a liquid whose density is slightly less than enriched 
boron powder. In this case, bromochloromethane, with a density 
of 1.99 g/cm3 at 20°C, was used. In this liquid, all the boron 
settled to the bottom of the funnel. Air was pumped in through 
the bottom of the funnel using a small, variable-speed peristaltic 
pump. This action agitated the mixture and caused any material 
having a density of less than 1.99 g/cm3 to float. The low 
density trash was removed by pumping in more liquid until it 
overflowed into the cylindrical separatory funnel. Figure 7 
shows some of this low density material in the collection vessel. 
When all low density material was removed, a second liquid, 
iodomethane, was slowly pumped into the pear-shaped funnel. This 
liquid has a density of 2.28 g/cm3 at 20°C which is midway between 
the densities of enriched and natural boron. As the iodomethane 
is added, the enriched boron powder floats and forces out the 
remaining bromochloromethane. When this transfer was complete, 
the mixture of boron and iodomethane was agitated with air and 
then allowed to settle. As shown in Figure 8, the small amount 
of natural boron sank to the bottom of the funnel where it was 
drawn off. The enriched material then was collected and dried.
With the larger particles of the SUB-8 material, the settling 
time required for the natural boron was 1 minute or less; however,
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Figure 7. Density Separation Apparatus, With Low 
Density Material in Collection Vessel



Figure 8. Density Separation of Natural Boron
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the silt required considerably longer settling times. The enriched 
coarse powder was analyzed for trace elements as well as isotopic 
content. These data, obtained by atomic absorption, X-ray fluores
cence, and emission spectroscopy, are given in Table 9.

The data in Table 9 indicate a significant improvement in the 
overall purity of the material after separation of the natural 
boron. The most dramatic changes were in the magnesium, iron, 
and silicon concentrations. In addition to these major contami
nants, most of the minor impurities also showed improvement 
after the separation. The two most obvious exceptions to the 
trend toward higher purity were the chlorine and bromine values, 
which can be attributed to residual bromochloromethane on the 
boron. This conclusion is supported by the fact that, for each 
molecule of bromochloromethane remaining in the sample, one atom 
of each of the two halogens would be present. Such a stoichio
metric increase is shown by the X-ray fluorescence data, within 
the experimental limits of the measurements.

The recovery of lots SUB-9, 10, and 11 were carried out using the 
same basic process as the previous lots, with minor variations in 
the leaching and settling times to improve the purity and sieve 
analysis of the recovered product. Table 10 shows the basic 
processing parameters and how they were varied to improve the 
product. The lots detailed in Table 10 are composed of the 
coarser particle size blend established by MS8104630. Table 11 
provides sieve analysis data on all these lots except SUB-11 to 
show the effects of var3Ting the settling times on the particle 
size distribution of the recovered product.

Careful examination of Tables 8, 10, and 11 shows the progress 
that was made in defining the optimum chemical processing para
meters to reclaim boron meeting the purity and particle size 
specifications during the scale-up operation. The primary function 
of the scale-up facility was to demonstrate that boron could be 
recovered on a large scale and that the recovered boron would 
meet the stringent purity requirements of the product specification. 
As shown in Table 8, lots SUB-1, 9, 10, and 11 achieved this high 
purity, and SUB-8 was upgraded to that status with the removal oJ 
low purity natural boron (Table 9). The purity data of lot 
SUB-1 may be artificially low because of removal of all particles 
smaller than 38 *im (-400 mesh) before testing. That lot probably 
would have met the specification as recovered, because the lot 
contained ouly 2.4 percent by weight of the -400 mesh size fraction.

The second objective of the scale-up facility was to demonstrate 
that processing conditions could be adjusted such that the recovered 
boron would meet or approach the particle size specification, 
thereby eliminating or reducing the effort required by the 
screening operation. The coarse recovered powder from lot SUB-1 
met the particle size requirements; however, when the same
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Table 9. Purity Data for Lot SUB-8 Boron

Element Before Separation* After Separation*

B 1 0 85.75 90.79
Ag <0 . 2 0 . 2
A1 13 1
Ba 7 5
Be 0.5 1

Bi ** 0 . 2
Br 4 124
Ca 1 1 2
Cd ** 2
Cl 2 126

Co *♦* 2
Cr 73 43
Cu 26 15
Fe 207 1 2
Ge ** 2

In ** 2
K 7 1
Li ** 1 1
Mg 1068 89
Mn 1 0 0 . 2

Mo 1.3 3
Na 1 1 1
Nb *** 5
Ni 7 1
P 2 7

Pb 16 2
S 3 2
Sb ** 0.5
Si 822 415
Sn *** 0 . 2

Sr 1 2 29
Ta ** 1 0
Ti 7 1
V 0 . 1 0 . 2
W ** 4

Zn *** 5
Zr *** 2

♦BlO in weight percent, all others in ppm.
**No analysis made for these 

***Not detected.
elements
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Table 10, Boron Recovery Processing Parameters for MS8104630 Material

Processing Parameter SUB-1 SUB - 8 SUB-9 SUB-10 SUB-11

Deagglomeration Time
(Hr) 4. 33 6 2 2 19 22. 5

Settling Times (Min) 30, 18, 18 30, 18, 18 15 9 9

Rinses 3 3 3 3 3

Leaching Time

Concentrated HF (Hr) 4 24 6 3 6

Dilute HF (Hr) 0 0 0 3 17

Settling Time (Min) 30 30 15 9 9

Rinses 6 5 5 5 5

CO
O I



Table 11. Sieve Analysis Data for Reclaimed 
MS8104630 Material

Particle Size 
Range (jim)

Size Fraction (Weight Percent)

SUB-1 SUB - 8 SUB-9 SUB-10

+425 0 . 1 None None None

-425, +250 49.6 40.0 37.7 49.1

-425, +106 82.0 72.6 66.9 83.9

-425, +63 89.3 81.2 78.3 91.2

-425, +38 97.6 93.6 95.0 99.2

-38 2.4 6.4 5.0 0 . 8

conditions were applied to lot SUB - 8  in an effort to duplicate 
the results, the powder contained too much matarial in the range 
of the smallest particles. This discrepancy was caused by the 
extensive settling time study performed on SUB-1. During this 
study numerous samples of the boric acid/boron silt suspension 
were taken to determine the optimum settling time. Sufficient 
silt was removed to alter significantly the particle size distri
bution of the lot when it was actually processed.

The sieve analysis of lot SUB - 8  obviously was more representative 
of an actual processing sequence than SUB-1; therefore, the 
settling times were reduced for lot SUB-9 and even further for 
lots SUB-10 and 11. The effects of these changes are shown in 
Table 11. These data indicate how effectively the elutriation 
process can be controlled for the purpose of particle size 
separation.

The material processed in these six lots was all the material 
available which required the entire chemical processing sequence; 
however, a considerable amount of related work also was performed 
in the scale-up facility during its year of operation. For 
example, the lots not listed in Table 2 (SUB-3 through SUB-7) 
involved the deagglomeration of pyrolyzed low purity natural 
boron scrap. About 21.7 kg of pyrolyzed scrap was deagglomerated 
in lots SUB-3 through SUB-6 ; as a precautionary measure, the 
3 . 7  kg of silt separated in the deagglomeration cycles was leached 
as lot SUB-7 to remove or substantially reduce the beryllium 
content. The coarse material recovered from these lots was 
reused for process development work.
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About 24 kg of virgin high purity enriched boron powder were 
received in the scale-up facility for the purpose of removing 
particles which caused the material to fail radiographic inspec
tion. The powder represented the very coarse size fraction 
(-40, +60 mesh) of lots S7-3, S7-4, and S7-4A. The radiographic 
requirement prohibits any high density inclusions larger than 
1000 jim and limits the number of particles between 380 and 1000 pm 
to 20 per kilogram of boron; therefore, boron particles below 
+60 mesh can be easily sieved to remove the foreign particles. 
Because the foreign particles are about the same size as the 
boron in the -40, +60 mesh range, sieving did not solve the 
problem, and leaching was considered the most likely solution.

The 24 kg were treated as lots SUB-12 through SUB-22. Leaching 
of the first few lots revealed that the boron contained some 
material which was unaffected by hydrofluoric acid. In addition, 
the reactor itself was contributing to the problem, because small 
pieces of the polypropylene vessel began appearing in the recovered 
powder. Other organic materials also were found in the virgin 
powder, and one lot of leached boron was pyrolyzed to remove the 
organics. This action required releaching, and, consequently, 
more plastic was added to the powder.

The work performed on these 24 kg of virgin powder was not wasted, 
because several kilograms of the material were improved suffi
ciently to pass radiographic inspection; however, the remainder 
required the costly, tedious, and time-consuming process of 
manually removing the foreign matter from the boron. This was 
performed by X-raying a bag of boron and carefully moving it to a 
work table. From locating measurements made on the X-ray film, 
the bag was opened at that location, and a portion of the boron 
was removed. An operator manually sorted through this portion 
until the particle or a likely candidate was found and removed. 
After the entire bag was examined, a second X-ray was needed to 
verify that the particles had been removed and to locate any 
other residual particles.

While the scale-up facility was in operation, the Bendix Materials 
Evaluation Department was in the process of meeting the require
ments to become the boron - 1 0  certifying laboratory for the complex. 
On May 3, 1977, the certifying responsibility was officially 
conferred on Bendix by the Materials Management Division, Oak 
Ridge Operations office.

Pilot Plant Facility

In October 1977, the scale-up facility was upgraded to pilot 
plant status. The primary objectives of the pilot plant facility 
were as follows:
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Reline previously established processes and techniques to 
improve the efficiency of the reclamation effort;

Define processing parameters directly related to the effi
cient start-up and operation of the production facility;

Demonstrate the recovery process on a production scale using 
manual operation; and

Produce and certify reclaimed boron which meets all speci
fications for WR-grade boron powder.

The scale-up facility was upgraded by replacing nearly all the 
peripheral vessels such as the boric acid/silt (BAS), acid rinse 
(AR), and neutralizer vessels. These new vessels were scaled to 
provide the higher capacity designed for the new production-type 
reactor. The BAS, AR, and neutralizer vessels, high-density 
polyethylene tanks with cone-shaped bottoms, were ordered with 
bulkhead fittings installed at the base of each cone so fluids 
could be completely removed through the bottom of the vessels.
Each tank had a metal support stand to raise the tank off the 
floor and to allow the required plumbing to be attached to the 
bottom of the vessels. A 750-L water holding tank and metal 
support stand replaced the deionized water supply vessel previously 
used. The neutralizer used in the scale-up facility was converted 
to the boric acid holding vessel which supplies the still because 
it provided the extra capacity needed in that area.

The entire piping system was removed and replaced using the same 
pieces of plastic pipe when a more efficient arrangement of the 
vessels was found. Many of the existing lines, such as piping 
associated with the reverse osmosis units and a separate line for 
rinsing the reactor pump after each transfer of suspended boron, 
no longer served any purpose and were eliminated.

The first lots of material to be processed through the pilot 
plant were virgin powder material. Because these lots did not 
constitute reclamation of processed scrap, the lots were designated 
with a PRW prefix representing pilot plant rework material. Lots 
PRW-1 through 4 were composed of material which had been pyrolyzed, 
while PRW-5 was made up of various rework lots. The material was 
pyrolyzed to remove any organic inclusions that would not be 
removed by the leaching cycle. Lots PRW - 6  and 7 were composed of 
a mixture of rework and reclaim material which had been blended 
and then sieved on a 230-mesh screen. The +230-mesh material was 
leached as PRW - 6  and the -230-mesh fraction was leached as PRW-7. 
Table 12 provides information about the recovery rates of these 
lots. The material originally met the chemical purity portion of 
the specification, and no chemical analyses were made on these 
lots.
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Table 12. Pilot Plant Rework Material

Recovered
Lot Numbers -------------------------------
--------------------- Charge Coarse Silt
Pilot Weight Weight Weight
Plant Pyrolysis (g) (g) (g) Percent

PRW-1 PYR0-1 5032.2 4967.0

\

PRW-2 PYRO-2 6038.5 5975.0
138.8 99,56

PRW-3 PYRO-3 5977.0 5912.8

PRW-4 PYRO-4 6166.5 6118.2

PRW-5 * 6072.8 6045.3 21.5 99.90

PRW - 6 ** 4897.6 4449.5
3144.1 99.62

PRW-7 *** 4903.6 2685.0

♦PRW-5 was composed of remnants of various rework lots. 
**PRW - 6  was composed of +230-mesh rework and reclaim 

material.
***PRW-7 was same blend of material as PRW-6 , -230-mesh 

material only.

These lots were treated for the same reason as lots SUB-12 
through SUB-22: to remove high density inclusions which caused
the boron to fail the radiographic inspection requirements. A 
typical example of material processed in this manner (Table 13) 
shows the number of foreign particles in the two size categories 
after screening pyrolysis lot PYRO t and after leaching the same 
material as PRW-1. Each bag conta 1 kg of +60-mesh material.

The data in Table 13 show that leaching is effective in reducing 
the number of smaller particles. In this particular case, 
leaching reduced the number of small particles to within the 
specification limit of 20 or less per kilogram of boron; however, 
the number of large particles actually increased. This was 
attributed to the boron's abrasive wear on the polypropylene 
reactor which introduced pieces of the plastic into the powder.
These results indicated that leaching could be useful in reducing 
the small particle count, but other methods would be required to 
solve the problem of the large particles.

The density separation technique, used earlier to remove natural 
boron powder from enriched boron powder in lot SUB-8 , was considered
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Table 13. Removal of High Density Particles From Virgin 
Boron Powder

High Density Particles Per Bag

After Pyrolysis (PYRO-1) 
and Screening After Leaching (PRW-1)

Bag +10 0 0 fiw 380 to 1000 nm + 10 0 0 »xm 380 to 1000

1 3 125+ 6 9

2 7 125+ 5 1 0

3 5 125+ 6 7

4 5 125+ 1 1 2

5 5 125+ 14 9

25 625+ 32 47

to be a probable solution to this problem. Bag 5 of lot PRW-1 
was selected as a worst case to test this technique.

During treatment with the low density liquid, bromochloromethane, - 
several trash particles were removed. Some of these obviously 
were shavings from the polypropylene reactor, but others were not 
identifiable visually. Application of the high density liquid, 
iodomethane, brought about the separation of high density particles. 
When the separation technique had been completed, the boron was 
dried and X-rayed. The X-ray film indicated that all particles 
in both size categories had been removed.

The density separation technique appeared to provide a solution 
to the large contaminate particles; however, it was handicapped 
by the small amount of material that could be processed with the 
available equipment and by the high toxicity of the liquids 
involved. As more material was processed, small glass chips were 
introduced into the boron from the glass apparatus. After a 
while, the apparatus was actually adding more particles than it 
was removing, and the technique was abandoned at that point. 
Although the technique has some obvious drawbacks, further 
development to improve the apparatus could provide a viable 
process.

Up to this point, no boron had been reclaimed from scrap which 
had started with WR-grade boron powder. Between December 1977, 
and June 1978, a total of 16 reclamation lots were processed
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while still using the reactor from the scale-up facility. Of 
these 16 lots, all but one (PP-15) were of the coarser MS8104630 
material, and all but four of the lots (PP-1A, PP-3, PP-13, and 
PP-14) were from scrap which used only WR-grade boron. The pilot 
plant (PP) lot designation was used to distinguish between pilot 
rework material (PRW) and scale-up lots, (SUB). Table 14 provides 
information about the recovery rates of these 16 lots.

The first two pilot plant reclamation lots, PP-1 and PP-2, used 
nearly the same processing parameters established in the last two 
scale-up lots, SUB-10 and SUB-11. Because SUB-10 and SUB-11 
were of unusually high purity before recovery, they did not 
permit a valid test for the dual leaching cycle involving both 
concentrated and dilute hydrofluoric acid. Lots PP-1 and 2 were 
the first lots to use scrap made from WR-grade powder and to use 
the dual leach on enriched boron. Table 15 provides data concerning 
the purity of the material in these two lots before and after 
leaching.

These data were encouraging, showing dramatic decreases in the 
concentration of several impurities, such as beryllium, carbon, 
iron, chromium, and chlorine. Most of the other elements also 
showed various degrees of improvement after leaching. Both lots 
of recovered material met the chemical purity portion of the 
specification; however, lot PP-1 was slightly over the limit for 
boric acid. The only area of concern in the data in Table 15 was 
the presence of 68 ppm lead in the sample of PP-2 taken prior to 
leaching. Because that level dropped to 5 ppm after leaching, 
this did not seem to be a real problem at the time. However, 
what was mistaken as removal of the lead by hydrofluoric acid was 
in actuality the transfer of the lead particles with the silt, 
thereby concentrating it even further. This transfer created an 
entirely new problem in leaching the silt which will be discussed 
later.

The only other high level contaminant in these two lots was 
silicon. Typically, the silicon concentration in virgin boron 
powder is in the range of 800 to 1300 ppm and generally is changed 
very little during leaching in hydrofluoric acid. This behavior 
is apparently caused by the silicon being trapped in the boron 
crystals which shield it from hydrofluoric acid attack. This 
hypothesis is supported by the fact that "free" silicon (probably 
in the form of silicon dioxide) is readily dissolved by hydro
fluoric acid as mentioned earlier.

Lots PP-1A and PP-3 were actually releaches of previously reclaimed 
material. PP-1A was composed of about 3000 g of SUB-9 coarse 
powder and about 680 g of coarse powder recovered from control 
disc number 5. The control disc was originally reclaimed as part 
of the interagency boron reclamation competition, during which

41



Table 14. Pilot Plant Reclaim Material

Lot Numbers

Pilot
Plant Pyrolysis

Recovered

Charge Coarse Silt
Weight Weight Weight
Cg) (g) (g) Percent

PP-1
PP-2

HAR-29, 
HAR-31,

30
32

6449.6
6215.6

4562.4
4256.0 3506.6 97.31

PP-1A
PP-3

*
**

3674.4
10799.4

3591.1
10721.7

70.8
254.0

99.66
101.63+++

PP-4
PP-5

HAR-33, 
HAR-35,

34
36

6136.5
7178.9

4818.3
5300.2

3144.1 99.60

PP - 6
PP-7
PP - 8

HAR-37, 
HAR-39, 
HAR-41,

38
40
42

7662.4
6984.5 

33 6945.3

5484.5
5133.7
5906.7

5880.7 103.77*++

PP-9
PP-10
PP-11
PP-12

HAR-43, 
HAR-45, 
HAR-47 
HAR-48

44
46

7456.1
7501.0
4808.4
4872.6

5072.6 
5230.0 
3692.8
3964.6

6257.2 98.29

PP-13t
PP-14t

HAR-49
HAR-50

5012.9
4626.2

4132,2
3166.1 2105.5 97.56

PP-15tt HAR-51, 52 5996.9 3861.5 1904.9 96.16

Totals 102320.4 78894.4 23123.8 99.70

♦PP-1A was composed of +400-mesh material from SUB-9 and 
remnants of control disc 5 used in the competition; both 
were non-WR materials.

**PP-3 was a releach of lots PP-1, 2, and 1A.
♦♦♦Recovery rates over 100 percent were caused by collection of 

AR and BAS silt trapped in those vessels from previous lots. 
tPP-13 and PP-14 contained only non-WR scrap. 

ttPP-15 was the only lot of MS8104635 material.

time city water was used for all deagglomeration and acid rinses.
As a result, the reclaimed powder was high in calcium and magnesium 
impurities. Lot PP-3 was a combination of the coarse fractions 
of PP-1, 2, and 1A which totaled nearly 10.8 kg. Table 16 provides 
an abbreviated listing of the elemental analysis of lot PP-3; 
only elements present in concentrations of 1 0 ppm or greater are 
listed.
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Table 15. Purity Data of Lots PP-1 and PP-2

Concentration (ppm)

PP-1 PP-2

Element
Atomic
Number

Before
Leach*

After Before 
Leach Leach*

After
Leach

Li 3 40 18 28 1 2
Be 4 475 <0 . 1 747 <0 . 1
C 6 9800 2400 5700 2300
Na 1 1 8 <0.3 2 9
Mg 1 2 2 <0 . 1 6 0.3

A1 13 52 14 31 < 1
Si 14 900 870 880 860
P 15 <2 7 <2 <2
S 16 <2 <2 <2 <2
Cl 17 38 <2 47 <2

K 19 5 1 2 3
Ca 20 <0 . 2 <0 . 2 <0 . 2 <0 . 2
Ti 22 20 9 5 3
V 23 <0 . 2 <0 . 2 <0 . 2 0 . 2
Cr 24 1 2 1 8 3 <0 . 2

Mn 25 14 0 . 6 3 1
Fe 26 1040 79 27 <0.5
Co 27 <2 <2 <2 <2
Ni 28 7 < 1 3 < 1
Cu 29 6 1 1 0.4

Zn 30 <5 <5 <5 <2
Br 35 70 42 76 43
Sr 38 < 10 < 1 0 1 1 < 10
Zr 40 <2 <2 <2 <2
Nb 41 <5 <5 <5 <5

Mo 42 1 1 18 1 2 1 1
Ag 47 <0 . 2 0 . 2 0.4 1
Cd 48 <2 <2 <2 <2
Sn 50 9 6 10 9
Ba 56 13 5 2 3

Ta 73 < 1 0 < 10 < 10 < 1 0
W 74 <4 <4 <4 <4
Pb 82 <0.5 <5 68 5
Bi 83 <0 . 2 <0 . 2 <0 . 2 <0 . 2
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Table 15 Continued. Purity Data of Lots PP-1 and PP-2

Concentration (ppm)

PP-1 PP - 2

Atomic Before After Before After
Element Number Leach* Leach Leach* Leach

Total Boron (Percent) 99.4 99.4
Isotopic Boron-10
(Percent) 91.35 91.31 91.33 91.40
Net Boron-10 (Percent) 90.8 90.9
Boric Acid (Percent) 0.03 0 . 0 2

♦Before leach samples were taken after deagglomeration.

Some interesting information was brought to light by the sieve
analyses of lots PP-1 and PP-3 and of the silt fractions of lots 
PP-1 and PP-2. These data are presented in Table 17. The data 
for the recovered coarse powder of lot PP-1 indicate a deficiency 
in the -425, +250 jam size fraction in which the specification 
requires a minimum of 35 percent. The boron used in the scrap 
recovered in PP-1 originally met the specification; therefore, 
this information provides an indication of the degree of particle 
size reduction caused by the milling and molding operations. To 
bring the PP-1 material back to the required limit, it must be 
blended with material which has an excess in that particle size 
range. In this case, the material from PP-2 and PP-1A was suffi
cient to make the new blend, PP-3, satisfy the specification.
Over a period of years, continual recycling of this material may 
require the purchase of a coarse fraction of boron with a particle 
size distribution specifically designed for upgrading reclaimed 
material.

Such a requirement would probably be of limited scope. A signi
ficant portion of the needed material could be recovered from the 
silt (Table 17). The first pass through the entire production 
and recovery cycle will account for the largest reduction in 
particle size. Subsequent cycles will probably have much less 
impact on the particle size distribution. If the solvent slurry 
process for combining the boron and polymer proves successful, 
then the major cause of the particle size shift, the milling 
operation, will be eliminated.

This first point is demonstrated by the sieve analysis of the 
boric acid silt (BAS) and the acid rinse silt (AR) from the
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Table 16. Purity Data of Lot PP-3

Element
Atomic
Number

Concentration
(ppm)

Li 3 31
C 6 5000
Mg 1 2 2 2
A1 13 13
Si 14 670

Cl 17 30
Fe 26 28
Br 42 19
Pb 82 1 0

Total B 
(Percent) 
Isotopic B 
(Percent)

99.2

91.00
Net B 1 0  
(Percent) 90.3
Boric Acid 
(Percent) 0.05

combined lots of PP-1 and PP-2. Because the BAS silt is removed 
first, it would be expected to contain a higher percentage of the 
extremely fine particles than the AR silt. This is confirmed by 
the fact that 80.0 percent of the BAS silt is smaller than 38 jm, 
compared to only 73.5 percent of the AR silt. However, the main 
area of interest is in the coarser fractions. The tabie shows 
that 4.3 percent of the AR silt could be recovered in the form 
of -425, +250 urn material, which in turn could be used to help 
alleviate the deficiency of material in that range for lot PP-1. 
Theoretically, all material larger than 400 mesh could be recovered
from the silt fractions and reused as 8104630 powder. In the
case of PP-1 and PP-2, this amount would be about 728 g out of a
total silt weight of 3506.6 g.

Figure 9 graphically illustrates the physical change which boron 
particles undergo during the milling and molding process.
Figures 9a and 9b are photomicrographs of virgin boron powder, 
both enriched and natural. Both materials exhibit the very sharp 
edges which are characteristic of virgin boron powder of all 
particle sizes. In contrast, the reclaimed particles (Figure 9c) 
of the same coarse size fraction (-425, +250 nm) have had their 
edges rounded significantly by severe particle/particle and par
ticle/metal interactions during milling and molding. Such abrasion
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Table 17. Sieve Analysis of Reclaimed Product and Silt

Particle Size 
Range (/inl)

Size Fraction (Weight Percent)

Coarse Powder Combined Silt* '

From PP-1 From PP-3 BAS AR

+425 0 . 1 Trace Trace Trace

-425, +250 29.4 37.0 0 . 2 4.3

-250, +106 40.2 43.6 0.7 2.5

-106, +63 15.3 10.5 1.4 2.9

-63, +38 13.1 8 . 1 17.7 16.8

-38, +20 1.7 0 . 8** 35.0 33.2

- 2 0 0 . 1 45.0 40.3

♦Includes PP- 1 and PP-2.
♦♦Includes all material below 400 mesh.

of the surface reduces the overall size of that particle while 
generating new fragments of a smaller size, thereby producing a 
shift in the particle size distribution. Although no material 
has been reclaimed more than once to date, one would expect there 
to be much less change in the particles the second time around.

After processing PP-1, 2, 1A and 3, each lot was sent to the 
Nondestructive Testing Section for radiographic inspection.
Every bag of boron from each lot failed the inspection because of 
large (+1000 /im) high-density inclusions. As the material was 
returned to the pilot plant facility, each bag was carefully 
hand-sieved on a 40-mesh screen, which removed most of the objec
tionable material. The remaining particles were manually removed 
by the hand-sieving technique described earlier. This hand- 
sieving technique became a necessary operation, and it was included 
as part of the basic pilot plant process.

Knowing that high purity boron could be recovered from scrap 
containing WR grade powder and that the optimum settling time for 
8104630 material had been established, lots PP-4 through PP-14 
were processed as soon as the material became available. The 
data generated by these lots provided a better understanding of 
the reproducibility of the process.
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RE CL AIM ED  B10

Figure 9. Photomicrographs of Virgin and Reclaimed Boron Powder
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The area which seemed to show the least reproducibility was the 
relationship between the percentage of the charge weight that was 
recovered as the coarse purified powder and the sieve analysis of 
each lot of coarse powder. If the particle size distribution of 
the pyrolyzed scrap was assumed to be essentially constant from 
lot to lot, then any variations in the recovered material could 
be attributed to the pilot plant operator. This rationalization 
seemed plausible because the operators judge when to end the BAS 
and AR silt transfers. If the transfer is stopped prematurely, 
excess water and suspended silt remain in the reactor, thereby 
reducing the efficiency of the transfer. However, if it is not 
stopped soon enough, the float rests on the bed of coarser boron 
particles and can cause some of that material to begin transferring. 
The significant portion of coarse material in the AR silt from 
lots PP-1 and 2 (Table 17) is probably an example of this latter 
situation. If these assumptions were valid and the differences 
in the percent of recovered powder were caused by the operator, 
then as the percent of recovered product increased, a corresponding 
increase in the percent of silt in the recovered powder should be 
observed. Table 18 shows these data for lots PP-4 through 14.

Any correlation between the percentage of recovered product and 
the silt (-400-mesh material) content is not seen easily in 
Table 18, although the data are helpful in visualizing the varia
tions in the particle size distributions for the different lots. 
However, if these data are displayed graphically, the correlation 
becomes more obvious. Figure 10 is a graph of the percent 
recovered product as a function of the silt content for lots 
PP-4 through PP-12. With the exception of lot PP-8 , the data 
exhibit the predicted trend as demonstrated by the least squares 
fit for a second order polynomial. PP - 8  data were not included 
in the least squares determination. Data on PP-13 and PP-14 
were included in Table 18 only for documentation of the infor
mation because the boron used in that scrap was from a tertiary 
blend which was much heavier in the coarse fraction than the 
current particle size distribution. The scrap also differed from 
the current specification in that it was made up of three discreet 
particle size fractions instead of the continuous gradation now 
used.

Another interesting, although currently unexplained, relationship 
involves the effect upon the percent of recovered product with 
the type of scrap recovered. In the pyrolysis step, a record was 
kept of the amount of milling scrap and molding scrap used in 
each pyrolysis run. This information made it possible to deter
mine whether the type of scrap had any effect on the recovered 
material. These data are presented in Table 19.

From the data presented in Table 19 and the graphical display of 
that data in Figure 11, an interesting trend is apparent. Even 
if the data from PP-8 , which were shown to be out of the ordinary

48



Table 18. Product Recovery Rates and Sieve Analysis of Lots
PP-4 Through 14

Coarse 
Powder 
Recovered 
(Percent)

Particle Size Ranges^ (*m)

Lot
-425
+250

-425
+106

-425
+63

-425
+38 -38

PP-4 78.5 31.0 6 8 . 8 82.4 96.6 3.4
PP-5 73.8 35.7 75.3 88.5 98.5 1.5
PP - 6 71.6 34.3 77.2 91.5 99.3 0.7
PP-7 73.5 35.7 73.8 87.2 97.8 2 . 2
PP - 8 85.0 35.0 74.7 87.7 98.2 1 . 8

PP-9 6 8 . 0 40.7 82.5 93.7 99.1 0.9
PP-10 69.7 38.0 79.6 92.2 99.1 0.9
PP-11 76.8 34.4 72.0 84.6 96.6 3.4
PP-12 81.4 33.8 69.6 82.0 95.0 5.0
PP-13** 82.4 47.0 76.3 85.0 94.9 5.1

PP-14** 68.4 37.7 69.4 81.0 93.8 6 . 2

♦Data
size

are reported 
fraction.

as percentage of material in each particle

♦♦Non-WR material; used old tertiary blend of boron (85 percent
-425, +250; 10 percent -90 , +25; 5 percent -•63 , +38 fzm).

in Figure 10 are eliminated, the graph still indicates a maximum 
recovery rate is possible with the correct mixture of milling and 
molding scrap. This relationship has yet to be explained; 
however, the data presented in Figure 11 appear too orderly to be 
ignored.

Although PP-13 and PP-14 were not from WR scrap, the purified 
product easily met the high purity requirements. Also, by 
blending those two lots of recovered product with the material 
from lots PP-4 through PP-12 certain mutual benefits were derived. 
For example, the silt content of both PP-13 and PP-14 lots was 
above the limit; however, by blending, the overall product was 
acceptable. A similar situation existed with the -40, +60-mesh 
size fraction. Lots PP-4 through 12 were deficient in this 
coarse fraction, but, by blending, the high percentages in PP-13 
and 14 raised the total percentage to the minimum limit. After 
blending was complete, certification samples were taken for sieve 
analysis and chemical testing. On November 8 , 1978, the first 
lot of reclaimed boron was shipped to Receiving Inspection to be 
placed in stores. This lot, designated PP30-001, amounted to
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SILT (-400 MESH) IN RECOVERED PRODUCT (PERCENT)

Figure 10. Silt Content as a Function of Percent Recovered 
Product

24.1 kg of MS8104630 material. The remainder of the blended 
material from lots PP-4 through PP-14 failed radiographic inspec
tion and was retained for further work.

During the processing of lots PP-1 through PP-12, about 16 kg of 
BAS silt had been accumulated, which was sufficient to make three
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Table 19. Scrap Composition of Lots PP-4 Through 12

Lot Numbers Scrap
Recovered 
Product 
(Percent)

Pilot
Plant

Milling 
Pyrolysis (g)

Molding
(g)

Molding
(Percent)

PP-4 33, 34 8075 561 6.5 78.5
PP-5 35, 36 Unknown Unknown Unknown 73.8
PP - 6 37, 38 784 8440 91.5 71.6
PP-7 39, 40 8449 0 0 . 0 73.5
PP - 8 41, 42 7129 1265 15.1 85.0

PP-9 43, 44 0 9034 1 0 0 . 0 6 8 . 0
PP-10 45, 46 0 9032 1 0 0 . 0 69.7
PP-11 47 1278 4516 77.9 76.8
PP-12 48 4117 1747 29.8 81.4

leaching lots. The first two lots, PPS-1 and PPS-2, were leached 
using the processing conditions shown in Table 20. During the 
leaching of PPS-2, purity data indicated PPS-1 was just beyond 
the purity limits; therefore, PPS-1 and the AR silt separated 
from that lot was releached as PPS-3. All these lots used about 1 L 
of hydrofluoric acid per kilogram of silt. Processing conditions 
of PPS-3 also are shown in Table 20. Purity data for these three 
lots are given in Table 21; Eagle-Picher1s analysis of PPS-1 
also is included.

After the purity data on lot PPS-1 had been reported by both the 
Bendix Material Evaluation Laboratory and Eagle-Picher Industries 
(EPI), the lack of correlation between the two sets of data, 
especially among the lower atomic number elements, caused a renewed 
concern over analytical capabilities. This lot was releached as 
PPS-3 on the basis of the Bendix data; however, the EPI data 
indicated it was much worse than anticipated, especially in 
certain critical areas. After the releach, nearly 60 percent of 
the elements above the detection limits increased in concentra
tion, causing further doubt concerning the reliability of the 
data. Lots PPS-1, 2, and 3 were resubmitted for analysis of 
certain critical elements for the purpose of rechecking specific 
elements without the time and expense of a complete trace elemental 
analysis. The results of those reruns are shown parenthetically 
in Table 21.

In some cases, the results of the reruns tended to verify the 
initial Bendix data. The lead numbers showed better agreement 
with the EPI values, and the iron values did not agree with
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MOLDED PARTS IN SCRAP (PERCENT)

Figure 11. Recovery Rate as a Function of Type of Scrap

either. At this point, further analysis of these lots seeded 
useless. The only statement that could be made about these lots 
concerning purity was that they did not meet the current purity 
requirements.

At this time, the new production-type reactor was installed in 
the pilot plant. In addition to increasing the capacity of the
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Table 20. Processing Conditions for Silt Lots 
PPS-1, 2, and 3

Silt
Charge
Weight
(g)

Leaching Time (hr) in HF Settling
Time
(Hr)Lot Concentrated Dilute

PPS-1 5228 29 66 2.5

PPS-2 6241 48 72 + 64* 24

PPS-3** 5013.3 64 48 8 and 16***

*64-hour leaching time was without nitrogen agitation 
(weekend settling).

**PPS-3 was a releach of PPS-1.
♦♦♦Transfers were made at 8:00 a.m. and 4:00 p.m. each 

day until completed.

pilot plant, this installation also provided an opportunity to 
evaluate the new reactor on the basis of design, materials, and 
handling techniques prior to use in the production facility. As 
stated earlier, the reactor is the heart of the chemical processing 
system, and the considerations which went into the design and 
fabrication of the production-type reactor merit further attention.

Three principle factors governed the design of the reactor and 
similar production-scale vessels:

The equipment must meet all requirements established by 
Environmental and Health Services;

Design of the equipment should provide for maximum service 
life; and

Costs must be held within specific budget limitations.

The resulting reactor, shown in Figure 12, was significantly 
different from the polypropylene reactor used in the scale-up 
facility and the early phases of pilot plant.

The most obvious differences between the two reactors are construc
tion and capacity. One of the safety requirements was the 
necessity of a lined steel vessel, and a lining of polyvinylidene 
fluoride was selected. This material is reported to be excep
tionally resistant to hydrofluoric acid and, when applied as a 
carbon dispersion, also has very good abrasion resistance which
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Table 21. Purity Data of Silt Lots PPS-1, 2, and 3

Element
Atomic
Number PPS-1 PPS-1* PPS-2 PPS-:

Li 3 46** < 1 47 46
Be 4 18 53 24 22

(2 1 )*** (17
Na 1 1 14 26 < 1 1 1
Mg 1 2 6 3.8 4 7
A1 13 < 1 17 9 7

Si 14 1060 991 1029 1040
P 15 6 <2 7 4
S 16 <2 6 <2 <2
Cl 17 2 1 <2 25 46
K 19 < 1 4.3 1 8
Ca 20 36 18 9 23
Ti 22 < 1 20 < 1 < 1
V 23 <0 . 2 1 1 <0 . 2 <0
Cr 24 123 46 127 107
Mn 25 0.3 2 . 6 2 1
Fe 26 1 2 0 172 208 216

(295) (285) (320
Co 27 2 <0 . 2 <2 <2
Ni 28 3 1.9 1 5
Cu 29 1 0 14 15 20
Zn 30 <5 2.7 <5 <5
Br 35 128 135 53 <48
Sr 38 < 1 0 10 < 10 < 10
Zr 40 <2 <2 <2 <2
Nb 41 <5 <5 <5 <5
Mo 42 < 1 <2 < 1 < 1
Ag 47 <0 . 2 <0.5 <0 . 2 <0
Cd 48 <2 <0.5 <2 <2
Sn 50 <0 . 2 <0.5 2 2
Ba 56 < 1 < 1 < 1 < 1
Ta 73 < 1 0 <10 < 10 < 10
W 74 <4 <4 <4 <4
Pb 82 41 77 93 96

(70) (70) (75
Bi 83 <0 . 2 <0 . 2 <0 . 2 <0
C
(Percent) 6 1.31 2 . 1 2 0.98 1

(1.06) (0.99) ( 1



Table 21 Continued. Purity Data of Silt Lots
PPS-1, 2, and 3

Atomic 
Element Number PPS-1 PPS-1* PPS-2 PPS.-3. .

Total B
(Percent) 96.8 96.6 97.6 96.9
Isotopic
BlO
(Percent) 91.75 91.73 91.80 91.83
Net BlO
(Percent) 8 8 . 8 88.5 89.6 89.0

*PPS-1 material analyzed by Eagle-Picher Industries.
**A11 values are reported in ppm except where noted

otherwise.
♦♦♦Values in parentheses are second analyses made on

selected elements.

was necessary for optimum service life. The steel reactor has a 
60° cone (as opposed to 45°), the lower portion of which is 
removable for transportation of the wet recovered powder to a 
work station where it is emptied into drying trays. In produc
tion use, the deagglomeration and acid rinses are transferred by 
pressurizing the reactor sufficiently to generate a siphoning 
action into the receiving vessels, thereby eliminating the abrasive 
wear during pumping. The reactor therefore had to be designed 
and tested up to 35 kPa internal pressure. Other changes included 
a redesigned float and the use of a polypropylene spacer. The 
spacer permitted introducing liquids from above the boron to 
circumvent the problems of pumping liquids through a partially 
plugged screen at the bottom.

During the installation of the new reactor, provisions were made 
for the use of air as che agitating gas during the deagglomerating 
and leaching operations. This change was the result of a literature 
search directed at finding better leaching conditions for the 
removal of lead from boron powder. The use of hydrochloric acid 
instead of hydrofluoric acid was also suggested by the same 
source . 1

The first lot of boron processed in the new reactor was PP3-4, 
which was a releach of the coarse recovered fractions of lots 
PPS-2 and 3. This lot was followed immediately by PPS-5, the 
last third of the original 16 kg and had not been leached previ
ously. Both lots PPS-4 and 5 were leached in hydrofluoric acid

55



Figure 12. Assembly Drawing of Production Type Reactor
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r ble 22. Processing Conditions of Silt Lots PPS-4, 5, 6 , 
and 7

Process PPS-4 PPS-5 PPS - 6 PPS-7

Leach Time (h)
Concentrated Acid 48 66 50 72
Dilute Acid 72 48 0 0

Leaching Acid HF HF HC1 HC1

Settling Times (h) 8/16 8/16 8/16 8/16

Acid/Boron (L/kg) 1 . 0 1 . 1 4.3 4.0

using air agitation instead of nitrogen. Analysis of both lots 
indicated no decrease in the lead content, so the coarse fraction 
of PPS-4 was reieached as lot PPS - 6  using concentrated hydrochloric 
acid as the leachant. Remnants of lots PPS-2, 3, and 5 were 
releached in hydrocholorc acid as lot PPS-7. Processing conditions 
for lots PPS-4, 5, 6 , and 7 are shown in Table 22, and the corre
sponding purity data are found in Table 23.

The data in Table 23 can be summarized by noting the desired 
decrease in the lead content as a result of leaching in hydro
chloric acid; however, this acid causes a substantial increase in 
the chlorine content in the boron. Although the increase in 
chlorine content was undesirable, it did not affect the accept
ance of the material according to the specification. Eagle- 
Picher was anxious to receive reclaimed silt for resizing evaluation 
because PPS - 6  and PPS-7 nearly met the purity requirements except 
for total boron and net boron-1 0 , samples of each lot were taken 
for certification analysis by both Bendix and Eagle-Picher. The 
lots were designated as PP40-001 and PP40-002, respectively.
During the course of analysis by both laboratories, large differ
ences were reported for the carbon content. This discrepancy was 
resolved when the problem was found to be in the type of accelerator 
Bendix had been using for the carbon analysis. The major changes 
in the purity data as a result of the certification analysis are 
shown in Table 24.

The only difference between PPS - 6  and PP40-001 or PPS-7 and 
PP40-002 was the requirement for larger samples to be taken, so 
the PPS lots were resampled by running the entire amount of each 
lot through a Riffle splitter until the desired samples were 
obtained. The discrepancies noted for the metallic impurities 
are of concern, especially in the case of iron because of the 
magnitude of contamination. However, the most serious problem 
was indicated by the presence of between 2 and 3 percent carbon



Table 23. Purity Data of Silt Lots PPS-4, 5, 6, and 7

Concentration (ppm)

Element
lUUJJLU

Number PPS-4 PPS-5 PPS - 6 PPS-7

Li 3 3 46 1 44
Be 4 8 15 8 15
C 6 6700 4200 4800 8700
Na 1 1 <0.5 1 0.5 < 1
Mg 1 2 3 4 2 4

A1 13 6 1 0 1 0 1 1
Si 14 1041 10 0 0 1077 1041
P 15 13 <2 <2 <2
S 16 <2 3 <2 <2
Cl 17 6 33 357 375

K 19 <0.5 4 3 < 1
Ca 20 <0.5 1 0 1 2
Ti 22 < 1 < 1 < 1 6
V 23 2 2 <0 . 2 <0 . 2
Cr 24 64 103 70 94

Mn 25 1 1 0 .8 2
Fe 26 168 168 106 197
Co 27 <2 <2 <2 <2
Ni 28 1 1 9 8 7
Cu 29 15 16 20 16

Zn 30 <5 <5 <5 <5
Br 35 44 37 34 32
Sr 38 <10 < 10 < 10 < 10
Zr 40 <2 <2 <2 <2
Nb 41 <5 <5 <5 <5

Mo 42 <2 <2 <2 < 1
Ag 47 1 <0 . 2 14 2
Cd 48 <2 <2 <2 <2
Sn 50 1 2 0.5 0.5
Ba 56 < 1 < 1 6 < 1
Ta 73 < 10 < 1 0 < 10 < 1 0
W 74 <4 <4 <4 <4
Pb 82 75 81 26 15
Bi 83 <0 . 2 <0 . 2 <0 . 2 <0 . 2
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Table 23 Continued. Purity Data of Silt Lots PPS-4, 5,
6, and 7

Atomic
Number

Concentration (ppm)

Element PPS-4 PPS-5 PPS - 6 PPS-7

Total B 
(Percent) 97.4 96.3 96.5 95.9
Isotopic
B1 0
(Percent) 91.46 91.77 91.74 91.75
Net B 1 0  
(Percent) 89.1 88.4 88.5 8 8 . 0

in the boron. This information raised questions about the form 
of carbon present in the silt, if it could be removed or reduced, 
and by what techniques.

An evaluation of the carbon problem was started immediately in 
which the carbon contents of reclaimed silt were compared with 
the values from virgin powder dust. Preliminary results provided 
the following information.

The carbon content in reclaimed boron silt was reduced from 
about 2.7 percent to between 1.2 and 1.4 percent by pyro- 
lyzing in air to 538°C for 45 minutes.

Increasing the temperature or time did not lower the carbon 
content further.

Methanol leaching of the silt prior to or after pyrolysis 
had no apparent effect.

No significant change in the carbon content of virgin dust 
was observed throughout the pyrolysis study, indicating 
there is a lower limit beyond which further reduction by 
this technique is impossible.

Boron carbide (B4C), which is known to be present in the 
virgin dust as a by-product during the deposition of boron 
on a graphite rod, probably accounts for the baseline carbon 
level in the virgin powder and possibly in the reclaimed 
silt.

An elutriation process lowered the carbon content of the 
reclaimed silt to the same level as the pyrolysis technique
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by removing the smallest particles. This suggests that the 
carbon, in whatever form, can be concentrated by particle 
size separation.

To further investigate the prospect of lowering the carbon content 
in usable powder, a sample of silt from reclaimed MS8104630 boron 
(lot PP40-002) was separated into several particle size fractions 
with an ATM Sonic Sifter. These fractions then were analyzed for 
carbon content in an effort to determine the distribution of the 
carbon by size fractions. The sieve analysis of the silt and the 
corresponding carbon values are shown in Table 25.

The data in Table 25 illustrate two significant points: nearly
40 percent of all the silt recovered from scrap containing 
MS8104630 boron is composed of boron particles less than 1.0 /im in 
size, and there is a logarithmic relationship between the particle 
size of the silt and the carbon content (Figure 13). The sieve 
analysis data indicate only about 1 0 . 8  percent of the silt is 
above 44 ixm (+325 mesh) and this material has an average carbon 
content of about 0.73 percent; however, about 30.4 percent is 
larger than 30 nm (+475 mesh) which has an average carbon content 
of 0.93 percent. Such material may lend itself to reblending 
small amounts back into the coarser MS8104630 and MS8104635 
materials without paying a significant penalty for the increased 
total carbon content (hence, lower total boron) of the silt.
Even more of the silt could be returned to the parent material if 
the carbon content could be reduced further by pyrolysis or some 
other method.

Figure 13 graphically depicts the relationship between particle 
size and carbon content in the silt. Only the four well defined 
particle size ranges were used in the graph. For lack of better 
data, the midpoint of each particle size range was chosen to 
represent the average particle size in that range and each range 
is shown by a set of brackets about the midpoint. Considering 
the assumption that the midpoint represents the average particle 
size in each range, the relationship can be considered to be 
nearly logarithmic.

As stated earlier, both amorphous carbon, as a residue from 
pyrolysis, and boron carbide, from the Eagle-Picher process, are 
present in the silt. Also, amorphous carbon can be removed or at 
least substantially reduced by repyrolyzing the silt, and boron 
carbide is unaffected by the various pyrolysis conditions tested 
to date. The key to determining what fraction of the silt can be 
reused without additional treatment at Eagle-Picher lies in 
determining what percentage of carbon in the various particle 
size fractions is amorphous carbon and what percentage is boron 
carbide. Studies being conducted at present may provide that 
information.
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Table 24. Analysis of Specific Elements in Silt Lots

Element
Atomic
Number PPS - 6 PP40-001 PPS-7 PP40-002

C (Percent) 6 0.48 2.27 0.87 2.78

A1 (ppm) 13 1 1 29

Cr (ppm) 24 70 1 1 2

Fe (ppm) 26 106 228 197 231

Table 25. Carbon Content as a 
Function of Particle 
Size in MS8104630 
Silt

Carbon
Particle Size Weight Content*
Range (m in) Percent (Percent)

+105 0.7 0.65*+

-105, +53 4.8 0.65**

-53, +44 5.3 0.82

-44, +30 19.1 1.07

-30, + 2 0 19.3 1.56

o<N1 + 1 0 11.3 2.29

- 1 0 39.5 4.93

♦Material prior to sieving = 2.78 
percent carbon; weighted average 
of all fractions = 2.79 percent 
carbon.

♦♦These two fractions were com
bined to provide sufficient 
material for the carbon 
analysis.
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Figure 13. Carbon Content as a Function of Boron 
Particle Size

Slightly over 30 kg of MS8104635 material were available for 
reclamation in the pilot plant facility. The material was pro
cessed in four lots: PP-15, 16, 23, and 24. Lot PP-15 was
processed in the original polypropylene reactor just before 
installation of the production-type reactor; the remaining lots 
all were processed in the larger reactor. The processing con
ditions for these four lots are shown in Table 26.

As noted in Table 26, a theoretical charge weight was introduced 
into the record keeping system. Up to that time, all charge 
weights were based strictly on the weight of the pyrolyzed 
material loaded into the reactor; however, an alternate procedure 
was proposed for determining the weight of boron in the scrap, 
based on the loading levels of boron in parts. Because the parts 
must meet the required loading levels then the scrap parts are 
assumed to contain that percentage o in by weight. For the 
material processed in lots PP-16, 2 1. 24, the theoretical
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Table 26. Processing Parameters of MS8104635 Material 
in Lots PP-15, 16, 23, and 24

Parameter PP-15+ PP-16 PP-23 PP-24

Charge Weight (g) 5996.9 7975.4 7158.5 9165.4
( 7 7 5 6 . 7 ) * * (7038.6) (8964.0)

Deagglomerat ion
Time (h) 24 68 24 23

Leaching Time (h)
Concentrated Acid 4 4 4 16
Dilute Acid 20 20 66 24

Settling Time (Min) 30 20 20 20

Product Recovered
(Percent) 64.4 69.2 76.7 75.8

(71.7) (78.0) (77.5)

Recovered Overall
(Percent) 96.2 96.2 98.0***

(98.9) (99.8)

♦PP-15 was processed in polypropylene reactor; all others 
were processed in production-type reactor.

♦♦Theoretical weight of boron in scrap; recovery percentages 
in parentheses are based on theoretical charge weight.

♦♦♦The BAS silt from lots PP-23 and PP-24 were combined; the 
overall recovery of these lots is a combined percentage.

weight averaged about 98.2 percent of the actual weight which was 
reflected in slightly high recovery rates.

Because of the difference in the height between the two reactors, 
a change in the settling time was necessary to provide consistent 
particle size separation. Sieve analysis data on these four lots 
are shown in Table 27. These data indicate that all four lots 
could be brought within the particle size specification by simply 
removing the excess +106 jum material. Because of the tedious and 
time consuming nature of the analysis for the percentage of - 1 0  /im 
material, only one such test was performed and the results were 
well within the limit.

The purity data on these four lots are given in Table 28. These 
data indicate some significant trends associated with the recovery 
of MS8104635 material. Although lots PP-15 and 16 met the purity 
requirement for trace elements and PP-23 and 24 failed only because
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Table 27. Sieve Analysis of Lots PP-15, 16, 23,
and 24 MS8104635 Material

Particle Size Range (/im)

+106 -106, +45 - 1 0

Specification
(Percent) 1.5 Maximum 74 ±4 10 Maximum*

PP-15
(Percent 3 72

PP-16
(Percent) 2 71 3

PP-23
(Percent) 2 70

PP-24
(Percent) 2 71

*As measured by the Micromerograph.

of high lead content, all lots failed to meet the total boron and 
net boron-10 limits of 98.6 and 90.0 percent respectively. Net 
boron - 1 0  is the product of the total boron and isotopic boron - 1 0  
values; therefore, if the assumption is made that the isotopic 
boron - 1 0  value is constant throughout the reclamation process, 
then the net boron - 1 0  limit can be met only by increasing the 
total boron content. In the case of lots PP-15 and PP-24, the 
total boron content would have to be increased to 99.3 and 99.4 per
cent, respectively. The main obstacle in achieving such an 
increase is the corresponding reduction in the major impurity, 
carbon. As discussed earlier on the subject of silt purification, 
the reduction of carbon content to sufficiently low levels, about 
0.4 weight percent or 4000 ppm in the case of PP-15 and PP-24, 
will require further work to determine whether it is possible to 
accomplish at Bendix.

Lots PP-23 and PP-24 were combined and releached as PP-26 to 
reduce the lead content. Table 29 provides an abbreviated listing 
of the significant purit' data of the material before and after 
the hydrochloric acid 1' ach. The data for lots PP-23 and PP-24 
are actually a weighted average of the purity data based on the 
relative amounts of powder combined to form PP-26. The lead was 
substantially reduced, as were iron, molybdenum, and barium. The 
carbon content also was lower by a significant amount. Although 
the chlorine content was expected to increase, the minor increases
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Table 28. Purity Data c. Lots PP-15, 16, 23, and 24
MS8104635 Material

Element
Atomic
Number

Concentration (ppm)

PP-15 PP-16 PP-23 PP-24

Li 3 28 18 19 25
Be 4 1 2 4 3 1
G 6 3900* 10600 10500 8500
Na 1 1 8 <0.5 < 1 < 1
Mg 1 2 28 1 <0 .1 4

A1 13 1 2 < 1 < 1 3
Si 14 831 987 1315 1039
P 15 3 <2 <2 <2
S 16 6 <2 <2 <2
Cl 17 <2 23 26 22

K 19 7 2 < 1 3
Ca 20 2 1 4 <0 .2 1 1
Ti 22 17 5 13 6
V 23 <0 . 2 2 <0 .2 <0 . 2
Cr 24 55 49 54 125

Mn 25 4 <0 . 2 <0 .2 1
Fe 26 80 15 30 70
Co 27 <2 <2 <2 <2
Ni 28 <5 2 2 9
Cu 29 4 1 1 3 13

Zn 30 <5 <5 <5 <5
Br 35 23 2 1 <2 <2
Sr 38 < 1 0 < 10 < 10 < 1 0
Zr 40 <2 <2 <2 <2
Nb 41 <5 <5 <5 <5

Mo 42 < 1 < 1 9 9
Ag 47 <0 . 2 0 . 8 <0 .2 <0 . 2
Cd 48 <2 <2 <2 <2
Sn 50 <0 . 2 2 1 2
Ba 56 5 25 6 4

Ta 73 < 1 0 < 10 < 1 0 < 1 0
W 74 <4 <4 <4 <4
Pb 82 6 5 1 1 1 63
Bi 83 <0 . 2 <0 . 2 <0 .2 <0 . 2
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Table 28 Continued. Purity Data of Lots PP-15, 16, 23, and 24
MS8104635 Material

Concentration (ppm)
Atomic ----------------------------------------

Element Number PP-15 PP-16 PP-23 PP-24

Total B**
(Percent) 1Q 98.4 98.3 98.2 98.3
Isotopic B
(Percent) 90.66 91.49 91.48 90.55
Net BlO**
(Percent) 89.2 89.9 89.8 89.0

♦Validity questionable; amount was determined before the 
carbon analysis problem was resolved and is probably artifi
cially low.

♦♦Requirements for MS8104635 and MS8104630 material are - 0 
minimums of 98.6 percent total B and 90.0 percent net B ; 
Net B 1 0 = (percent total B)(percent isotopic B 1 0 )/100.

in chromium and bromine were not expected. The leaching did 
little to improve the total boron and, hence, the net boron - 1 0  
values.

Processing of MS8104630 scrap in the production-type reactor 
started with lot PP-17 and continued through PP-22. The processing 
conditions used in these lots are shown in Table 30 along with 
recovery data. Variations in the leaching cycles had no apparent 
effect on the purity of the recovered product as shown by the 
purity data in Table 31; however, the settling times had a 
dramatic effect on the sieve analyses, which in the worst cases 
is visible in lower purity. To determine the optimum settling 
time, three different intervals were tried. The 6-minute settling 
time for PP-17 was calculated to be equivalent to the 9-minute 
time which had yielded satisfactory results from the original 
reactor. The sieve analysis of that material (Table 32) indicated 
a slightly longer settling time should provide a higher yield 
without destroying the particle size distribution. To confirm 
this, the settling time on PP-18 was increased to 7 minutes, with 
the expected changes in yield of coarse powder and shifting of 
the particle size distribution toward the finer particles.
PP-19 used the same conditions and produced an unexpectedly high 
yield of coarse powder without increasing the silt content exces
sively. The coarse fraction (-40, +60 mesh) had dropped below 
the lower limit of the specification, but this result was not 
caused by an excessive silt content as is usually the case. To



Table 29. Purity Data of Hydrochloric Acid s 
Releach

Atomic
Number

Concentration (ppm)

Element PP-23/PP-24 PP-26

C 6 9380 7700
Si 14 1160 1192
Cl 17 24 109
Cr 24 94 104
Fe 26 52 25

Br 35 2 7
Mo 42 9 1
Ba 56 5 1
Pb 82 84 16

Total B
(Percent) 
Isotopic B 
(Percent)

98.3 98.4

90.95 90.92
Net B 1 0  
(Percent) 89.4 89.5

determine how much the yield and sieve analysis would change, 
8-minute settling times were used for lots PP-20 and PP-21 with 
disastrous results. Although the yield was close to 80 percent, 
the coarse fraction dropped 4 percent below the minimum require
ment , and the silt content was considerably over the maximum 
limit.

The information gained from those lots of material indicated the 
optimum settling time was between 6 and 7 minutes; however, lots 
PP-17 through PP-21 could not be blended because of the gross 
shift in the particle size distribution of PP-20 and PP-21. To 
help alleviate the problem, the final lot (PP-22) was processed 
using a 6-minute settling time to provide material heavy in the 
coarser fractions, which might bring the overall blend up to the 
specification requirements. The outcome of PP-22 was completely 
unexpected. As shown in Tables 30 and 32, the yield was about 
20 percent higher than it should have been for MS8104630 boron 
powder. The high yield resulted in a silt content 5 percent over 
the maximum and a coarse fraction 5 percent under the minimum 
requirement. No explanation has been proposed which would account 
for such unusual results.



Table 30. Processing Conditions of MS8104630 Material in Lots PP-17 
Through PP-22

Lot

PP-17 PP-18 PP-19 PP-20 PP-21 PP-22

Charge Weight (g) 8512.0 8917.4 10984.2 9720.5 10678.5 10263.2

Theoretical Weight* 
(g) 8381.0 8790.9 10890.7 9578.1 10467.3 10035.5

Deagglomeration 
Time (h) 24 23 64 19 16 2 2

Leaching Time (h) 
Concentrated Acid 
Dilute Acid

6
26

19
24

6.5
20

5
20

6.5
65

18
24

Settling Time 
(Min) 6 7 7 8 8 6

Coarse Product
Recovered**
(Percent) 66.5 70.0 77.11 79.6 77.8 84.5

Overall
Recovery**
(Percent) 99.8 98.7 101.5 98.6 98.0 98.5

Overall 
Recovery*** 
(Percent) 101.3 1 0 0 . 1 102.4 1 0 0 . 0 1 0 0 . 0 1 0 0 . 8

♦Based on loading level of MS8104630 boron in scrap. 
♦♦Based on actual charge weight.

♦♦♦Based on theoretical charge weight.
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Table 31. Purity Analysis of Lots PP-17 Through PP-22 MS8104630 Material

Atomic
Number

Concentration (ppm)

Element PP-17 PP-18 PP-19 PP-20 PP-21 PP-22

Li 3 14 15 27 15 17 18
Be 4 5 2 3 3 1 3
C 6 4500 3100 2400 3800 4500 7200
Si 14 824 825 945 573 1219 700
Cl 17 1 0 38 17 32 14 28

Cr 24 7 4 4 7 4 18
Fe 26 17 16 1 1 27 36 128
Br 35 42 20 17 36 2 1 30
Pb 82 5 8 10 5 4 10

Total B
(Percent)

B 1 0
99.6 99. 3 100 99.2 99.4 98.9

Isotopic 
(Percent) 91.42 91. 60 91.87 91.27 91.65 91.0
Net BlO 
(Percent) 91. 1 91.0 91.9 90.5 91.1 90.0
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Table 32. Sieve Analysis of Lots PP-17 Through PP-22 MS8104630 
Material

Size Fractions (Weight Percent)

-40, -40, -40, -40,
+40 + +60 + 140 +230 +400 -400

Specification 1 . 5 + + 35+ + + 70+ + + 80+ + + 9 5 ^ ^ 5 + *

PP-17 38. 9 82.2 92. 8 98.6 1.4

PP-18 Trace 35.8 77. 3 90.4 98.3 1.7

PP-19 32.0 71.6 85. 3 97.2 2 . 8

PP-20 30.2 6 6 . 6 79.0 92.7 7.3

PP-21 30.8 67.7 80.3 94.0 6 . 0

PP-22 30.3 64.9 76.4 89.7 10.3

♦Sieve size range in U. S. Standard mesh. 
♦♦Maximum.

♦♦♦Minimum.



Blending PP-22 with the other lots was out of the question; 
therefore, the material was subjected to further elutriation 
operations to remove the excess silt. Three additional rinsing 
processes were required to bring the material within the particle 
size requirements. Table 33 shows the progress attained during 
those operations.

The concentrations of the major impurities of lots PP-17 through 
PP-22 are given in Table 31. This information generally indicates 
that changes in leaching cycles had little or no noticeable 
effect on the purity of the recovered product; however, the 
presence of gross amounts of silt show significant deterioration 
of the purity. Lot PP-22 which contained over 10 percent silt, 
was considerably higher in carbon, iron, and chromium content and 
also showed the lowest percentage of total boron, the lowest 
isotopic boron - 1 0  content, and thus the lowest net boron - 1 0  
content of the six lots.

As previously stated, the primary objectives of the pilot plant 
facility were as follows:

Refine previously established processes and techniques to 
improve the efficiency of the reclamation effort;

Define processing parameters directly related to the effi
cient start-up and operation of the production facility;

Demonstrate the recovery process on a production scale using 
manual operation; and

Produce and certify reclaimed boron which meets all speci
fications for WR-grade boron powder.

All four objectives were achieved during the course of pilot 
plant operation. The entire reclamation process was continually 
improved over that time span. Innovations such as the use of air 
instead of nitrogen agitation during leaching to enhance the 
corrosive effects of the hydrofluoric acid and the use of a 
sequence timer on the agitation cycle to reduce the possibility 
of channeling improved the performance of the operation. Other 
changes included the use of hydrochloric acid to remove lead 
contamination, hand sieving the dried product to remove most 
foreign particles prior to radiographic inspection, and increased 
pyrolysis loads using the same equipment. These and many other 
refinements in equipment design and facility layout resulted in 
an improved reclamation process.

Because the pilot plant used the same type of reactor that was 
installed in the production facility, an opportunity was provided 
to define the processing parameters for all types of boron powder 
using that equipment. Such definition of the processing condi
tions eliminated or greatly reduced the experimentation required
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Table 33. Elutriation Operation Involving Lot PP-22

Sieve Size 
Ranged

Specification 
(Weight 
Percent)

Size Fraction (Weight Percent)

Original 
Treatment♦♦

First Second 
Rerun+++ Rerunt

Third 
Rerunt t

-40, +60 35 Minimum 30. 3 31.2 32.0 35.0

-40, +140 70 Minimum 64.9 6 6 . 8 67.6 73.4

-40, +230 80 Minimum 76.4 78.6 79.7 86.4

-40, +400 95 Minimum 10. 3 92.4 93.5 98.4

-400 5 Maximum 10. 3 7.5 6.5 1 . 6

♦U. S. standard mesh.
♦♦Eight rinses, with a settling time of 6 minutes.

♦♦♦Four rinses, with a settling time of 4 minutes.
+Four rinses, with a settling time of 3 minutes.

++Six rinses, with a first settling time of 3 minutes and five settling 
times of 2.5 minutes.



in the production facility and provided useful information to 
determine if the automated system functioned properly during its 
check-out stages.

During October 1978, nearly 67 kg of pyrolyzed MS8104630 and 
MS8104635 boron scrap were processed in the pilot plant, with an 
average recovery rate of 98.75 percent C100.41 percent based on 
the theoretical weights of boron in the scrap 1. This amount 
exceeded the 60 kg/month capacity of the production facility and 
verified the processing cycle times anticipated for the chemical 
processing area.

A total of 44 kg of MS8104630 reclaimed boron powder has been 
certified as meeting all the requirements for that grade of 
boron. An additional 60 kg of the same type of powder is awaiting 
minor adjustment in the particle size distribution before it is 
submitted for certification and lot acceptance.

Production Facility

The preliminary design and layout of the production facility were 
first disclosed in the Bendix proposal for the boron reclamation 
project submitted to ALO in February 1976. This document detailed 
a 297-m2 reclamation facility that would cost $500,000. The pro
posed facility was to be located in a modified floor space in the 
existing Bendix main manufacturing building. Specific areas, 
such as reclamation material hold, pyrolysis, deagglomeration and 
leaching, screening, and processed material hold, were described 
with about 270-m2 of new facility construction required. One of 
the assumptions made at the time of the proposal was that three 
classes of boron powder would be reclaimed and that strict separa
tion of the three product streams would be required to prevent 
cross-contamination and subsequent degradation of isotopic enrich
ment or purity. The three classes of boron powder were designated 
as follows:

BlO UHP (Ultra High Purity enriched boron), as defined in 
MS8104617;

B^-O SUHP (Super Ultra High Purity enriched boron), with a 
purity level higher than MS8104617 but undefined at that 
point; and

BN SUHP (.Super Ultra High Purity natural boron 1, with the 
same purity level as B^-Q SUHP,

Changes in program requirements resulted in the need for only one 
class of boron powder and also in a reduction of the 20 0 kg/month 
capacity to 60 kg/month. The requirement for only one grade 
simplified the design of the facility considerably. This change
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could have resulted in a decrease in the size of some reclamation 
areas; however, the decision was made to maintain the original 
design layout because additional process streams might be required 
at a later date. Schedule changes in the various programs affecting 
boron reclamation provided more time for collection of needed 
information from the scale-up and pilot plant facilities. Such 
information from actual reclamation operations provided data 
which were critical to the design of the production facility.

A layout of the Boron Reclamation Facility is shown in Figure 14. 
This view indicates the type and quantity of equipment involved 
as well as the general location. The carbon dioxide pyrolysis 
area is located in the Heat Treating and Blasting area. Pyro
lysis is carried out in a modified Leeds and Northrop Hemocarb 
furnace (Model 9775-H-36-40) equipped with a catalytic converter 
system for treatment of waste gases before release to the atmos
phere. This equipment is shown in Figure 15. Modifications 
involved the design and fabrication of a retort to contain the 
filled polymeric scrap and a lid to seal the retort while also 
closing off the top of the furnace. The retort contains an 
interlocking stacked array of circular containers in which the 
scrap is loaded. Sides of the containers are perforated metal to 
allow permeation of the carbon dioxide gas into and around the 
scrap; the bottoms are solid sheet metal to retain as much of the 
scrap as possible. Figure 16 shows the retort, lid and containers 
in the Material Preparation Room of the Screening Area.

After pyrolysis, the retort is returned to the Material Preparation 
Room where the pyrolyzed clinkers are bagged in 5 or 10 kg lots 
for deagglomeration and leaching. These operations take place in 
the Chemical Processing Area, Room 101. Figure 17 is a view of 
this area and shows the following equipment:

A Una-Dyne drying oven equipped with a regenerative dehumi
difier system;

Two Corning glass stills for concentration of the boric acid 
solution;

A boric acid holding, cooling, and settling (BAHCS) vessel 
which supplies the stills;

Reactor R-l for deaggloraeration and leaching of coarse 
powder;

Silt reactor RS-1 for leaching silt;

The acid rinse (AR) vessel into which all hydrofluoric (and 
if need be, hydrochloric) acid and suspended silt is trans
ferred from reactors R-l and RS-1;
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Figure 15. Production Pyro- Figure 16. Pyrolysis Retort 
lysis Furnace

An air-operated hoist for lowering the reactor bottom cones 
containing the wet boron powder to an awaiting mobile support, 
shown under the AR vessel;

Supply vessels for hydrochloric acid, sodium hydroxide 
solution (for fume scrubber), and hydrofluoric acid; and

Computer control equipment.

Figure 18 shows the two reactors up on the platform and the boric 
acid/silt (BAS), vessel and AR vessel hanging from the platform.
The BAS vessel receives all deagglomeration rinses from the reactors 
along with the suspended silt. Both reactors are plumbed such 
that either can perform the deagglomeration and leaching functions. 
This photograph also shows a better view of the hydraulic equipment 
used to remove, support, and transport the lower cones of the 
vessels. The BAS and AR vessels are mounted over a spill basin 
built into the floor. A smaller spill basin, partially visible 
under the reactors is shown in Figure 19. This photograph provides 
a closer view of the reactors, H-l and RS-1, and the various 
liquid and gas transfer lines associated with them. Exhaust 
hoods are mounted directly behind each reactor to remove any 
fumes which might escape. The top of the AR vessel is visible
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Figure 18. Production Reactors and Silt 
Vessels

Figure 19. Reactors R-l and RS-1 With
Associated Process Equipment
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Figure 20 is a view of the computer control equipment in Room 102. 
The computer, a Micronova system (Data General Corporation), is 
equipped with 32,000 words of memory, a dual floppy diskette 
system, a CRT, and 60 character per second printer. It contains 
64 digital output signals, 16 analog input signals, and a real
time clock.

Room 103 houses the acid neutralization vessel and the line 
feeder which supplies calcium hydroxide to the neutralizer.
Room 103A, across the aisle, contains the sludge holding tank 
which stores the sludge generated during the neutralization 
process, two banks of deionizer cartridges, and a water holding 
tank. The water holding tank is supplied with water from the 
neutralization vessel, distilled water from the boric acid stills, 
and, when necessary, make-up water is added from city mains. The 
Material Preparation Room (104) is where the retort is loaded and 
unloaded and where the pyrolyzed scrap is bagged in convenient 
lot sizes.

Five rooms, 106, 106A, 109, 109A and 110 (Figure 21) are dedicated 
for various screening and particle separation functions. Rooms 106A 
and 109A, which house the two Rotaps, were designed to reduce the 
noise pollution in the surrounding areas during operation. The 
63-cm diameter Sweeco machine is located in Room 106, along with 
the Sonic Sifter used to determine the particle size distribution 
of the boron powder obtained from the various screening and 
separation operations. Room 110 houses the air classifier. This 
equipment can be used for separating particles above and below 
any desired size by adjusting the parameters of centrifugal force 
and aerodynamic drag to achieve the desired separation. Although 
any two particle size separations could be made using this equip
ment, it is used primarily for removing the smallest boron 
particles, such as less than 1 0 pm.

Room 108 (Figure 22) contains the large twin-shell blender needed 
to provide thorough mixing of several processing lots which are 
combined into a single master lot for certification and lot 
acceptance. Uniform distribution of the boron from the processing 
lots is necessary to assure bag-to-bag consistency when the 
material is reused. Also located in this room is an ultrasonic 
cleaner which is used for cleaning the Sweeco and Rotap screens.
The Material Hold Area, Room 111 (Figure 23), is used to store 
the recovered boron while awaiting certification and lot acceptance. 
Room 112 is an office area where documents relating to processing 
and boron accountability are filed.

behind and to the right of the silt reactor, RS-1; however, the
top of the BAS vessel is obscured by reactor R-l.
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Figure 20. Computer Control Equipment

ACCOMPLISHMFNTS

Since its inception, the boron reclamation project has been 
directed toward the ultimate accomplishment of the following 
goa l s :

To develop a cost effective process for reclaiming boron 
from a polymeric matrix and which is sufficiently versatile 
to accommodate changes in polymer matrices, boron particle 
size distributions, and other processing variables;

To reclaim the maximum amount of specification grade boron 
in the required particle size ranges;

To return the maximum amounts of reclaimed boron from scrapped 
products to stock in forms economically convertible to 
specification grade material; and

To minimize deleterious or hazardous constituents in the 
reclaimed products.

A versatile cost effective process has been developed, evaluated, 
and scaled up into a $500,000 Production Facility with a current 
capacity of 60 kg/month. Although continued processing on a 
production basis will ultimately achieve the maximum efficiency 
alluded to in the goals, the work conducted to date has brought
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RO OMS 109 AND 109A

DONALDSON AIR CLASSIFIER 
IN ROOM 110

Figure 21. Screening and Particle Separation Areas
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Figure 22. Twin-Shell Blender Area

Figure 23. Material Hold Area
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that realization within easy reach. This is verified by the high 
recovery rates Cgreater than 97 percent! achieved under develop
ment conditions that represent manufacturing operations and were 
defined during this study.

FUTURE WORK

Future work will involve the continued operation of the Production 
Facility; however, continued development work will be required in 
the following areas:

Purification of silt, especially in regard to the reduction 
of the carbon content;

Purification of recovered enriched boric acid;

Modification of the basic process to recover boron from 
silicone polymers;

Investigation into the feasibility of centrifugation as a 
means of shortening the settling times of silt; and

Development of a spot test to differentiate between hydro
fluoric and hydrochloric acid in the event of a spill.
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