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SEPARATION SCIENCE AND TECHNOLOGY, 30(7-9), pp. 2055-2073, 1995 

HYDROMETALLURGICAL TREATMENT OF ZINC WASTE DUSTS 

Clyde S. Brooks 
Recycle Metals 

41 Baldwin Lane 
Glastonbury, CT 06033 

ABSTRACT 

Hydrometallurgical separation processes offer attractive potential for 
recovery of marketable zinc from industrial wastes. In view of the importance of having 
a supply of zinc from a diversity of sources to supplement zinc imports, it is useful to 
assess the applicability of available separation technology. A brief review is presented 
of applications of several separation processes which have been applied to a variety of 
zinc waste dusts. In addition the results of bench scale tests are presented for a 
technically feasible scheme applied to a high zinc content fly ash from a waste to energy 
power plant which show a potential of providing a marketable zinc recovery product. 

INTRODUCTION 

Zinc is the fourth most commonly used metal after steel, aluminum and copper. 

United States industrial demand in 1992 was 964,000 tons (1). Imports provided about 

34% of this annual demand and 360,000 tons originated with secondary sources such as 

scrap, waste dusts, fly ash, oxides and various chemicals. Primary United States demand 

is expected to attain 1,650,000 tons by the year 2000 with substantially less than one half 

provided by United States mine production, so the importance of secondary sources is 

expected to have increasing significance (2). 

Zinc is used primarily in metallic form but about one third of the annual United 

States production, 230,000 tons, finds application in nonmetallic forms such as rubber, 

chemicals and paint products (1). 
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2056 BROOKS 

Hydrometallurgical separation technology has particular relevance for the 

secondary recovery of zinc from industrial wastes. Consideration must be given to both 

the chemical and physical condition of the zinc waste systems in order to devise 

successful metallurgical separation processes appropriate for the specifics of industrial 

cases. Some published results are cited below that have been used on an industrial scale 

or experimentally for zinc waste dusts. 

One particular scheme is described that has been devised for zinc recovery from 

a fly ash generated by a waste to energy plant. Results are presented of bench scale 

experimentation conducted to evaluate technical feasibility and to demonstrate the 

potential for producing a marketable zinc product. 

Hydrometallurgical metal separation processes provide a number of advantages 

for application to nonferrous metal recovery from industrial wastes (3). These 

advantages include a low energy requirement relative to pyrometallurgical processing, 

flexibility in processing complete metal mixtures, applicability to small processing plants, 

convenience in handling of aqueous systems and minimal environmental problems such 

as toxic gas and dust emissions. 

There are some disadvantages associated with hydrometallurgical processing such 

as relatively slow reaction rates due to low reaction temperatures, which leads to a 

requirement of larger reaction vessels and in some cases additional handling precautions 

when processing fine dusts, more highly instrumented process control, and in some 

instances more attention is required to minimize toxic secondary waste effluents. 

SOLUBILIZATION 

Solubilization of solid zinc wastes is the first step in preparation for 

hydrometallurgical processing. Both acids and alkalies have been used in solubilization. 

And, in some instances, pyrometallurgical roasting, in addition, has been conducted for 

generation of more water soluble compounds such as chlorides or sulfates in combination 

with various hydrometallurgical separation processes for zinc recovery. Some published 

results for several kinds of waste dusts have been cited below. 
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HYDROMETALLURGICAL TREATMENT OF ZINC WASTE DUSTS 2057 

Ammonium carbonate has been used for zinc recovery from steel dust ( 4 3 ,  

automobile scrap (6) and incinerator fly ash (7), in the latter case with a 4OOOC roasting 

step included. Chlorine leaching has been used for steel dust (10,11,12). Combination 

treatments have also been used such as sulfuric acid and chloride leaching with 

electrogalvanizing dust (13); waste acid and alkali for fly ash (14); sulfuric acid and 

sodium bisulfide/carbonate for flue dust (15); and a combination of acid/oxygen/ 

H20,/&S20, with blast furnace dust (16). Sulfuric acid leaching has been used for steel 

dusts (17,18) and is the most commonly used approach for the solubilization of solid zinc 

waste solids. 

SEPARATION PROCESSES 

Separation processes that are commonly used to make metal separations from 

industrial waste solutions and that are likely to be appropriate for zinc waste dusts consist 

of electrowinning, solvent extraction, precipitation, adsorptionhon exchange and 

cementation. Some examples for applications to zinc wastes are cited below. 

Electrowinning 

Several examples for zinc recovery from mixed metal electrolyte solutions by 

electrowinning can be cited for waste systems such as ore concentrates, mixed metal 

sludges, zinc processing wastes and copper and lead smelter flue dusts (19-26). 

Solvent Extraction 

An alternative to electrowinning for zinc separation from mixed metal electrolyte 

solutions is solvent extraction. A number of organic complexing agents have been used 

successfully for solvent extraction separations. To name a few of these there is bis 2- 

ethylhexyl phosphoric acid (27,28,31,32), trioctylphosphine oxide (28), Versatic 10 and 

91 1 (carboxylic acid) (29), oleic acid plus cyclohexanoneoxime (31,33,34) and chelating 

agents like acetylacetone, thenoylthflouracetone, sodium diethyldithiocarbonate and 8 

hydrooxyquinoline (35) and alamine 336(36). Solvent extraction separations offer several 
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2058 BROOKS 

disadvantages, however, such as often less than desired selectivity for mixed metal 

solutions, the necessity of handling a two phase system and the necessity of being able 

to realize efficient regeneration of the organic solvent extraction phase for reuse. 

Precipitation 

Metal separation as hydroxides, carbonates, sulfides, phosphates and certain 

organic compounds have been used to advantage. Precipitation of metal hydroxides with 

alkalies (NaOH, Na,C03,NaHC03) is commonly used (37,38,39,40) but coprecipitation 

for mixed metal solutions and the creation of amorphous sludges that are difficult to filter 

and dewater are common problems. There are advantages in minimizing solids 

separation and recovery problems by using carbonate (41,42,43,44,45) or a combination 

of hydroxide/ carbonate precipitation (46,47,48). Metal separation by sulfide 

precipitation has been used also and can be very efficient but the persistence of 

colloidally dispersed metal sulfides is often encountered (49-53). 

Improvements in the separation of metal impurities such as iron in the presence 

of divalent metals like zinc in electrolyte solution have been achieved by using low 

concentrations of anionic surfactants like acetic acid or EDTA to sequester or 

competitively adsorb on the ferric hydroxide precipitate in a moderate pH range of 3 to 

5. This minimizes coprecipitation of the iron impurity (54). 

An alternative to hydroxide precipitation for removal of iron, aluminum or 

chromium (HI) impurities from mixed metal solutions with divalent metals like zinc is 

the use of phosphate precipitation in a moderate pH range to separate these metals in the 

trivalent state (55). 

Organic precipitants such as oxalic acid have been also demonstrated to efficiently 

separate divalent metals in a moderate pH range from multimetal solutions to obtain a 

zinc salt of high purity (56). Zinc oxalate can be readily thermally decomposed to yield 

zinc oxide if that was the desired product. 

Adsomtion 

Removal of metals at low concentration from aqueous solution by adsorption has 

been used extensively. Adsorbents reported for metals like Cd, Pb and Zn include 

carbon (57,58); chelating exchange resins (59); portland cement/chlorides (60); 
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HYDROMETALLURGICAL TREATMENT OF ZINC WASTE DUSTS 2059 

hydrotalcite (61); cellulose xanthate (62); MgO (63) and sodium dimethyldithio- 

carbamate/limestone (64). The adsorbents most commonly reduced to commercial 

practice are carbon, alumina and xanathate fibers. 

Removal efficiency can be high but regeneration with metal recovery is not 

commonly achieved at least for mixed metal systems. Metal recovery from carbon 

adsorbents can be obtained by oxidation destruction of the adsorbent. 

Ion Exchanpe 

Metal separation from aqueous solution by ion exchange with anionic, cationic 

and chelate type exchange resins has been used extensively. Exchange systems reported 

for Cd, Pb and Zn include microporous resins, AV-17-1OP (65); anionic resins for 

Donnan dialysis (66); cationic resins (67,68,69,70,71); and chelate type resins 

(72,73,74). Although high efficiency in separation and frequently high selectively in 

separation can be achieved, the synthetic resins are relatively high cost materials 

compared with the previously cited adsorbents so that the economics of metal separation 

and potential recovery on the synthetic exchange resins must be evaluated against 

nonrecoverable removal on adsorbents like carbon, alumina or xanthate fibers. Clean up 

of low concentrations of residual metals in aqueous effluents is probably the most 

appropriate application of either adsorbents or ion exchange resins. 

Cementation 

The electrode potentials of magnesium, aluminum, zinc and iron are such that 

cadmium and lead should undergo cementation displacement from an electrolyte solution 

like zinc sulfate. Zinc has been used extensively and iron to a lesser extent for such 

cementation displacements and there are a number of literature citations for removal of 

cadmium and lead as impurities in zinc electrolyte solutions (75-90). 
It is also theoretically possible for electrochemical displacements to occur with 

aluminum making possible cementation removal of cadmium, iron, lead and zinc from 

electrolyte solutions. There are several citations for such applications in the literature 

(95-98). There are at least three literature citations for the cementation purification of 

electrolyte solutions using magnesium for removal of cadmium, copper, iron and zinc 

(99- 101). 
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2060 BROOKS 

In the case of the present system, sulfuric acid solubilized fly ash with high zinc 

and iron content, cementation removal of iron, cadmium and lead would be an attractive 

purification scheme. Although there are numerous examples of zinc cementation 

separation of cadmium and lead from zinc electrolytes and a few examples of purification 

using aluminum for cementation, there is limited pubIished experience where iron was 

an impurity to be removed. An assessment of the potential for using either aluminum or 

zinc for cadmium and lead removal, as well as reducing the iron content, was considered 

a worthwhile objective for the present investigation. 

DEMONSTRATION OF ZINC RECOVERY 

The diversity in compositions for zinc waste dusts is extensive so that successful 

separation schemes need to be tailored to the specifics of a given waste. To illustrate 

how available separation technology can be effectively adapted, a scheme has been 

devised for a waste to energy fly ash derived from tire combustion which requires 

separation from carbon, iron and possibly cadmium and lead to find market acceptability. 

Separation alternatives selected consisted of solubilization in sulfuric acid, iron separation 

by precipitation or cementation, cadmium and lead separation by cementation and 

ultimate zinc recovery as zinc sulfate or zinc oxalate. Bench scale experimentation has 

been conducted to establish the technical feasibility of these alternatives and to assess 

what kind of a zinc recovery product can be obtained. 

Exwrimental Procedures 

The fly ash material used consisted of bag house ash from a waste to energy plant 

with tires as the fuel. The bench tests were conducted with fly ash collected in a bag 

house for the flue gas cleanup with one sample consisting of a sample calcined at 1600°F 

for carbon burnoff. 

The fly ash, 10-20 g, was solubilized in 100 mL of 20 wt % H,SO, for 24 hours 

at 70-90°F and for one hour at 350°F. For one test the heating at 350°F was omitted. 

Upon completion of solubilization the insolubles were separated by filtration. Iron was 

separated by precipitation as the hydroxide by addition of NaOH or as the phosphate by 

addition of Na3P0,. 
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HYDROMETALLURGICAL TREATMENT OF ZINC WASTE DUSTS 206 1 

The cementation tests were conducted over the pH range from 1.5 to 5.0 over 

aluminum foil (Reynolds household foil) or 10 mesh zinc pellets (Aldrich reagent grade 

24, 346-9) following the acid solubilization and, in some instances, following iron 

precipitation. Cementation separations of Fe, Cd, Pb and Zn were measured. 

Cementations were conducted with 5+.5 g of A1 and 1Ok.5 g of Zn for each 100 mL 

of pH adjusted solution. 

Several tests were conducted with zinc separated as the oxalate salt by addition 

of sodium oxalate at a pH of about 4 following the cementation tests. 

The solid fly ash analyses were conducted by the Environmental Research 

Institute, University of Connecticut at Storrs, CT. All metal in solution analyses were 

conducted by the Phoenix Environmental Laboratories, Inc. in Manchester, CT. 

RESULTS OF BENCH SCALE TESTS 

Solubilization 

Solubilization of the fly ash with sulfuric acid was selected because there is an 

extensive experience of demonstrated technical feasibility and the prospects are promising 

for obtaining products that are marketable. The results for several small scale bench tests 

are given in Table 1. A typical composition for the fly ash as collected in a bag house 

consists of a 0.282 weight fraction Zn, 0.11 1 weight fraction Fe, 0.0012 weight fraction 

Pb, 0.00021 weight fraction Cd, 0.101 weight fraction carbon, 0.016 weight fraction Al, 

0.008 weight fraction Ca, 0.0056 weight fraction K, 0.0014 weight fraction Mg, 0.0079 

weight fraction Na, 0.063 weight fraction SiQ, 0.015 weight fraction S ,  0.008 weight 

fraction chloride. 

The results reported in Table 1 show that for uncalcined fly ash, Tests 5A and 

6A, a high order of zinc solubilization of 0.95 and 0.99 weight fraction can be obtained 

with relatively mild extraction conditions with 20 wt % H,SO., accompanied by a 

distinctly preferential removal of the zinc compared to the iron. An omission of the one 

hour heating to 350°F and limiting the extraction temperature to about 90°F provides a 

somewhat less efficient zinc extraction of 95 percent but with a greater preferential 

removal of zinc over iron. It is suggested that these observed differences are due to 

more extensive formation of insoluble irodzinc jarosites in the latter cast, Test 6A. 
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TABLE 1 

BROOKS 

Ash Solubilization 

Test Ash Composirion Process in Saln. Fracrion 
Solubilization Meral Metal 

Metal PH< 1 PPm in Soln. 

1A Calcined ,146 Fe 
ash ,279 Zn 

5A uncalcined .0168 A1 
ash ,111 Fe 

,282 Zn 
.00021 Cd 
.0012 Pb 

5C uncalcined A1 
ash Fe 

Zn 
Cd 
Pb 

6A uncalcined ,0168 Al 
ash ,111 Fe 

.282 Zn 

.00021 Cd 

.0012 Pb 

24 hr at 75-90F 
+ l h r  at 350F 
l o g  of Ash in 
100 ml 20 wt2 

H2S04 

Leached vith 362 
acetic acid after 
above sulfuric 
acid leach 

24 hr at 75-90F 
20g of ash i n  
100 ml 20 v t 2  

"2"4 

3810 
10095 

340 
2510 

23875 
c .1 
< .1 

31. 
200. 

1830. 
< . I  
< .1 

220. 
490. 

23120. 
2.7 
7.2 

0.60 
0.83 

0 . 2 4  
0.27 
0.99 

.019 

.016 

.077 

0.20 
0.067 
0.95 
0.24 
0.11 

The weight fractions reported in the last columns for Table 1 as metal weight 

fraction in solution, for Table 2 as weight fraction metal separated, for Table 3 as 

fraction of metal cemented and for Table 4 as weight fraction of metal separated were 

calculated based on the total metal contents of the analyzed leachate solutions referred to 

the initial metal content of the air dry fly ash (10 g) in Table 1 or to the initial solutions 

of the leachate in Tables 2, 3 and 4. Data not shown in the tables are the final leachate 

solution volumes which consists of the residual sulfuric acid solutions combined with 

water added during washing of the insoluble residues. 

A leach of the residue from the initial extraction in Test 5A, with acetic acid in 

Test 5C shows that using more than one extraction stage will yield only negligibly more 

extraction of Cd or Pb; the initial one-stage extraction has provided a residue that should 

be able to pass a TCLP (Toxicity Characterization Leaching Procedure) extraction test. 

The results of the 1A extraction with sulfuric acid for a fly ash sample calcined 

at 1600OF to 1 8 0 0 O F  to bum off the carbon shows a distinctly lower zinc separation 

efficiency. This is possibly due to the creation of more extensive amounts of zinc ferrite 
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HYDROMETALLURGICAL TREATMENT OF ZINC WASTE DUSTS 2063 

TABLE 2 

I r o n  S e p a r a t i o n  by P r e c i p i t a t i o n  a s  Hydroxide o r  Phosphate  

T e s t  Metal  I n i t i a l  Sepa ra t ion  pH Res idua l  Weight 
No. Metal  P rocess  Metal F r a c t i o n  o f  

Conc .PPM Conc.PPM Metal  Sepa ra t ed  

5B Fe 2510 P r e c i p i t a t i o n  4.0 620 0.75 
Zn 23875 wi th  NaOH 9370 0.61 

6B Fe 490 P r e c i p i t a t i o n  4.5 58 0.86 
Zn 23650 wi th  NaOH 9910 0.49 

+ Z O O  PPM EDTA 
(54) 

7B Fe 597 P r e c i p i t a t i o n  2.5 6.0 0.99 
Zn 22590 wi th  NaPO4 10450 0.30 

(55) 

TABLE 3 

Cd and Pb Cementation on Aluminum F o i l  

Test I n i t i a l  PH Metal  F r a c t i o n  of 
Metal  Conc. Conc. ppm Metal  Cemented 
H,SO,, Soln.  a f t e r  

3B 170 Fe 
2nd s t a g e  7900 Zn 
a f t e r  i r o n  1 0  Cd 
p rec ip .  38 Pb 

4 390 A 1  
3970 Fe 

27000 Zn 
4.4 Cd 
6 .3  Pb 

4-OA 390 A1 
3970 Fe 

27000 Zn 
4.4 Cd 
6.3 Pb 

5 94 
5120 

28 

3 800 
2200 

20000 

9 .8  

1 . 0  
4 . 1  

2 1600 
3850 

17000 
2.0 
<. 1 

0.41 
0.31 
0.02 
0.26 

0.45 
0.17 
0.75 
0.92 

0.028 
0.12 
0.22 
0.97 

TABLE 4 

Zinc S e p a r a t i o n  by P r e c i p i t a t i o n  a s  o x a l a t e  (56) 

T e s t  Metal  I n i t i a l  S e p a r a t i o n  by pH Res idua l  Weight 
No. Me ta l  P r e c i p i t a t i o n  Metal  F r a c t i o n  of 

Conc.ppm w i t h  Sodium Conc.ppm Metal  Sepa ra t ed  
O x a l a t e  

6C Fe 58 A f t e r  i r o n  4.5 83 0 .43  
Zn 9910 s e p a r a t t i o n  by 111 0.995 
Cd 1 . 6  hydrox ide  pre-  0.31 0.72 
Pb 4 .2  c i p i t a t i o n  0.14 0.952 

7C Fe 6 .0  A f t e r  i r o n  2.5 1 . 3  0.68 
Zn 10450 s e p a r a t i o n  by 127 0.983 
Cd 6.4 phosphate  0 .19 0.957 
Pb 0 . 1  p r e c i p i t a t i o n  0.1 
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2064 BROOKS 

resulting from the more extended high temperature exposure. A direct sulfuric acid 

solubilization of the fly ash with the 10 wt % carbon present appears to provide an 

advantageous alternative to calcining for producing an improved zinc recovery product. 

Iron SeDaration 

Recovery of a zinc product such as zinc sulfate with a lower iron content for 

either electrowinning zinc recovery or preparation of superior zinc chemicals which as 

ZnSO, or ZnO, led to conduct of several precipitation separations of iron, Test 5B, 6B 

and 7B reported in Table 2. The initial solutions in all cases are the acid zinc sulfate 

solutions produced as described above under solubilization. 

A direct precipitation in Test 5B with NaOH limiting the pH to 4 separated a 

0.75 weight fraction of the iron as hydroxide but at the expense of precipitation a 0.39 

weight fraction of the zinc present. By using a NaOH precipitation modified by the 

presence of a low concentration, 200 PPM, or EDTA (ethylene diamine tetra-acetic acid) 

to inhibit zinc coprecipitation (54) an improved separation of iron of a 0.86 weight 

fraction was obtained but still at the expense of losing a 0.49 weight fraction of the zinc 

to the hydroxide coprecipitate. The use of Na,PO, as the precipitant (55) and limiting 

the pH to 2.5 provides an efficient iron separation of a 0.99 weight fraction but still at 

the expense of coprecipitating a 0.3 weight fraction of the zinc. 

It is necessary to limit the upper range of the pH in these precipitations, either 

with hydroxide or phosphate to minimize solubilization of the Cd and Pb. 

Cementation 

Several tests were conducted to evaluate the prospects for using cementation to 

remove Cd and Pb from the zinc sulfate solutions produced by sulfuric acid 

solubilization. These results are reported in Table 3. The results from Test 3 on a 

solution adjusted to pH 5 to precipitate the iron with NaOH demonstrates high iron and 

zinc cementation on aluminum foil accompanied by production of unacceptably high Cd 

and Pb in solution. The Tests 4 and 4-OA, conducted at pH 3 and 2 with solutions 

containing both high zinc and iron from direct sulfuric acid solubilization of uncalcined 

fly ash, demonstrate that for room temperature exposures for times of about 24 hours that 

quite low concentrations of Cd of the order of 1-2 PPM and of less than 0.1 PPM Pb can 
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be obtained, accompanied by some loss of zinc in the range of 0.17 to 0.12 weight 

fraction. 

An evaluation of cementation separations of Cd and Pb with Zn was also 

conducted but with unsatisfactory results. At pH below 3 where the cementation removal 

of Cd and Pb is most favorable the dissolution of zinc with copious hydrogen evolution 

was the dominant reaction. At pH of 5 and above there is extensive loss of zinc by 

hydroxide precipitation and inefficient cementation of Cd and Pb. There is extensive 

publication of examples of Cd and Pb cementation from zinc sulfate solutions, however, 

there are few instances where iron is present in major amounts. 

Zinc Recovery bv Oxalate Precidtation 

Another option that has attractive possibilities is to initially conduct sulfuric acid 

solubilization of the fly ash, separate the bulk of the iron by phosphate precipitation at 

low pH (2.5) and precipitate the zinc as the oxalate by addition of sodium oxalate (56). 

In this manner a high purity zinc oxalate can be separated by filtration leaving a residual 

solution with low enough Cd and Pb concentrations to provide a nontoxic effluent for 

disposal. Results are given for two bench scale tests using acid solubilized zinc sulfate 

solution with the bulk of the iron removed by hydroxide precipitation, Test 6C, or by 

phosphate precipitation, Test 7C, (Table 4). The resultant zinc oxalate has potential as 

a high grade chemical or the zinc oxalate can be resolubilized in sulfuric acid to be used 

for zinc recovery by electrowinning or concentrated for recrystallization of high grade 

zinc sulfate. 

CONCLUSIONS 

The results of the bench-scale tests indicate several alternatives that have potential 

for producing marketable zinc recycle products, namely: 

1 .  The direct solubilization with sulfuric acid of uncalcined fly ash, avoiding high 
temperature calcining to burn off carbon, can provide a zinc sulfate solution that 
has potenti?] for blending with the zinc sulfate recycle solutions currently used 
by zinc refiners using the jarosite process. The acceptability of the amounts of 
iron, cadmium and lead present would require evaluation. 
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2066 BROOKS 

2. Another option might be solubilization of the uncalcined fly ash with sulfuric acid 
combined with iron separation by phosphate precipitation with possible further 
reductions of Cd and Pb by either cementation on aluminum or zinc separation 
by oxalate precipitation. The objectives for this option would be to 
a. Produce a refined zinc sulfate solution for ultimate recovery of metallic zinc. 
b. Produce refined chemical products such as ZnSO,, ZnO, or zinc oxalate. 

REFERENCES 

5 .  

6. 

7. 

8.  

9. 

U.S.  Bureau of Mines, U.S. Dept. of the Interior, Mineral Commodity 
Summaries (1993). 

U.S. Bureau of Mines, U.S. Dept. of the Interior, Mineral Facts and Problems 
(1980). 

C. K. Gupta and T. K. Mukherjee, Hydrometallurgy in Extraction Processes, 
Vol. 1. CRC Press, Boca Raton, FL (1986). 

D. Pearson, "Recovery of Zinc from Metallurgical Dusts and Fumes", Chap. 14 
in Process and Fundamental Considerations of Selected Hydrometallurgical 
Systems, M. C. Kuhn, Editor, Society of Mining Engineers of AIME, New York 
(1981), pp. 153-168. 

M. A. Peters, "Process for Recovering Zinc from Steelmaking Flue Dust", U.S. 
Patent 4,071,357 (1978). 

F. G. Prado, J .  P. Dempsey, B.  W. Wiegers, High Purity Zinc Oxide 
Production from Residues in Automobile Scrap Recycling in Recycle and 
Secondary Recovery of Metals. P. R. Taylor and H. Y. Sohn, Eds., The 
Metallurgical Society, Warrendale, PA (1983, p. 183. 

R. C. Gabler Jr.,  and J .  R. Jones, "Metal Recovery from Secondary Copper 
Converter Dust by Ammoniacal Carbonate Leaching", BuMines, RI 9199 (1988). 

B. K. Thomas and D. J. Fray, "Leaching of Oxidic Zinc Materials with Chlorine 
and Chlorine Hydrate", Metallurgical Transactions B, Volume 12B (1981), pp. 
281-285. 

P. R. Kruesi and W .  W. Kruesi, "A Process for Recovery, Purification and 
Electrowinning of Zinc from Secondary Sources in Recycle and Secondary 
Recovery of Metals", P. R. Taylor and H. Y. Sohn, Eds., The Metallurgical 
Society, Warrendale, PA (1985), p.  173. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
0
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



HYDROMETALLURGICAL TREATMENT OF ZINC WASTE DUSTS 2067 

10. 

1 1 .  

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

C. C. Merrill and R. S .  Lang, "Experimental Caustic Leaching of Oxidized Zinc 
Ores and Minerals and the Recovery of Zinc from Leach Solutions", RI 6576, 
U.S. Bureau of Mines (1965). 

F. Pooley, "Heavy Metal Recovery from Flue Dusts", British Patent GB 
1600287A (1981). 

W. W. Anderson, H. P. Rajcevic, and W. R. Upie, "Pilot Plant Operation of the 
Caustic Leach-Electrowin Zinc Process", TMS-AIME Paper Selection No. A81- 
52, presented at AIME Annual Meeting, Chicago (1981). 

M. Dattilo, E. R. Cole, Jr., T. J. O'Keefe, R. A. Kosher, T. J .  O'Keefe, Jr. and 
F. Chen, "Recycling Zinc from Flue Dust for Electrogalvanizing in Recycle and 
Secondary Recovery of Metals", P. R. Taylor and H. Y. Sohn, Eds., The 
Metallurgical Society, Warrendale, PA (1985), p. 159. 

G .  0. Martin, "Extracting Copper from Lead-copper Crusts", Romanian Patent 
No. 66599, (1978). 

Sumitorno Metal Mining Co., Ltd., "Metal Recovery from Flue Dust Containing 
Copper", Japanese Patent No. 57201577 (1982). 

J. Christian, and I. Joseph, "Recovery of Metals from Wastes by Acid 
Leaching", Belgian Patent No. 1000323 (1988). 

L. W. Higley, Jr. and M. M. Fine, "Electric Furnace Steelmaking Dusts - A 
Zinc Raw Material", RI 8209, U.S. Bureau of Mines (1977). 

M. C. Sha and W. P. C. Duyvesteyn, "A Two-Stage Leaching Process for 
Selective Recovery of Zinc from Steel Plant Dusts in Recycle and Secondary 
Recovery of Metals", P. R. Taylor and H. Y. Sohn Eds., The Metallurgical 
Society, Warrendale, PA (1985), p. 143. 

E. R. Cole and T. J. O'Keefe, "Insoluble Anodes for Electrowinning Zinc and 
the Other Metals", Bureau of Mines, RI 8531 (1981). 

Y. Jehanne and M. Bonneau, "Modular Electrolysis Cell for Metal Recovery", 
French Patent 2446331 (1980). 

N.  N. Aslanov and N. F. Avetisyan, "Combining Electrolysis and Extraction for 
the Recovery of Nonferrous Metals", Mater. Nauchno-Tekh. Soveshch. 
Kompleksn. Ispol'z. Syr'evykh Resur. Predpr. Tsvetn. Metall., Meeting Date 
1974, 206-25, Edited by: Adibekyan, A. Kh. Izd. "Aiastan": Yerevan, USSR 
(1977). 

T. Tanaka, M. Tanaka, and T. Tanaka, "Recovery of Useful Metals from Waste 
Sludge in Metal Coating", Jpn. Kokai Tokkyo Koho, Japanese Patent 54138801, 
(1979). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
0
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



BROOKS 2068 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

T .  L. Hebble, V. R. Miller, and D. L. Paulson, "Recovery of Principal Metal 
Values from Electrolytic Zinc Waste", BUMines Ri 8582 (1981). 

M. G. Konicek and G.  F.  Platek, "Reticulate Electrode Cell Removes Heavy 
Metals from Rinse Waters", New Mater. New Processes, 2, 232-5 (1983). 

D. Tomlinson, "Electrolytic Recovery of Metals, An Inert Fluidized Bed Process 
for Recovery from Dilute Solutions", Riv. Mecc., 753, 83-5 (1982). 

V. R. Miller and D. L. Paulson, "Recovering Accessory Minerals from Lead and 
Zinc Process Wastes", Resour. Conserv., 9, 95-104 (1982). 

G. Barthel, H. Fischer, and U. Scheffler, "Separation and Recovery of Copper 
and Zinc from Sulfuric Acid Solutions of Metal Salts by Solvent Extraction", 
Erzmetall, 32(4), 176-84 (1979). 

E. J .  Fuller, "Extraction of Metals from Dilute Solutions", German Patent 
2950567 (1980). 

H. F. Svendsen and G. Thorsen, "Mine Water Treatment by Solvent Extraction 
with Carboxylic Acids", Oslo Symp. 1982: Ion Exch. Solvent Extr., Pap., 
IV/26-IV/43, Forst Urstad, J .  and G .  Borgen (Eds) SOC. Chem. Ind.: London, 
UK (1982). 

C. D. Padolina and G. Thorsen, "Separation and Recovery of Zinc, Copper and 
Iron from Mine Water", Kimika 1-21 (1982). 

A. Bolt, M. Tels, and W. J. T. Van Gemert, "Recovery of Pure Metal Salts 
from Mixed Heavy Metals Hydroxides Sludges", Recycl. Int. (Int. Recycl. 
Congr.), 4th 1025-31, K.J. Thome-Kozmiensky (Ed.), EF-Verlag Engr. 
Umwelttech.: Berlin, Fed. Rep. Ger. (1984). 

H. G. Rueckel, N. Amsoneit, F. Dietl, and T .  Knoblauch, "Treatment of Wastes 
Containing Nonferrous Metals", Federal Republic of Germany Patent 3732242 
(1989). 

M. Tels and J .  P. Lotens, "Recovery of Pure Metal Salts from Mixed Metal 
Hydroxide Sludges", Proc. Natl. Waste Process. Conf., 9th, pp. 109-19 (1980). 

F. M. Doyle-Garner and A.  D. Moneimius, "Hydraulic Stripping of Single and 
Mixed Metal-Versatic Solutions", Met. Trans. 163, 671 (1985). 

T. E. Clevenger and J.  T. Novak, "Recovery of Metals from Electroplating 
Wastes using Liquid-Liquid Extraction", J .  Water Pollut. Control Fed., 55 (7), 
984-9 (1983). 

C. W. McDonald, "Removal of Toxic Metals from Metal Finishing Wastewater 
by Solvent Extraction", EPA 6001'2-78-011; PB 280563 (1978). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
0
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



HYDROMETALLURGICAL TREATMENT OF ZINC WASTE DUSTS 2069 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

V. Wiegand, "The Hematite Process in Zinc Electrolysis as an Example of 
Waste Utilization", Schriftenr. GDMB, 47(Abfallst. Nichteisen-Metall.), 191- 
203 (1986). 

J. M. Frankard and 0. V. Broch, "Separation and Recovery of Reusable Heavy 
Metal Hydroxides from Metal Finishing Wastewaters", U.S. Patent US 4680126 
(1987). 

A. Von Roepenack, W. Boehmer, G. Smykalla, and V. Wiegand, "Processing 
of Residues from Hydrometallurgical Recovery of Zinc", German Patent DE 
3634359 (1988). 

M. A, Peters and W. W. Haxen, "Process for Recovering Metal Values from 
Ferrite Wastes", U.S. Patent No. 8803912 (1988). 

K. Slawski and Z. Mromlinska, "Recovery of Zinc from Wastes of Lead 
Soldering of Copper Elements", Rudy Met. Niezelaz., 30(8), 296-8 (1985). 

J. C. Van Dijk, P. J .  De Moel, and M. Scholler, "Recovery of Heavy Metals in 
the Electroplating Industry", PT-Procestech., 49( l), 33-7 (1986). 

M. Schoeller, J. C. Van Dijk, and D. Wilms, "Recovery of Heavy Metals by 
Crystallization", Met. Finish., 85(1), 31-4 (1987). 

R. Ilangovan, G. Govindarajan, S.  Ramanurthi and N.V. Parthasaradhy, 
"Treatment and Recovery of Flouroborate Spent Plating Baths ", Trans. SAEST, 
24(2), 181-5 (1989). 

R. V. Pammenter and C. J .  Haigh, "Improved Metal Recovery with the Low- 
Contaminant Jarosite Process", Estr. Metall. '81, Pap. Symp., London: Inst. 
Min. Metall., 379-92 (1981). 

M. Badzynski, A. Brychczynski, L. Kopinski, R. Piechocki, E. Sobczak, and 
J. Wielunski, "Recovery of Nickel from Waste Baths and Slimes", Polish Patent 
PL 86221 (1976). 

T. Katsura and 1. Nagata, "Treatment of Wastewater Containing High Zinc 
Content", Jpn. Kokai Tokkyo Koho, Japanese Patent JP 54041551 (1979). 

M. Schoeller, J. C. Van Dijk, and D. Wilms, "Recovery of Heavy Metals by 
Crystallization in the Pellet Reactor", Environ. Techno., Proc. Eur. Conf. 2nd, 
204-303, De Walls, KJA and W. J. van den Brink (Eds.) Dordrecht, Neth.: 
Nijhoff (1987). 

Robert W .  Peters, Y. Ku, and K. Bhattacharyya, "Crystal Size Distribution of 
Sulfide Precipitation of Heavy Metals", Process Technol. Proc., 2 (Ind. Cryst.) 
111-23 (1984). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
0
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



2070 BROOKS 

50. 

51. 

52. 

53. 

54. 

5 5 .  

56. 

57. 

58. 

59. 

60. 

61. 

62. 

V .  Cocheci, L. Haias, A. Martin, and V .  Scarlat, "Purification of Wastewater 
from Nonferrous Metallurgy by Precipitation with Calcium Polysulfide and 
Simultaneous Recovery of Useful Metals", Bul. Stiint. Teh. Inst. Politehy., 
"Traian Buia" Timisoara, Ser. Chim., 28(1-2) 1-8 (1983). 

B. Antalik and A. Czeke, "Salt Recovery from Natural Waters and 
Wastewaters", Hung. Teljes, Hungarian Patent HU 42409 (1987). 

B. Lindquist, "Heavy Metals Precipitation from Smelter Wastewater and 
Obtainable Sludge Qualities", Manage. Hazard. Toxic Wastes Process Ind., (Int. 
Congr.), 310-27, S. T. Kolaczkowski and B. D. Crittenden, (Eds.), London, 
UK: Elsevier Appl. Sci. (1987). 

D. Bhattacharyya, A. B. Jumawan, Jr . ,  and R. B. Grieves, "Separation of Toxic 
Heavy Metals by Sulfide Precipitation", Sep. Sci. Technol., 14(5), 441-52 
( 1979). 

C .  S.  Brooks, "Metal Recovery by Selective Precipitation Part I - Hydroxide 
Precipitation", Metal Finishing 88(11), 21 (1990). 

D.  R. Dahnke, L. G .  Twidwell, B. W. Arthur, and S.M. Nordwick, "Selective 
Recovery of Metal Values from Electroplating Sludges by the Phosphate 
Process", AMU. Tech. Conf. Proc. Am. Electroplat. SOC., 73rd (Sess.C), Paper 
C-3 (1986). 

C. S .  Brooks, "Metal Recovery by Selective Precipitation Part I1 - Oxalate 
Precipitation", Metal Finishing 88(12), 15 (1990). 

T. Echigo, "Removal and Recovery of Heavy Metals by SCA Carbon", Kogai, 
16(4), 197-207 (1981), 

T. Echigo, "Metal Recovery from Wastewater by Carbon Adsorbent", Nenpo-- 
Fukui-ken Kogyo Shikenjo, Volume Date 1979, 104-19 (1980). 

T. Matsuba, "Recovery of Heavy Metals from Wastewater with Chelating Resin", 
Kagaku Sochi, 23(10), 141-5, 98 (1981). 

Y. Taguchi, "Mixing Agent for Forming Adsorbent for Recovery Heavy Metal 
from Waste Ore", Japanese Patent 61133124 (1986). 

A. Sood, "Process for Removing Heavy Metal Ions from Solutions Using 
Adsorbents Containing Activated Hydrotalcite", U.S.  Patent 4752397 (1988). 

G. Tiravanti, D. Marani, R. Passino, and M. Santori, "Synthesis and 
Characterization of Cellulose Xanthate Chelating Exchangers for Heavy Metal 
Removal and Recovery from Wastewaters", Stud. Environ. Sci., 34 (Chem. Prot. 
Environ., 1987), 109-18 (1988). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
0
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



HYDROMETALLURGICAL TREATMENT OF ZINC WASTE DUSTS 2071 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

S.  E. Khalafalla, S.  E. Pahlman, and D. N. Tallman, "Reclaiming Heavy Metals 
from Wastewater with Magnesium Oxide" in Recycle and Secondary Recovery 
of Metals (P.R. Taylor, H.Y. Sohn and N. Jarrett, Eds.), Metallurgical Society, 
Warrendale, PA (1985), 

S. Kobayashi, S.  Okado, and Y. Yamada, "Treatment of Wastewater Containing 
Valuable Metals", Japanese Patent 60139387 (1985). 

B. F. Vasil'ev, "Use of Microporous Ion Exchanger for the Detoxification of 
Cyanide-containing Wastewater", Tsvetn, Met. (l), 20 (1981). 

H. F. Hamil, "Removal of Toxic Metals in Electroplating Wash Water by a 
Donnan Dialysis Process", Report. Order No. PB83-148155. From: Gov. Rep. 
Announce. Index (U.S.) 1983, 83(8), 1673 (1982). 

C. S.  Brooks, "Metal Recovery from Waste Acids", Proc. 40th Purdue Ind. 
Waste Con., 551-9 (1985). 

P. Filipov and V. Bakushev, "Utilization of Valuable Components from Catalyst 
Production Wastewaters", Metalurgiya (Sofia) 42(40), 24-6 (1985). 

H. Gold and C. Calmon, "Ion Exchange: Present Status, Needs and Trends", 
AIch. E. Symp. Series 192 Vol. 76, 60 (1980). 

J. D. Alexandratos, "Synthesis of Dual Mechanism Ion Exchange/Redox Resins 
with Application to Metal Ion Separations". J. W. Patterson and R. Passino 
(Eds.), Metals Speciation Separation and Recovery, Chelsea, MI: Lewis Pub. 
Co. 527 (1987). 

R. Patrascu and M. Dumitrescu, "Use of Romanian Ion Exchangers for 
Recovering Metals from Electroplating Wastewater", Constr. Mas. 36(2-3), 102- 
7 (1984). 

H. Gold, G. Czupryna, R.D. Levy, C. Coleman, and R. L. Gross, "Purifying 
Plating Baths by Chelate Ion Exchange", J. W. Patterson and R. Passino (Eds.). 
Metals Speciation Separation and Recovery, Chelsea, MI: Lewis Pub. Co. 619 
(1987). 

M. Diaz and F. Mijangos, "Metal Recovery from Hydrometallurgical Wastes", J. 
Metals 39 (7), 42 (1987). 

J .  E. Etzel and D. H. Tseng, "Cation Exchange Removal of Heavy Metals with 
a Recoverable Chelent Regenerant", J. W. Patterson and R. Passino (Eds.), 
Metals Specification Separation and Recovery, Chelsea, MI: Lewis Pub. Co. 571 
(1987). 

V. I. Shiskin, V. I. Ogorodnichuk, A. G. Slanov, and L. A. Kilkut, "Method for 
Complex Purification of Neutral Zinc Solutions by Removing Impurities via 
Electrocementation", Tsvetn. Met. (2), 30-2 (1979). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
0
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



BROOKS 2072 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

87. 

M. P. Bohrer, R. E. Burgess, W. W. Hazen, H. H. Law, P. A. O'Hara, 
P. B. Queneau, and A.R. Williams, "Leaching of Big Filter Dust with 
Cementation for Metal Recovery and Sulfate Manufacture", AT&T Europ. Pat, 
Application EP420525 (1991). 

I .  S .  Bear, R. C .  A. Flann, R. Woods, and J .  R. Gardner, "Cementation of Lead 
from Sulfate Slurries, 111 Kinetic and Reaction Mechanisms with Iron 
Precipitant", Aust. J .  Chem., 41(12), 1897-915 (1988). 

V. I .  Mamaer, V.. Laptev, L. A. Nesterovd, A. G .  Kozlova, F. I. Akhmarov, 
"Electrochemical Purification of Zinc Sulfate Solutions", USSR Otkrytiya, 
Izobret, (49), 125 (1988). 

M. I. Alkatsev, V .  M. Alkatseva, and A. A.  Tsordev, "Effect of Oxygen on the 
Removal of Impurities from Zinc Sulfate Solutions by Cementation", Izv Vyssh. 
Ucheben, Zaved, Tsvetn., Metall (4), 32 (1987). 

M. Mukha-Pakholevska, V.  M. Alkatseva, and M. J. Alkatsev, "Cementation of 
Cadmium from Cadmium Solutions with Zinc-Cadmium Alloys", Izv., Vyssh., 
Uchebn,. Zaved, Tsvetn., Metall (2), 112 (1986). 

T .  J .  O'Keefe, M. Blaser, J .  Cuzmer, K. Jibik, and 0. Mirkovic, "Influence of 
Morphology on Cadmium Cementation from Zinc Sulfate Electrolyte", Energy 
Reduct., Tech. Met. Electrochem. Processes, Proc. Symp. 217, R.G. Bautista, 
R.J. Wesley, Eds. Metall. SOC., Warrendale, PA (1985). 

R. C. Kerby, "Influence of Atmomized Zinc Alloys and of Autonomy Valence 
States on Impurity Removal from Zinc Electrolyte by Cementation", Energy 
Reduct., Tech. Mat. Electrochem. Processes, Proc. Symp. p. 229, R.G. Bautista, 
R. J .  Wesley, Eds., Metall. SOC., Warrendale, PA (1985). 

K. Zmudzinski, "Leaching of Electro Furnace Dust", Fitzykochem. Probl. 
Mineralg 16 (Mater. Symp. Doskonalenie Processor Przerobki Surowcow 
Miner.), p.  27 (1984). 

E. Bonarck, L. Hampei, and M. Kierska, "Cadmium Recovery from Cadmium 
Sulfide Containing Materials", Iustytut Metal. Niezelaznych, Pol. 2 pp, (1983). 

M. S. Blaser and T. J .  O'Keefe, "Screening Design Test for Cobalt cementation 
from Zinc Electrolyte", Metall. Trans. B, 14B (3), p. 495 (1983). 

I. Pajak, S. Sobierajstki, E. Lach, A. Bojznowska, J .  Komorowski, H. Ogaza, 
A. Cais, Z. Myczkowski, and E. Bonarck, "Method and Apparatus for 
Production of Cadmium Sponge", Instytut Metall. Niezelaznych, Pol., 7 pp. 
(1981). 

J .  Pajak, E. Lach, A. Mgnarska, and A. Bojanowska, "Improvement of the 
Method of Leaching Cadmium from Cementation Sponge", Pr. Inst. Met. 
Niezelaz., 8(4), p. 185 (1979). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
0
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



HYDROMETALLURGICAL TREATMENT OF ZINC WASTE DUSTS 2073 

88. 

89. 

90. 

91. 

92. 

93. 

94. 

95. 

96. 

97. 

98. 

99. 

100. 

101. 

N. E. Ghates, "Purification of Zinc Sulfate Solutions by Cementation", Brit. UK 
Pat. Appl. GB2034754 (1980). 

J. Hiemeleers and A. Van Peteghem, "Recovery of Lead and Silver from Lead 
Sulfate Residues, "Ger. Offen., DE2424608 (1974). 

R. Nissen, "Cementation of Metals from Liquors Containing Metal Ions of 
Different Electrochemical Potential", Ger. Offen. DE2755134 (1979). 

N. Drenlle and C. Cusebe, "Purification of Zinc Sulfate Solutions for the 
Electrolytic Recovery of Zinc", Fr. Demande, FR2550805, A1 (1985). 

F. Megerle, "Apparatus for Continuous Precipitation of Metals from Their 
Solutions", Ger. Offen. DE3231164, A1 (1984). 

E. V. Margulis, N. V. Khodov, V. G .  Boriseuko, I. V. Rodin, G .  B.  Karmaeva, 
"Selective Precipitation of Impurities During Cementation Purification of Zinc 
Solutions", Izv, Vyssh, Uchebn. Zaved, Tsvetn. Metall. (4), p. 52 (1981). 

V. A. Azanov, E. A. Kosyanov, and L. N.  Sheludyakov, "Stripping of Smelting 
Slags in a Liquid Copper Sulfide Concentrate Bath by Cementation", Deposited 
DOC. VINITI 2209-78 (1978). 

N. J .  Levchenko and K. S.  Burmistrov, "Purification of Lead Containing 
Wastewater from Synthesis of Quinoid Compounds", Vopr. Khim. Khim. 
Tekhnol. 81, p. 12 (1986). 

R. A. Hard, "Recovering Metal Values from Geothermal Brine", W.S. Pat. 
Applic. 4602820, A (1986). 

B. Fu, A. M. Ure, and T.S. West, "Column Cementation on Aluminum 
Powder", Anal. Chem. Act., 152, p. 95 (1983). 

K. D. Kaufmann and P. Hellwig, "Separation of Cadmium and Nickel by 
Cementation", Ger. Offen. DE2913893 (1980). 

Sh. A. Altaev, L. N. Skripchenko, G .  M. Chernii, and V. A. Tumakov, 
"Extraction of Metals from Heap Leaching Solutions", Kompleksn, Ispol'z. 
Miner. Syr'ya (4), p. 27 (1984). 

Mitsubishi Metal Corp., "Active Zinc Sponge", Jpn. Kokari Tokkyo Koho, 
JP60039131 AZ (1983). 

J .  P. Gould, B. M. Khudenko, and H. F. Wiedeman, "The Kinetics and Yield of 
the Magnesium Cementation of Cadmium", P. 175 in Metals Speciation, 
Separation and Recovery, J.W. Patterson and R. Passino, Eds.. Lewis Pub., Inc., 
Chelsea, MI (1987). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
0
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


