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Introduction 

There has been increasing concern over the discharge 
o f  heavy metals into the envi ronment  as evidenced by 
actions taken by pollution regulating agencies in 
various industrialized nations to impose severe dis- 
charge limits for certain heavy metals, This paper  
describes the source and quanti ty o f  cadmium in 
waste waters. The effluent limitation o f  cadmium is 
presented, followed by discussions o f  various treat- 
ment  methods  including chemical precipitation and 
flotation, ion exchange, adsorpt ion osmosis as well as 
other effluent polishing techniques applied to both 
industrial discharges and municipal  waste waters. 
Finally, several methods  o f  cadmium recovery from 
industrial discharges are discussed. 

I. Sources of wastewater and cadmium concentration 

According to Stubbs 5~ a total o f  11,444 metric tons o f  
cadmium were processed by 5 major  industrial 
nations (France, the Federal  Republ ic  o f  Germany ,  
Japan, the Uni ted Kingdom,  and the Uni ted States) in 
1974; the end products  were as follows: plating 3830 t 
(34%), pigments 2975 t (26%), stabilizers 1676 t (15%), 
batteries 1646 t (14%), others including alloys 1317 t 
(11%). C a d m i u m  is also used to some extent in the 
product ion o f  television tube phosphorus,  golf  courses 
fungicides, rubber  curing agents and nuclear  reactor 
sheilds and rods, according to an Environmenta l  
Science report  197113 . High concentrat ions o f  cad- 
mium in lead mine drainage have also been reported 
by McKee  et al. 36. 

Table 1. Cadmium concentrations reported for industrial and municipal 
wastewaters 
Sources and process Cd Reference 

concentration 
(mg/l) 

m 

Automobile heating control 
manufacturing 14-22 
Plating rinse waters 
Automatic barrel Zn and Cd 10-15 
Mixed manual barrel and rack 7-12 
Plating rinse waters 15 average 
(large installations) 50 maximum 
Plating rinse waters 
0.5 gph dragout 
2.5 gph dragout 
Bright dip and passivation baths 

Lead mine acid drainage 
Municipal raw wastewater 

48 
240 

2000 
5000 
1000 
0.008 average 
0.002-0.016 

Gard  et al. 2~ 

Lowe 34 

Pinkerton '~ 

Nemerow 37 

Lowe 34 

McKee et a l?  6 

Culp et al) ~ 

The  quali ty and quant i ty  o f  cadmium-bea r ing  indus- 
trial discharges depend upon  the industrial source and 
the degree o f  t reatment  imposed. Patterson 4~ 
reported cadmium concentrat ions in various waste 
waters ranging f rom 0 to 1000 mg/1 ,  as summarized 
in table 1. Also included in table 1 is the cadmium 
concentra t ion found in municipal  waste water report- 
ed by Culp et al. 1~ 
C a d m i u m  exists in wastewater  in m a n y  forms, includ- 
ing soluble, insoluble, inorganic, metal  organic, 
reduced, oxidized, free metal, precipitated, adsorbed,  
and complexed forms. Trea tment  processes for cad- 
mium removal  must  be selected to remove the exist- 
ing form, or cadmium must  be converted to a suitable 
form compatible  with the removal  process. The fol- 
lowing sections discuss the effluent limitations and 
methods  available for the removal  a n d / o r  recovery o f  
cadmium from wastewaters along with the t reatment  
efficiency and t reatment  cost, when such data  are 
available. 

II. Effluent limitations 

The m a x i m u m  allowable discharge concentra t ion for 
cadmium was at one time set a 10 gg/1  according to 
Federal  Register 197514. However,  guidelines have 
since been developed for effluent cadmium concen- 
trations for different categories o f  industrial dis- 
charges 42 as shown in table 2. These guidelines were 
developed f rom per formance  data obtained from 
various industrial wastewater  t rea tment  plants. Varia- 
tions o f  wastewater  characteristics f rom industrial 
categories or subcategories cause differences in cad- 
mium's  susceptibility to the applied t reatment  tech- 
nology;  therefore, l imitation guidelines are not all 
alike. 

Table 2. Proposed and promulgated BATEA effluent limitation guide- 
lines - 30-day average* 
Industry category U.S. EPA Cadmium 

development (mg/1) 
document 

Inorganic chemicals 440/1-79/007 
Chlor-alkali mercury cells 
Titanium dioxide-sulfate process 
Titanium dioxide-chloride 
ilmenite process 
Chrome pigments 
Copper sulfate 

Iron and steel 440/81-80/024b 
Steam electric power 440/1-80/02% 
Range: Minimum 

Maximum 
Median value 

0.05 
0.15 

0.10 
0.19 
0.05 
0.10 
1.00 
0.05 
0.19 
0.10 

43 * Adopted from Patterson . 
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Pretreatment discharge limitations were also devel- 
oped for wastewater discharged into publicly owned 
wastewater treatment works. The maximum allowable 
concentration for cadmium was 2.0 rag/1 in 1976, 
regardless of industrial categories, according to O1- 

38 son . Pretreatment standards for heavy metals were 
later developed for different industrial categories. As 
an example, the cadimum pretreatment standards for 
the electroplating industry 15 are given below: 

Daily maximum 4-day average 
Cd concentration Cd 

concentration 

bility products constants are given by Feitknecht 17 
and Bard 4. 

Aged Fresh 
precipitate precipitate 

Ks0 = - [Cd 2+1 [OH-] 2 
Ksl = - [Cd(OH) +1 [OH-] 
Ks2 = - [Cd(OH)~] 
Ks3 = -- [Cd(OH)3~/[OH-] 
K~ = - [Cd(OH)~-]/[OH-I 2 

Log Ks0= - 14.4- 13.7 
Log Ks I = - 11.2- 9.5 
Log Ks2= - 6.1 - 5.3 
Log Ks 3 = - 5.3 - 4.6 
Log Ks4 = - 5.6 - 4.9 

pH of minimum cadmium hydroxide solubility is 11.5. 

Process water, flow less than 
10,000 gallons/day (gpd) 1.2 mg/1 0.7 mg/1 

Process water, flows equal to or 
greater than 10,000 gallons/day 
(gpd) 1.2 mg/ l  0.7 mg/1 

Interest in wastewater reuse is prevalent in many 
countries. The Orange County Water District of the 
state of California, USA, has conducted studies in 
wastewater reclamation and ground water recharge 
through injection wells since 1965. Public health 
considerations are the ultimate concern in reuse of 
wastewater. Stringent standards have been set on the 
injection water by both the California Department of 
Public Health and the California Regional Water 
Quality Control Board 3. The cadmium concentration 
is not to exceed 0.01 mg/1 in the injection water. This 
effluent limitation is consistent with the U.S. Public 
Health Service Drinking Water Standards. 
As seen previously, the effluent limitations for cad- 
mium varies widely from 0.01 to 1.2 mg/ l  depending 
on industrial category, where the effluent is dis- 
charged to, and whether or not the treated effluent is 
reused. Nevertheless, all effluent limitations can be 
met by the use of a treatment system employing one 
or more of the currently available treatment 
processes. 

III. Chemieal precipitation 

a) Hydroxide precipitation 

Metal hydroxide precipitation with coagulants is 
known to be effective for metal removal, including 
cadmium. The solubility of the metal hydroxide is 
determined by solubility products (Ks) and by equa- 
tions relating the metal hydroxide solid species in 
equilibrium with soluble free metal ion or metal- 
hydroxide species. Solubility product constants for a 
number of metals have been published by Feit- 
knecht 16. However, because of precipitate aging, in- 
sufficient time for the soluble metal species to estab- 
lish equilibrium with the precipitated metal, incom- 
plete solids separation, or coprecipitation and adsorp- 
tion effects in wastewater, solubility products provide 
only a general guide to metal residuals to be expected 
in practice. The following cadmium hydroxide solu- 

Jenkins as reports that freshly precipitated cadmium 
hydroxide leaves approximately 1 mg/ l  of cadmium 
ion in solution at pH 8, but only 0.1 mg/1 at pH 11. 
Similarly, Anderson 1 reports an effective removal of 
cadmium at pH 9.7. In a study of cadmium precipita- 
tion using hydrated lime for the treatment of an 
electric arc furnace blowdown at a steel mill, Brant- 
ner 5 reports that lime precipitation at pH 9.9 and 
clarification removed total cadmium from 1.66 rag/1 
to 1.15 mg/1 while soluble cadmium was removed 
from 1.23 mg/1 to 1.12 rag/1. Nearly all of the residual 
cadmium in both clarifier and filter effluents was 
soluble, indicating that the residual level was limited 
by the solubility rather than the effectiveness of solid- 
liquid separation. 
Co-precipitation with other metal hydroxides can be 
more effective and affect the pH at which the mini- 
mum cadmium solubility occurs. Both Anderson 1 and 
Weiner 53 indicate co-precipitation with iron hydrox- 
ide at pH 8.5 resulting in near complete removal of 
cadmium. It was found by E1-Gohary 12 that in alka- 
line precipitation using sodium hydroxide, co-precipi- 
tation with 100 rag/1 of ferric chloride at pH 9.0 
removed 97% of cadmium while co-precipitation with 
100 rag/1 of aluminum sulphate at pH 9.0 removed 
only 91.5% of cadmium. Using lime in alkaline precip- 
itation, the same report indicates that a co-precipita- 
tion with 100 mg/1 of either ferric chloride or alumi- 
num sulphate resulted in better than 98% removal of 
cadmium. With coagulant aid addition (Separan NP- 
10) at 1-2 rag/1 to lime precipitation of a plating 
waste, Hanson 22 reported an effluent with pH 9.0 and 
cadmium concentration of 0.54 rag/1. Since the ef- 
fluent also contained 2 mg/1 of suspended solids, it 
was not known how much of the residual cadmium 
was in the particulate form and how much in the 
dissolved form. The impact of solids removal on 
effluent concentration has been reported by Chal- 
mers 7. The effluent cadmium concentration was 
0.7 mg/1 after cyanide-chromium treatment plus neu- 
tralization and sand filtration. The effluent cadmium 
concentration was further reduced to 0.08 mg/1 using 
10-h settling followed by paper press filtration. 
Cadmium precipitation is inhibited in the presence of 
complexing agents such as cyanide. Cyanide removal 
is, therefore, imperative prior to cadmium precipita- 
tion from plating baths and plating rinse waters 
containing cyanide. In this regard, the development of 
a cyanide-free cadmium plating bath with acceptable 
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product quality can be an answer to simplify the 
treatment needs. 
It was recently found by Patterson 43 that carbonate 
alkalinity initially present in the wastewater, or in- 
duced into the wastewater as a result of  treatment, 
could have a significant effect on alkaline precipita- 
tion of cadmium. A reduction in cadmium solubility 
with increasing carbonate concentration was found at 
treatment pH values below pH 11. Cadmium solubili- 
ty was also found to be more sensitive to carbonate 
than to treatment pH level. For example, at pH 8.2- 
8.4, soluble cadmium was 1.7 mg/1 at total carbonate 
(CT) of  6.7 mg/1, versus 0.6 rag/1 at CT of 9.8 mg/1. At 
pH 7.4-7.6, soluble cadmium ranged from 62 to 
2.6 rag/1 as CT varied from 3.7 to 5.7 mg/1. Carbo- 
nate, therefore, adds to a long list of interfering 
substances and circumstances affecting the cadmium 
precipitation process. The interfering characteristic 
may reflect site-specific or geographical factors as well 
as factors associated with a particular industrial cate- 
gory. The nature and degree of interference should be 
fully assessed in each specific case before any effective 
treatment system can be designed using the hydroxide 
precipitation process for cadmium removal. 

b) Carbonate precipitation 

Carbonate precipitation of cadmium can be success- 
ful. A laboratory study by Patterson 41 shows that by 
adding sodium carbonate, treatment nearly equi- 
valent to that for cadmium hydroxide was obtained 
with cadmium carbonate (CT=10 -1"33 mole/l,  or 
2800 mg/1) at pH 8.4 which yielded 1.2 mg/1 cad- 
mium compared to 0.2 mg/1 for hydroxide treatment 
at pH 10.4 and 126 mg/1 at pH 8.6. Consequently, 
treatment at lower pH can be achieved with the 
carbonate system. In addition, lower volumes of 
denser sludge can be obtained with relative filtration 
rates approximately twice that of the cadmium 
hydroxide sludge. 
Barntner's study in 19815 compared pilot plant tests of 
carbonate precipitation with hydroxide precipitation 
of cadmium from an electric arc furnace blowdown. 
At a Na2CO3 dosage of 650 mg/1 and a pH ranging 
from 8.3 to 8.7, the total cadmium concentration was 
reduced from 1.37 mg/1 down to 0.14 mg/1 in the 
clarified effluent. Soluble cadmium concentration was 
reduced from 0.79 mg/1 down to 0.1 rag/1 and in 
another test from 1.2 mg/1 down to 0.04 mg/1. The 
clarified effluent (350 gpd/f t  2 or 14.3 m3/day-m 2) was 
polished by filtering through a dual media filter 
(5 gpm/f t  2 or 204 1/min-m 2) which further improved 
the effluent quality (0.02-0.06 mg/1 total cadmium) 
comparable to that of the hydroxide precipitation- 

12 clarification-filtration system. E1-Gohary reported 
98% cadmium removal at pH 7.5 using 3500 mg/1 of 
calcium carbonate. Despite the little attention given to 
the carbonate precipitation process, it is apparent that 
the process can be equally successful in cadmium 
removal. 

c) Sulfide precipitation 

There are many attractive features associated with the 

sulfide precipitation process in metal removal includ- 
ing cadmium. A high degree of  metal removal can be 
attained over a broad pH range. Cadmium can be 
effectively precipitated at very low pH because of  the 
solubility of  CdS is very low at pH below 4. Figure 1 
shows the calculated solubilities of  metal sulfides and 
metal hydroxides. The high reactivity of  sulfides 
shortens the detention time required for the process .  
According to Whang 54, metal sulfide sludge exhibits 
better thickening properties and dewaterability than 
metal hydroxide sludge from the hydroxide precipita- 
tion process. In addition, metal sulfide sludge is three 
times less subject to leaching at pH 5 as compared to 
hydroxide sludge and, therefore, final disposal is 
easier and safer. Although metal sulfide precipitates 
are very fine, anionic floculant can be used to facili- 
tate liquid-solid separation. 
Scrubber wastes containing high concentrations of 
heavy metals including cadmium from 10.5 rag/1 to 
15.0 mg/1 were treated with a hydroxide-sulfide pre- 
cipitation process reported by Schwitzgebe148. Lime 
was added to the wastes to raise the pH to 5.0-6.0. 
The sulfide precipitation reaction pH was varied 
between 7.5 and 8.5. The maximum metal separations 
in the water were obtained with 0.6 times of  the 
stoichiometric quantity of  sulfide required to react 
with Cd + Cu + Zn + Fe + Pb and at a final pH of 8.0. 
Both sulfide and hydroxide precipitates of metals 
were formed. In all cases, 98-99.6% of all heavy 
metals were removed with the effluent (precipitation- 
clarification - multi media filtration) containing only 
0.05-0.08 mg/1 of cadmium. 
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Adapted from M. Blythe et al., Characterization of Boliden 
sulfide-lime precipitation system. USEPA report, 600/$2-81-081, 
August 1981. 



130 Experientia 40 (1984), Birkh~iuser Vertag, CH-4010 Basel/Switzerland 

Full scale testing of the sulfide precipitation process 
was also reported by Schwitzgebe148 at the Boliden 
Metall Corporation, Skelleftehamn, Sweden. The 
wastewater was partially neutralized to pH 2.5-3.0 
with NaOH, and then Na2S was added. The removal 
of all heavy metals with the exception of zinc was 
complete. Cadmium concentration after sulfide pre- 
cipitation-polymer sedimentation-multi media filtra- 
tion was reduced from 4 mg/1 down to 0.01 mg/1. 
The parallel testing of 3 precipitation processes to 
remove metals from an electric arc furnace blowdown 
as reported by Barntner 5 also indicates the successful 
application of a hydroxide-sulfide process for metal 
removal. Ferrous sulfide (FeS) was applied to main- 
tain a dosage of 130 mg/1 FeS and pH was main- 
tained at 8.0-8.5 by addition of lime. The FeS dosage 
of 130 mg/1 was selected to be 1.5 times the calculated 
stoichiometric requirement for precipitation of all the 
metals. At pH 8.2, total cadmium was reduced from 
3.3 rag/1 to 0.18 mg/1 (clarified effluent) and to 
0.06 mg/1 (filtered effluent) while soluble cadmium 
was reduced from 0.4 mg/1 to 0.02 mg/1 (both classi- 
fied and filtered effluents). The removal was compar- 
able or better than the hydroxide precipitation and 
the carbonate precipitation processes. 

d) Other chemical processes 

Sodium borohydride precipitation. The use of sodium 
borohydride (NaBH4) as a reducing agent is a cost- 
effective alternative to remove cadmium from waste- 
water. The NaBH4 process is irreversible, extremely 
rapid, and  results in nearly total removal of the 
dissolved metal even at low initial concentration. It 
also offers the potential to recycle a significant portion 
of the metal since the metal is chemically reduced to 
the elemental state, usually as a compact precipitate. 
Sodium borohydride may be used as the primary 
treatment procedure or in conjunction with or follow- 
ing alkaline neutralization. The stoichiometric quanti- 
ty of NaBH4 required is 1/12 the weight of cadmium 
reduced. In actual practice the borohydride to cad- 
mium ratio is usually somewhat higher, since other 
reducible compounds may react with the borohydride. 
When a low initial level of dissolved cadmium (2- 
15 mg/1) is present in the wastewater, thorough 
mixing of the NaBH 4 is essential. Sodium borohy- 
dride is generally used as an aqueous caustic solution 
which is stored and handled in the same manner as 
50% caustic soda. 
Cook 9 reports successful cases of NaBH 4 application 
in metal removal and/or  recovery. One of these cases 
concerns the removal of silver and cadmium com- 
plexes in a wastewater from a lithographic film coat- 
ing process in Glen Cove, New York. This process 
water is first pretreated to remove photographic gela- 
tin and dyes as they may interfere with the borohy- 
dride reduction and solid-liquid separation steps. Af- 
ter pretreatment, the process water contains 10- 
120 mg/1 of silver and 5-60 mg/1 of cadmium. The 
silver is present in the form of finely divided insoluble 
silver halides with some soluble silver species present. 
Ferric chloride is introduced into a 7500-gal (28.4 m 3) 

reactor followed by caustic soda to adjust to pH 11 
prior to borohydride addition. The reactor is stored 
continuously. At pH 11, substantial amounts of cad- 
mium crystallize and ferric hydroxide also occur, 
improving the subsequent solid-liquid separation. 
Sodium borohydride is then added over a 15-min 
period followed by mild agitation for 30 min to 
improve the setting characteristics of the precipitate. 
After 60 min of setting, the supernatent is filtered 
through a precoated filter. The filtrate has averaged a 
consistent 0.09 mg/1 for both silver and cadmium in 
the final discharge. The alkaline-NaBH4 process in 
this case was evaluated versus alkaline precipitation 
sulfide precipitation, and carbon absorption. The al- 
kaline-NaBH4 process gave the best overall result 
based on effluent silver and cadmium concentrations, 
cost and suitability of the precipitated silver for 
further recovery. 
Hydrogen peroxide oxidation-precipitation. This 
process which simultaneously oxidizes cyanides and 
cadmium to form cadmium oxide precipitate is called 
Kastone process 2. It is claimed that cadmium oxide 
precipitates better than cadmium hydroxide resulting 
in better solid-liquid separation and therefore better 
overall removal. This proprietary process is reported 
as suitable for small plating operations but more 
detailed information on dosage requirement and ef- 
fluent cadmium concentration is lacking. 
Ozonation. Metal complexes in solution disappear 
upon ozonation. Krause 33 conducted tests on ozona- 
tion of organically complexed heavy metals. Ex- 
perimental studies indicated that the complexing 
ability of chelates was destroyed during ozonation of 
Cd-EDTA, Zn-EDTA, and Ni-EDTA. Shambaugh 51 
reported that in general an ozone contact time on the 
order of 10 min would destroy metal-EDTA com- 
plexes. A much shorter contact time would be 
required to reduce uncomplexed metal solubilities 
when the metal has a higher oxidation state. Uncom- 
plexed metals such as zinc and cadmium which do not 
possess higher oxidation states do not exhibit a solu- 
bility reduction upon ozonation. Data and informa- 
tion leading to a successful design of a full scale 
treatment plant removing cadmium by ozonation do 
not exist to date. 
Electroflotation. The successful removal of cadmium 
and cyanide simultaneously has been demonstrated 
by Poon 45, using an electroflotation process. The 
specially designed reactor consists of a stainless steel 
screen cathode placing above a 5-cm layer of sea 
water, and a platinated columbium screen serving as 
the anode below the cathode. The plating wastewater 
is placed on top of the cathode. Hypochlorite and 
chlorine gas generated from the sea water by the 
anode oxidize cyanide and liberate cadmium from the 
cyanide-cadmium complex preceeding alkaline pre- 
cipitation. Free oxygen and ozone produced at the 
anode also assist in destroying the cyanide-cadmium 
complex. Simultaneously cathodic generation of 
hydroxides raise the pH resulting in alkaline precipi- 
tation of cadmium which is carried up to the surface 
by the rising gas bubbles. With 20 mg/1 of cadmium 
and 45 mg/1 of  cyanide, it takes 53 min or longer to 
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reduce to 0.2 mg/1 cadmium and 0.5 mg/1 cyanide 
with a power consumption of 0.23-0.40 kwh/g of  
cadmium removal. 
A performance equation was developed for cadmium 
removal by electroflotation as in the following: 
R = 4 . 4 5  p-0.36 D037 C0.66 80.077 H-0.91 where R is Cd 
removal in g/kwh, P is power input in W, D is 
wastewater depth in the reactor in cm, C is initial Cd 
concentration, S is electrode spacing in cm, and H is 
initial pH of the wastewater. The equation indicates 
that a combination of lower power input and deeper 
wastewater column make more effective treatment. 
For operation, the residual chlorine concentration in 
the solution can be monitored as a ocntrol. The 
treatment process can be terminated 3-5 rain after the 
residual chlorine has reached 1.0 mg/1, with both 
cadmium and total cyanide meeting the effluent 
quality standards. 

T h e  treatment system is compact and easy to operate. 
Operation requires no skill greater than that necessary 
for electroplating. A cost analysis shows a total treat- 
ment cost of US$0.76/m 3 (1982 dollar value). The 
cost is competitive with that of  alkaline precipitation 
with lime followed by clarification-filtration. 

IV. Physical treatment 

a) Ion exchange 

Ion exchange is capable of removing heavy metals 
including cadmium. The cations cadmium are ex- 
changed for H 2 or Na. The cation exchange resins are 
mostly synthetic polymers con~taining an active ion 
group such as HSO 3. When all the ionized exchange 
sites are replaced, the resin can be regenerated by 
passing a concentrated solution of ions through the 
bed which reverses the chemical equilibrium. The ion 
exchange system may be put in series with more than 
one bed in parallel. Mixed bed systems have also been 
marketed for heavy metal removal where high regen- 
eration frequency or large ion exchange volumes are 
required, a moving bed ion exchanger can be used 
which enables continuous regeneration and eliminates 
a large parallel system. 
Na-type zeolite can be used successfully for cadmium 
removal. According to Onodera 39, natural zeolite of 
10 mesh size was dipped in a 10-fold solution of 
boiling 1 N NaC1 solution to obtain Na-type zeolite. 
Wastewater containing 10 rag/1 Cd 2+ was adjusted to 
pH 4.5, mixed with the Na-type zeolite 800 g /m 3 
wastewater, stirred for 1 h and settled. The Cd 2+ 
removal was about 90%, compared to about 30% with 
natural zeolite. Another resin was also found to be 
very effective in removing heavy metals including 
cadmium from an industrial wastewater containing 
Pb, Zn, Hg, Cd, Cu, Ni, A1, Ca, Cr 3+, Fe, and Ag 8. It 
was reported that an industrial wastewater containing 
Hg 1.2, Cd 0.72, Cu 0.1, Pb 0.2, and Ca 202 mg/1 
respectively was treated with a thiocarbanic acid 
group-containing phenolic resin to remove Hg and 
then with an iminopropionic acid salt group-contain- 
ing epoxy resin. The Hg, Cd, Cu and Pb concentra- 

tions were respectively 0.1 gg/1, and 0.05, 0.1, and 
0.05 rag/1 in the effluent, after 5000 1 of  wastewater/1 
resin. 
Another promising exchanger material for effective 
removal of Cd 2+ and other heavy metal is chromium 
ferrocyanide gel, reported by Srivastava 49. The inor- 
ganic gel is prepared by adding chromium chloride 
gradually to potassium ferrocyanide. The produce 
with an exchange capacity as great as 3.65 meq/g is 
obtained with Cr3+=0.071 M, Fe2+=0.218 M, H += 
0,01 M and mixing ration ofCr3+/Fe2+ = 0.327. The ex- 
changer shows a great selectivity for Ag +, Cu 2+, T1 +, 
Zn 2+, Co 2+, Mn "2+ and Fe 3+. Wastewater from an 
industry containing Cd 2+, Zn 2+, and Mn 2+ equi- 
valent to 150, 200, and 250 mg/1 was allowed to 
pass through a column of chromium ferrocyanide gel 
(15 cm• cm 2) at a flow rate of 0.8 ml/min. The 
effluent was found to be completely free of  these ions 
and also did not show the presence of  Cr or Fe ions 
even in traces. For batch operation, a stirring time of 
1 h is adequate for equilibration with this exchanger 
material. The chromium ferrocyanide gel is stable in 
salt and acid solutions up to a concentration of 2 M, 
but is unstable in alkali solutions. However, only 
partial recovery of cadmium (25%) from the ex- 
changer material is possible. 

b) Adsorption 

Aluminosilicate adsorption. Several commercially 
available aluminosilicate adsorbents are able to 
remove Cd 2+ from wastewaters. The type tested by 
Huang 26, Zeolite A, Blazer, Mordenite, Zeolex 23, 
Zeo 49, Zeosyl 100, were able to adsorb Cd 2+ success- 
fully at pH 9. Mordenite, a crystalline solid exhibited 
the greatest Cd 2+ adsorption capacity at pH 5 and 
performed as well as other species. All of them could 
achieve near 100% removal of Cd 2+ at a dose of 3-5 g 
absorbent/l.  It is therefore possible to r e m o v e  Cd 2+ 
from plating wastewaters to 0.1 mg/1. At pH 3.0, the 
Mordenite species exhibited decreasing Cd 2+ adsorp- 
tion. This is a feature promising for regeneration of 
Mordenite with strong acid. 
Starch xanthate adsorption. Starch xanthate and a 
cationic polymer such as polyethylenimine forming a 
complex can precipitate heavy metal from solutions. 
The process is expensive because almost all cationic 
polymers are expensive. However making starch xan- 
thate from corn starch made insoluble by crosslinking 
eliminates the need for the expensive polymer. The 
crosslinked corn starch is commercially available. It is 
combined with sodium and sulfur by reaction with 
carbon disulfide and lye (NaOH), yielding insoluble 
sodium starch xanthate. In metal solutions it acts like 
a resin, exchanging the sodium for the metal. 
According to Wing 55, cadmium concentration is 
reduced from 56 rag/1 to 9 gg/1 with an initial pH of 
3.0. The required solid starch xanthate is in the range 
of 0.037 to 0.0859 g/50 ml for such efficient removal. 
If  the initial pH is greater than 5, stoichiometric 
quantity (one xanthate group per metal ion) of xan- 
thate is sufficient. Since the solid starch xanthate is 
basic, the pH of the treated solution will increase, and 
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effective removal is always achieved in the pH range 
of acceptable discharge. The process is effective over a 
pH range from 3 to 11 and in the presence of up to 
10% salt. Only a few minutes would be required to 
complete the removal. The cost of 500 g of dry 
insoluble starch xanthate containing 8% sulfur was 
US$0.20-0.22, 1975 dollars. The product has a metal 
binding capacity of 1.1 moles metal/g. 

Carbon adsorption. Certain commercially available 
carbons can be very effective in removing Cd 2+ from 
electroplating wastewaters. Nuchar S-A and Nuchar 
S-N powdered carbons are found by Huang 24 to have 
a Cd 2+ adsorption capacity far superior to that of 
granular carbons such as Filtrasorb 400 and Darco 
HD 3000. Pore size is probably not a critical parame- 
ter for equilibrium absorption capacity. Instead the 
superiority of powdered carbons over the granular 
carbons is due to differences in the chemical reactivity 
of  their surfaces. According to Huang 23, powdered 
activated has low pHzp c (pH at zero electrophoretic 
mobility) values and excellent adsorption capacity for 
cationic metal ions while granular activated carbon, 
having high pHzpc values, is relatively poor for metal 
ion adsorption. 
The kinetics of adsorption in Huang's study 26 are 
favorable for both the fuoroborate and cyanide sys- 
tems. The maximum adsorption level is reached with- 
in the first 10 rain of contact of the carbon with the 
wastewater. This rapid rate of  removal is not affected 
by variations in pH, ionic strength, carbon/Cd 2+ 
concentration, temperature and mixing rate. The fast 
adsorption rate is considered a significant advantage 
over the chemical precipitation process which is often 
a slower process. 
For a given carbon dose, the adsorption density 
increases for increasing Cd 2+ concentration in solu- 
tion. However the percent of Cd 2+ removed decreases 
with higher initial adsorbate concentration. This 
phenomenon is typical of the carbon adsorption 
process. The same phenomenon is not as noticeable at 
pH values greater than 8 due to precipitation effects 
in the fluoroborate bath and cadmium cyanide com- 
plex formation in the cyanide system. At pH 7 and a 
carbon/Cd ration of 0.25 g/rag, as much as 85% Cd 2+ 
removal is obtained in the fluor0borate system. 
For both the fluoroborate and cyanide wastewaters, 
the adsorption density is approaching its maximum 
level in the neutral pH range. This constitutes an 
advantage over many chemical precipitation techni- 
ques requiring pH adjustment to 10-11 for maximum 
removal. Because of  the high molar ratio of  cyanide/ 
Cd 2+ of 10:1 in the typical cyanide system, resulting 
in competition between the two ions for available 
carbon sites, Cd 2+ adsorption is not as rapid as in the 
fluoroborate system. The adsorption rate can be en- 
hanced by either increasing the carbon dose or by 
reducing the initial cyanide concentration in the 
wastewater. 
For continuous flow treatment application, Huang 25 
uses a packed column in which the powdered carbon 
Nuchar S-A is aggregated into beads of  a size of 
0.6 mm in diameter using polyvinylalcohol and glu- 
taraldehyde. The aggregated powdered carbon exhi- 

bits similar adsorption capacity as the original activat- 
ed carbon (1.1337 g Cd~+/g carbon); although the 

kinetics of  adsorption is slower. The study shows a 
column packed with a gross mass of 41 g of aggregat- 
ed carbon can be used for 4 consecutive runs, with 
acid regeneration following each run, and treat 173 1 
(or 1587 bed volume) of Cd 2+ containing tetrafluobo- 
rate plating wastewater before losing its adsorption 
capacity. Chemical regeneration using strong acids 
such as HC1, HC104, and H2SO 4 gives good regenera- 
tion results. 

c) Foam flotation 

This technique relies upon a surfactant that causes a 
nonsurface-active material to become surface active 
forming a product that is then removed by bubbling a 
gas through the bulk solution to form a foam. Foam 
flotation can be divided into 3 catagories, namely, ion 
flotation, precipitate flotation, and adsorbing colloid 
flotation. 
Ion flotation is a process that involves the removal of 
a nonsurface-active ion (a colligend) by the addition 
of  a surfactant (a collector) which yields an insoluble 
product. Kobayashi 29 reports the effects of  anionic 
and cationic surfactants on the ion flotation of Cd 2+. 
Sodium a-sulfolaurate is determined to be most effec- 
tive for the flotation of Cd 2+ ion achieving as high as 
97% removal. About 97% of Cd 2+ ions could be 
floated at a pH of  11.3 when cationic surfactant is 
used with bentonite. Ferguson ~8, however, reports 
that increased ionic strength, Ca 2+, and phosphate 
interference make ion flotation impractical for Cd 2+ 
removal. 
Precipitate flotation is the process in which the non- 
surface-active material forms a precipitate with 
something other than the collector, which in turn 
makes surface active by the collector. Adsorbing 
colloid flotation is defined as the removal of dissolved 
material by adsorption on colloidal particles followed 
by the removal of colloid particle, dissolved material, 
and the collector by flotation. These 2 flotation 
processes, unlike the ion flotation process, do not 
require stoichiometric amounts of the collector since 
only electrical attraction exists between the collector 
and the precipitate but sufficient surfactant must be 
used to form stable foam. Kolayashi 3~ also investi- 
gates the removal of Cd 2+ ions from an aqueous 
solution by adsorbing particle flotation using bento- 
nite and a cationic surfactant, hexa-decyltrimethylam- 
monium chloride. It is found that the most suitable 
method is to conduct flotation in the region of the 
coagulation flotation of  bentonite. 

27 Huang studies both precipitate flotation and absorp- 
ing colloid flotation of Hg z+ and C d  2+ from aqueous 
systems. Sodium lauryl sulfate and hexadecyltrime- 
thylammonium bromide (HTA) are used as collectors. 
Fe(OH)3, AI(OH)3, FeS, and CuS are used as adsorb- 
ing colloids. Floc foam flotation of  both metals with 
CuS and HTA is very effective resulting in residual 
Hg 2+ concentration as low as 5 ppb and Cd 2+ as low 
as 20 ppb. Floc foam flotation of  Cd 2+ with FeS and 
HTA yields residual Cd 2+ as low as 10 ppb. 
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V. Cadmium recovery 

Various techniques are available to recover cadmium 
from wastewaters, among which evaporation is an 
established method and reverse osmosis is a very 
promising one. 

a) Evaporation 

Single-stage or two-stage (double effect) recovery unit 
can be used for cadmium recovery. The single-stage 
unit is more common but a two-stage unit saves steam 
(energy). The use of atmospheric evaporative towers 
for recycling reusable chemicals in the electroplating 
industry is reported by Kolesar 31. Atmospheric evapo- 
rative recovery is economical for rinses bearing the 
dragout from processes not self destructive by nature 
(e.g. Zn, Cd, Cu, Ni, and Cr plating baths). Schrantz 47 
reports evaporation as a technique to separate Cr, Ag, 
and Cd from rinse water for subsequent reuse in the 
plating baths. Three 2.4-m (8-ft) by 3.0-m (10-ft), by 
5.6-m (15-ft) high evaporations handle 189 1/h 
(50 gal/h) of  rinse water each and form a closed loop 
with the Cr, Ag, and Cd plating baths. No sludges are 
produced, and there is no connection to sewers. A 20- 
month payback period is projected for these evapora- 
tors. A single-effect, 378 1/h (100 gal/h) evaporator is 
installed on a 5-barrel, 3-m 3 (800 gal) bath cadmium 
plating line in a Connecticut plant, according to 
Gallo 19. 
Both capital and operational costs for evaporative 
recovery systems are high. Chemical recovery and 
water reuse values must offset these costs for evapora- 
tive recovery to become economically feasible. A 
closed loop system design for rinse and plating is most 
attractive. 

b) Reverse osmosis 

Reverse osmosis with cadmium cyanide bath is less 
developed, but suitable membranes are now available 
to make it practical. There is also promise that reverse 
osmosis will be cheaper and less energy-consuming 
than evaporative recovery. Donnelly ~ examines 
reverse osmosis treatment of plating bath rinse waters, 
emphasizing closed loop operation with water recycle 
for rinsing and concentrated chemical recycle for 
plating baths. Three commercially available mem- 
brane configurations, i.e., tubular (cellulose acetate), 
spiral wound (cellulose acetate), and hollow fiber 
(polyamide) are tested with diluted plating bath was- 
tewaters. Watts-type nickel, nickel sulfamate, copper 
sulfate, copper pyrophosphate, nickel fluoborate, zinc 
chloride, and copper, zinc, and cadmium cyanide are 
all found attractive systems for treatment by reverse 
osmosis. Kosrrek 32 reports Cd 2+ removal amounts to 
95-99% by reverse osmosis. 

c) Other cadmium recovery systems 

Other promising cadmium recovery systems include 
electrochemical ion exchange and adsorption. Roof  46, 
is successful in recovering cadmium from plating 
solutions by the use of an electrochemical cell with 

graphite anodes. Cadmium is deposited on a carbon- 
fiber cathode while cyanide is removed at the anode. 
Recovery of  cadmium is either by eleetrowinning or 
dissolution into a heated cyanide strip solution. Full- 
time use of this system is expected to yield a high 
degree of cadmium recovery alone with an effluent 
Cd 2+ concentration of 0.4-0.6 mg/1. 
Treatment of  wastewater containing cadmium by ion 
exchange and adsorption has been discussed pre- 
viously. Ion exchange can be used as a polishing 
treatment or recovery process. The concentrated solu- 
tion obtained upon regeneration of the ion exchange 
resin is, in general, more suitable for economical 
recovery procedures than the initial dilute cadmium 
waste streams. The same general rule applies to 
cadmium recovery from adsorbents. Wing 55 reports 
successful recovery of cadmium and other metals by 
washing the sludge with nitric acid in an insoluble 
starch xanthate process. Similarly strong acids such as 
HC1, HC104, and H2SO 4 can be used to regenerate 
activated carbon for cadmium adsorption. A concen- 
tration factor of 30 can be obtained using 1M H 2 S O  4 
solution according to Huang 24. A wastewater contain- 
ing 10 -4 M Cd 2+ therefore can be concentrated to 
approximately 3.3• 10 -3 M. In the case of  cyanide 
baths there may be concern that acid-stripping pro- 
duces hazardous cyanide gas. However, it is known 
that once adsorbed, cyanide ions are oxidized to less 
hazardous CNO-  species on the carbon surfaces. 

VI. Cadmium removal from domestic wastewater treat- 
ment 

Although most publicly owned treatment works are 
using secondary or biological treatment processes not 
designed for heavy metal removal, some heavy metal, 
including cadmium can be removed by biological 
uptake and by sludge adsorption. Olson 38reports the 
1979 annual average removal of cadmium from a 
trickling filter treatment plant to be 77.5%, producing 
an effluent of 0.04 mg/1 cadmium on the average. The 
range of removal for that year is 58-92%. 
In a pilot plant study by Maruyama 35, 5 mg/1 of  Cd 2+ 
as CdC12 is added to raw municipal wastewater which 
then undergoes chemica coagulation, settling, dual 
media filtration, and activated carbon adsorption 
treatment. Chemical coagulants are iron (ferric sul- 
fate, 45 mg/1 Fe), low lime (260 rag/1 lime and 
20 mg/l  Fe as ferric sulfate), and high lime (600 mg/1 
lime). With the high lime system, the respective 
accumulated removals for coagulation-setting, filtra- 
tion and adsorption are 97, 98 and 99.7%. Both the 
low lime and the ion systems are less effective but a 
total removal of 98-99% still can be achieved. 
In an extensive literature review and technical evalua- 
tion of  various treatment processes in removing heavy 
metals from municipal wastewater treatment plants, 
Culp al. 1~ summarize the cadmium removal in the 
following two tables: 
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Table 3. Literature and actual plant survey data (Cd concentration in 
raw wastewater, average 0.008 mg/l: range 0.0024).016 rag/l) 

Treatment process Range of Average 
removal removal 
(%) (%) 

Activated sludge 30-64 54 
Trickling filtration 0-5 0 
Coagulation-sedimentation (ferric addition) 61-75 68 
Coagulation-sedimentation (lime) 0-95 30 
Coagulation-sedimentation (alum) 68-76 72 
Filtration after biological treatment 32 
Filtration after physical-chemical treatment 38 
Activated carbon adsorption 0-23 0 
Ground injection (infil-percolation) 12-13 

Table 4. Potential of cadmium removal from wastewater (based on 
plant operating data and results of various test programs) 

Treatment process Average Average 
removal effluent 
(%) concentration 

(mg/1) 

Activated sludge 
Trickling filter 
Rotating biological contactor 
2-Stage nitrification 
2-Stage nitrification-denitrification 
2nd effluent + filtration 
Alum addition to aeration basin 
FeCI 3 addition to primary treatment 
Tertiary lime treatment of nitrified effluent 
Tertiary lime treatment followed 
by ion exchange 
Carbon adsorption of 2rid effluent 
Carbon adsorption of 3rd lime effluent 
Carbon adsorption of 3rd lime, nitrified 
Carbon adsorption of 3rd lime, ion exchange 
Physical-chemical, with lime 
Physical-chemical, with FeCI 3 

71 0.002 
38 0.005 
57 0.003 
71 0.002 
71 0.002 
71 0.002 
92 0.001 
91 0.001 
98 0.0002 

98 0.0002 
71 0.002 
98 0.00002 
98 0.0002 
98 0.0002 
38 0.005 
80 0.002 

added simultaneously in a third precipitation tank. 
Sludge filter is used to dewater CdS and Fe(OH)2 
solids without thickening. The total annual costs 
provided by Huang 24 are estimated or taken from the 
Centec report 19796 for alkaline precipitation, and 
from a U.S. EPA report 198052 for sulfide precipita- 
tion, as well as Zanitsch's 56 work for ion exchange. 
Cost comparisons are listed in table 5. 

Assuming that sludge treatment and disposal is oper- 
able, alkaline precipitation is by far the most cost- 
effective treatment process. However ion exchange 
and carbon adsorption processes offer an opportunity 
to recover cadmium and water for reuse which could 
offset some of  the costs. 
A cost comparison for 2 cadmium recovery systems is 
given by Gurklis2k The evaporative recovery system 
uses a 2-stage 50-gallon evaporative recovery unit. 
The assOciated costs are presented in table 6. A 
reverse osmosis recovery unit handling the same rate 
of  flow at 50 gal /h (187.4 I/h) is less costly resulting in 
a lower operating cost as shown in table 7. It should 
be noted also that some saving in chemical cost is also 

Table 5. Cost comparisons of cadmium treatment 

Treatment process 30 gpm 40 60 80 100 

Alkaline precipitation 50 55 62.5 70 80 
Sulfide precipitation 110 175 - - 
Ion exchange 60 75 110 136 160 
Carbon adsorption'column - 77 95 110 125 
complete ,mix - 90 102 110 120 
Total annual cost $1,000 

It appears that secondary treatment alone or secon- 
dary treatment followed by nitrification-dentrification 
cannot remove cadmium from municipal wastewater 
by more than 71%. Physical and/or chemical method 
of polishing the effluent is required to reduce cad- 
mium to a concentration safe to be discharged into 
the natural environment. It would be very expensive 
to treat large quantities of wastewater to reduce 
cadmium to such a low level. Applying treatment at 
the source without discharging into a sewer leading to 
a municipal treatment plant is a most cost-effective 
approach. 

Table 6. Costs for evaporate recovery of cadmium cyanide solution 
double-effect 50 gal/h unit 

Investment costs 
Purchased cost $ 30,000 
Cost of installation and auxiliary items 10,000 

Operating costs 
Interest/year (10%) 2,000 
Depreciation/year (20%) 8,000 
Steam at $ 4.00/1000 lb., 800,000 lb. 3,200 
Electricity at 4C/kwh, 42,000 kwh 1,680 
Labor at $12.00/h, 240 h 2,900 

Total operating costs $17,780 

Area plated/year (240 days) 480,000 ft 2 (44,600 m 2) 
Recovery unit cost $ 0.37/ft 2 ($4.0/m 2) 

VII. Cost of cadmium removal 

In this section, the cost comparison of  cadmium 
treatment and cadmium recovery systems are given. 
Four  treatment systems are compared, namely, alka- 
line neutralization precipitation with lime; sulfide 
precipitation using insoluble FeS; ion exchange with 
cation exchange resin; and activated carbon adsorp- 
tion. The alkaline precipitation process includes coag- 
ulation-clarification-sand filtration and discharge to 
sewer line. Sludge is thickened and dewatered before 
final disposal. The sulfide precipitation process uses 
two-stage neutralization while FeS and polymer are 

Table 7. Costs for recovery of cadmium cyanide plating solution by 
reverse osmosis 

Investment 
Cost 

Operating costs 
Interest/year (10%) 1,000 
Depreciation/year (20%) 4,000 
Electric (50 kwh/day) 500 
Maintenance (5 %) 1,000 
Membranes 1,500 

Total operating costs $ 8,000 
2 2 Area plated/year 480,000 ft (44,600 m ) 

Unit recovery cost $ 0,17/ft 2 ($1.8/m 2) 
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realized in both recovery systems which would other- 
wise be spent in a treatment system. The saving, 
approximately $3,300/year is therefore a credit 
against the treatment system. 
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Human health effects of exposure to cadmium 

by William H. Hallenbeck 

School of Public Health, University of Illinois at Chicago, P.O. Box 6998, Chicago (Illinois 60680, USA) 

Summary. The health effects of human exposure to cadmium are discussed with emphases on intake, absorp- 
tion, body burden, and excretion; osteomalacia in Japan; hypertension; and proteinuria, emphysema, osteoma- 
lacia, and cancer in workers. Elevated blood pressure has not been observed as a result of excessive exposures to 
cadmium in Japan or the workplace. Renal tubular dysfunction and consequent proteinuria is generally 
accepted as the main effect following long-term, low-level exposure to cadmium. Studies of workers show that 
proteinuria may develop after the first year of exposure or many years after the last exposure. Proteinuria and 
deterioration of renal function may continue even after cessation of exposure. The immediate health signifi- 
cance of low-level proteinuria is still under debate. However, there is evidence that long-term renal tubular 
dysfunction may lead to abnormalities of calcium metabolism and osteomalacia. The few autopsy and cross- 
sectional studies of workers do not permit conclusions to be drawn regarding the relationship between cadmium 
exposure and emphysema. Retrospective and historical-prospective studies are needed to settle this important 
question. No conclusive evidence has been published regarding cadmium-induced cancer in humans. However, 
there is sufficient evidence to regard cadmium as a suspect renal and prostate carcinogen. Because of equivocal 
results and the absence of dose-response relationships, the studies reviewed should be used with caution in 
making regulatory decisions and low-dose risk assessments. 

Introduction 

The main goal of  this critical review was to summarize 
and evaluate studies of humans which could be useful 
in assessing the possible health effects of cadmium 
exposures via air, water, or food. In particular, data 
were sought which would permit the extrapolation of 
high dose effects to low levels of exposure. As indicat- 
ed in the summary, the extrapolation objective was 
not achieved using the human literature. Whenever 
there were inconsistencies between the animal and 
limited human health effects literatures, human data 
were given precedence in this review. 

Intake, absorption, body burden, excretion 

The main routes of cadmium intake in man are the 
lungs and the gastrointestinal tract. The chemical 
form of ambient airborne cadmium is not known. 
Although measurements of airborne cadmium 
concentrations have been made in many countries, 
the concentrations are not strictly comparable because 
of different sampling times and different analytical 
methods. Size distributions of particles containing 
cadmium are rarely determined. Hence, only rough 
estimates of  lung deposition rates can be made 14. 

On the basis of limited cadmium-containing particle 
size distribution data and the application of a stan- 
dard lung model, about 25% of cadmium inhaled in 
ambient air would be deposited in the lower respirato- 
ry tract 14. Using this deposition fraction and an 
assumed average daily inhalation of 20 m 3, the 
amount of cadmium deposited in the lower respirato- 
ry tract has been estimated: rural areas, 0.0005- 
0.215 gg/day; urban areas, 0.01-3.5 gg/day; indus- 
trialized areas with cadmium emissions, 0.05-25 gg/  
day. The highest level of 25 gg/day is probably found 
only in the vicinity of an operation such as a smelter 14. 
The rate of absorption through the lungs is a function 
of the chemical form and size distribution of the 
inhaled particles. Various rates have been reported. 
One model based on human smokers predicts 50% of 
inhaled cadmium from tobacco smoke is absorbed 17. 
One pack of 20 cigarettes can contain 30 lag of 
cadmium of which 2-4 gg can be inhaled 17,18,21. In the 
general environment 13-19% of the cadmium inhaled 
is absorbed 14. 
Ingestion of cadmium occurs via water and food. Tap 
water which is not particularly contaminated contains 
< 2 gg/1 cadmium. This corresponds to an intake of 
2-4 lag/day. 


