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ABSTRACT 

The U.S. Department of the Interior Bureau of 

Mines, investigated methods to recover valuable 

rare-earth materials from NdFeB magnet scrap. 

Although several processing techniques were 

evaluated, the best separation of rare-earths from 

the NdFeB magnet scrap was obtained by sulfuric 

acid dissolution followed by precipitation of 

recyclable rare-earth salts. Both sodium and 

ammonium intermediate double salt precipitates 

that can be converted to a variety of useful 

neodymium products were investigated. The 

sodium system showed a neodymium recovery of 

98 pet while the ammonium system yielded 70 pet 

during double salt precipitation. The iron-rich 

effluent following the rare-earth recovery was 

treated to produce sodium and ammonium iron 

jarosites that can be disposed of or converted to 

hematite. By following this new procedure, many 

materials handling and economic disadvantages 

found with fluoride or oxalate direct precipitation 

were avoided. 

1. INTRODUCTION 

The U.S. Bureau of Mines is engaged in 

developing technology to treat a variety of wastes 

that contain valuable and strategic metal values. 

Economic recovery from such wastes ensures cost 

savings for industry and reduces the degree of U.S. 

dependence on foreign imports. As part of this 

effort, the separation of neodymium from Iron in 

NdFeB magnet scrap was studied. The objective of 

this s tudy was the economic separation and 

recovery of Nd from this scrap. Since this scrap 

typically contains nearly 30 wt pet Nd for which 
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the demand is constantly increasing / 1 - 3 / , 

economic methods for scrap t reatment will 

significantly Impact industrial expenditure and 

materials supply in the expanding area of magnet 

manufacture. 

Pe rmanen t magne t s are Indispensable 

components of electromechanical and electronic 

devices such as computers, printers, motors, 

microwaves, and audio visual components among 

others. An average home in the United States 

contains about 40 magnets and a fully equipped 

car contains more than 30 /2,4,5/ . In 1979, small 

but powerful samarium-cobalt magnets began to 

replace ordinary ferri te magne t s in such 

applications as the Sony "Walkman" series of 

miniaturized portable stereo headphones and 

tape players. By 1982, consumption of samarium 

oxide In the U.S. was 165 st despite the fact that 

this market was totally nonexistent in 1978 /&/. As 

the demand for permanent rare-earth magnets 

increased, and due to unres t in Africa which 

threatened to affect the supply of cobalt, research 

was under taken to develop other rare-earth, 

transit ion-metal alloys which could combine 

improved magnetic capabilities with lower raw 

materials costs / 4 / . The fortuitous discovery of a 

stable Nd2Fei4B phase met the demand for a 

lower-cost, more readily-available alloy with 

improved magnetic properties. NdFeB magnet 

material h a s the highest energy product of all 

permanent magnets and exhibits excellent 

r es i s t ance to demagnet iza t ion at normal 

operating temperatures /7 -9 / . 

The increased power of NdFeB alloy has 

made possible the manufacture of smaller and 

more effective magnets that are now used in a 

variety of applications including automotive 
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cranking motors, servo and other motors, meters, 

computers, audio-visual components, hand-held 
portable tools, and other devices requiring reduced 

size and weight /2 ,4 ,10,11/ . NdFeB magnets are 

also used in magnetic separators, military and 

aerospace systems, and in magnetic levitatlon 

railways systems which will allow cruising speeds 

of over 450 km/hr /12-14/. 

Currently, large amounts of scrap from 

NdFeB magnet manufacture are being stockpiled 

due to the lack of a cost-effective processing 

method. Because of the growing new market for 

individual rare-earth metals such as neodymium, 

which was valued at $280/kg at year-end 1988 / 2 / . 

and due to the likely continuing increase in 

demand for pe rmanent magnets , scrap will 

undoubtedly become an important alternative 

materials source. It is clear that development of a 

viable method to process NdFeB scrap will aid 

domestic manufacturers economically and reduce 

the necessity for import of rare-earth materials. 

The two major methods currently being used 

to manufacture NdFeB magnets are rapid solidi-

fication and powder metallurgy techniques. In 

rapid solidiflcaUon, a melted alloy is supercooled 

by generating melt-spun ribbon which is then 

crushed and treated in further processing steps 

such as polymer bonding or hot pressing. By this 

process, material with extremely fine grain size 

and uniformity of microstructure is obtained 

which has excellent magnetic properties. Typical 

scrap types generated by this process are slag and 

spillage materials from alloy melting, discarded 

ribbon material, and discarded finished magnets 

in a variety of forms. Powder metallurgy 

processing involves the sintering of a powder 

which is aligned in a magnetic field. This process 

generates grinding swarf in addition to discarded 

sintered and unsintered (green compact) magnet 

pieces / 1 , 4 / . Some sintered magnet scrap bears a 

protective plastic outer coating as well. 

The composition of scrap from powder 

metallurgy processing was found to be similar to 

that from rapid solidification. All types have the 

following average composition in wt pet: 67.3 Fe, 

26.3 Nd, 1.85 Pr and 0.84 B. Because scrap 

compositions were quite uniform, economical 

t reatment methods were sought which could 

efficiently separate rare-earth metals from Iron In 

all types of scrap despite variations In scrap 

geometry and surface oxidation. Initial work by 

the same authors at the Bureau of Mines focused 

on selective oxidation of Nd while maintaining a 

reducing atmosphere for Fe / 1 5 / . Although 

selective oxidation was found to be successful, 

separation of oxidized Nd from metallic Fe could 

not be easily accomplished without extensive 

further processing. For this reason, the focus of 

the work was shifted to acid dissolution and 

precipitation of rare earth salts. 

2. ACID DISSOLUTION 

Although sulfuric and hydrochloric acids 

were found to be equally effective for scrap 

dissolution, sulfuric acid was used in the bulk of 

tests due to its lower cost and because It is widely 

employed in industry for rare earth concentrate 

leaching. Precipitation of rare-earth salts and 

double sal ts from sulfate systems h a s been 

extensively studied and forms the basis for many 

industrial practices /16 ,17 / . All types of scrap 

dissolved readily without heating or agitation over 

a 24 hr period. Beneficiation of large, uncoated 
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scrap pieces to -1/4" In a jaw crusher reduced the 

time needed for complete dissolution but was not 

required. It was found that coated scrap needed to 

be crushed prior to leaching to render it amenable 

to attack by the acid. Tests were conducted to 

determine the typical acid requirements for scrap 

dissolution and to examine the leaching behavior 

of different types of scrap. 

Tests showed that a critical factor for scrap 

dissolution was the weight ratio of sulfuric acid to 

weight of scrap to be dissolved. For all scrap types 

tested, a weight ratio of acid to scrap of 2:1 or 

higher was sufficient both to totally dissolve the 

scrap and to keep the solution pH low enough to 

prevent the oxidation of ferrous ion to ferric. It is 

known that acid solutions of ferrous ion oxidize 

less rapidly with increasing acidity /18/. Ferric 

ion is undesirable because it forms precipitates in 

solution which can contaminate a process stream. 

For one molar acid solutions and an acid to scrap 

weight ratio of 2:1, the pH of the final, clear blue 

solution was approximately 1.0, and no iron 

precipitates formed. When the acid to scrap ratio 

was 1:1, the final pH was 3, dissolution was 

incomplete, and iron precipitated out of the 

greenish filtrate over time. 

Dissolution behavior for two types of scrap 

can be seen in Figs. 1 and 2. These figures show 

that despite differences in leach behavior, 

complete dissolution occurs when the acid to 

scrap weight ratio reaches 2. 

In addition to determining the amount of acid 

required for effective dissolution, it was necessary 

to study the effect of acid concentration while 

maintaining the acid-to-scrap weight ratio at 2. 

One-hundred grams of ribbon material was 

completely dissolved in 1 L of 2 molar (200 g) 

Acid to Scrap Weight Ratio 

Fig. 1 Leaching of Ribbon Scrap 

Fig. 2 Leaching of Hot-Pressed Ribbon 
Scrap 

sulfuric acid yielding a solution which analyzed 33 

g/L Nd and 78 g/L Fe. (Analyses appear higher 

than those in the original scrap due to loss of 

water volume from exothermic heating and 

hydrogen evolution during dissolution). One-

hundred-fifty grams of ribbon material was 
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dissolved in 1 L of 3 molar (300 g) sulfuric acid, but 

large amounts of iron and rare earth sulfate salts 

precipitated out of solution. Although the original 

scrap contained approximately 40 g of Nd and 100 

g of Fe, the filtrate contained only 23 g/L Nd and 77 

g/L Fe. It was evident that sulfate solubilities were 

exceeded for both Fe and Nd when the sulfuric acid 

molarity was 3 due to the decreased amount of 

water used. Operating the system at a molarity of 

2 was adequate to effect total sample dissolution 

while minimi2ing the water requirement. Other 

types of scrap such as slag, swarf, and bulk 

sintered magnets exhibited similar leaching 

behavior. 

3. RARE EARTH PRECIPITATION 

Once scrap was dissolved in acid solution, 

separation of rare earths from iron was achieved 

by precipitation of a rare earth salt. For acid 

dissolution to be a viable method for treating 

NdFeB scrap, a rare-earth precipitation product 

must be generated that can be recycled at some 

point into already-existing processes which use 

neodymium salts as feed materials. Pure 

neodymium fluorides and oxides are used in laser, 

glass, and ceramics manufacture, but by far the 

largest demand for neodymium salts is in 

metallothermic or electrolytic reduction to 

produce neodymium metal and/or alloys for 

magnet manufacture. 

Both NdFß and Nd203 would be suitable 

precipitation products for recycle to neodymium 

metal and alloy-producing operations. Fluorides 

can be precipitated directly from aqueous 

solutions, and, in fact, this is a recommended 

practice when large amounts of iron are also 

High Temperature Materials and Processes 

present in solution /17/. Rare-earth oxides are 

generally obtained by roasting rare earth oxalates, 

and although the presence of large amounts of 

iron is known to inhibit their selectivity, rare earth 

oxalates are some of the most important rare 

earth salts /17,19/. 

Fluoride and oxalate precipitation, however, 

have attendant problems. Fluoride precipitates 

tend to be gelatinous and difficult to filter, and 

oxalates are costly to produce and must be roasted 

to yield an oxide product suitable for recycle. A 

possible solution to the problems attendant with 

the direct precipitation of fluorides and oxalates is 

to generate an intermediate precipitate which 

could then be converted to either a fluoride or 

oxalate product depending on industrial demand. 

One example of such an intermediate precipitate 

is the double sulfate salt of neodymium and 

sodium which is used industrially for the 

precipitation and storage of rare-earth materials 

/17/. 

A Precipitation of Neodymium-Sodium Sulfate 
Double Salt 

The formation of a neodymium-sodium 

sulfate double salt was investigated as an 

intermediate precipitate which would serve to 

economically separate rare earths from iron 

without a filtration problem. Sodium hydroxide 

was added to acid leach solutions of magnet scrap 

to raise the pH to 1.5. A light-purple, easily-

filtered precipitate formed which is probably a 

neodymium-sodium sulfate double salt. Such 

double salts are very common although the 

composition is variable, and few have been 

adequately characterized. Double sodium sulfates 

are listed having formulas such as 
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Nd2 (S04)3 -Na2SC>4 ·6Η20 or NaNd(S04)2 nH20 

where η is 0 or 1 /17,20/. The precipitate was 

analyzed to contain 35 pet Nd, 2 pet Pr, 6.5 pet Na, 

50 pet SO4, and only 0.2 pet Fe. It is interesting to 

note that the molar amounts of Nd and Na are 

roughly equivalent, corresponding to the formulas 

above. Fig. 3 shows the recovery of Nd and Fe into 

the double sulfate salt as a function of pH. It can 

be seen that the recovery of Nd exceeds 95 pet and 

reaches its maximum between pH values of 1.5 and 

2 while iron recoveries remain low. At pH values 

above 5, significant amounts of iron begin to 

precipitate out of solution. 

B. Precipitation of Neadymtum-Ammonium 
Sulfate Double Salt 

Fig. 4 Recovery of Neodymium and Iron in the 
Ammonium Sulfate Double Salt 

Instead of NaOH, NH4OH was added to metal-

rich sulfuric acid leach solutions to raise the pH to 

1.5. A light-purple precipitate formed which again 

filtered very easily. This precipitate was 

characterized using X-ray diffraction and 

ncnoo Neodymium 
ΔΔΔΔΔ Iron 

Fig. 3 

pH 
Recovery of Neodymium and Iron in the 
Sodium Sulfate Double Salt 

identified as Nd2 (NH4)2 (S04)4 8H20. The 

precipitate was analyzed to contain 34 pet Nd, 2 

pet Pr, 5 pet NH4, 45 pet S04, and 0.2 pet Fe. 

Again, molar amounts of Nd and NH4 were 

equivalent. Fig. 4 shows the recoveries of Nd and 

Fe in the ammonium double salt as a function of 

pH. The maximum Nd recovery in this salt is 

approximately 70 pet due to its greater solubility 

in aqueous solution. As in the sodium system, 

significant amounts of iron do not precipitate until 

the pH is well above 2. 

C. Precipitation of Neodymium-Potassium 
Sulfate Double Salt 

A similar, easily filtered purple salt was also 

formed by the addition of KOH to pregnant leach 

solutions of dissolved magnet scrap. Ninety-three 

pet of the Nd was recovered in this salt which was 

analyzed as 30 pet Nd. 2 pet Pr, 9 pet K, 50 pet SO4, 

and 0.2 pet Fe. The molar potassium content is 

equivalent to that of Na and NH4 in other double 

180 



J.W. Lyman and G R. Palmer 

salt species previously discussed. 

4. DOUBLE SALT CONVERSION TO FLUORIDE 

Tests were performed to determine whether 

the neodymlum-sodlum and ammonium double 

salt precipitates could be converted to pure 

fluoride products by leaching In HF solution. It 

was found that both sodium and ammonium 

double salts could readily be converted to NdFß 

with no loss of Nd. A fifteen-minute leach time was 

found to be adequate for complete conversion. Due 

to their similarity to sodium double salts, 

potassium double salts were not Included in this 

phase of the research. 

Residual amounts of sulfate and alkali/ 

ammonium ions were found In the fluoride 

products and varied depending on the amounts of 

HF and water used in the leach. Tables 1 and 2 

show Nd concentrations and impurity levels 

present In NdF3 products from the conversion of 

sodium and ammonium double salts respectively 

lligh Temperature Materials and Processes 

for a variety of leach conditions. It can be seen 

from the tables that sulfate content in the 

converted fluoride varies inversely with the 

HF/double salt ratio. When the HF/double salt 

ratio is 0.71, sulfate content is independent of the 

water/HF ratio, although for higher HF additions, 

the sulfate content does appear to increase when 

water additions are also low possibly due to ionic 

strength/saturation effects. 

Ammonium ion concentrations were low in 

all converted fluoride products, but sodium ion 

concentrations tended to be much higher, 

particularly for a high HF addition coupled with 

less water. It is of interest to note that whenever 

the Na content was high, the Nd recovery was low. 

This can be explained by the formulation of 

insoluble Na2SlFß which consumes needed 

fluoride Ion. The presence of this compound was 

confirmed by X-ray diffraction (XRD), and it was 

found that a second HF leach was sufficient to 

remove it, lowering the Na content to 0.9. 

Formation of Na2SiF6 was prevented entirely by 

TABLE 1 

Fluoride conversion of sodium double salts 

HF/Double Salt Water/HF Fluoride Product Composition (Pet) 
Ratio Ratio Nd Fe SO4 Na 

0.14 100 48.8 0.12 27.6 3.7 

0.29 50 65.0 0.13 5.4 2.3 

0.71 20 67.3 0.20 2.3 2.1 

0.71 10 57.1 0.16 2.2 4.1 

0.71 5 60.2 0.26 2.4 2.9 

1.43 10 66.6 0.12 1.1 1.8 

1.43 2.5 46.6 0.44 1.3 7.6 
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TABLE 2 

Fluoride conversion of ammonium double salts 

HF/Double Salt 
Ratio 

Water/HF 
Ratio 

Nd 

Fluoride Product 
Composition (Pet) 

Fe S0 4 NH4 

0.14 100 66.6 0.12 7.5 <0.1 

0.29 50 65.07 0.11 6.8 0.1 

0.71 20 6Θ.2 0.10 2.6 0.1 

0.71 10 67.2 0.08 2.8 <0.1 

0.71 5 67.6 0.11 2.6 0.2 

1.43 10 69.3 0.14 0.6 <0.1 

1.43 2.5 70.8 0.20 1.2 0.2 

2.86 4.5 68.1 0.13 0.5 <0.1 

pe r fo rming leach ing , p r ec ip i t a t i on , and 

particularly conversion stages in nalgene reaction 

vessels which do not contain silicon. 

In general, the purity of NdF3 obtained from 

the sodium double salt is not as high as in 

ammonium double salt conversions. For both 

salts, the purest products are obtained at an 

HF/double salt ratio of 1.43 or higher and at a 

water/HF ratio of 10. Residual iron content was 

found to be independent of the conversion 

conditions, depending instead on the amount of 

iron originally present in the double salt . 

Fluorides obtained from conversion of the double 

sa l t s are easily filtered, a l though for the 

ammonium double salt conversion, HF must be 

added to the leach solution prior to introduction 

of the double salt to prevent the formation of a 

gelatinous, difflcult-to-filter fluoride precipitate. 

The ease of Altration of fluorides obtained from 

double salts is one major advantage to this method 

of processing NdFeB scrap. 

5. DOUBLE SALT CONVERSION TO OXALATE 

Oxalate products were also obtained by 

reacting sodium and ammonium double salts with 

0.2 molar aqueous solutions of oxalic acid. The 

weight ratio of double salt to oxalic acid was 0.72. 

Fifteen minutes was found to be adequate for 

complete conversion. Losses of Nd were negligible 

in the conversion process, and the weights of Nd 

and Pr in the final products indicated that nearly 

pure oxalate precipitates were obtained which 

could be roasted to yield pure oxides if desired. 

The purity of oxalate products was confirmed by 

XRD. It "was concluded that Nd double salts may 

be treated with either HF or oxalic acid to generate 

fluoride or oxide products respectively. 

6. IRON JAROSITE PRECIPITATION 

Following rare-earth precipitation, the spend 

leach solution which still contains as much as 77 
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g/L iron must be treated by an Iron removed 

process prior to disposal or recycle. Because 

ordinary neutralization leads to the formation of 

iron hydroxides which cannot be easily filtered, it 

was decided to investigate precipitation of a 

jarosite to facilitate filtration. Jarosi tes are 

compounds of the type MFe3(S04)2(0H)e where Μ 

is K+, Na+, NH4+ or a metal ion such as Ag* or 1/2 

Pb^+. Iron is present in the ferric oxidation state. 

Ja ros i t e precipi ta t ion chemis t ry is well-

understood and widely used in the zinc industry for 

removal of iron in the most economical manner 

possible /21-23/ . Jarosites are easily filtered, 

exhibit good stability, and can be formed directly 

from spent leach solutions following double salt 

precipitation. In addition, Jarosites can be 

converted to hemati te for use in cement 

production, pigmentation, and iron manufacture 

/24/. 

Spent solutions were placed in a reaction 

kettle through which oxygen was bubbled and 

allowed to react for 6 hours at 90°C to form a 

yellow iron jarosite which was then removed by 

filtration. The presence of oxygen ensures 

oxidation of ferrous to ferric ion. The amount of 

jarosite which formed depended on the presence 

or absence of an oxidant, reagent addition, pH of 

spent solution, and hydroxide species used. 

A Effect of Oxidant Addition 

Tests showed that addition of hydrogen 

peroxide positively affected Jarosite formation in 

both the sodium and ammonium systems 

probably due to improved kinetics for the 

oxidation of ferrous to ferric ion. Fig. 5 shows a 

plot of Iron extraction as a function of oxidant 

G r a m s of Hydrogen Pe rox ide 
(50 Pet) 

Fig. 5 Iron Recovery as Jarosite 

addition to spent leach solutions at a pH of 1.5. It 

was possible to form jarosites from both sodium 

and ammonium spent leach solutions without an 

oxidant, but the amount of jarosite formed was 

much greater when the oxidant was present. Iron 

recovery in the ammonium jarosite was slightly 

higher than in sodium jarosite. Recovery of iron 

did not increase dramatically for either system 

beyond a hydrogen peroxide addition of 30 g (50 

pet). 

B. Effect of pH and Sodium Sulfate Addition 

Varying amounts of sodium sulfate were 

added to oxidant-containing spent leach solutions 

at a pH of 1.5 to investigate the effect of increasing 

the available sodium ion. A positive effect on 

jarosite formation was observed up to a Na2SC>4 

addition of 30 g as shown in Fig. 6. Adding more 

than 30 g decreased the iron recovery. The most 

influential parameter was found to be pH. When 1 
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0 10 20 30 40 50 

Sodium Sulfate Addition (g ) 

Fig. β Effect of Sodium Sulfate Addition on 
Jarosite Formation 

L of spent leach solution at pH 1.5 was placed in 

the jarosite reactor with 30 g of 50 pet H2O2 and 

30 g ofNa2S04, the maximum iron recovery was on 

the order of 20 pet. When the pH was raised to 2 

with more hydroxide, however, 70 pet of the iron 

precipitated as jarosite (other reagent additions 

were not varied), clearly, the effect of pH is 

dramatic, and it is likely that ongoing work will 

show that the iron recovery is enhanced even 

further at pH values above 2. 

caused by the consumption of OH" ions as jarosite 

formed. In order to form more Jarosite, a pH 

adjustment after 2 hrs of reaction time would be 

required. The apparent increase of dissolved 

species concentrations at 5-6 hrs could have been 

caused by water evaporation from the reactor. 

D. Behavior of Residual Nd During Jarosite 
Formation 

In the sodium system, residual Nd 

precipitates with the jarosite and is lost whereas 

in the ammonium system, Nd is retained in the 

spent solution from jarosite processing and could 

potentially be recovered in a later step. As was 

shown previously, Nd recovery in the ammonium 

double salt is only 70 pet. The rest remains in 

solution. It is advantageous that the Nd remaining 

in solution does not precipitate in the ammonium 

jarosite. Spent Nd-containing solution following 

iron removal could be recycled to the original 

leach. 

C. Effect of Time on Jarosite Formation 

A test series was performed in which small 

samples of the jarosite slurry were removed at 1 -hr 

intervals and submitted for analysis. The pH of 

the initial solution was 1.83, and 30 g of 50 pet 

hydrogen peroxide were used. Results of this 

series are shown in Fig. 7. Very little jarosite 

formed after 2 hours of reaction time. This time 

interval corresponded to an abrupt drop in pH 

-125 
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u, 

G 
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E. Fluoride Ion Inhibition of Jarosite Formation 

Some jarosite precipitation tests were carried 

out on solutions from which Nd had been removed 

by direct precipitation with fluoride ion, and it was 

found that jarosite failed to form in every test 

where fluoride ion was present in solution. A white 

precipitate formed instead which analyzed high in 

fluoride content. It is evident that the presence of 

fluoride ion inhibits the jarosite process. Direct 

precipitation of the fluoride from iron-bearing 

leach solutions is therefore undesirable not only 

due to filtration difficulty, but also due to the 

inhibiting effect of the fluoride ion on subsequent 

jarosite precipitation. 

rare earth double salt or during subsequent 

jarosi te formation, and its concentration in 

solution never exceeds approximately 1 g/L. 

Preliminary tests in which zinc was added to spent 

solutions from Jarosite processing showed that it 

is possible to precipitate a form of zinc borate 

hydrate by raising the pH. Zinc borate hydrates 

are used commercially as flame retardants / 2 5 / . 

Other salts such as zinc fluoborate could also be 

precipitated. 

An overall processing flow sheet is shown in 

Fig. 8 delineating the stages required to separate 

and recover rare earths. Iron, and boron. 

8. CONCLUSIONS 

7. BEHAVIOR OF BORON 

Boron does not precipitate either with the 

Conditions for leaching magnet scrap were 

effectively determined. Sulfuric acid dissolution 

was easily accomplished, requiring nei ther 

RIBBON MATERIAL 
AND SLUDGE 

IRON JAROSITE 

FLTfUTIOH 

Fig. 8 NdFeB Magnet Scrap Recycle Process 
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heating nor agitation. An acid weight two times 

that of the scrap weight was needed for complete 

dissolution at a molarity of 2. Neodymium double 

salts of sodium, ammonium, and potassium were 

produced which show promise as intermediate 

products from which pure oxalates and fluorides 

can be obtained by leaching with appropriate 

reagents. Precipitation of the sodium or 

ammonium rare earth salt has no attendant 

filtration problem and effectively separates Nd 

from iron. Fluorides obtained by conversion of the 

double salts can also be easily filtered, and the 

contaminating fluoride ion is not introduced into 

the iron-rich stream resulting from Nd 

precipitation. Iron removal from spent leach 

solutions can be accomplished through 

precipitation of a potentially useful jarosite 

product. Finally, boron may be recovered 

separately in a usable form such as zinc borate 

hydrate. 
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