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�	/,2,�Scanning electron microscopy of S. cerevisiae NCYC 1364. Live (A) or heat-
killed cells at 45 ºC (B). Arrow: bud car. 
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+���
�	/,3,�IR spectra of live and dead cells of S. cerevisiae NCYC 1364. Cells heated at 
45 ºC (dead cells) (A); live cells (B). 
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US-EPA Portuguese law

pH (units) 6.0-9.0 2.0

Eh (mV) 238

TC (mg/l) 11.5

TOC (mg/l) 10.7

IC (mg/l) 0.8

Cl- (mg/l) 90.5

F- (mg/l) 12

NO3
- (mg/l) 50 7.8

SO4
2- (mg/l) 2000 374

PO4
3- (mg/l) 0.08

Cu2+

(mg/l) 3.38 1.0 0.5
(µM) 53.1 16 8

Ni2+

(mg/l) 3.98 2.0 17.8
(µM) 67.8 34 303

Zn2+

(mg/l) 2.61 NS 0.8
(µM) 39.9 NS 12

Total Cr
(mg/l) 2.77 2.0 1.2
(µM) 53.3 38 23

Cr6+

(mg/l) 0.1 <0.06
(µM) 2 <1

Wastewater limit discharge criteria
Industrial effluent
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Ligand Cr(OH)2+ Cu2+ Ni2+ Zn2+ Reference

Biomass 3.56 Ferraz et al.  (1999)

3.99 3.34 3.59 Machado et al.  (2009)

Cl- 3.77a) 0.20b) 0.41b) 0.40b)

F- 8.86a) 1.80b) 1.40b) 1.30b)

NO3
- 2.30a) 0.50b) 0.40b) 0.40b)
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- _ -3.56c) _ _

1.80b) 2.10b) 1.50b)

SO4
2- 2.38d) 2.36b) 2.30b) 2.34b)

H2PO4
- 6.42a) _ _ _

Herrero et al.  (2005)

log K
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US-EPA Portuguese law

Industrial 17.8 ± 0.1 5.4 ± 0.5 2.7 ± 0.7 2 ± 1

Synthetic 1 19 ± 1 6.7 ± 0.3 3.2 ± 0.4 2.2 ± 0.3

Synthetic 2 19± 1 5.3 ± 0.4 2.6 ± 0.4 1.6 ± 0.3

Metal concentration (mg/l)#

Nickel 3.98

After 3rd 

batch 

2.0

Effluent Original 
effluent 

After 1st 

batch
After 2nd 

batch 
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US-EPA Portuguese law

with 24 ± 3 21 ± 1 18.2 ± 0.8 17 ± 1

without 15 ± 3 5 ± 1 1.9 ± 0.2 1.2 ± 0.2

with 1.7 ± 0.3 0.2 ± 0.1 ND ND

without 1.5 ± 0.4 0.1 ± 0.1 ND ND

with 21.1 ± 0.4 6.8 ± 0.4 2.0 ± 0.1 0.8 ± 0.1

without 21 ± 1 8.6 ± 0.7 3.5 ± 0.5 2.2 ± 0.4

with 1.2 ± 0.1 ND ND ND

without 1.0 ± 0.1 ND ND ND
H�D--E 2.61 NS

;�D--E 3.98 2.0

��D--E 3.38 1.0

%����	�
 2.77 2.0

Presence of 
fluoride 

Metal concentration (mg/l)a

Limit discharge criteria
 Effluentb After 1st    

batch
After 2nd 

batch 
After 3rd 

batch 
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with 1.7 ± 0.3 0.2 ± 0.1 ND ND

without 1.5 ± 0.4 0.1 ± 0.1 ND ND

with 21.1 ± 0.4 6.8 ± 0.4 2.0 ± 0.1 0.8 ± 0.1

without 21 ± 1 8.6 ± 0.7 3.5 ± 0.5 2.2 ± 0.4

with 1.2 ± 0.1 ND ND ND

without 1.0 ± 0.1 ND ND ND
H�D--E 2.61 NS

;�D--E 3.98 2.0
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US-EPA Portuguese law
pH         (units) 6.0-9.0 2.1 6.0 2.3 6.0#

Eh           (mV) 474 593
TC         (mg/l) 8.3 11.5
TOC      (mg/l) 7.37 10.72
IC          (mg/l) 0.9 0.8
Cl-          (mg/l) 114.0 182.0

F-           (mg/l) 2.3 1.1
NO3

-         (mg/l) 50 5.2 7.4

SO4
2-        (mg/l) 2000 350 200 149

PO4
3-        (mg/l) 33 0.13

Cu2+

(mg/l) 3.38 1.0 19.6 3.7 10.5 1.5
(µM) 53.1 16 308 58 165 24

Ni2+

(mg/l) 3.98 2.0 22 21 75 21
(µM) 67.8 34 366 358 1278 353

Zn2+

(mg/l) 2.61 25 17 5.7 1.0
(µM) 39.9 381 266 87 15

Total Cr
(mg/l) 2.77 2.0 1.1 0.32 97 15
(µM) 53.3 38 21 6 1865 288

Cr6+

(mg/l) 0.1 <0.06 <0.06 75 <0.06
(µM) 2 <1 <1 1442 <1

Industrial effluent

B

Wastewater limit discharge criteria
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US-EPA Portuguese law

0.3± 0.2 0.5± 0.5 0.1± 0.1Cr(VI) NS 0.1 18 ± 1

24 ± 3 9± 2 3.7± 0.8 2.4± 0.6

ND ND

23 ± 2 22± 2 11 ± 1 5 ± 1

2.32 ± 0.03

2.0

NS 1.4 ± 0.2 ND

0.57 ± 0.08 0.25 ± 0.04

Metal concentration (mg/l)a)

Industrial 
effluentb)

After 1st 

batchc)
After 2nd 

batch 
After 3rd 

batch 

Limit discharge criteria

1.0 2.57 ± 0.04

Total Cr 2.77 2.0

Ni(II)

Zn(II)

Cu(II) 3.38

2.61

3.98

1.7± 0.4

<0.06

After 4th 

batch 

3 ± 1

ND

0.19 ± 0.04
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1 2 3 4

Recovery (%) 97 ± 5 100 ± 1 96 ± 5 98 ± 6 100 ± 1

Purity (%) 8 ± 1 40 ± 1 63 ± 7 77 ± 2 92 ± 7

Without 
wash

Washing steps at pH 10*
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0 1 2 3

Recovery (%) 100 ± 3 95 ± 6 88 ± 4 100 ± 6

Purity (%) 55.3 ± 0.1 97 ± 2 99 ± 1 99.4 ± 0.8

Washing steps at pH 10
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1st 2nd 3rd 4th 5th 6th 

Cu 1.5 0.41 0.35 0.13 0.04 0.08

Ni 0.7 1.1 1.2 1.2 4.9 4.8

Zn 1.5 x 103 5.9 x 102 3.0 x 102 15 1.4 0.4

Metal concentration 
(mg/l)
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1st 2nd 3rd

Cu 0.1 0.2 0.1

Ni 0.1 0.2 0.6

Zn 7.8 7.3 10
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Zn(OH)2 (s)
(Recovery: >99 %)

(Purity: 99.4 %)

Zn(OH)2 (s)
(Recovery: >99 %)

(Purity: 99.4 %)
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Yeast cells loaded with
heavy metals

Incineration at
550ºC

Ashes

Acid digestion

Solution with Cu(II), 
Ni(II), Zn(II) and

Cr(III) at pH 2
Electrolysis at

controlled potential

Cu (s)
(Recovery: 97.6 %)

(Purity: 99.8 %)
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Ni(OH)2 (s)
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Zn(OH)2 (s)
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Solution of Cr(VI) 
at pH 10

(Recovery 95.4 %)
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Na Cl Cu Ni Zn Cr

Cu(s) � � � 0.050 0.060 0.070

Ni(OH)2 (s) 0.30 11.4 0.40 � 0.40 2.3

CrO4
2- (aq) 5.78 18.2 � 3.0x10-5
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� 4.0x10-5

�

Metals
Contaminants (%, w/w)
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Metal % of metal 
precipitated

Cr 37.2
Ni 65.8
Zn 99.0
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