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ABSTRACT

  To dcverop a  nevel  remcdiation  fbr Cu- and  Zn-bearing wastewater,  the natural  attenuation  process in
Dougamaru  abandoned  mine  at Shimane Prefecture, Japan was  investigated. In the Dougamaru  abandoned

mine,  Cu- and  Zn-bearing mine  drainage was  naturally  attenuated  by formation of  green precipitate composed

of  Cu-bearing layered doubLe hydroxide (LDH), hydrowoodwardite (HW) with  chemical  formula such  as

Cuo.66Zno.ooFeo.oiA]o.2](OH)2(S04)o,Ls 
'
 mH20.  This attenuation  was  achieved  at pH  6.0 with  aeration  and  bacteri-

al respiration  and  without  any  neutralization  process attributed  to tbe mixing  with  spring  or  surface  water,  The
formation ofthe  HW  at  pH  6 is also  coiifirmed  by thermodynamic  consideration  in this study.  Tl]e formation

ptocess of  the HW  at the  Dougamaru  abandoned  mine  teaches  us  a  novel  techne]ogy  for rernediatjon  system

with  addition  ofAl  ion to wastewater  and  without  employing  any  extensive  chemical  treatment  processes.
  From  the experiment  to check  applicability  of  Cu- and  Zn-bearing LDHs  to wastewater  treatment, HW

(Cu-bearing LDH)  and  zincowoodwardite  (ZW; Zn-bearing LDH)  werc  obtained  by addition  ofA]  ion to the
Cu- amd  Zn-bearing wastcwater  from lowcr pH  condition.  The jmpTovement of  removal  eMciency  by  adding

Al jon in Cu-bearing wastewater  system  was  not  so  clear  in the experiment  because Cu  ien is removed  from
the synthetic  wastewater  due to Cu-hydroxyl sulfate  precipitation at  the  experimental  condition.  On  the other

hand, the removal  ecaciencies  of  Zn  ion showed  the range  frorn O to 30%  even  at pH  6.0 and  jmproved with
increasing jnitial Al ion contcnt,  The experimcnta1  results  in Zn-bearing  wastewater  system  indicate that the
safety  remediation  ofZn  ion can  be achieved  evcn  at  lower pH  than 6.0-7,O by selection  of  the ZW  as  a  can-

didate ofthe  solubility-limiting  solid  phasc. Moreover. because ofhigh  anion  exchange  capacity  ofLDH,  the

method  with  addition  ofAl  ion source  for the wastewater  treatment  may  also be usefu1  for the treatment of
wastewater  containing  Cu  and  Zn ions and  sirnultaneously  with  As, Se, and  Sb anions,  which  shows  good per-
formancc in terms  of  anion  remediation.

Key  werds:  Remediation, Hydrowoodwardite, Natural attenuation,  Layered double hydroxicle

tNTRODUCTION

  Cu  and  Zn  are  valuab]e  heavy metals  for electronics  and

metalizing  plating industries. Due  to the advancement  in
technologM  these metals  are  being mined  all over  the world
and  the demands for these metals  are  expected  to increase
extensively  in the future. Although  utilization  of  these  metals

is materially  and  economically  advantageous  fbr the society,

there  are  associated  risks  during the mining  of  these metals.
Nowadays,  the inevitable generation of  contaminated  mine

drainage as  a  result  of  mining  operation  is a source  of  en-
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vironmental  and  hcalth concerns.  Hence, the  treatment and

remediation  of  contarninated  mine  drainage rnust  be carried
out  not  on]y  during the mi'ning  operation  but also  after closure

of  the mining  site  in order  to avoid  health and  environmental

disasters.

  GenerallM the remediation  of  Cu  and  Zn  ions from waste-
water  has been canied  out  by neutralization  to pH  7.7L9.8,

(Pearson and  Mcdonnell, I975; Vermaak  et  al., 2006s Ri'os
et  al., 2008). The  remediation  has bcen attained  by formation
of  Cu-  and  Zn-hydroxides. For the neutralization,  various

antalkaline  regents  are  currently  being used  which  includes
limestone (Maree and  Plessjs, 1994), lime (Geldenhuys
ct  al., 2001), blast fuinace slag  (Feng et  al., 2004) and  fly ash

(Xenidis et al., 2000; Petrik et  al., 2003), However,  the reme-
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diation method  using  antalkalinc  has somc  problerns such  as

high cost,  production of  large amount  of  sludge  that necds  to

be disposed and  the releasc  of  hazardous elements  from  the

sludge  jn thc disposal sites.  Therefbre, a  novel  remediation

mcthed  that is lew cost  with  small  amount  of  sludge  produc-
tion and  minimum  risks to human  health and  the  environment

must  be developed in order  to achieve  sustainability  in thc

remcdiation  of  contaminated  mine  drainage.
  On  the other  hand, natural  attenuation  of  toxic  elements

which  is characterized  by the reduction  of  coneentratiQns  of

toxic elements  without  the interventions of  human  activities

are occasionally  observed  at  some  abandoned  mine  sites.

This natural  attenuation  proccss is definitely fi'ee, safe  and

environmental]y  friendly. [[hercfore, a sustaiiiable remediation

method  can  be dcvcloped by understanding  and  applying  thc
mechanisms  involvcd in natural  attenuation  process.

  In Eve verda  spring  in Italy (Tumiati et  al., 2008), the

mixing  of  acid  mine  drainagc containing  high Cu  ion content
with  the  hot spring  generates hydrowoodwarditc (HW), which
is eomposed  of  Cu-hydroxyl  sulfate and  classified as layered
double hydroxide (LDH) with  sttuctural  chemical  fbrmula of
Cui...AI.(OH)2(S04).･2 

'
 mH20.  During  the  mixing  process, the

Cu-bearing drainage was  naturally  attenuated  due to the fbr-
mation  ofHW  as  a  result  ofthe  neutralization  of  acid  drainage
(pH 3.0) with  hot spring  water  (pH 8.1). However,  this kind of

natural  attenuation  process is economically  disadvantageous

because the incrcase in pH  during neutraiization  is comparable
to that of  ordinary  neutralization  process used  in traditional

wastewater  treatment.  In addition,  Witzke  (1999) reported  the

natural  occurrence  ofHW  for the first time.

  In Dougamaru  abandoned  mine  at  Shimane  Prefecturc,

Japan, the  fbrmation of  HW  in the  mine  drainage was  also

reportcd.  In this mine  drainage, the pH  in which  the HW

precipitate was  formed is around  6 witheut  any  neutralization

process by the mixing  with  spring  or  surface  water  CWtLtanabe
et  al., 2003). Therefore, understanding  of  the HW  formation

process at tbe Dougamaru abandoned  mine  may  lead us  to a

novel  technology fbr wastewater  treatmcnt without  employing

any  extensive  ch ¢ mical  treatment proccsse$. However, thc
Watanabe  et  al. (2003) did not  discuss on  various  chcmical

conditions  such  as pH, conccntration  of  dissolved specics,  ¢ tc.

in ordcr  to forrn HW/  Although the mlneralogical  characteriza-

tion of  the precipitates was  carefu11y  conducted  in their study,

the infonnation needed  as a  basis to select HW  as a  good soljd

phase candidate  for Cu-bearing wastewater  treatment is insufl
ficient.

  Generally, natural  Cu-rich m'inerals  are  comnionly  as-

sociated  to carbonates,  sulfides, and  silicates but very  rare  to

oxides  and  hydroxides phases. Howcvcr,  occurrcnce  of  HW

discussed above,  LDHs  can  bc a]so  one  of  a  desirabte candi-

date as  a  solubility-limiting  solid  phase for wastewater  treat-

mcnt  contarninated  with  Cu  and  Zn  ions. Although the LDHs
have been extensively  studied  by many  workers  in various
rescarch  fields, the information regarding  the  chemical  condi-

tions ofHW  formation and  utilization ofLDHs  fbr wastewater

treatment is still insufficient,

  In this context,  the  precipitates and  mine  drajnage water  at

the  Dogamaru  abandoned  mine  were  investigated in ordcr  to

understand  the  chemica}  conditions  of  the ongoing  natural  at-

tenuation  process duc to HW  fbrmation. The thermodynamic

consideration  on  the fbrmation of  HW  was  also  examined.

Morcover,  expcrimental  investigations were  conducted  in
order  to evaluate  applicability  of  Cu- and  Zn-bearing LDHs  to

wastewater  treatment,

EXPERIMENTAL

Vlater analysis

  ln the Dogamaru abandoned  mine,  pH, Eh, electric condue-
tivity (EC) and  temperature  wcre  measured  on  site (pH meter,
WM-22,  TOADKK).  In laboratory expcriment  to check  the
removal  eracie"cy  ofCu  and  Zn ions from synthetic  wastewa-

ter, the same  parametcrs weTe  measured  by  the same  pH meter.

Water  samples  from the  Dogamaru  abandoned  mine  were

collected  by using  mixed  cellulose  membrane  filter (< O.45
pm)  and  then  1 volume  9,6 nitric  acid  added  to the  collected

water  sample  to avoid  precipitation during the  transfbmnation

to our  laboratory. Water  samples  from  laboratory experiments

were  collected  by the same  fi1tration. Concentrations ofmajor

elements  containing  Cu, Zn  and  Al  in the fi1trates from  the

Dogamaru al)andoned mine  and  the laboratory experiments

were  determined by an  {nductively coupled  plasma  atomic

emission  spectrometry  (ICP-AES, ICPE-9000, Shimadzu). On
the other  hand, the anion  concentrations  such  as  S042' were

measured  by ion chromatography  (IC, Metrohm  861 Compact

IC) with  O.1% Na,CO, solution  as eluent.

Precipitate analysis

  Powdered samples  of  the preeipitates with  random  ori-

entation  were  analyzed  using  X-ray difftactomctcr (XRD,
Rint2000, Rigaku) opcrating  at  30 kV and  20  mA  with  10
divergence, 10 scattering,  and  O.3 mm  reeeiving  slits, respec-

tively to dctermine the  mincral  phases in thc  precipitates. For

the natural  sample,  XRD  equipped  graphite-monochromated
CuKa  radiatien  (Multi Flex, Rigaku) was  used  due to tow
signallnoise  ratio in the XRD  pattern ofthe  sample.

  For observation  by scanning  eiectron  microscope  (SEM,
SSX-550, Shimadzu), natural  sample  was  mountcd  on  carbon

stubs  with  carbon  tape  and  coated  with  carbon  using  carbon

coater  machine.  The  element  mapping  was  also  conducted  by
SEM  equipped  with  an  cnergy  dispersive X-ray spcctrometry

(EDS) at  15,O kV  in accelerating  voltage,  Chemical  composi-

tions of  the natural  samples  were  analyzed  by ICP-AES  for

the sotution  dissolving thc prccipitatcs,

NN]URtY.  AI]TENUAI'ION AT  DOUGAMARU  MINE

Site andsamples

  Dougamaru abandoned  mine  is located near  Gouno River
in the Cu-Zn-sulfide mining  district of  Shimane  prefecture in

Japan. Orcs  from  the Dogamaru  abandoned  mine  are  mainly

consisted  of  chalcepyrite,  marcasite  and  sphalerite.  Although
the Dogamaru  mine  is abandoned  minc,  mine  drainage con-
taining  high concentrations  of  Cu and  Zn ions is still fiowing
fren] the mine  pit and  dump.  The  drainage is cascading  as

water  fa11, and  green precipitate is observed  on  the  wall  rock.

However,  the precipitate was  not  observed  in the drainage
before the caseading  and  after  mixing  with  Tiver  water  at
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bottom of  thc waterfa11.  Water sarnplcs  were  collected  and

]abeted such  as  RWI  (upstream in river water;  befbre mixing
with  mine  drainage), RW2  (downstream in river water;  after

mixing  with  mine  drainage) and  mine  drainage (MD). Photo-
graph of  the green precipitate and  schematic  diagram showing

positional relation of  sampling  locations of  water  (MD, RWI
and  RW2)  and  precipitate are  shown  in Fig. 1.

waterguality

  Thc mine  drainage was  characterized  by pH  around  6,O
and  Eh around  260 mM  while  the river water  displayed a

little difference in pH  and  Eh (6,2 arid 240 mM  respectively).

The above  two  water  samples  also  showed  the difference in
concentration  of  dissolved species.  For example,  the  sulfate

concentrations  in rNM  and  RW1  were  123 mg/L  and  6.44 mgfL,

Tespectively.  1lhe coneentrations  of  dissolved Cu  and  Zn  ions

in MD  and  RWI  were  ranging  3.35-19.2e  mg!L  and  O.04-

O.12 mg!L,  respectively.  Dissolved Al ion was  detected only
in MD  (O. 13 mglL).  ApparentlM  Cu  and  Zn  ion concentrations

go beyond  regulatory  limits ofthe  effluent  (3 mgtL  ibr Cu  and

2 mgiL  for Zn).

  On  the contraryl  coneentratjons  of  the dissolved sutfate,

Cu  and  Zn  ions in RW2  were  8.08, O.08 and  O.46 mg/L,  re-

spectively.  As the result  of  dilution by RW1,  concentrations  of

Cu and  Zn ions are  lowered and  beLow the regulatory  limits.
Because  the precipitatc does not  contain  K  ion, mixing  ratio of

MD  and  RWI  can  calculate  bascd on  K  ion concentrations  in
both water  sarnples.  Ifthe natural  attenuation  was  only  caused

by the diLution, t]]e concentratio"s  of  Cu  and  Zn  ions in RW2
are  expected  to be O.4l and  2.21 mg!L,  respectively.  However,
the measured  actual  va]ues  were  O.08 and  O,46 mg!L.  This

may  indicate that the natural  attenuation  was  not  only  due to
the dilution but also the precipitation. EquallM the concentra-
tions of  sulfate and  fiuorine ions were  also attenuated  by the
formation of  the precipitate.

Characterization ofthepreeipitate
  The XEUI) pattem ofthe  dried precipitate is shown  in Fig. 2,
The  precipitate displayed broad peaks which  were  completely

consistent  with  those  ofHW  shown  in Watanabe et al. (2003),
Therefore, it is deterrnined that the precipitate consists  of

single  phase of  HW.  In order  to investigate the  homegeneity

of  chemical  composition  in thc  precipitate, elemcnt  mappings

were  carTied  out  by using  SEM-EDS.  The  obtained  X-ray

irnage of  element  distribution maps  showed  that the  particles
were  always  consisted  of  the same  components  of  Cu, Al, Zn,
S and  F (Fig. 3). The  XRD  and  chemical  analyses  suggested

that the precipitate was  composed  of  HW  consisting  with

Cu, Al, Zn, S and  F. Average formula of  the  HW  from the
Dougamaru  abandoned  mine  was  caleutated  as  Cue,66Zno.og

Feo.oiAlo.23(OH)2(S04)o,is 
'
 mH20･

Geoehemical modt7iingfor  theformation ofHur
  Geochemical modeling  was  performed to consider  the

chemical  condition  fbr thc formation ofHW  at the Dougamaru
abandoned  mine.  Considering the situation  of  thc  sampling

FTG. 1. Pltoto of  thc green precipitate occur  en  the waL!  rock  at  the Dougarriai]j abandoned  mine  and  schematic  diagram showing  pesitional relation

   ofsampling  locations ofwater  (MD, RWI  and  RW2)  and  precipitate.
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of  the  green precipitate from  the Dougarnaru

field, the fommation of  HW  woutd  be attributed  to the  changes

in chcmical  condition  of  the drainage during the cascading

at  the waterfa11.  Aeration should  occur  during the  cascading.

However,  the change  in redox  condition  due to the aeration

is out  of  relation  to the  formation of  HW  because  the HW

contained  mainly  redox  insensitive elements  such  as  Cu, Zn

and  A]. By  the aeration  due to the cascading  and  respiration

by cyanobacteria  (identMed by l6S rDNA  analysis  ofisolated

strain) living on  the wall  rock,  partial pressure of  CO, should

be increased. When  the partial pressure of  CO,  is increased,
HW  containing  CO,2' as interlayer anions  (CO,2'-HW) may

generate. However,  the  formation of  HW  cannot  be modeled
clue to lack ofthe  thermodynamie  data.

  According to Allada et  al. (2002), the solubility  products of

LDHs  with  different anions  in their interlayers can  be calcu-
lated from solubility products of  minerals  with  fixed composi-
tion, particularly, simple  hydroxides, carbonates,  sulfates  and

others, fbr which  therrnodynamic data arc  availal)lc.  These

data were  calculated  on  the enthalpy  of  gcneration determined
by calorimetry  (Allada et al., 2002; Peltier et al., 2006; Allada

et al., 2006) and  on  the solubility product constant  deterrnined
by  solubility  rneasurements  (Johnson and  Glasser, 2003).

  Firstly, because ofluck  fbr thc thermodynamic  data of  HW,
AG"f  of  HW  was  calculated  using  the model  of  Bravo-Su6rez
et  al. (2004). Frorn this calculation,  AGOf of  HW  can  be esti-

mated  by the formula; GO, =  
-974.19

 ･ x  
-357,70,

 where  the
value  of  x  is AV(Al  +  Cu). As  the result  of  calculation,  AGO, of
the  HW  from  the  Dogamaru  al)andoned mine  is estimated  as
-649.96

 kJfmol,

  Secondary, AGO,  of  CO,2  -}IW was  calculated. In the cal-
cu]ation,  AGO,  of  the CO,2  -HW  was  not  Teportcd,  but those  of

Co-bcaring LDHs  (cfi Allada et  al., 2002; Peltier et  al., 2006;

Allada ct  al,, 2006) were  available,  Therefore, we  tried to

estimate  the AGe, by subtracting  the contributions  of  Co(OH),

and  CoCO,  (data from Bravo-Sutirez et  a]., 2004; Johnson and
Glasser, 2003) and  adding  those of  Cu(OH), and  CuCO,. The
AGO,  of  the CO;'-HW  [Cu,.7oAlo.]o(OH)2(CO])o 

is
 ' MH20]  WaS

calcu]ated  from the fo11owing formula;
  oAG

  ff]uo.nAlnr,o{oH)qco3}o.ls･mlllo

 
;AGOrcoo,7uAio3ocoHp{coj)o.is･mH!o70･15AGOiv"co:,

  +  O,15AGLc.c/ol - O,55AGOrc/.(oH)2 +  O･55AGOic,(eHn

The AGOf of  the resulting  CO,2'-HW  in the Dougamaru  aban-

doned mine  was  -614.60 kJ/mol.

  Stability diagrams obtained  using  Act2 software  in Geo-
chemist's  Worki]ench package with  the AGO, value  mentioned

FiG, 3. SEM  image  and  clcment  distrihution maps  ofcross-section  ofthe  precipitate.
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above  are  shown  in Fig. 4. If Cu- and  Zn-hydroxides  were

selected  as solubility-limiting  solid  phases, Cu- and  Zn-
hydroxides can  precipitate at  pH  6.6 and  8.0 in the drainage
at  the Dogamaru  abandoned  mine,  Tespectively.  Therefore,
the precipitation does not  occur  for the both elements  at pH  of

the drainage at the Dogamaru  abandoned  mine  (pH =
 6.0). As

shown  in Fig. 4, however, HW  can  be precipitated at  pH  6.0 if

the system  contains  Al  ion. ConsequentIy, if HW  is selected  as

a candidate  solid phasc for the treatment ofwastewater,  reduc-

tions of  Cu  and  Zn  ion concentrations  would  be available  by
neutralization  up  to pH  6.0. If it is available,  we  can  get thc
remediation  method  with  low cost, less sludge  volurne  and

low risk ofthe  sludge  disposal for long term.

APPLICP"]ION  OF  Cu- AND  Zn-BEARING  LDHS
     FOR  WASTEWMER  TREA]FMENT

      -3

(a) .3,5.4k:

 .4.sV

 .5st$
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   -6-6.5.7

      .3
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FTG. 4. Stability diagrams ef  the Cu- and  Zn-hydroxides, hydrowoed-

   wardite  in Cu-C02-H20  (a), Zn-C02-H20  (b), andAl-Cu-C02-SO,2=

   H20  (c) systems,

  Chemica] conditions  such  as pH  and  dissolved Al ion

concentration  for the formation of  Cu- and  Zn-bearing LDHs
were  experimentally  investigated and  tbe applicability  ofthese

LDHs  for wastewater  treatment was  evaluated,  The  synthetic

wastewater  containing  1000  ppm  of  Cu ion was  prepared
using  CuS04. A12(SO,), was  added  to set AllCu ratio as  O, O.1,

O.2 and  O,3, respectively.  After mixing  of  the synthetic  waste-

water  with  the Al-bearing solution, pHs  ofthe  mixed  solutions

were  adjusted  to 5.0, 7.0 and  9.0 ±  O.02 using  O,IM  NaOH

solution. The dried precipitates fbrmed  after  the mixing  were

analyzed  by XRD  to determined the mineralogical  composi-

tion of  the precipitates and  the filtrated solution  samples  were

analyzed  by ICP-AES to obtain  the removal  ernciency  of  Cu

ion from the synthetic  wastewater.  Moreover, a  similar  cxperi-

ment  was  conducted  fbr Zn-bearing wastewater  system.  In the

Zn-bearing wastewater  system,  no  precipitate was  observed

in all samples  synthesized  at  pH  5.0. Therefore, the pHs  of

the solutions  were  adjustcd  to be 6.0, 7.0 and  9.0 in the Zn-
bearing wastewatcr  system.

  Cu-hydroxyl  sulfate  minerals  such  as  brochantite (Cu,(OH),
(SO,)) and/or  posniakite (Cu,(OH),(SO,) 

'
 H,O)  were  formed

at  the AlfCu  ratios  ofO  and  O. 1 at  pH  5.0, 7.0 and  9,O. Figures 5,

6 and  7 showed  the XRD  patterns of  the precipitates fbrmed

T-gss-t'..h.-8-o

£

1020  30 40

   
"
 2e (CuKct)5060

FIG. 5. XRD  pattems  ofthe  precjpitates in Cu  system  at pH  5.0.
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at pH  5.0, 7.0 and  9.0, respectively.  The broad peaks of  HW
wcre  observed  in the samples  initially adding  Al ion. More-
over,  the XRD  patterns of  the precipitates at Al/Cu ratio =  O.3
at pH  5.0, 7.0 and  9.0 showed  only  thc broad peaks ofHW.

  On  the  other  hand, the  peaks of  zincowoodwardite  (ZW)
were  observed  in the samples  with  AYZn  ratio =  0.2 and  O.3,
but no  precipitates were  observed  in those with  AVZn  ratio  

==
 O

and  O.1 at pH  6.0. The natural  occurrence  ofZW  was  firstly rc-

ported by Witzke  and  Raade  (2000). Zn-hydroxyl  sulfate  min-

eral such  as  guarinoite [(Zn, Co, Ni),(OH, Cl)io(S04) ' 5H20]
was  observed  with  lower AYZn  ratio,  Figures 8, 9 and  10

showed  the XRD  patterns of  the samples  fbrmed at  pH  6.0,

7.0 and  9.0, respectively.  The  pcaks of  ZW  were  observed  in

the samples  with  AllZn ratio  =  O.2 and  O.3 at  pH  7.0 and  9,O.
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Therefore, the generation of  Cu- and  Zn-bearing LDHs  as  the

main  minerals  in the precjpitates wil] occur  in the presence of
high Al ion content.  Figure 11(a) and  (b) showed  thc removal

ethciencies  of  Cu  and  Zn ions from  the synthctic  wastewatcr

by the precipitation. In the  Cu-bearing wastewater  system  at

pH 5.0, the removal  eMciencies  were  from 30 to 40%  and  in-
dependent with  AYCu  ratios, On  the other  hand, even  at  pH  6.0,

the  removal  eMciencies  of  Zn  jon were  from  O to 30%  and

improved  with  increasing initial Al ion content.  This is due to
highcr solubjlity ofZn  ion than that Qf  Cu  ion at  pH  6.0, How-

ever,  precipitated phase (ZW) was  observed  when  Al ion was
added  in the  solution  even  at pH  6.0. In the traditional reme-

diation method  of  Zn-bearing wastewater,  antalkaline  reagent

is added  to the wastewater  to inerease pH  until  formation of
the  precipitate, Howcver, as  mentioned  above,  Zn  ion can  pre-
cipitate  at  lower pH  in the presence ofAl  ion, indicating cost
saving  fbr antalkal  ine regent.  Basically, the safety  remediation

ofZn  ion can  be achieved  even  at low pH  such  as 6.0 and  7.0
by selecting  ZW  as  a  candidate  of  the solubility-limiting  solid

phase. The  intcrlayer anions  of  Cu-LDH  can  be exchanged  for
other  anions  (Yamaoka et  al., 2000), and  Cu- and  Zn-bearing
LDHs  presumably  play a  role  of  adsorbents  for toxic anions.
From this aspeet, the method  with  addition  ofAl  ion source
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fbr the wastewater  trcatment may  also  bc  usefu1  for the waste-
watcr  containing  Cu and  Zn  ions and  simultaneously  with

anions  such  as  As, Se, and  Sb.

CONCLUSION

  In the Dougamaru abandoned  mine,  Cu- and  Zn-bearing

mine  drainage was  naturally  attenuated  by  fbrmation of  green
precipitate composed  of  Cu-bcaring LDH,  HW  (Cuo,66Zno.oD
Feo,oiAlu.2](OH)!(S04)o.ij 

'
 mH,O),  This attenuation  was  achiev-

ed  at pH  6.0 with  aeration  and  bacterial respiration  without

any  neutra]ization  process by mixing  with  spring  andfor

surfaee  water.  Generally, using  antalkaline  reagents  such  as

limestone, blast furnace slag  and  fiy ash, the remediation

of  Cu and  Zn  ions from wastewater  has been carried  out  by
neutralization  to pH  7.7-9,8. Therefore, the fbrmation process
of  HW  at  the Dougamaru  abandoned  mine  taught  us  a novel

tcchnology  fbr wastewater  treatment without  employing  any

extensive  chemical  treatment  processes. From  our  learning
at the Dogamaru  abandoned  mine,  reductions  of  Cu  and  Zn
ion conccntrations  would  be available  by neutralization  up  to

pH  6 when  HW  is selected  as  a  candidate  solid  phase for the
wastewater  treatment  with  addition  ofAl  ion to the  remedia-

tion  systcm.  The  fbrmation of  HW  at  pH  6 is also  confirmed

by thermodynamic  consideration  in this study.

  From  the experimcnt  to check  applicability  of  Cu- and  Zn-

bearing LDHs  to wastewater  treatment, HW  and  ZW  were

obtained  by additien  of  Al  ion to the Cu- and  Zn-bearing

wastewater  from  lower pH  conditions.  The  irnprovement of

removal  efficiency  of  Cu  ion by adding  Al ion was  not  so

clear  in the experiment  because Cu  ion was  removed  from the
synthetic  wastewater  by  Cu-hydroxyl  sulfate  precipitation at

the experimental  conditions.  On  the other  hand, even  at  pH  6.0,
the removal  efficiencies  ofZn  ion showed  the range  from O to
30%  and  improved with  increasing initial Al ion content.  The

experimental  results  in Zn-bearing wastewater  system  indicate
that the  safety remediation  of  Zn  ion can  be achieved  even  at

low pH  6.0-7.0 by selection  of  the ZW  as a candidate  of  the

solubility-limiting  solid phase. Moreover, because of  the high
anion  exchange  capacity  ofLDHs,  addition  ofAl  ion source

in the wastewater  may  also be usefu] for the treatment  of  Cu-

and  Zn-bearing wastewater  and  simultaneeusly  with  anions

such  as As, Se, and  Sb, which  shows  good perfbrmance {n
terms  of  anion  remediation.
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