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ABSTRACT

The  goal  of  this  Study  i5  to  determine  the  effect  of

pH  on  the  leaching  of  selected  elements  {rom  Coal-i ired

power  plant  i ly  ash  samples  and  whether  these  elements
would  be  present  in  toxic  amounts  in  the  lea[hate-     A

mc)dif ication  to  the  Environmental  Protection  Agency

Extra[tic]n  procedure  was  used  for  this  study.

Three  i ly  ash  Samples  were  separated  into  various

size  fractions.     Over  40-/.  of  each  sample  is  smaller  than  5

+Iutl  and  over  65%  i5  smaller  than  20  pun.     f}naly5i5  of   the

Size  fra[tion5  show  that  A1=0=,   Ea07   Mgo,   P=D=  and  §0=  are

Enriched  on  the  smallest  size  fra[ticlns  while  Fed,  1<=0,

Na=0,   §io=  and  Tio=  are  distributed  equally  amc]ng  the

Size  fraEtion5  or  are  Slightly  dEF]leted  on  the  smallest

fra[tion.     These  i ly  ashes  produce  slurries  whose  an  aver-

age  pH  i511.77.     f}[eti[  at=id  was  used  to  maintain  a  F)H  of

a,  6  and  4  +or  these  experiments.

Analyses  t]f  f`s,   Ca,   Cd,   Cr,   Fe,   Na,   Pb  and  §e  re-

vealed  that  the  highest  concentrations  t][c=ur  in  the  lea[h-

ate  produced  at  F)H  4.     The  concentrations  generally  de-

crease  rapidly  at  pH  4  and  then  more  Slowly  a5  the  F)H

increases.     Cr  and  Fe  Showed  an  amphoteri[  nature  as  the

con[entration5  reac=hed  a  minimum  at  near  neutral   pH`5  and

then  increased  slightly  at  Strongly  alkaline  PH.

1



The  C1-  [on[entration  was  greatest  at  pH  4,  decreased

at  a  [on5tant  rate  to  pH  a  and  then  more  slowly  ta  pH  11.8-

The  §0-=-  concentration  was  highest  at  pH  6  and  decreased

at  progressively  greater  rates  a5  pH  increased.     The  lower

than  expe[ted  §0+a-  concentration  at  pH  4  may  be  due  to

pretreatment  of  the  leachate  for  this  Set  of  experiments

f]rior  to  its  analysis.
f}s,  Cd,  [r.  Pb,  and  §e  are  all   present  in  amounts

exceeding  the  E.P.A.   taxi[ity  criteria  at  pH  4.     The

[oncentration5  for  all  but  §e  quickly  drop  to  below  the

toxit=ity  criteria  as  pH  increases.     Only  §e  remains  at

legally  dE+ined  toxic  levels  at  near  neutral  pHs.

2



I NTR0I)LJCT I 0N

Ct]al   is  one  of  the  leading  5oLirce5  of  energy  in  the

LJnitEd  States  and  the  world.     It  a[[ounted  for  24./.  t)i  the

total   energy  consumed  in  the  U.§.   (i.83  x   lot.  J}   and

apprc]ximately  33%   {1.05  x   logo  J}   of   world  [onsumptit]n

during   1980   {Ramage,1983}.

This  amounts  to  a  total   consumption  c]f  648  millic]n

metric  tons  of  cc]al   in   lpgo  and  670  million  metric  tons  in

1983  for  the  United  §tate5   {united  Nations,1985}.     Assum-

ing  an  average  of   14.2-/.  remaining  coal   ash   {Adriano  et

al.,   lp80),  this  results  in  the  generation  of  t71  million

metric  tons  of  ash  during  1983.     Eighty-+our  percent  of

the  ash  produced  by  the  ele[tri[  utility  industry,  which

[on5umed  73./.  c]f  the  coal  used  in   1975,   is  f ly  ash.     This

results  in  56  millit]n  metric  tons  of  fly  ash  generated  in

lp75  for  the  ele[tri[  utilities  alone.    fit  present,  fly
ash  produ[tion  has  dropped  tc)  less  than .46  million  metric

tons  per  year   {§hepard  et  al.,1985).     However,   the  amount

of  f ly  ash  produced  annually  c=an  be  Expected  to  increase

in  the  future.
The  electric  utilities  reported  that  about  70./.  of  the

ash  was  sluiced  tt]  storage  pc]nds  in   1975   (Adriano  et  al.,

1980}.     The  remainder  was  trucked  off.     About  65%  of  the

total  ash  was  ultimately  disposed  of  in  landfills.     Only

20.6-/.  t]f  the  total   ash  was  productively  utilized  in  1977.

3



This  i igure  has  dropped  to  apprc]ximatEly  17./.  at  present

(Shepard  et  al.,1985}.     The  rest  remains  in  the  storage

ponds.

The  great  quantity  of  [oal  ash  repre5ent5  a  signif i-

Eant  potential  source  af  Contamination  to  both  ground  and

surf ac:E  water.     Most  naturally  c)c[urring  elements  Can  be

found  in  i ly  ash,  albeit  mast  of  them  as  trace  elements.

However,  many  I)i  these  are  toxic  even  in  trace  amounts.

In  1978,  i ly  ash  was  [lassif iEd  as  a  5pe[ial  waste  by  the

LJ-S.     Environmental   Prote[tion  Agen[y   (ibid.).     This  Cate-

gory  is  much  less  Stringent  than  for  toxic  wastes,  but
requires  that  the  storage  ponds  be  Sealed  to  prevent  the

lea[hate  frt]m  c=ontaminating  local  ground  water.     Further-

more]   a  ground  water  fnonitoring  System  must  be  installed

on  Site   {Kopsick  and  Angino,1981}.     However,   in   1980,   the

special  I~astes  Category  was  abandoned  and  f ly  ash  was  re-

[lassif ied  as  nonhazardou5.     This  left  regulation  of  dis-

posal  af  i ly  ash  up  to  the  individual  States  {§hepard  et
al.,1985'-

The  purpose  af  this  study  is  to  examine  the  effect  of

pH  on  the  leaching  c)i  5ele[ted  elements  from  f ly  ash.
Numerous  studies  have  determined  that  pH  is  one  of  the

most  important  factors  in  controlling  the  leaching  a+  fly

ash.     Some  previc)us  studies  based  their  cc)n[lusions  about

ml=bilizing  different  elements  from  fly  ash  an  analyses  af

leachatE5  a+  different  i ly  ashes  at  their  naturally
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Bc[urring  pH   {Chu  et  al.,1978;   Kopsi[k  a  Angina,19ao).

Only  three  Studies  have  attempted  to  regulate  the  pH

directly  during  the  leaching  pro[es5   {Thei5  and  Wirth,

1977;   Phung  et  al.,1979;   Griffin  et  al.,1980}.

5



PF3EVI0lJ§   STUDIES

Several  5tudie5  have  been  performed  on  the  lEa[hing

of  i ly  ash,  however  there  has  been  little  similarity  in

the  methodologies.

Perhaps  the  earliest  study  was  F)Er formed  by  Jones  and

Lewis   {1960}.     In  this  study  25  g  samples  of  fresh  fly  ash

from  the  Hams  Hall   power  station,   England,  were  leached  in

i  cm  [olumns  under  a  [on5tant  head  ef   1  to  5  [m  at  a  rate

of  approximately  1   mL/min  for  approximately  20  hrs   {1200

mL  total).     The  leachate  was  [011e[tEd  in  40  mL  aliquot5

for  analysis.     Lea[hing  rates  for  a,  Ca  and  K  were  found

to  decrEase  rapidly  at  +irst  and  gradually  level  off .     Ncl

P,   f}1   c)r  Fe  were  dete[ted  in  the  lea[hate.     Nc)  mention  was

made  as  to  whether  the  pH  of  the  leachate  was  determined.

Thais  and  Wirth   {1977}   ran  a  series  of  experiments

where  ZOO  g  samples  of  fly  ash  were  Suspended  in  one  liter

of  distilled  water  for  24  hrs.     The  pH  I)i  the  51urriE5  were

maintained  at  5,   6,   P  and   12  with  NaoH  clr  Hclo=.     They

[entrifuged  and  filtered  the  slurry  and  analyzed  the

5LJpernate  for  I)a,   [d,   Cr,   Cu,   Ni,   Pt)  and  Zn.     Whole  ash

analyses  were  also  done  for  f}l,   Ca,   Fe,   Hg,   Mn,   and  §i   in

addition  to  those  elements  in  the  lea[hatE  Study.

The  results  of  Theis  and  Wirth'5  EXF)eriments  Showed

that  the  amount  a+  each  element  mobilized  decreases  with

increasing  pH.     The  notable  exception  to  this  is  As,  whit:h
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shows  a  major  increase  in  [an[entratiDn  from  pH  9  to  12.

This  is  prBE]ably  due  to  the  fact  that  it  forms  insoluble

[ompc)tJnd5  with  many  metals  and  I)re[ipitates  out  af  solu-

tion  normally.     However,  at  higher  pH5  the  Concentrations

of  these  metals  are  greatly  diminished  and  the  AsO+=-

anion  remains  in  solution  because  its  solubility  product

i5  not  exceeded.

Thei5  and  Wirth  also  suggest  that  the  readily  lEa[h-

able  trace  elElnent5  are  primarily  a5so[iatEd  with  surf ac:e

deposits  of  Fe,  Mn  or  Al  oxides  on  the  f ly  ash  parti[1e5.

A5so[iation  with  alkali  metal  and  alkaline  earth  oxides

were  not  examined  here.     Elements  as5o[iated  I.ith  the

=ili[a-alumina  glass  matrix  are  available  for  leaching

only  after  extensive  weathering  of  the  ash.

[hu  Et  al.   {1978}   performed  studies  on  several  power

plants  operated  by  the  Tenne55ee  Valley  Authc)rity.     The
discharge  water  from  twelve  ash  settling  ponds  received

detailed  [hefnical  analyses.     The  pH  of  these  samples

ranged  from  5.3  to  12  with  the  background  pH  of  the  river

waters  ranging  from  7  to  8.     The  pH  was  correlated  with

the  [cin[entration  ratios  c}f  Ca=+  to  §0~=-.

Chu  et  al.   al5c)  ran  leaching  studies  on  two  fly  ash

Samples,   one  low  Ca   {5lightly  aEidic}   and  cine  fnoderatEly

high  [a   {alkalinE}.     Samples  of  the  fly  ash  were  leached

in  thirty  times  their  weight  of  river  water  for  24  hours

at  20-C.     They  i iltered  the  slurry  through  a  0.45  micron
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membrane  i ilter  and  discarded  the  leached  i ly  ash.     They

then  drew  off  a  portion  c]f  the  supernatE  for  analy5i5  of

Ag,.  Al,   A5,   8,   Ba,   Be,   [a,   [d,   [1,   [N-,   Cr,   Cu.   Fe,   Hg,

Mg,   Mn,   N,   P,   Pb,   Ni,   §e,   §i,   S04=-and   Zn.      They  also

analyzed  the  river  water  far  background  levels  c)i  these

elements.     They  repeated  the  pro[e5s  nineteen  additional

times  using  fresh  i ly  ash,  but  the  Same  supernate.

Based  on  their  exF)eriment5,  Chu  Et  al.   concluded

that  particle  size,  agitaticin  of  the  slurry,  pH  of  the

Slurry  and  temperature  inf luen[e  the  mat)ilization  of

ElelnEnts  froln  the  f ly  ash.     The  trend  of  the  ratio  of  the

element  leached  to  its  total  [Bn[entratic)n  in  the  ash  i5

§e   }  a   }  Cr   >  Ni   >  Cu   }  Ba   >  A5   }   Zn   >  Al   for   alkaline

51urrie5.     The  trend  for  neutral   slurrie5  i5  8  >  Cd  >  As  >

§e   >  Zn   >  Ni   >  Iln   >  Cu   }  Ba.     They  also  determined  that

the  mobilization  o[[Lir5  rapidly  with  the  change  in  pH  and

spe[if ic  [ondu[tan[e  be[ome5  relatively  [onstant  within

i our  hc]urs.

Phung  et  al.    {1979}   leached  0.2  to  5.a  g  samplEs  of

f ly  ash  in  24  mL  t]f  deionized  water  for  three  days.     The

slurries  were  left  at  their  natural  pH  of  12.3  c]r  were

adjustEd  to  9.0  or  6.0  with  Hcl  twice  daily.     At  the  end

t]+  3  days,  the  5lurrie5  were  diluted  to  30  mL,  t=entri+uged

and  i iltered.     The  supernate  I.as  then  analyzed  for  a,  Ed,

Co.   Cr,   Cu,   Mn,   Ni,   Pb   and   Zn.

The  experiments  performed  by  Phung  Et  al.   showed
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that  the  lnobilizatian  of  a,   Pb,   Co,   Cr,   Ni,   and  Inn  in-

Erea5ed  greatly  at  lower  pHs.     Zn  mol]ilization  increased

to  a  lesser  Extent.     Cu  and  Cd  mobilization  increased  by  a

relatively  small  amount.     These  and  other  experimental  re-

5ult5  on  i ly  ash  amended  sails  led  theln  to  Conclude  that

the  alkalinity  of  the  fly  ash  and  Sail  pH  and  texture

should  bE  [onsidered  as  well   a5  hydrology  and  [lilnate  when

selecting  disposal  Sites  ft]r  f ly  ash.

Churey  Et  al.    {197P}   suspendEd  t]ne  gram  of   fly  ash

from  28  dif+erent  5ourEe5  in  ZOO  mL  of  distilled  water  for

two  hours  at  rcii=m  temperature.     The  5upernatE  was  analyzed

tor   As   {0.00  tt]  a.11   mmole/L},   E   {0.06  to  7.37  mmole/L},

Ilc]   {0.00  to  a.08  mmt]1e/L} ,   P   {Cl.00  to  a.17  mmole/L}   and   §e

(a-00  tcl  a.08  mmale/L}.     They  suggest  that  differences  in

the  lea[hate  [13nEentration5  may  be  due  to  the  original

[c)mposition  of  the  5i]ur[e  Foal   and  combustion  Conditions.

They  al5c)  ref Er  tc]  the  impBrtan[e  of  the  predc)minant

partic:le  size  of  the  ash   {Davi5on  et  al.,1974}`   in  deter~

mining  the  5urfa[e  area  of  the  particles  available  for

leat=hing  per  unit  mass.

Griffin  et  al.   {1980}   performed  a  series  of  Experi-

ments  in  which  Eleven  Coal   wa5te5,   af  whi[h  One  was  a  f ly

ash,  Were  leachEd  a5  lox   (weight  ta  volume}   slurries  +or

Six  months.     The  long  period  of   time  was  chc)gen  ti]  allc)w

the  5lurriEs  to  Eolne  to  Complete  equilibrium  insteaE]  of

mobilizing  only  the  readily  available  surface  materials.
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Eight  duF)1icatE  sets  of  each  sample  were  leached,   four

under  an  air  atmosphere  and  i our  under  an  argon   {0=  and

CB=  free}   atmosphere.     One  Set  in  each  groLip  was  allowed

to  react  uflder  its  natural  F)H:   4.08  L]nder  air,  4.26  under

Ar.     NaoH  and  HNO=  were  used  to  maintain  the  other  three

sets  in  each  group  at  other  pHs:   8.82,  7.97  and  2.74  under

air;   9.98,  7.08  and  2.52  under  Ar.     The  slurries  were

stirred  daily.     The  supErnate5  were  then  analyzed  for  36

different  elements  or  ioni[  5pe[iEs  along  with  the  [hemi-

[al  0=  demand,  elE[trocondu[tivity  and  Eh.     The  i ly  ash

was  also  analyzed  fc)r  53  elements.

FIe5ult5  of  the  exF)eriment5  performed  l]y  Griffin  et

al.   Showed  that  in  alfnc)st  all  cases  the  metal  concentra-

tions  were  hi.ghest  in  the  5upernatE  of  the  lowest  PHS.

Ft]ur  metals:   A1,  total   Fe,  Iln  and  Zn  were  at  elevated

levels  in  all  of  the  a[id  5upernates  and  thought  to  repre-
sent  the  greatest  environmental  hazard.     Ca  levels  were

also  higher  than  ret=ammended,  but  are  not  believed  to

represent  a5  great  a  threat.     Sulfate  was  the  dominant

anioni[  sF)ecies  present  and,  along  with  [1,   Na  and  K,

Showed  no  regular  trend  in  fnobilizatiBn  with  I)H-

Gri+fin  et  al.   [on[luded  that  pH  and  redax  potential

are  prat)ably  the  two  most  important  factors  governing  the

mobilizatic)n  c)i  elements  from  Coal   50lid  iua5te.     Materials

with  lc)w  natural  pH  represent  the  greatest  potential

threat  tt]  the  environment.     f}150,  of  the  eleven  materials
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tested,  only  the  +1y  ash  lea[liatE  Could  t]e  [on5idered

a[utely  toxic   {Ed  con[entrations  exceeded  the  E.   P.   f}.

primary  drinking  water  standard  by  a  factor  af  4  at  the
natural   pH}.

Kopsick  and  Anginci   {1981}   ran  experiments  on  six   f ly

ashes  and  three  bottom  ashes  from  around  the  Country.     In

these  experiments.  5  [m  inside  diameter  [olumns  were

packed  to  a  height  of  46  [m  with  ash.     Distilled,  deion-
ized  water  was  rLin  thrc)ugh  the  columns  frc)in  the  bottom  and

Seven  samples  were  Collected  over  a  two  hour  period.     The

prc)[e55  was  repeated  twi[e  at  one  week  intervals  on  the
original   samF)leg  which  were  keF)t  Saturated  during  the  in-

tervening  periods.     The  lea[hate  Samples  were  analyzed

{t]r  Ca,   Cu,   Fe,   1<,   Hg]   Mn,   Na,   Pb   and   Zn  as  were  the

soLir[e  ashes.

Kopsick  and  Angino  concluded  that  the  various  ele-

ments  were  nc)t  all   lnobilized  proportionally  to  the  [ompc)-

sition  of  the  whole  ash.     Ca,   K,   Mg  and  Na  are  reaclily

mobilized  while  Cu,   Fe,   Mn,   Pt)  and   Zn  were  mobilized  more

Slowly.     The  pH  of  the  lea[hates  tended  to  be  higher  for

the  western  ashes  whi[h  were  enriched  in  I:a  and  Mg.     Two

t]f  the  three  bc]ttom  a5he5  produced  a  more  a[idiE  lea[hate

than  their  corresponding  i ly  ashes.

Various  5tudiE5  have  al5c)  been  performed  on  the  as5o-

[iation  1]+  dif+erent  elements  on  f ly  ash  particles  of  dif-

ferent  Sizes.   It  has  been  observed  that  Certain  elements
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are  [on[entrated  i]n  the  smaller  particles.

Natus[h  et  al.    {1P74}   and  Davi5on  et  al.    {1P74}

ot)tained  i ly  ash  Samples  +ron  both  the  [y[lone  pre[ipita-

tor   tin  bulk}   and  the  exhaust  5ta[k   {using  an  Andersen

5ta[k  sampler}   of  a  [aal-tired  power  plant.     The  pre[ipi-

tatc]r  samples  were  divided  into  Size  fractions  of   >74  ;illt

and  44  to  74  ;Im  by  sieving  and   >40  prli,   50  to  40  tiiii,   20  to

=0   illll,    15  to  20   +tlil.    10   to   15  quli,   5  to   10   +im  and   <5   /im  by

aerodynami[  methods.     The  exhaust  Stack  Samples  were  also

divided  intc]  size  fractions  of   >11.3  prii,   7.3  to  11.5  jlm,

4.7  to   7.3  +|m,   3.5  to  4.7  quii,   2.1   to  3.3  qull,i.1   to  2-I   Hln

and  a.65  to   1.1   jlLlit  by  the  Andersen  sampler.

Chemical   analy5E5  by  Natus[h  et  al.   and  Davi5c)n  et

al.  t]f  these  different  size  fractions  revealed  that  f`s,

Cd,   [r,   Ni,   Pb,   §,   §b,   §e,   Tl   and  Zn  Showed  pronounced

trends  of  in[rEasing  con[entration  on  the  Smaller  Size

fractions.     Al,   Be,   C,   Fe,   Mg,   Mn,   §i   and  V  sht)wed  limited

trends  of  increasing  [on[entration  on  the  smaller  Size

+ractions.     Bi,   Ca,   [o,   Cu,   K,   §n  and  Ti   did  not  show  any

apparent  [on[entration  trends.
Natus[h  et  al.  proposed  a  volatilization-adsorptiBn

tar  condensation}   model  to  explain  the  various  observed

conc:Entratic]n  trends.     Elements  in  the  i irst  group.  pri-

marily  in  the  form  of  axide5,   have  lower  boiling  or  5LJE)-

limation  temperatures  than  those  in  the  second  and  third

grc)up.     Thus  they  are  more  easily  vc)1atilized  in  the  high

12



temperatures  of  the  power  plant  Combustion  [hamt)er.     A5

the  gases  cool,  the  volatilized  elements  Condense  c)n  the

5urfa[e  of  the  i ly  ash  parti[le5,  forming  a  layer  a+  uni-

form  thickness  c)n  the  particles  regardless  of  the  particle

Size.     §in[e  smaller  parti[le5  have  a  greater  surfac=e  area

per  unit  mass,  assuming  similar  densities,  than  larger

parti[les;   the  more  readily  volatilized  Elements  will  have
a  greater  [on[entration  in  the  smaller  Size  fra[tion5.

Those  elements  with  higher  bt]iling  or  sublimation  temper-

atures  will  be  found  in  the  glassy  matrix  of  the  i ly  ash

partic=lE5  and  will   be  more  uniformly  distributed  among  the

various  size  +ractic]ns.

The  elements  f`5,   Cd,   Cr,   Pb,   Sb,   §e  and  Tl   in  the

first  group  af  Natu5[h  et  al.   and  Davi=on  et  al.   are  Con-

sidered  moderately  to  acutely  toxi[.     The  Smaller  fly  ash

particles  are  those  most  likely  tB  escape  the  pollution
c:ontrt]1   5y5tem5  c)i  power  plants  and  Can  be  respirated

deeply  into  the  lungs  where  the  trace  elements  are  eff i-

[iently  transferred  into  the  blood  stream.     Thus,  the  pc)l-

lution  Control  te[hnolBgy  employed  in  [aal-f ired  power

plants  i5  least  effe[tive  in  Controlling  the  most  poten-
tially  harmful  particulate  emissions.

I<1ein  et  al.    (1975}   analyzed  the  Ec]al.   slag   {er  bot-

tom  a5h} ,  f ly  ash  and  i lue  gases  of  a  large  coal-f ired

power  plant  in  Memphis,  Tenne55ee  for  thirty-Seven  ele-
ments  to  trace  the  pathways  af  the  elements  through  the
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System.     They  determined  that  most  of  the  elements  i it

into  one  c]f   three  t=1asse5.     t=1ass   I  elements:   Al,   Ba,   Ca,

CE,   Co,   Eu]   Fe,   Hf ,   K,   La,llg,   Hh,   Rb,   §c,   §i,   §m]   §r,   Ta,

Th  and  Ti  are  readily  incorporated  into  bcith  the  slag  and

f ly  ash,  I]eing  partitioned  al]out  equally  between  the  two

phases.     Cla5s   11   elements:   As,   Cd,   Cu,   Ga,   Pb,   Sb,   §e  and

Zn  are  found  primarily  in  the  f ly  ash  phase  and  with  a

relatively  minor  presence  in  the  Slag.     Class  Ill  elements:

Br,  Cl   and  Hg  remain  almost  entirely  in  the  gas  phase-

Cr,   Cs,   Na,   Ni,   U  and  V  do  not  readily  fit  intc}  any  of  the

three  [la55Es,  but  apt)ear  tc)  be  intermediate  between

Cla5se5   I   and   11.

The  Cla5s  I  elements  of  l€1Ein  et  al.   are  not  readily

vt]latilized  during  the  [ombu5tion  of  the  Coal.     They  tend

to  form  a  unift]rm  melt  and  rEmain  in  the  glassy  matrix  c]f

both  the  slag  and  i ly  ash.     fill  of  the  Class  I  elements

are  [1as5ified  by  Ma5c)n   {1966}   a5  lithophile  elements,

those  associated  with  aluminasili[ate  lninerals  in  the

Earth.5  crust.     The  two  exceptions  are  Co  and  Fe  which  are

siderophile  elements,  those  a5so[iated  with  the  earth`s

metallic  Core.     These  twc)  also  exhibit  se[ondary  litho-

phili[  and  chal[ophili[  affinities.     Chalcophile  elements
are  those  associated  with  5ul+ide  minerals  in  the  earth'5

t=ru5t .

The  Class  11  elements  of  Klein  et  al.   are  more

readily  volatilized  at  [ombustian  temperatures   {tyF)ically
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1300  to  1500  I  according  to  Natusch  et  al.    {1974}   and

less  than   1650  I  according  to  §hannon   {1782)}.     They

escape  from  the  slag  phase  with  the  i ly  ash  and  i lue  gas

and,  as  the  exhaust  cools,  Condense  or  are  adsorbed  onto

the  i ly  ash  F]arti[le5.     They  are  in  close  agreement  with

the  list  of  elements  found  by  Natusch  el  al.     and  I)avison

et  al.   (see  above}   to  shc]w  pronounced  trends  of  increas-

ing  c:oncentration  on  Smaller  particles.     The  exceptions

are  [u,   whi[h  Showed  no  Clear  trend,   and  Ga]   which  was  not

investigated.     All  of  the  Class  11  elements  are  [lassified

as  chalEophile  elements  by  Mason,   except  for  Cu  whi[h  fnay

be  either  a  [hal[c)phile  or  a  lithoF)hile  element.

Of  the  six  un[la55ified  elements  c)i  Klein  et  al.,  [5,

Na.   U  and  V  are  [la5sified  as  lithophile  elements  by  Mason.

Cr  and  Ni   may  be  either  lithoF)hile  or  [halcophile  elements-

Cc)leg  et  al.   (1979}   [01le[ted  samples  of  the  input

coal  and  stack  i ly  ash  from  a  large,  western  power  plant.

The  i ly  ash  was  divided  intc)  four  size  fractions  with  ma55

median  diameters  of  2.4,   3.7,   6.a  and   18.5  prtl  by  a  sF]ecial-

ly  designed  sta[k  Sampler.     The  t=oal,   a  low  sulfur   {0.46%},

high  ash   {23%}   type,   was  anal`yzed  ft]r  44  elements.     The

i ly  ash  was  analyzed  for  42  elements.     Forty  elelnEnt5  were

classif ied  into  three  groups  based  on  the  distribution

afnong  the  Size  fra[tions.     6rouF)   I  elements:     Al,   Ca,   CE,

C5,   Dy,   Eu,   Fe,   Hf ,1<,   La,   Mg,lln,   Na,   Nd,   Rb,   §c,   §m,   Ta,

Tb,   Th,   Ti   and  Yb  shc]w  little  or  no  variation  among  the
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size  fractions.      Grc)up   11   Elements=     A5,   Cd,   6a,   Mo,   Pb,

Sb,   Se.   W  and  Zn  be[ome  in[reasingly  more  Eon[entrated  on

the  Smaller  size  fractions.     Group  Ill  elements:     Ba,  Ee,

Co,  [r,   Cu,   Ni,   §r,  U  and  V  demonstrate  intermediate

behavior  between  Gri]ups   I  and   11.

The  Group  I  elements  of  Cole5  et  al.   are  all  Classified

as  lithaphile  elements  by  Hason.     These  Elements  are  primarily

incorporated  in  the  glassy  matrix  of  the  ash  parti[les  al-
though  some  will  react  with  H=§0.  on  the  surface  ta  form

various  sulfate  crystals,  especially  Ca§0~.     The  Grt]up  11

elements  are  clas5if iEd  a5  [hal[ophile  elements.     The  Ele-

ments  are  believed  to  be  mostly  volatili=ed  during  combus-

tion  of  the  Coal  and  later  Condense  t]nto  the  parti[1e5-

The  Group   Ill  eleflients  Show  a  trend  I)i  increasing  concen-

tratit]n  on  the  smaller  size  fractions,  but  to  a  lE55er
extent  than  the  Group   11  elements.     According  to  Ma5on's

Scheme,   [u,   Ca  and  Ni   may  bE  found  in  a=5ociation  with

both  aluminc]5ili[ates. and  5ulfides  in  the  earth'5  [rust.

Ba,  EE.  Cr,  Sr,  u  and  V  are  all  classified  as  lithc)phile

elements.

Smith  et  al.    {1979}   [elle[tEd  fly  ash  Samples  from  a

coal-fired  powEr  plant  in  Centralia,  Washington.     The  ash

was  divided  into  seventeen  size  fraEtions=   <0.2  gun.   0.2

to  0.5  pun,   0.5  to  a.9  prii,   a.9  to   1.5  +4n,   I.5  to  3  quli,   3  to

6  rlll,   6  to   10  +4ii,   10  to   12  |un,    1Z   to   18  ;rm,   18  €0  22  jlili,

22  to  30  prii,   30  to  35  pull,   35  to  50  pun,   50  to  60  +tlii,   62  to
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74  prli,   74  to   149  pull  and   >14P  pun  using  an  air  Elutriatil]n

technique  for  all  but  the  two  [c)ar5est  fractions  whit:h

were  divided  by  a  sonic  Sifter.     Ea[h  size  fraction  was

analyzed  ft]r  Al,   As,   Ba,   Ca,   Ce,   Cr,   Cu,   Fe,   Ga,   6e.1<,

La,   Mn,   Mo,   Nb,   Ni,   P,   Pb,   FIB,   §,   Se,   §i,   §n,   §r,   Ti,   V,

Y,   Zn  and  Zr  by  X-ray  fluore5[en[e.     Br,   Cd,   C1,   Co,   [5,

Eu,   Hg,   I.   In,   Nd,   Pd,   Pr,   Rh,   Ru,   §b,   §m,   Te  and  u  were

also  analyzed  for,  but  were  not  found  in  con[entration5

above  their  detection  limit.

Smith  et  al.  determined  that  there  are  [lear  trends
of  inc=reasing  [on[Entration  t]n  the  smaller  I)arti[le5  for

As,   t=r,   Ea,   Ge.   Ho,   Ni,   P,   Pl],   §,   §e,   Sn  and   Zn  with

less  well   clef ined  trends  fc}r  1<  and  V.     The  Concentrations

of  the  remaining  elements  were  generally  independent  of

particle  size.     All  of  the  at)ave  elements  Showing  a  Concen-

tration  trend  are  classified  as  [hal[c]phile  elements  by

Mason,   except  for  Eu  and  Ni   which  may  be  either

chal[ophile  or  lithophile  elements  and  [r,  1<,   P  and  V

whi[h  are  lithophile  elements.

Smith  et  al.  generally  agree  with  the  volatilizatic)n-

ad5orption  model  of  Natus[h  et  al.  for  the  larger  fly  ash

F)articles.     However,  they  observed  that  even  those  ele-
ments  that  show  increasing  concentration  on  the  smaller

size  fra[tian5  tend  to  level  off  below  2  jilit.     To  exF)lain

this,  they  proF)osed  a  model  for  the  fc)rmation  of  the  slllal-

lest  particles  by  the  bursting  of  larger  particles  from
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release  of  gas.     The  resulting  5ubmicron  particles  then

Coagulate  into  a  suite  of  parti[1es  of  smaller  than  3  +illl.

This  I)recess  dominates  the  fc)rmatil]n  of  particles  smaller

than  2  idli.     If  the  Condensation  of  the  volatilized  ele-

ments  occurs  prior  to  the  completion  of  the  coagulation,

then  the  [on[entration  of  these  elements  would  be  largely

independent  of  size  +or  these  particles.

Most  of  the  Studies  described  above  used  type  F,   i.e.

high  Fe  and  low  Ca,   f ly  ash.     The  Study  by  Jones  and  Lewis

{1P60}   makes  no  mention  of  the  analysis  of  the  fly  ash

itself .     Theis  and  Worth   {1977}   published  only  the  range

c)i  analyses  of  eleven  i ly  ashes,  but  these  suggest  that

they  were  probably  type  F.     Chu  et  al.   {197a}   reports  the

analysis  c)i  only  two  of  the  f ly  ashes  used,  both  t]f  which

are  type  F.     Churey  et  al.   {1979}   ol]tainEd  samples  from

around  the  LJnitEd  §tate5.  but  does  not  report  the  analysis

of  the  whole  ash.     Briffin  Et  al.    {1980}   examined  a  type  F

fly  ash.     l<opsi[k  and  Angino   {1981}   examined  four  type  F

and  two  type  I,   i.   a.   high  Ca  and  low  Fe,   fly  ashes-

The  studies  involving  the  distribution  of  elements  on

different  size  fractions  af  i ly  ash  by  Natusch  et  al..
(1974},   I)avison  et  al.    {1974}.   I<Iein  et  al.    {1975),   and

[oles  et  al.   {1979)   were  all  perft]rmed  with  type  F  ashes.

Only  the  study  by  Smith  et  al.   {1979}   used  a  fly  ash  with

near  equal   amounts  of  Ca  and  Fe.
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THE   JEFFFIEY   ENERGY   CENTER   ANI}   SOURCE   COAL

Fly  ash  Samples  for  this  Study  were  ot)tainEd  from  the

Je+frey  Energy  [entEr   {NE|/.,  §ec.     7,   T9§,  R12E}   in  Pot-

tawatamie  County.   Kansas.     The  plant  is  principally  owned

and  operated  by  the  I<an5as  Power  and  Light  Company.

The  Jeffrey  Energy  Center  con5i5t5  of  three  identical

coal-i ired  generating  units.     These  units  Lise  the  entrained

bed  5y5tem  where  the  coal   i5  i irst  ground  to  a  i inE  I)owder

and  then  lJlown  into  the  Combustion  chamber  of  the  boiler

with  hot  air.     Water  is.  circulated  through  a  network  of

pipes  and  is  Converted  ta  Steam  tB  drive  the  generator
•turbine5.     The  f lue  gases  and  i ly  ash  are  i irst  passed

thrt]ugh  an  ele[trostati[  precipitator,  which  removes  99-/.  c)f

the  F)articulates,  and  then  on  tB  the  stack  gas  s[rubbers

which  remove  the  §0=.     The  i lue  gases.   which  now  t=onsi5t

primarily  o{  COS  and  water  vapor  with  minor  amounts  of  §0=,

N=0.   NO,   NO=  and  i ly  ash  that  get  past  the  pollution

abatement  5y5tem5,  are  exhausted  through  three  183  in  chim-

nEys.

The  Jeffrey  Energy  Center  uses  approximately  6.a  mil-

lion  metri[  tons  of  Coal   per  year   (Larson,1985}.     Maximum

daily  coal  Ean5umption  for  the  plant  is  aF)proximately

23000  metric  tons  and  8000  metric  tc]ns  per  unit.     Each

unit  prgdu[es  approximately  270  metric  tons  of  f ly  ash  per

day.
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The  Jeffrey  Energy  Center  obtains  its  ct]al  from  the

Belle  Ayr   {§e[.   34,   T4BN,   R7lw}   and  Eagle  Butte   {§e[.   26,

T51N,   Ft72W}   mines   in   Campbell   County.   Wyoming.      Both   mines

are  operated  by  the  Amax  Coal   Company.     Coal  prBdu[tion

during  1980  was  14.6  million  metric  tons  for  the  Belle  Ayr

mine  and  7.6  million  metric  tans  for  the  Eagle  Butte  mine

{§chmidt  &  Bt]yer,198=}.     The  Operator  plans  to  change

production  to  10  million  and  22  million  metri[  tBn5,

respectively  during   1986  and   12  million  and  20  millit]n

metri[  tans,  re5pe[tively  during  1991.

Both  the  BELIE  F}yr  and  the  Eagle  Butte  filinE5  take

coal   from  the  Anderson-Canyon   (Wyt]dak)   seam  of   the  Fc]rt

Union  Ft]rmation  of  the  Powder  River  Basin  coal   f ield-

This  5ubt)ituminous  [oal   i5  of  Paleo[Ene  age   {61as5,1975}.

The  seam  mea5ure5  22.7  in  thick  at  the  Belle  ayr  mine

{ibid.}     and  averages  21  in  thick  thrc)ughaut  the  Wyoming

F)Ortit]n  of   the  basin   {Energy  FtEsourEe5,1980).     The  [oal

is  described  as  generally  banded  I-ith  vitrain  I)ands  and

moderately  dull  to  moderately  bright  attritus  {Gla5=,

1975}.     Wac)d  grain  is  [ofnmonly  visible  in  the  lower  70%  of

the  seam.     Fracturing  is  variable.     The  top  a.25  in  of  the

seam  is  shaly.     A  thin  [art)c)na[eou5  [1ay5tone  layer  is

Present  3.i  in  from  the  bottom  o{  the  seam.
Belle  Ayr  coal   genErally  yields  I.97  x   10'  J/kg  inihen

burned  and  Contains  a.36./.  Sulfur  and  5.33%  ash   {Schmidt  and

Boyer.1t783).     Eagle  Butte  Coal   generally  yields  i.93  x   107
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J/kg  and  [t]ntain5  a.44%  sulfur  and  5.15-J€  ash.     This  is

similar  to  an  average  heating  value  of  2.05  x   107  J/kg

{range:   I.71  x   lop  to  2.24  x   107  J/kg,   basecl  an  79  samples),

an  average  sulfur  content  af  0.a-/.   {range:   a.1  to  3.5-J£}   and

an  average  ash  Content  af  6.3%   {range:   3  tc)  16-/.}   for  the

Entire  Powder  F=iver  Basin  [aal   i iEld   {Energy  Fte5our[es,

1980}.     Results  of  a  detailed  c=hemi[al  analysis  of  three

samF)leg  taken  from  the  Belle  f}yr  Mine  are  presented  in

Table   11
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TABLE   1.      ANALY§I§   OF   3   C:OAL   §AHPLE§   FROH   THE   BELLE   AYR

HINE,   CAIIPBELL  COUNTY,   WYOMING   {after   13lass.1975}.

major  &  Minor  Elements   {per[ent  on  a  whole-coal   ba5is}.

§amF) 1 e :                     74-38

Ash  Content         7.6

§i    {XFtF}                     a.96

Al    {XRF}                     a.54

Ca    {XRF}                      1.00

Mg    {AA}                         a.140

Na   {AA}                       a.068

K       {XRF)                      0.019

FE    {XFtF}                     a.28

lln    {XRF)                    O.002P

Ti    {XRF}                    0.058

P      {XRF}                     0.0135

Cl    {XRF}                  <0.008

74-39

6.3

0.68

0.48

1.00

0.150

0. 070

0.012

a.16

{0.0010

0.051

a.0160

<0.006

74-40

7.1

0.86

0.55

1.00

a.150

a.072

a.017

a.23

0.0013

a . 055

a . a 1 46

<0.007

Trace  Elements   {parts  per  million  c)n  a  whole-[oal  basis}

§amp I e                    74-38

As   (Colt                       3

a     (E§A'                    30

Ba    {E§A}                    goo

Be    (E§A)

Cd    (AA)

Co   (E§A'

a.3

0.loo

2.0

Table  Continued  on  the  next  pagE.

74-39

1

50

goo

a.2

a.loo

2.a

74-40

2

30

goo

0.2

a.loo

2.a
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TABLE   1   [ont'd.      ANALY§I§   OF   3   t=OAL   §AHPLE§   FROH   THE   BELLE

AYR   MINE,   CAllpBELL   COUNTY,   WYOHING    {after   Glass.

1P75) .

Tra[e  Elements   {parts  per  million  on  a  whole-coal  basis}

§a,np1e

Cr   (E§A'

Cu   (AA'

F      (§IE)

6a   (E§A)

La   (E§A'

Li    (AA'

Hn    (XRF)

Ho   (E§f\)

Nb    (E§A'

Ni    (E§fl'

Pb    (AA'

§t,   tcol'

Sc    (E§A)

§e   (XRF'

74-38

7.0

16.4

45

2

7

2.4

29

1.a

2

5.a

3.a

a.7

2.a

a.7

Sr   {ESA}                    loo

Th    (NAA)

u      (NAA'

V       (E§A)

Y      (E§A'

3.5

a.8

20

3.0

Table  [ontinuEd  on  the  next  I)age-

74-39

5.0

10.7

45

3

7

3.a

<10

1.0

2

5.a

2.5

0.3

2.a

6.7

150

<2.a

a.6

15

3.a

74-40

5.0

12-4

45

2

7

2.6

13

1-a

2

5.a

2.5

a.4

2-0

I-2

loo

<2.a

<0.2

20

3.0
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TABLE   1   Cant.d.      ANALY§I§   OF   3   Cl]AL   §AMPLE§   FFtoII   THE   BELLE

fiYR   MINE,   CAIIPBELL   COLJNTY]   WYOMING    {after   Glass,

1975' -

Trace  Elements   {part5  per  millic)n  on  a  whc)lE-coal  ba§i5)

Sample

Yb    (E§A)

Zn    (AA'

Zr    (ESA)

74-38 74-39

a.3

3.4

15

74-40

a.5

4.8

15

All   analyses  were  performed  by  the  LJ.   §.   Geological  Survey

Laboratories,  I}enver,   Colorado.     Methods  c]f  analyses

are  given  in  parentheses  following  the  element  using

the  follc]wing  abbreviations:

AA:       f}tomic  Absorption  §pEctrophotometry

Col :     Colorimetric  Methods

E§A=     6  Step  Efnission  §peEtrographi[  Analysis

{§emiquantitativE  f}naly5i5,}

NAA:     Neutron  A[tivation  Analysis

SIE:     §pe[if i[  Ion  Electrode

XFtF:     X-ray  Fluore5[En[E.
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METHODOLOGY

Large  5amplE5   {40  to  50  kg}   of   i ly  ash  wE=re  ob-

tained  from  the  JEffrey  Energy  Center:     I<P&L  38  on   18

March   1982,   l<P&L  39  on   1   July   1985  and, I<P&L  40  on   13

October   1983.     Samples  KP&L  39  and  40  were  split  into

sfnaller  portions  soon  after  Sampling.     A  large  fraction

{apF)roximately  three  quarters}   of   Sample  I<P&L  38  has  been

used  in  other  tests  not  related  to  this  Study.    The  re-
mainder  of  this  Sample  was  split  into  portions  a+  approx-

imately  the  same  size  a5  the  sF)1it5  of  I¢P&L  39  and  40.

Later,  tlie5e  splits  were  mi[rosplit  into  yet  slnaller  por-
tic]ns  a+   9  to   11   g.

Each  of  the  three  fly  ash  samples  was.divided  into

different  size  fractions  using  an  ATM  Ilodel  L=  Series  A

Soni[  Sifter  equipped  with  a  horizontal  pulse  atta[hmEnt

and  various  5ieve5.     The  Size  fractions  were  <5  qn,  5  tt]

10  jllli,   10  to  20  +iiii.   20  to  35  tin,   35  to  45  pun,   45  to  75  prii,

75  to  150  tim  and   >150  +Im.     Each  of  the  size  fractions  was

analyzed  ft]r  §io=,   Al=0=,   Cao,   Feo,   Mgo,   Na=0,   1<20,   Tio=,

§0=  and  P=0=  using  a  l<evex  energy  di5persivE  electron

mi[roprobE.     Whole  ash  samples  were  also  analyzed  with  the

miErc)probe.

The  method  used  in  lea[hing  the  i ly  ash  i5  a  modif i-

[atic)n  of  the  11.§.   Environmental   Prate[tion  fLgEncy   {1978}

recommended  methodolc]gy.     The  E.P.A.   methc)d  Calls  for  mix-
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ing  One  part  solid  with  sixteen  parts  distilled,  deiBnized

water;   adjusting  the  mixture  ta  pH  5  with  acetic:  acid  and

stirring  the  mixture  for  twenty-four  ht]urs.    fit  the  End  of

the  leaching  period,  the  fnixture  is  [entrifuged  to  separate

the  50lid  and  liquid  phases.     The  supernate  is  then  dilu-

ted  to  twenty  times   tin  mL)   the  initial  mass  of  the  sample

tin  g}.     A  more  detailed  presentation  of  the  method  is

given   in  f}ppendix   2.

The  present  study  involves  lea[hing  the  f ly  ash  sain-

F)leg  at  pH  4,   6,   a  and  the  natural  pH  of  the  material.

±11.a,  to  determine  the  effect  of  pH  on  the  leaching  c)i

sele[ted  elements.     At=eti[  acid  was  added  a5  required  to

keep  the  fly  ash  Slurry  at  the  desired  pH   {±0.1  pH  unit5}

during  the  twenty-four  hour  leaching  period.     This  fnEthod

was  selected  due  to  the  cEmentitious  nature  a+  these  i ly

ashes.     Without  constant  stirring,  the  ash  wc)uld  settle

and  quickly  set  tl[p  into  a  solid  lump  with  the  surface

area  available  for  leaching  greatly  reduced  in  an  unprel

dictat)1e  manner.     I<eeping  the  ash  in  suspension  provides  a

more  reproducible  lnethad  and  a  worst  Ease  system  for  the

tests,
The  experimental  aF)paratus  Consisted  of  a  polyethylene

beaker  with  a  polyethylene  propeller  stirrer  used  to  keep

the  fly  ash  in  su5pensic)n   {5ee  Figure  1  and  Plate  1}-     The

pH  of  the  slurry  ii.a5  monitarEd  with  an  Orion  Model   91-06

Combination  pH  electrode  and  a  Model   211  digital   pH  meter.
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Figur.  1.     Diagram  of  Lea[hing  Apparatus.
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Plate   1.      Leac=hing   Apparatus.



Two  burette5  containing  acetic  acid  and   10=1  dilute  ammo-

nium  hydroxide  were  5LJspended  at)eve  the  beaker  for  main-

taining  the  desired  pH.     6la[ial  acetic  acid  was  used  for

the  leaching  runs  at  pH  4,  4:1  dilute  acetic  a[id  at  pH  6

and  20=1  dilute  acetic  a[id  at  pH  a.     A  I)t]lystyrene  tube

was  also  used  to  bubble  N=  sweep  gas  through  the  slurry

during  the  runs  at  pH  a  and  above  to  miniinize  the  solutic)n

of  atmc)=pheri[  CO=  and  Subsequent  F]re[ipitation  of  insol-

uble  [arbonate5.

During  the  f irst  15  to  40  5e[onds  of  the  leaching

run,   12.500  g  of   +ly  ash  were  51c)wly  added  tB   140  mL  c)i

distilled,  deionized  water.     The  water  was  first  boiled  tl]

remt]ve  dissolved  EO=  and  was  cooled  ta  roam  temperature

with  N=  5Heep  gas  for  the  runs  at  pH  a  or  higller.     During

this  time,  the  5trangly  alkaline  fly  ash  would  [aLi5e  the  pH

to  rise  to  11  or  greater  be+ore  any  c)f  the  a[eti[  acid

Could  be  added  te  bring  it  down  to  the  desired  pH.     The

desired  I)H  would  usually  be  obtained  within  the  i ir5t  loo

secc]ndE,  generally  in  less  time.

The  rate  at  which  a[etiE  a[id  was  added  ref le[ts  the

rate  o+  the  leaching  reaction.     Acid  had  tc)  be  added  at  a

rapid  rate  initially  a5  the  readily  501uble  material  on

the  SLJrfaEe  of  the  i ly  ash  F)artiEle5  quickly  entered  Solu-

tion.     I}epending  an  the  ash  Sample  and  the  F)H  of  that

lea[hing  run,   40%  to  60-/.  of  the  total   afnount  of  acid  added

over  the  twenty-+our  hour  peric]d  was  added  during  the
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i ir5t  hour.     A5  time  passed,   acid  was  added  at  F)rogres-

sively  slower  rates  a5  the  remaining.1ea[hable  materials

rE5pon5ible  for  the  alkalinity  of  the  fly  ash  be[afne  more

tightly  bound  to  the  surface  and/ar  were  f ixed  a5  part  Df

the  glassy  matrix  of  the  i ly  ash  partiEle5.

In  additic]n  ta  the  a[eti[  acid  added  to  the  i ly  ash

Slurry;   distilled,  dEioni=ed  water  was  used  to  periodic-

ally  rinse  spattered  fly  ash  off  the  Sides  of  the  bEal<er,

pH  ele[trc]de,  stirring  propeller  shaft  and  sweep  gas  tube.
The  total  amount  of  lic]uid  used  during  the  leaching  runs,

i.e.   Starting  liquid,  a[eti[  acid  and  rinse  water,  was

typically   190  mL.

After  the  twEnty-ft]ur  hciur  leaching  period,  the  fly

ash  Slurry  was  tran5f erred  to  three  c=entrifuge  tubes  and

was  spLJn  at  apprc)ximately  3000  rpm   {14800  in/sec=  at  the

bottom  af  the  tube}   for  10  min  to  separate  most  of  the  i ly

ash  i ron  the  5Lipernate.     The  supernate  was  transf erred  to

a  vt]lumetri[  i la5k,  acidified  with  3  mL  af  ct]ncentrated

nitri[  acid   tat  pH  6  and  abc)vE  only)   to  prevent  subsequent

preEipitatiBn  of  elements  I)rior  to  analysis  and  diluted  to
250  mL  with  distilled,  deionized  water.     Four  55  ml  ali-

qLJot.s  were  draiun  off  from  below  the  Surface  Bf  the  sLJper-

nate  to  minimize  tran5ferenEE  af  the  hallc.w  [eno5pherEs,

most  of  which  i loated  to  the  surfa[e.     These  aliquot5  were

c:entrifuged  three  additional  times  for   10,   15  and   15  min.

After  this,  Some  [enosphere5  Still  remained  in  suspension
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in  the  supernate.     The  supernate  was  then  transferred  to

a  polyethylene  5tarage  bottle.

The  supernatE  was  analyzed  fc)r  Ca,   [d,   Cr,   Fe,   Na  and

Pb  by  atomi[  absorption  spectrophotemEtry  using  a  Perl{in-

Elmer  Model  23ao  with  an  air-acetylene  nebuli=er  burner

ac:=Ordin9

Anal

to  Standard  Methods

tical  Methods

(6reEnberg  et  al,1PBO}   and

(Perkin-ElmEr,1982}.     An   Instrumen-

tation  Labs  Video  22  atomic  absorption  5pe[trophotometer

with  a  hydride  generation  System  was  used  far  determining

f}s  and  §e.     A  Te[hni[c)n  AutoAnalyzer   11   was  LJsed  to  anal-

yze  [1  by  the  fErri[  thio[yanate  method  and  §0+  by  the
mEthylthymol   blue  method  according  to

Re5aur[es  lnvEsti ation5

Tecllni ue5  of  Water-

{§koug5tad  et  al.,1979}.
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RE§ULT§

A5  mpntioned  previously,  the  +ly  ash  used  in  this

study  is  derived  from  a  low  sulfur,   subbituminou5  t=oal

mined  in  the  Powder  River  Basin  near  BillettE,   Wyoming.

The  ash  samples  were  obtained  frofn  the  [onveyor  system

from  the  elE[tri=5tati[  pre[ipitator  of  Unit  2  of  the

Jeffrey  Energy  Center  in  Pc}ttawatomie  t=c]unty,   Kansas.

Size  Distribution

The  size  distributit]ns  of  the  three  i ly  ash  samples

are  presEnted  in  Table  2.     Most  of  the  ash  particles  are

found  in  the  siTlallest  size  fractions.     Sample  I<P&L  38

ft]llc)w5  a  unimodal   division  among  the  size  {ra[tions

Even  thc)ugh  the  range  of  the  fra[tions  in[rease5  with  the

Coarser  sieves.     The  range  of  size  +ra[tion5  selected  was

in  part  due  to  the  availability  of  the  sieves  on  hand-

SamF)leg  l<P&L  39  and  I<P&L  40  exhibit  a  trimodal   Size  dis-

tribution,   however.     The  minor  in[rea5e  in  the  45-75  )Iult
-Fraction  Over  the  35-45  pun  fraction  may  be  due  solely  to

the  fact  the  range  cc)vered  by  this  Set  i5  three  times

greater  than  the  preceding  one.     The  great  in[rea5e  in  the
10-20  pun  fraction  over  the  5-10  pun  in  KP&L  39  and  40  can-

nc)t  bE  5a  easily  explained.     The  mass  of  the  i ly  ash  in

the  <5  +im  and  5-10  pril  fractions  are  down  by  9%  when  cc]m-

pared  tB  the  corresF)c)nding  fractions  of  sample  KP&L  38
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Tf]ELE  2.

Size  FraE,
(un)

<5

5-10

10  -    20

20  -    35

=5  -    45

45  -    75

75  -   150

>150

Tc}tal

SIZE  DI§TRIBUTI0N§  OF  FLY  ASH  §AHPLE§.

KP&L   38              KP&L   3P              KP&L   40
(wt.   '/.'              (wt.   I/.'              (wt.   %)

51

15

12

9

5

4

3

1

loo

41

7

18

15

6

7

5

2

101

42

6

21

16

5

6

S

1

loo

Average
(wt.   '/.)

4=

9

17

13

5

6

4

1

100
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while  the  mass  of   the   10-20  prii  and  20-35  +im  are  LJp  by

about  7%.     The  reason  for  this  is  not  known.

There  are  numerous  fa[tor5  involved  in  the  Combustion

of  coal  that  could  a+fact  the  formation  and  Size  distril]u-

tion  of  the  f ly  ash  particles.     The  different  samples  were

obtained  at  different  times  a+  the  year.     Varying  season-

al  demands  for  ele[tri[ity  caLi5es  the  |]c)Her  plant  to  burn

[oal  at  differing  rates.     The  Speed  with  which  the  Coal  is

blown  into  the  [ombu5tiBn  chamber,   the  amc)unt  a+  air  used

to  burn  the  [oal,  the  temperature  of  [ombu5tit]n  and  the

water  Content  and  c=hemic=al   [ompo5ition  of   tlie  Coal   all

affect  [ombu5tion  and  thus  the  [hemi[al  composition,  min-

eralogy,  and  particle  size  distribution  of  the  +1y  ash-

Given  the  number  i=f  variablEs  involved,   the  variatic)n  c)i

the  f ly  ash  from  the  same  unit  of  the  power  |]lant  is  not

surprising.

Major  Element  Analysis  of  the  Whole  Ash

Major  element  analysis  of  the  inorganic  portion  IJf

the  i ly  ash  samples  is  presented  in  Table  3.     The  analyses

were  norlnalized  to  total   1007.  by  weight  for  these  5pe[ies.

Complete  sl<anning  of  the  spectruin  using  the  ele[tron  fnicro-

probe  indicated  that  no  other  species  were  present  in

greater  than  tra[e  quantities.     Analyses  of  I)c)th  the  whole
ash  and  the  <5  prm  size  fractic]n  are  given  to  demonstrate

the  tendency  of  [ertain  Elements  to  be  c:on[entrated  in  the
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TABLE   3.       NOFtMALIZED   CHEMIcf`L   ENALY§E§   DF   INOFt6ANIC   POFtTI0N
0F  FLY   ASH  §AMPLE§.

Oxide           I<P&L   38
<   5qu  Whale
( w t . '/. )  ( w t - % )

Cao           35.3    30.9

§io=          =1.1     29.1

fil=0=        19.5     17.3

Hgo              7.7       6.6

FED               4.3       5.4

Na=B             2.1        2.5

Tio=             1.8        1.P

K=0              0.4       a.4

§0=              4.7       3.6

P=0=            3. 2       2. 4

Total      loo.1100.1

I<P&L   39
<   5Jm  Whole
(wt.%)  (wt.%)

38.6    =3.7

20.4    28.4

1El.9      17.a

7.4       6.7

5.2       5.5

2.a       2.3

2.a       2.2

a.2      0.2

3.a      2.a

1.5        1.2

loo.0100.a

L¢P&L   40
<   5un  Whole
( w t . I/. ) ( w t - '/. '

41.6     34.4

18.7     31.a

17.9     15.5

7.1        5.a

6.a       5.2

1.9       2.2

I.8       i.7

0.3       0.3

2.9       2.7

1.a        I.3

loo-a  loo.2

Average
<   5pr  Whole
( w t . % )  ( w t . I/. '

38.5    33.a

20.a    =9.5

18.a     16.6

7.4       6.4

5.2       5.4

2.3       2.3

1.9         1.9

a.5      0.3

5.5       5.0

2.2        1.6

loo.1100.0
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Smaller  Size  fra[tic)ns  af  the  ash.     The  high  [a  to  Fe  ra-

tic)  designates  this  as  a  type  I  i ly  ash.

Of  the  ten  oxides  analyzed,  only  Sio=  shc)wed  a  Clear

affinity  for  the  whole  ash.     FED  was  generally  mc]re  c=on-

[entrated  in  the  whole  ash,  but  was  enriched  in  the  {5  +iJII

fra[tiBn  ef  5amF)le  KP&L  40.     These  elements  are  thought  to

exist  primarily  in  the  glassy  matrix  |]ha5e  of  the  f ly  ash.

Si   i5  classified  as  a  lithaphile  element  by  Mason   {1966}

and  Fe  a5  a  siderophile  Element  with  se[ondary  lithophili[

and  [halcaphilic  affinities.     Lithophile  elements  are

those  a55o[iated  with  the  aluminosili[ate  minerals  in  the

earth.s  Crust.     §iderophile  elements  are  those  asst=[iated

with  the  earth.s  metalliE  core.     Ehal[ophile  Elements  are

those  associated  with  sulfide  elements  in  the  earth.s

trust.
Al=D=,   [a07   Mgo,   P=0=  and  §D=  are  all   enriched  in  the

<5  iim  Size  fraction  relative  to  the  whole  ash.     Al,  [a,

Mg  and  P  are  all  cla5sif ied  a5  lithophili[  by  Mason,  while

§  is  t=halcophili[.

K=0,   Na=O  and  Tio=  all   displayed  an  equal   or  mixed

partitioning  between  the  <5  wfn  size  fraction  and  the
whole  ash.     All  three  are  Classified  a5  lithophilic  by

Mason ,

The  volatilizatian-adsorption  model  originally  pro-

posed  by  Natusch  et  al.   {1974}   and  elat)Crated  on  by

I}avison  et  al.   {1974}   explains  the  enrichment  of  Certain
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elements  on  the  smaller  particles  by  a  mechanism  where  the

more  volatile  elements  and  elemental  oxides  i irst  e5[ape

fraln  the  Combustion  [hamt)er  as  a  gas  and  then,  as  the

exhaust  [ool5,  are  ad5orbed  onto  the  surface  of  the  i ly
ash  particles  which  Escaped  a5  tiny  droplets  of  molten

glass.     If  one  assLimes  that  the  i ly  ash  parti[1es  are  of
uniform  density  regardless  of  size   (ex[luding  the

hollow,  bubble-like  cenosphere5} ,  then  the  smaller  size

fractions  will  have  a  greater  amount  of  surface  area  per

unit  lna5s  for  the  volatile  elements  to  Condense  on.     Thus

the  elefnents  which  are  more  volatile  will  appear  to  be

more  [on[entratEd  per  unit  mass  of  the  i ly  ash  sample

on  the  Smaller  size  fractions.

Although  this  model  was  initially  developed  froln  data

derived  from  type  F  f ly  ashes,  it  should  be  generally  ap-

plit=able  to  all  types  of  i ly  ash.     However,  Considerable
variation  in  the  Combustion  pro[esse5  as  tc)  temperature,

rate  of  [ombustion,  fuel  to  air  ratio,  and  other  factors
as  well  as  variation  in  the  Eompositian  of  the  5oLJr[e  coal

may  contribute  to  deviations  from  the  model-

Of  the  five  elements  examined  here   {A1,   Ca,   Mg,   P  and

§}   that  were  more  [on[entrated  on  the  <5  prli  size  fraction.

Only  §  was  described  by  Natus[h  et  al.   {ibid.)   a=  having

a  strong  aft inity  ft]r  the  sfnaller  Size  fra[tions.     Al  and

Mg  were  described  a5  having  limited  aft inities.     Ca,  which

is  mu[h  more  [on[entrated  on  the  <5  ;+In  size  fraEtian  in
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this  Study,  showed  no  Clear  trend  in  the  study  of  Natu5[h

and  P  was  not  Examined.     Al,   Ca  and  Mg  were  all   fc]und  to

Exhibit  no  c:cin[entration  trends  with  size  by  [oles  et  al.

{1979},  [c]ntrary  tc}  the  results  of  this  study.     P  and  S

were  not  examined.     §Inith  et  al.   {1979}   observed  clear

trends  for  the  concentration  of  P  and  §  on  the  Smaller

size  fra[tian5,  in  agreement  with  the  present  study-

However,   they  did  nc)t  observe  su[h  trencl5  for  f}1   and  Ca-

Mg   liia5  nc)t   Examined.

The  other  f ive  elements  examined  here   {Fe,   1<,   Na,   Si

and  Ti)   are  either  more  or  equally  cc]n[entrated  in  the

whole  ash  5ample5.     These  Elements  also  showed  limited  or

ncl  a+i inity  for  the  smaller  size  +ra[tic}ns  in  the  study  by

Natu5ch  Et  al.    {ibid.}.     Na  was  not  examinied.     Similarly,

these  Elements  exhibited  little  or  nc}  variation  among

size  fractions  in  the  study  by  Coles  et  al.   {ibid.}.

Smith  et  al.   {il]id.}   also  found  that  the  Concentration  of

Fe,  §i  and  Ti  were  independent  of  I)arti[le  size.     In  that

study,  1<  Exhit]ited  a  Slight  trend  ft)r  increased  [on[entra-

tion  t]n  the  Smaller  particle  size  fractions  and  Np  was  not

examined.

Of  the  ten  elements  Examined  in  this  study,  f ive  fail

to  follow  the  results  predicted  l]y  the  valatilization-

adsorption  model.     Al=0=,   Cao  and  Mgo  are  all   refractory

materials  which  the  model   F)redi[t5  would  be  Contained  in

the  glassy  matrix  clf  the  f ly  ash  particles  and  thus  be
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independent  c)i  particle  size.     Yet  these  oxides  are  found

enriched  in  the  <5  pun  size  fraction.     1¢=0  and  Na=O  are

relatively  volatile  materials  which  the  mc]del  predicts

would  [onden5e  c)n  the  5urfa[e  of  the  i ly  ash  parti[1e5  and

thus  be  enriched  in  the  <5  pun  size  fraction.     However,

these  oxides  occur  independent  of  particle  size.

I)Etailed  Study  o+  the  rEa5on5  for  the  anomalous  be-

havior  of  these  species  is  beyond  the  5[Dpe  of  this  Study.

However,   5olne  F)assible  explanations  may  be  offered.

The  f`1   in  the  sourc:e  Coal   probably  occurred  primarily

in  Clay  minerals.     Some  of  these  clay  sized  particles  may

have  refnained  Separate  from  the  molten  glass  droplets  that

formed  the  i ly  ash  F)articles.     During  the  sieving  of  the

ash  these  particles  would  have  easily  pa55ed  through  the  5

jiJn  Sieve  intc)  the  Smallest  fraction.     Natusch  et  al.    {1974}

al5c)  reported  a  limited  trend  for  f]l  tc)  be  enriched  on  the

smaller  sizE  fractions.

Ca  and  Mg  present  more  of  a  prol]lem.     These  elElnent5

probably  a[[urrecl  as  [alcitE   {Caco=}.   dalomite   {CaMg{CO=}=} ,

gyF]5um   {Ca§0--2H=0)   and/or  epsomite   {Mgso+-7H=0}   mixed   in

with  the  [oal.     The  [arbonate  minerals  decompose  into  COS

and  Call  or  Mgo  at  less  than  900-  C  and  the  Sulfate  minerals

into  §0=  and  Cab  c)r  MgD  at  le55  than   1150-[.   well   below

typical  [t]mbustion  temperatures  clf   1300-  to  1600-  I   {Natusch

et  al„   1P74}.     These  highly  refractory  oxides  would  still

be  in  solid  fc)rm  at  these  temperatures.     None  of  the  prE-
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viou5  5tudiE5  Cited  repc)rted  any  trend  for  these  elements

to  be  more  Concentrated  c)n  the  smaller  Size  fra[tions.

The  Al,   Ca  and  Hg  problem  may  in  fact  be  an  artifact

a+  the  method  of  analysis.     The  f ly  ash  itself  was  analyzed

with  an  electron  mi[roprobe  which  tan  only  penetrate  approx-

imately  10  jm.into  the  material.     Thus  the  beam  would  not

I)enetrate  into  the  larger  particles  I-here  the  model  pre-
dicts  these  Elements  would  be  more  [on[entrated.     This

Explanatic]n  i5  questionable  bE[au5E  §i   and  Fe  are  behaving

as  expectEd  by  the  mc)del   and  were  analyzed  by  the  saiTie

technique.

Na  and  1<  pc)se  the  oppc)site  proE)len.     Both  the  metals

{unlikely  tcl  exist  under  these  [onditic]n5}   and  their

c)xide5  are  volatile  at  Combustion  temF)erature5.     The

model  predi[t5  that  they  would  tend  tc)  be  adsorbed  on  the

surface  of  the  [c]clling  f ly  ash  particles  and  thus  be

enriched  in  the  smaller  size  fractions,  but  no  such  trend

i5  observed.     In  this  case,  this  Study  is  in  agreement

with  the  previous  studies  cited  which  also  failed  to

ot]5erve  any  such  trend.     Only  Smith  et  al.   {197P}   reported

a  pot)rly  clef ined  trend  for  K  to  be  enriched  in  the  Smaller   ~

size  fractions.     However,  both  species  are  fairly  mobile

and  can  Enter  a  glass  structure  under  these  high  tempera-

ture  Conditions.

¥-ray  diffraction  data   {Gri5afe,   1986}   prc]vide  some
additional  support  a+  the  enrichment  of  [a  and  Al  ab5ar-
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bed  on  the  surface  of  thE  fly  ash  particles.     Lime   {[ao},

anhydrite   {Ca§04}   and  gehlenite   {Ca=A1=§i07,   tentative

identification,  and  possibly  some  Other  silicate  minerals

with  a  similar  5tru[ture `to  gEhlenite  and/or  a  solid  solu-

tion  series}   are  comlnonly  identif ied  in  a  number  c)i  i ly

ash  samF)leg  Obtained  froln  the  Jeffrey  Energy  Center.     When

the  fly  ash  is  hydrated,   ettringite   ([a+Al={SO-}={OH}i=
-25H=0}   is  [ommonly  found.     This  indicates  that  Ca  and  Al

are  present  in  a  form  that  is  readily  available  to  F)rodu[e

new  minerals.     Although  this  dc)e5  not  Eon5titutE  dire[t

proof ,  it  suggests  that  that  these  elements  are  adsorbed
on  the  surface  of  the  glassy  +1y  ash  particles.

pH  of  Fly  Ash  §1urrie5

Na  attempt  was  made  to  Control  the  pH  o{  the  i ly  ash

slurries  for  one  set  of  leaching  experilnents.     The  pH  c)i

these  slurriEs  was  recorded  with  time  during  the  Course  of

the  experiments  to  determine  the  natural  pH  of  each  of  the

ashes.     The  results  are  summarized  in  Table  4  and  shown  in

Figure  2.     As  Can  be  seen,   the  I)H  rose  rapidly  to  greater

than   11.7  and  reached  a  relative  maximum  t]f   11.92  ±  0.07

average  after  a.05  hr  had  elapsed.     The  pH  then  began  to

decrease  tc)  a  relative  minimum  a+   11.78  ±  0.11   average

a+ter  a.33  hr  average.     At  this  time  the  pH  again  began  to

increase  to  an  average  maximum  of   11.93  ±  0.09  after  2  to

I  hr  had  ElaF)5ed.     After  this  the  pH  would  again  slowly
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Figur.  2.     Average  pH  ef  3  Fly  Ash  §1urrie.  vg.   Tifhe.

43



decrease  to  an  average  of   11.71  ±  a.05  after  24  hr  had

elapsed.     The  pH  may  have  Continued  to  de[rea5e,   but  the

experiments  were  stopped  at  that  point.     The  greatest  pH

observed  was  12.07  for  Sample  KP&L  3P-2  aftEr  2  hr  had

Elapsed.     The  lowest  pH  observed  after  the  i ly  ash  had

been  added  to  the  distilled,  deii]nized  water  was  11.52

for  Sample  KP&L  38-3  at  the  end  I]f  the  24  hr  period.     The

average  pH  for  each  of  the  three  f ly  ash  5amF)leg  was  ob-

tained  by  averaging  the  recorded  pH  at  0.05,   6,   12,   18

and  24  hr.

The  overall  pH  of  the  i ly  ash  Slurry  i5  Controlled  by

the  5pecie5  released  during  the  leaching.     fin  Example  of

this  i5  the  rea[tic]n=

Eao  +  H=D  -Ca{OH}=  -Ca=+  +  20H-.

Although  all  of  the  species  involved  cc]ntribute  tc]  the

[ontrol  of  the  pH,  Chu  et  al.   (1978}   proposed  that  tli:

relative  concentrations  of  [a=-  and  §04=-  dt]minate  the

prc][ess.     Chemical  analysis  of  the  waters  of  fourteen  ash
Storage  ponds  Operated  by  the  Tennessee  Valley  Authority

revealed  a  rough  Correlation  between  the  ratio  of  Ca=+  to

§0+I-and  pH.     The  average  Ca=+:§0+=-ratio  for  this  Study

i5  2.16   {range5  frefn  1.55  to  3.05,   hc)Never  no  [lo5E  Correla-

tion  was  c)bserved  over  this  narrow  range  of  pHs).     These

ratios  are  lnu[h  higher  than  any  value  reported  by  Chu  et

al.:      a  maximum  of   1.36  at  pH   11.3.

A  possible  mechanism  for  the  bimodal   [LJrve  of   pH
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versLis  tilne  i5  a  two  stage  release  a+  ba=i[  oxides.     When

the  fly  ash  was  initially  added  to  the  water,  there  was  a

rapid  dissolution  of  the  material  deposited  c)n  the  surfa[e

a+  the  glassy  matrix  material.     This  material   was  leached

from  the  i ly  ash  particles  within  the  f ir5t  few  minutes.

The  pH  then  began  to  gradually  decrease,  pc)ssibly  due  to

removal  of  alkaline  earths  by  reaction  with  atmB5pheri[

EO=  to  form  insoluble  carbclnate5  and  free  H+  or  the

slower,   but  more  steady  release  c)i  §0=  to  form  H=§0+.

Although  the  water  used  for  these  experiments  was  i irst

boiled  and  a  N=  sweep  gas  system  was  used.   the  system  Was

open  tc]  the  atmosphere  and  sc}mE  I:0=  could  have  become

dissolved  in  the  slurry.     At  the  high  pH  of  this  system

{>10.3}   any  dissolved  ED=  would  exist  primarily  a5  CO==-.

After  a.15  to  a.=0  hr  had  elapsed,  the  rate  of  leac:hing

of  basic  oxides  would  again  increase  to  t]vertakE  whatever

me[hani5m  was  Causing  the  pH  tc)  drop.     Whether  this  leach-

ing  is  of  ad5orbed  material  more  tightly  bound  ta  the  tore

of  the  i ly  ash  parti[1es  or  was  the  result  of  etching  of
the  glassy  matrix  itself  i5  not  known.     The  result  is  the

gradual  in[rea5e  ef  the  pH  to  a  level  approaching  and
often  ex[eEding  that  t]f  the  initial  relative  maximum.     The

5eEBnd  maximum  would  generally  oEEur  after  2  to  3  hr  had

elapsed,  but  Could  take  up  to  4  hr  to  o[[LJr.     After  this,

the  pH  reducing  me[hani=m  would  then  become  dafninant  again

and  the  pH  would  =1oi.ly  de[rease  for  the  remainder  of  the
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experiment.     Despite  the  reduction  of  pH,   it  is  thought

the  leaching  [c)ntinue5  throughout  the  entire  24  hr  per-

ic)d,  but  at  greatly  reduced  rates.     This  i5  based  on  the

nE[essity  to  Continue  tc)  add  dilute  a[etic  acid  to  main-

tain  a  [enstant  pH  8  at  the  end  of  24  hr   {see  below}-

Ftates  af  Acid  Addition  tc)  Control   pH

The  rate  at  which  aEeti[  acid  was  added  to  maintain

constant  pH  was  recorded  for  these  three  Series  a+  exper-

iments.     Although  the  lea[hing  rates  for  each  individual

species  may  vary,  it  is  thought  that  the  rate  af  acid
addition  generally  ref let:ts  the  overall   leaching  rate  of

the  f ly  ash.     The  rates  of  acetic  acid  additic]ns  are  sum-

marized  in  Table  5.

In  all  Cases,   the  rate  of  acid  add.itic)n  proceeded

rapidly  at  first  and  then  gradually  slowed.     When  the

amount  t]f  a[etit=  acid  added  I-a5  plotted  versus  the  loga-

rithm  af  tiine,   linear  relatic)nships  are  obtained   {5ee

Figures  3  and  4}.     Linear  regression  c]f  the  average  rates

of  all   three  fly  ash  samF)1Es  I)reduced  the  following

equations:

pH  8:      f}  =  a.00P0jog(t}   +  a.all

dt+/d±  =  0.000=0/±

pH  6:      A  =  O.013Jog(t}   +  a.027

dA/dt  =  a.00043/t

Text   continued  on   page  51.
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TABLE   5,   [ont.d.      RATE   0F   ACETlt=   ACID   ADDITI0N§   T0   HAIN-

TF}IN   CBN5TfiNT   pH   0F   FLY   f}§H   §LUFtRY   PEFt   GFtAM   0F   ASH.

pH    Time       Acetic  acid   {equivalents}
(hrs}      KP&L   38

12              0. 0027

18              0. 0030

24              0. 0031

0. 25       a.0096

a.50       0.0123

a.75       0.0167

i.0         a.0198

2.a         a.0278

a.0         a.0318

4.a         0.0=58

5.0         a.0356

6.0         a.O€J0

12              a. 0422

18              0. 0446

24             a. 0470

I{PScL   =9      KP&L   40

a. 0035       a. 00=7

0. 0038       a. 003P

0. 0039       0. 0041

0.0103       a.0133

a.0156       a.0197

a. 0206      a. 0249

a. 024P       a. 0292

0. 0553       a. 0384

a. 0398       a. 0422

a. 0405      a. 0435

a. 0422       a. 0454

0. 0435       a. 0463

a. 0469       a. 0495

0.0488       a.0512

a. 0499      0. 0527

Average     95%  I.   I.

a. 0033       ±0. 0003

a. 0036       ±0. 0003

a. 0038       ±0. 0003

0.0110       ±0.0010

0.0160       ±0.0018

0. 0208       ±0. 0020

0. 0246       ±0. 0023

0. 0338       ±0. 0027

a. 0379       ±0. 0027

0. 0393       ±0. 0025

0. 0411        ±0. 0025

a. 0423       ±0. 00=4

0. 0462       ±0. 0019

a.0482       ±0. 0019

a. C14P9        ±0. 0018
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FigLlr.  3.     Ftate  of  Acetic  Acid  Additiens  to  Maintain  Con-

stant  pH  a  and  I)H  6  of  Fly  Ash  §1urrie5  per  Gran  of

Ash-
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Figur.  4.     Rat.  of  Acetic  AN=id  Addition=  to  Maintain  Con-

stant  pH  4  a+  Fly  Ash  §1urri.a  per  Gram  of  Ash.
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pH  4=      A  =  a.257jog{t}   +  a.309

dF`/d±  =  a.00BPol€

where  A  is  the  average  amount  of  acetic  acid  added   tin

equivalents  per  g  of  fly  ash}   and  t  is  the  elapsed  time

tin  hours}.

The  i it  of  the  line  to  the  data  for  the  experiments

performed  at  F)H  a  is  quite  good.     Hc]wever,   the  data  far

the  experiments  performed  at  pH  6  and  pH  4  deviate  from

the  line  somewhat.     For  the  pH  6  experiments,   the  rate  af

acid  addition  proceeds  more  slowly  than  the  [al[ulated

rate  from  0.5  hr  to  12  hr  and  then  mt]re  rapidly  for  the

last  12  hr.     The  t]est  tit  line  does  remain  within  the  95-/.

t=onf iden[e  interval  of  the  data  thrc]ughout  the  24  hr

period.     The  deviation  fc)r  the  I)H  4  experiments  i5  much

more  I)renounced.     The  rate  of  a[id  addition  proc=eed5  more

51c]wly  than  the  calculated  rate  for  the  f irst  hc}ur,  then

morE  rapidly  until   10  hr  have  elapsed.     The  ratE  then

Slows  again  for  the  last  14  hr.     At  0.25  to  0.5  hr,  2  to  3

hr  and  18  to  24  hr,  the  best  fit  line  falls  outside  the

95-/.  confidence  interval.

It  is  interesting  to  nc)te  that  the  rate  of  a[eti[
a[id  addition  data  for  the  pH  4  experiments  osc:illatE

arc]und  the  best  f it  line  in  the  Same  manner  that  the  aver-

age  pH  varies  from  a  Constant   {compare  Figures  2  and  4}.

However,   the  data  for  the  pH  6  and  pH  8  experiments  oscil-

late  in  the  oF)po5ite  manner,  albeit  with  a  lesser  ampli-
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tudE   ([olnpare  Figures  2  and  3}.

The  rate  of  the  acid  addition  between  the  di+{erent

sets  of  Experiments  also  did  not  increase  as  fast  as  might

be  expe[ted.     The  Change  from  pH  8  ta  pH  6  represents  a

twc)  orders  t]f  magnitude  increase  in  the  hydraniuin  ion

{H=0+I   [on[entration,  yet  the  rate  of  a[eti[  acid  addition

far  the  pH  6  experiment  is  t]nly  140%  of  the  pH  a  rate.

The  dif f eren[e  from  pH  a  to  pH  4  represents  a  four  orders

c]f  magnitude  increase,  yet  the  rate  is  only  2970./.  a+  the

pH  a  rate-

The  Environmental   Protet=tion  Agency  extraction  pro-

cedure   {U.§.E.P.A.',   1978}   calls  fc]r  the  leaching  slurry  to

be  maintained  at  pH  5.a  ±  0.h  with  up  to  4  mL  a.5  H  a[eti[

ac:id  solution  per  gram  of  Sample.     This  corresponded  to  a

maximum  a+  0.Oof  equivalents  of  acetic  acid  per  gram  of

Sample.     The  great  alkalinity  af  these  f ly  ash  5am|]1es

wt]uld  have  quickly  Consumed  this  amount  of   acid.     Although

no  experiments  were  performed  at  this  pH,   it  was  bra[kEtEd.

This  amc)unt  of  a[etiE  acid  was  generally  used  in  le55  than

five  minutes  to  maintain  the  Slurry  at  pH  4.     However,

0.002  equivalents  of  acetic  acid  per  gram  was  sufficient

to  maintain  the  slurry  at  pH  6  for  an  average  of  forty-

five  minutE5   {0.25  hr  ft]r  Sample  KP&L  40  and  a.5  hr  for

for  sample  KP&L  39,   but  2.5  hr  for  Sample  KP&L  =8}.     This

amount  was  more  than  adequate  to  fnaintain  sample  KP&L  38

at  pH  8,   but  would  maintain  Sample  KP&L  39  for  abi]ut  20  hr
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and  sample  KP&L  40  for  about   15  to   14  hr.

Chemical  Analysis  of  the  Lea[hate

The  results  of  the  [hemi[al  analyses  for  f}s,  Ca,  Cd,

Cl-,   Cr,   FE,   Na,   Pb,   §e  and  SB+=-are  sulnmarized  in  Table

6  and  plotted  in  Figures  5  through  14.     The  i igures  are

plotted  for  the  average  Concentration  of  each  of  the
Spec:ies  in  the  lea[hatE  for  all  three  fly  ash  samples.

These  values  are  given  in  Table  6  under  the  designation
I.fill".     The  errt]r  bars  give  the  95./.  [onfiden[e  interval  af

tlle  analyses  calculated  from  the  standard  deviatit]ns.     The

interpolated  line  between  the  data  pt]int5  is  an  intuitive

fit  drawn  with  a  i lexit]le  spline  curve  by  the  author.     The

analyses  are  of  ten  5ele[ted  sF)e[iEs  and  should  nc)t  be  Con-

sidered  Comprehensive  for  all  the  spe[ies  present  in  the

lEa[hate.     §u[h  a  Comprehensive  analysis  was  beyc)nd  the

scope  of  this  Study.

The  general  trend  for  thE  5pe[ies  c]bservEd  is  for  the

highest  concentrations  to  occLir  in  the  leachate  maintained

at  pH  4.     The  average  concentrations  of  the  inetalli[  ele-

ments  at  pH  6  would  drop  to  less  than  40./.  of  the  average

that  was  obtained  at  pH  4,  5amEtimes  to  less  than  1./..     The

[oncentration5  of  these  elements  would  then  Continue  ta

drop,  albeit  at  a  Slower  rate,  as  the  pH  increased.     The

two  ex[eF)tions  ta  this  are  [r  and  Fe  where  the  [on[entra-

Text   coT\tiT\ued   on   page  72.
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Tf}BLE   6.      RE§lJLT§   OF   CHEIIICAL   ANALY§E§   t]F   FLY   ASH   LEACHATE.

Element     Sample          pH

A5

As

fig

As

Ca

KP&L   38        4

l¢P&L   39        4

I<P&L   40        4

A1|4

l<P&L   38        6

KP&L   39        6

lips(L  40        6

A|16

I<P&L   38        a

l<P&L   39        a

l<P&L   40        a

AILS

Cone,
(mg/L'

1.3

1.1

1.2

1.2

a.04

a.03

a.05

0.04

0.02

0.01

a.01

0.01

KP&L   3811.7               a.00.{1}

KP&L   59      11.a              a.00{3}

l<P&L   40      11.8              0.00{3}

All                 11.a             a.00{3}

KPS€L   39        4          6280

KP&L  39        4          6190

l¢P&L  40        4          8450

A|14 ufT70

Table  c=ontinued  c)n  the  next  F)age.

95./-I-   I-
(m9/L'

±0.1

±       Cl.1

±0.2

±0.1

±     0.01

±     0.03

±    a.03

±      C'.01

±     0.01

±     a.01

±    a.02

±     a.01

±    a.00(2'

±    a.00(4'

±     0.00(4)

±     a.00(2'

±760

±550

±300

±640

Proportion
•(mg/g   ash)

0. 026

a . 022

0 . 024

0. 024

a.0007

0 . 0006

0 . 000P

a . 0008

a.0003

0 . 0002

a . 000 1

0 . 0002

0 . CIO00 ( 2 )

a . 0000 ( 6 '

a . 0000 ( 7 '

0 . 0000 ( 5 '

126

124

16P

159
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TABLE   6,   cant.d.       RESULTS   OF   t=HEMICAL   ANALY§I§   OF   FLY   ASH

LEACHATE.

Element     Sample          I)H

Ea

Ca

Cd

Cd

Con[.            95%  I.I.          Proportion
{mg/L}                {mg/L}                   {mg/g   ash}

I¢P&L  58       6          2400

KP&L  39       6          2800

l<P&L  40        6          3060

Al I                 4         2780

KP&L  =8        8           1580

KP&L  39       a          2040

KP&L  40       a          2230

Al 1                   a           1950

KP&L   38      11.7         170

KP&L   39      11.8        220

KP&L   40      11.a        2=0

fill                  11.8        ZOO

KP&L  38        4

l<P&L   39        4

I<P&L   40        4

A1|4

KP&L  38        6

KP&L  39        6

I<P&L   40        6

A||6

a.19

0.17

a.17

a-18

a.04

a.06

a.06

a.06

Table  Continued  c]n  the  next  page.
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±110

±100

±20

±170

±130

±70

±180

±230

±30

±40

±50

±30

47.9

56.a

61.2

55.6

31.6

4Cl . 8

44.6

39.0

3.4

4.3

4.5

4.I

±     0.01                 a.004

±    a.02                a.00=

±    0.02                a.003

±    a.01                 a.004

±     a.01                  0.001

±     a.03                 0.001

±     a.02                a.001

±     0.01                  a.001



TABLE   6,   [c]nt.d.      RE§ULT§   OF   t=HEHICAL   ANflLYSE5   0F   FLY   ASH

LEACHfiTE.

Element     Sample          pH

Cd

Cd

C|-

E|-

C|-

KP&L  38        a

KP&L  59        a

l<P&L   40        a

A|1a

KP&L   38      11.7

KP&L   39      11.a

Con[.             95%  t=.I.          Proportion
(mg/L)               (mg/L'

0.02

a.02

0.02

0.02

a.01

a. 00 (3)

±     a.01

±     a.01

±     a.01

±     a.01

±    a.02

±     a.01

(mg/g  ash)

0 . 000 ( 4 '

a . 000 ( 4 )

0 . 000 ( 5 )

a . 000 ( 4 )

Cl . 000 ( 2 '

a. GOO ( 1 )

KPstL  40     11.8    Le55  than  detection   limit.

fill                 11.a

KP&L   38        4

KP&L  39        4

KP&L   40        4

A1|4

KP&L   39        6

l¢P&L   39        6

KP&L  40        6

A|16

KP&L  38        8

KP&L   39        a

I¢P&L   40        a

A1|8

a.00{4)      ±     0.01                   a.000(1}

6±0

4±0

5±0

5±1

5±4

2±2

4±0

4±1

4±2

3±2

3±0

3±1

Tat]le  Continued  on  the  next  page.

0.1

a.08

a.1

a.i

0.1

a.05

0.08

0.08

0.07

0.05

0.06

0.06
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TfiBLE   6,   [ont.d.      RE§ULT§  OF   t=HEHICAL   ANfiLYSES   0F   FLY   ASH

LEACHATE.

Element     §amF)le          pH

C|-

Er

Er

Cr

Er

I{P&L   38      11.7

I<P&L   39      11.a

KP&L   40      11.8

All                    11.EI

I<P&L   58        4

KF&L   39        4

l¢P&L   40        4

A||4

KF'&L   38        6

KP&L   39        6

l<P&L   40        6

A||6

I<P&L   38        a

KP&L   59        a

KP&L   40        a

AILS

KP&L   38      11.7

I<P&L   39      11.a

KP&L   40      11.8

All                 11.a

ConE|             95-/-I.   I.
(m9/L'               (m9/L'

Proportion
(m9/g  ash)

3±2

=±0

Z±0

2±1

3.4              ±    a.3

2.2              ±    a.4

2.7              ±    0.3

2.a             ±    a.3

a.1                ±     0.1

Less  than  detection  limit.

Less  than  detection  limit.

a.C'(3)         ±     0.a(2'

a.1                ±     a.1

a.1                ±     0.1

a.a(2)        ±     a.1

a.1                ±     a.1

0.1                ±     a.1

a.1               ±     0.I

a.1               ±     0.I

a.i               ±     0.1

Table  [ontinued  on  the  next  page.

a.05

a.04

a.04

0.04

a.067

a. 044

0 . 055

a . 055

0 . 002

0 . COO ( 6 '

0.002

0 . 00 1

0 . 000 ( 4 '

0 . 00 1

a . 002

a . 00 1

a . Oof

a.Oof
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TABLE   6,   cc]nt'd.       RESIJLT§   OF   CHEHICAL   ANALYSES   OF   FLY   f}§H

LEACHf`TE.

Element     Sample          pH

Fe

Fe

Fe

Fe

Na

I<P&L   38        4

I<P&L   39        4

KP&L   40        4

fill                 4

KP&L   38        6

KP&L  39        6

KP&L  40        6

AI|6

KP&L  38        8

l¢P&L   39        a

KP&L   40        8

A|18

EonE,
(m9/L)

870

790

610

72!fJ

1.a

3.6

5.1

2.9

1.0

2-1

1.2

I.4

KP&L   38      11.7             2.a

KP&L   39      11.a              9.Z

l¢P&L   40      11.a             a.3

All                   11.E}               6.6

l<P&L   38        4

L{P&L   =9         4

KP&L   40        4

A||4

280

280

230

260

Table  Continued  on  the  next  page.

95%  I.   I.          Proportion
{mg/L}                   {mg/g   ash}

±160                       17.5

±120                       13.7

±  90                       12.3

±100                        14.4

±    a.6                  a.04

±    2.4                   a.07

±    2.2                   0.06

±     1.a                    a.06

±     0.5                   a.02

±     4.5                   0.04

±    a.5                  a.0=

±     a.9                   0.03

±      1.1                      0.04

±     5.a                    a.18

±      1.9                     0.17

±     2.9                    0.13

I  50                      5.5

±  30                        5.5

±  60                        4.7

±  30                        5.=
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TABLE   6,   [ont'd.      RE5lJLT§   OF   CHEIIICAL   ANALYSES   OF   FLY   ASH

LEAcliATE.

Element     Sample          pH

Na

Na

Na

Pb

Pb

I<P&L   38        6

KP&L   =9        6

KP&L  40        6

A||6

KP&L   38        8

I<P&L   3P        a

I<P&L   4C'         8

A||8

t=cinE,              95./-  I.
(m9/L'               (lng/L'

120

loo

80

loo

loo

loo

80

90

l{P&L   38      11.7           70

I<P&L   =9      11.a           80

I<P&L   40      11.a           60

All                 11.a

KP&L   38        4

KP&L   39        4

I<P&L   40        4

A||4

KP&L   38        6

I<P&L   39        6

I¢P&L   40        6

A|16

70

I.         Propc,rtion
(mg/g  asll'

±   10                        2.4

±  20                          1.9

±   10                           1.5

±  20                         1.9

±   10                           Z-0

±   10                         2.a

±   10                             1-7

±   10                           1.9

±   10                            1.5

±   10                           1.6

±   10                              1.1

±   10                            1.4

2.7              ±    a.6

2.6             ±    a.3

2.6              ±    0.5

2.7              ±    0.2

a.2              ±     a.1

a.2             ±    a.3

a.2              ±    0.3

0.2              ±     a.1

Table  Continued  on  the  next  page.

a . 054

a.052

0 . 053

a. 053

a . 004

a.003

0 . 003

0 . COS

5P



Tf`BLE   6,   cont'd.      RE§LILT§   OF   CHEMICAL   ANfiLY§E§   OF   FLY   f]§H

LEACHATE.

Element     Sample          pH

Pb

Pb

§E

§e

§e

I¢P&L   38        8

KP&L   3P        a

KP&L   40        a

A118

I<P&L   =8      11.7

KP&L   39      11.a

KP&L   40      11.a

All                  11.8

I<P&L   38        4

I{P&L   39        4

KP&L  40        4

A1|4

KP&L   38        6

KP&L  39        6

I<P&L   40        6

A||6

KP&L  38        a

I¢P&L   39        8

l{P&L  40        a

AILS

Cone.             95%  C.I.          Propl]rtion
(mg/L}                {mg/L}                   {mg/g   ash}

Less  than  detection  limit.

0.I               ±     a.1

a-1                 ±     0.1

0.1               ±     0.i

Le55  than  detection  limit.

LEss  than  detection  limit.

Less  than  detection  limit.

Less  than  dEtection  limit.

a.4P            ±     0.17

0.66            ±     a.17

0.76            ±     a.25

a.64             ±     0.11

a.27            ±    0.08

a.19            ±     a.04

a.22           ±    a.04

a-23           ±    0.03

0.12            ±     0.06

0. 08             ±     C'. 03

a.14            ±     a.10

a.11             ±     a.03

Table  continued  on  the  next  page.
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0 . 00 1

a . Oof

a . CIO 1

a.010

0.013

0.015

0.013

0. 005

a . 004

a . 004

a.005

0.002

a.002

0 . 003

a. Oof



TABLE   6,   [ont.d.      RESULTS   0F   t=HEIIIEAL   ANALYSES   0F   FLY   ASH

LEA[HATE.

Element     Sample          pH I:onc,             PEE  I.   I.
(mg/L)               (m9/L'

§e             KP&L  3B     11.7             a.02             ±     a.01

I<P&L   39      11.8              a.02              ±     CI.01

I<P&L   40      11.8             0.02             ±     0.01

All                11.a            a.02            ±     a.01

§Ot=-I<P&L  58       4            720

l<P&L  39        4             670

KP&L  40        4             660

Al 1                  4             680

§0.a-I¢P&L  38       6         lola

l<P&L  39        6             960

KP&L  40       6             920

A1 I                   6             960

S04=-KP&L  38       a            890

KP&L  39       a            730

KP&L  40       a            650

A| I                8           790

§Oi=-KP&L  3811.7          70

l<PSIL   39      11.a         120

KP&L  40      11.a        loo

All                11.a        loo

±40

±60

±120

±40

±0

±80

±20

±40

±70

±20

±80

±60

±40

±40

±30

±20

Proportion
(m9/g  ash'

a. 000 (3)

0. 000 (4'

0 . BOO ( 5 )

a . 000 ( 4 )

14

15

13

14

20

19

18

19

18

15

15

16

1

2.3

2.a

I-9
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•              3              .              7             .              .             10            11            12
pN

Figur.  5.     Arsenic  Concentration  in  Fly  Ash  Leachate  vs.

pH.
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S                 ,,,,               1o              ,,               12

pN

Figur.  7.     Cadmiufn  Concentration  in  Fly  Ash  Leachate  vs.

pH.
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I              S              .              7              .              .             10            11            12
pN

Figur.  8.     Chloride  Can[entration  in  Fly  Ash  Leachate  v5.

pH.
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Figur.  9.     Chrc)miuin  Concentration  in  Fly  Ash  LEachate  vs.

pH.
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10                ,1                12

Figur.  loo     Iron  Concentration  in  Fly  Ash  LeachatE  vs.  pH.
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I               ,                7               ,               ,              ,®             ,,             ,2
N

Figur.  11.     §c]dium  Cone.ntration  in  Fly  Ash  L.achate  vs.

pH.
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S                  ,                  7                 ,                  ,                 1®               1,               ,2

N

FigtJr.  12.     Lead  Concentratic]n  in  Fly  Ash  Leachat.  v3.   pH.
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FigLlr.  13.     §eleniuin  Concentration  in  Fly  Ash  L.achat.  VS-

F)H.
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tian5  dEcreasEd  rapidly  at  i irst  as  the  pH  increased,  but

then  began  to  in[rease  slightly  again.     The  nc)nmEtalli[

species  behave  somewhat  differently.     The  Cl-  concentra-

tion  follows  a  Steady  decrease  from  pH  4  to  pH  a  at  a

Slower  rate  than  any  of  the  metallic  elements  examined  and

then  at  a  slower  rate  to  pH  11.a.     The  §0~=-concentration

actually  rises  from  pH  4  ta  pH  6  and  then  decrea5e5  at  an

in[rEa5ing  rate.     This  last  point  will  be  dis[us5ed  fur-

ther  below.

This  study  is  in  agreement  with  the  previous  studies

of   Thais  and  Wirth   {1P77}]   [hu  Et  al.    {197a),   Phung  et

al.    {1979}   and  Briffin  et  al.    {1980}   that  the  pH  of   the

Slurry  i5  c)f  major,   if  not  primary,   importance  in  the

mobilization  of  elements  from  i ly  ash.     The  increase  in

the  [cin[Entration5  of  the  5peciE5  from  the  experiments

performed  at  the  natural  pH  o{  the  slurry  to  tht]5e  main-
tained  at  a  can5tant  pH  4  ranged  from  a  200%  increase  for

[1-in  Sample  I<P&L  39  to  a  110,COO./.  increase  for  As  in  sam-

ple  I¢P&L  38-

Arsenic

Arsenic:  concentrations  ranged  frc]m  a.001  to  a.005

mg/L  at  the  natural   pH  ci{   the  slurry  tc}   1.01   to   1.=5  mg/L

at  pH  4.     The  relative  difference  between  the  [onEentra-

tions  of  sample  KP&L  38  at  the  natural  pH  of  the  Slurry

and  pH  4  i5  the  greatest  observed  in  this  series  of  exper-

iments.     The  [on[entration  at  pH  4  i5  in  ex[e55  of  the
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maximum  permi55ible  levels  of  the  Environmental   Prt]te[tion

Agency  Drinking   Water   Standards   {E.P.A.D.W.§.}   c]f   a.05  mg/L

by  mare  than  a  factor  of  ten   {Federal   Register,1978}.     By

this  Criteria,  the  i ly  ash  Should  be  [onsiderEd  a  toxic
waste.     Hc.Never.   23.5  or  mere  times  the  fnaxilnum  amount  of

a[etic  acid  allowed  by  the  E.P.A.   leaching  methodology

{ibid-}     was  used  tc)  maintain  the  Slurry  at  this  pH.     The

As  [IJn[entrations  for  the  remainder  of  the  experiments

were  I]elt]w  the  E.P.A.D.W.§.      The  average  A5  [oncentratic]n

drt]pped  below  a.5  mg/L  at  pH  4.3  and  Continued  to  drop  a5

PH  in[rea5ed   {5Ee  Figure  5}.     This  [ontinuous  dE[rea5E  in

concentration  as  pH  increases  differs  from  the  study  t]y

Thies  and  Wirth   {1977}   where  the  As  [on[entration  de-

creased  rapidly  from  pH  3  to  6,   leveled  off  and  then  in-

creased  i ron  pH  9  to  12.

Calcium

Calcium  i5  I)resent  in  the  lea[hate  at  higher  con[en-

tration5  than  any  c)ther  sF)e[ies  examined.     This  is  not

surprising  as  Eao  has  the  greatE5t  [on[entration  in  weight

percentage  of  any  of  the  major  5F)e[ies  in  the  analysis  of
the  f ly  ash  Samples   {see  Table  3)   and  is  known  to  exist  as

[ry5talline  lime   {Cao)   in  the  Solid  ash.   The  [on[entrations

ranged  from  160  tcl  240  mg/L  at  the  natural  pH  of  the  Slur-

ry  to  5440  to  8700  mg/L  at  pH  4.     TherE  is  no  E.P.A.D.W.a.

+or  [al[ium.       As  can  t]e  seen  in  Figure  4,  the  [encentra-

tian  of  the  Ca  de[reasE5  rapidly  frc)In  pH  4  ta  pH  6,  dE-
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Creases  mc]re  slc]wly  from  pH  6  to  pH  a,   but  then  the  Curve

begins  to  de[rea5e  5c)mEwliat  more  rapidly  to  pH   11.a.     This

may  be  due  to  the  loss  of  some  of  the  [a  aE  relatively

insoluble  [al[ite   {Cact]=} ,   gypsum   {Ca§Ot-2H=0}   and/clr

ettringite   {Ca+Al={§0*}={OH}|=-25H=0}   at  the  higher  F)H.

As  mentioned  earlier  in  this  5e[tion,  despite  the  initial

boiling  of  the  water  and  use  of  a  N=  Sweep  gas  system,

some  atfnosF)heri[  CO=  may  have  be[ome  dissolved  in  the

water  where  it  dissociated  into  CO==-  and  [ombined  with

the  Ca=+.     The  §0.a-  [on[entration  also  dropped  rapidly

from  I)H  8  tc)  pH  11.8   {des[ribed  later  in  this  section).

Hc)Never,   a  sl=1ely  [on[ave  [Lirve   {decoy  [urve}   may  be  drawn

within  the  9=%  [onf iden[e  interval  t]ar=.

Cadmium

Cadmium  ranged  from  less  than  the  detection  limit  of

a.002  mg/L  to  a.01  mg/L  at  the  natural  pH  of  the  slurry  to

0.15  to  0.20  mg/L  at  pH  4.     The  Concentration  at  pH  4  ex-

ceeded  the  E.P.f].D.W.§    of  a.01  mg/L  by  greater  than  a

factor  of  ten.  so  Linder  these  conditic)ns  the  i ly  ash

Could  be  considered  a  toxi[  material.     However,  this  i5

again  under  [t]nditions  more  severe  than  the  E.P.A.   Stan-

dard  leaching  methods  by  more  than  an  c)rder  of  magnitude.

The  Cd  Eonc:entrations  fc)r  the  remainder  of  the  experiments

were  bElc)w  the  Criteria  for  toxicity  [la55if ic=ation.     The

average  Cd  Eon[entratian  dropped  below  0.I  mg/L  at  pH  4.a

and  Continued  to  drop  at  a  gradually  de[rea5ing  rate  as  the
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pH  increased   {see  Figure  7}.

Chloride

[hlc]ride  ct]ncentrations  ranged  frc]m    2  mg/L  to  3  mg/L

at  the  natural  pH  of  the  slurry  to  4  mg/L  to  6  mg/L  at  pH

4-     This  was  the  smallest  relative  difference  in  con[en-

tration  I)etween  the  Extremes  of  pH  observed  and  thus  the

speEie5  least  affected  I)y  the  [hange  of  pH.     These  [on[en-

tration5  are  all   well   belt]w  the  recommended  E.P.A.D.W.§.

c]f  250  mg/L.     The  average  [on[entration  gradually  decreases

from  pH  4  to  pH   11.a  at  a  Slowly  det=reasing  rate   {see

Figure  8}.      An   anolnaly  did  o[cLir  for  sample  KP&L  39  wherE

the  t=1-  [on[entration  de[rEased  particularly  rapidly  from

F)H  4  to  pH  6,  rose  slightly  to  pH  a  and  then  decreased  to
the  minimum  observed  pH  at   11.a.     This  behavit]r  was  not

observed  fc]r  the  other  two  i ly  ash  samples.

Chromium

Chromium  [oncentrations  ranged  from  lE55  than  the

detection  limit  of .0.02  mg/L  to  0.14  mg/L  at  i]H  6  to  1.78

ta  3.63  mg/L  at  pH  4.     The  Concentrations  ex[eedEd  the

E.P.A.D.W.§.   of  a.05  mg/L  Cr  by  greater  than  a  factor  of

ten  only  under  the  [onditic)ns  required  to  lnaintain  the  pH

at  4.     The  [on[Entratic]ns  remained  below  this  criteria  for

toxicity  Elas5if ication  for  the  other  experiments.     The

average  Er  concentration  dropped  below  a.5  mg/L  at  F)H  4-7

and  reached  a  minimum  at  pH  6   {5ee  Figure  9}.     The  average

[r  con[entration  then  began  to  in[rease  very  slightly  a5
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the  f]H  increased.     This  in[reasE  i5  apparent  for  the  aver-

age  concentrations  of  all  three  f ly  ash  samples  averaged
together,   but  bE[ome5  less  well  de+ined  when  individual

experiments  are  examined.     Maximum  Cr  Concentrations  of

a.14  mg/L  werE  measured  at  t]oth  pH  6  and  pH8.     The  maximuln

[on[entration  measured  at  the  natural  pH  of  the  slurry  is

0-13  mg/L.     Nonetheless,  this  indi[ates  that  Er  does  have

a  Slight  amphoteri[  nature,  possibly  due  to  oxidation  of

Crz==  to  Crv|,   for  the  +ly  ash  Samples  examined  in  this

Study.

Iron

Irc}n  can[Entrations  ranged  from  0.P  to  4.a  mg/L  at  pH

El  ta  380  to  970  mg/L  at  pH  4.      The  E.P.f}.D.W.§.   has  a

recommended  maximum  [ont=entration  of  0.3  mg/L  for  Fe,   but

this  is  a  recommendation  for  aesthetics  of  taste  rather
than  for  a  toxicity  threshold.    Except  for  the  relative

differen[e  of  As  [on[entrations  for  sample  I<P&L  38  I)EtweEn

the  natural  pH  of  the  slurry  and  pH  4,  Fe  Concentrations

showed  the  greatest  relative  differen[e5  between  the

lowest  average  at  F)H  a  and  the  highest  at  pH  4.     The  Fe

[on[entration5  decreased  rapidly  from  pH  4  ta  pH  6  and

then  much  lnore  Slowly  from  pH  6  to  pH  8   {5Ee  Figure   10).

Hc]wevEr,  the  concentrations  then  began  to  increase  5igni-

fi[antly  as  tlie  pH  increases  to  11.a.     The  increase  is

fairly  small   for  Sample  KP&L  38,   but  is  greater  than  400%

for  sample  l<P&L  5P  and  greater  than  600y.  for  sample  KP&L
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40.     filong  witli  Cr,   Fe  was  the  c]nly  species  examined  which

Showed  an  amphc]teric  nature  by  I]ecoming  more  soluble  at

bc)th  extremes  of  pH.     This  may  F)05sibly  be  due  to  the  oxi-

dation  t]f  Fe.I  to  Fell.  or  to  the  fcirmation  t]f  a  soluble

Complex  of  Fe  with  excess  0H-  radi[als.     The  lea[hates

produced  at  pH  4  have  an  orange  coloration  that  is  absent
from  those  produt=ed  at  higher  pH.     This  i5  thought  to  be

the  result  of  an  Fe  acetate  Complex  of  some  sort.     An

early  experiment  using  clilutE  nitri[  acid  to  maintain  the

pH  at  4  praduc=ed  a  EolorlEs5  lea[hate.

Sodium

Sodium  [on[entration5  ranged  i ron  53  to  83  mg/L  at

the  natural  pH  of  the  f ly  ash  slurry  to  185  ta  327  mg/L  at

pH  4.     This  was  the  smallest  relative  differen[e  in  Con-
centration  between  the  extremes  af  pH  observed  fc)r  [ations

and  thus  the  least  affected  by  change  of  the  pH.     There  i5

no  E.P.A.D.W.S.   far  Na.     Although  Na  is  the  least  depen-

dent  on  pH  of  the  [ations  examined  here,   it  is  nc)t  unaf-

fected.     The  [on[entration  decreased  rapidly  from  pH  4  to

pH  6,   then  remained  nearly  Constant  from  pH  6  to  pH  a   {5ee

Figure  Ill.     From  pH  a  ta  pH  11.a  the  [on[entration  de-

creased  again,  as  it  did  for  Ca.     unlike  Ca,  a  partial

preEipitatic)n  mechanism  at  high  pH  cannot  be  postulated  a5
Na  has  no  common  insoluble  salts.     However,   like  Ca,   a

solely  [t]n[ave  [Lirve   {decoy  curvE}   can  be  drawn  within  the

95%  conf ident:e  interval  bars.
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Lead

Lead  [on[entrations  range  from  less  than  the  detection

limit  af  a.05  mg/L  at  the  natural  pH  of  the  slurry  tc]  2.I

to  3.1  mg/L  at  pH  4.     The  Pb  Concentrations  exceed  the

E.P-A.I}.W.§.   of   0.05  mg/L  by  greater  than  a  factor  I]f   ten

only  at  pH  4.     The  concentrations  are  less  than  the  cri-

teria  far  toxicity  [lassif i[ation  for  the  other  ExperilnEnt5.

The  average  Pb  [on[entratic]n  drops  below  0.5  mg/L  at  pH  5

and  Continues  to  decrease  a5  the  pH  increases  at  a  redu[ed

rate   {5ee  Figure   12}.

Selenium

Selenium  [on[entrations  range  from  a.015  tc]  0.023

mg/L  at  the  natural  pH  of  the  fly  ash  Slurry  to  0.34  to

a.93  mg/L  at  pH  4.     The  [on[entrations  exceed  the  E.P-A.

D.W-§.   OF  a.1  mg/L  by  more  than  a  factor  of  ten  at  pH  4,

pH  6  and  nearly  half  of  the  experiments  at  I)H  a-     The

average  §e  Concentration  does  nc)t  drop  I)elaw  0.1  mg/L

until  |]H  a.3   (see  Figure  13}.     The  amount  of  a[eti[  acid

used  to  maintain  the  pH  at  I)oth  4  and  6  exceeds  the  maximum

amount  allowed  by  the  E.P.A.   leaching  methodology,   but  the

average  amc)unt  used  to  maintain  the  pH  at  8  w.a5  very  close

to  the  a.002  ec|uivalents  per  gram  of  solid  sample  5peci-

f ied.     Altllough  the  procedure  used  here  differs  enough

frcim  the  E.P.f`.   methodology  tc)  prevent  the  unequivocal

declaration  c]f   samples  KPstL  38  and  KP&L  40  as  toxic  based

on  the  lea[hability  of  §e,  it  suggests  that  this
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may  be  the  case.     It  is  not  presently  po55ible  to  perform

the  E.F[.fi.   tests  as  5pe[ified  due  to  the  lack  of  the  proper

Equipment.     At  the  natural  pH  af  the  f ly  ash  slurry,  the

Se  [on[entratit]n  is  well  below  the  toxicity  Criteria.

Sulfate
Sulfate  [on[entratic)ns  ranged  form  60  mg/L  to  130

mg/L  at  the  natural  pH  of  the  slurry  tB  Plo  mg/L  to  1010

mg/L  at  pH  6.     Sulfate  displayed  the  most  anc]Inalc)us

behavior  by  increasing  from  pH  4  to  I)H  6  and  then  de[rea-

5ing  at  an  in[rea5ing  rate  to  pH  11.8   {5ee  Figure  14}.

This  i inal   loss  may  bE  due  to  the  precipitation  of  rela-

tively  insoluble  gypsLim   {Ca§0+-2H=0}   and/or  ettringite

{Ca-Al=(§0~}={OH} |=-25H=0}.      The  §Ot=-concentrations  ex-

[eed  the  maximum  re[c)mmendEd  E.P.A.D.W.§.   for  all   c)i   the

[ontrc)1led  pH  exper-iment5  and  the  average  concentration

does  not  drop  below  250  mg/L  until   pH  11.2.     This  standard

is  a  recoinmendation  only  and  does  not  constitute  a  toxicity

cri ter i c]n .

The  low  SO-a-  [c)n[Entration  at  pH  4  may  I]e  due  to  pre-

1ifninary  prc]cessing  Bf  the  leachate  prior  to  its  analysi5-

An  amorphous  gel  had  formed  in  the  Storage  bottles  t]f  all

of  the  pH  4  lEacliates  following  the  initial  5eparatiBn  of

the  i ly  asll  from  the  5LipErnate.     Because  the  anions  exam-

ined  in  this  study  were  analyzed  by  visible  light  5pe[trc)-

PhotomEtri[  techniques,   it  was  necessary  to  first  t=entri-
{ugE  the  lea[hate  ta  remt]ve  this  gel  which  would  have
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[au5ed  erroneously  high  readings  by  s[attering  the  light

beam.     Some  of   the  SO*=-may  have  been  removed  with  tlle  gel.

This  F)ro[essing  o[[urred  prior  to  analy5i5  of  [hleridE,  but

apparently  had  little  ar  no  effect  dug  to  the  high  solu-

bility  of  Cl-salts.     The  experiments  perfc)rmed  at  pH  6,

pH  a  and  the  natural  pH  did  not  have  any  Such  gel   farm  and
received  no  additic)nal  [entrifuging.     An  intuitive  extra-

polation  tc)  pH  4  t]ased  on  the  data  from  the  experiments

performed  at  higher  pH  i=  also  plotted  on  Figure  14.     Even

with  the  extrapolated  extension,  this  is  the  the  only

curve  with  a  Convex   upward  prt]{ile.
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CONCLU§ I 0N§

This  study  conf irms  that  for  the  metallic  Elements,

As,   [a,  Ed,   [r,   Fe,   Na,   Pb  and  Se.   pH  is  a  major  factor  in

Controlling  the  mobility  of  elEmEnt51ea[hed  from  fly  ash.

The  highest  concentrations  of  these  elements  were  found  in

the  lea[hate5  generated  at  pH  4.     The  [c)n[entratillns  de-

crease  to  less  than  40%   {less  than  1%  in  the  [a5e  of  Fe)

of  the  pH  4  values  by  pH  6  and  Continue  to  de[rease  at  a

progressively  slower  rate  a5  the  pH  increased.     The  twc)
exceptions  were  Cr  and  Fe  which  Showed  a  slight  amF)hotEri[

tendency.     The  [r  concentration  dropped  to  a  minimum  at

pH  6,  rose  Slightly  at  pH  a  and  then  remained  steady  a5

the  pH  increased.     The  Fe  con[entration  followed  the  stan-

dard  de[rEasing  [urve  until  pH  a  and  then  in[rea5Ed

slightly  at  the  natural  pH  t]f   11.a.     The  amphoteric  nature

B{  these  two  5pe[ies  may  due  to  a  Change  in  the  oxidation

5tate5.    Further  study  of  the  elEctrit=  potential  versus  the

pH  may  Clarify  this  observation.

The  aniani[  spe[ie5  exafnined  here,  Cl  and  §0+,  are

also  inf luen[ed  by  pH,  but  in  a  different  manner.     In-

stead  of  the  rapid  initial  de[rease  in  Concentration  fol-

lc)wed  by  a  progre55ively  slower  rate  of  decrease  as  the  F)H

increased.  as  demonstrated  by  the  metallic  elements,  CI  Eon-

[entration  decreased  at  a  slower,  steady  rate  until  pH  El  was

rea[hed  and  then  at  a  yet  Slower  rate.     The  §0+  [on[Entra-
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tion  inc:rea5ed  from  pH  4  tc)  pH  6  and  then  decreased  at  an

increasing  rate  a5  the  pH  increased.     The  lc)w  SO+  concen-

tration  at  pH  4  may  bE  due  to  pretrEatment  af  the  lEachate

required  fc)r  the  analysis  of  this  spe[iE5  at  this  pH.

However,  even  if  the  concentration  i5  extrapolated  bat:k

from  the  data  at  F)H  6  and  greater,  this  is  the  only  5pe-

[ies  examined  in  this  Study  where  the  cLirve  of  [on[entra-

tion  versus  pH  is  Convex  upward.

Thus  the  |]resen[e  af  acid  protc}ns  attacking  the  ash

particles  and  di5plaEing  the  heavier  and  less  Chemically
a[tive  5pe[ie5  greatly  affect  the  mobility  c)i  these  Spe-

[iE5.     Accc)rding  to  the  vc]latilization-adsorption  model

di5[u55ed  previously,  there  is  a  [c]ating  c)f  various  5Pe-

cies  on  the  5urfa[e  of  the  glassy  matrix  of  the  i ly  ash

parti[le5  that  is  fairly  soluble  even  without  the  presence
of  acid  I)rotons.     However,  the  presence  of  the  acid  prc)-

tons  greatly  in[rea5es  the  mobility  of  these  5peEies.

The  in[rea5e  in  the  [on[entration  of  the  spe[ie5  examined

in  this  study, between  the  natural  pH  of  the  slurry  at

11.67  tc)  11.89  to  the  slurries  maintained  at  pH  4  ranged

frclm  a   low  of   200%  for  Cl    {I<P&L  =9}   to   110,000%  for  As

{KP&L  38}.     Whether  the  increase  is  due  to  the  removal   of

ad5ort)ed  material  bclund  mi]rE  tightly  to  the  surf ace  of  the

glassy  [I]re  a+  the  i ly  ash  particles  or  to  et[hing  of  the
gla55y  [i=re  itself  is  ncit  known.     This  represents  an  area
i or  i urther  study.
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The  i ive  elements  Examined  in  this  Study  far  whi[h

the  Environmental   ProtEction  AgEn[y   {1978}   has  established

toxicity  levels:     As,  Cd,  Cr,  Pb  and  §e,  are  all  present

in  toxic  amounts  at  F)H  4.     However,   the  [onditions  to

maintain  this  low  pH  are  much  mc)re  extrElne  than  spe[if led

by  the  E.P.A.   methodology,  nc)r  are  they  likely  to  be  en-

countered  in  the  natural  world.     §u[h  Extremely  acidi[

c=onditions  do  o[[LJr,  but  are  relatively  rare.     The  [Bn[en-

tration5  of  four  of  these  Elements  qui[`kly  drop  l]elow  the

levels  Established  for  toxicity  Criteria  as  the  pH  increas-

es  to  5.     EVEn  under  these  less  stringent  [onditic]n5,  a

considerable  amc}unt  of  acid  i5  still   required.     However,

§e  remains  quite  mobile.     The  average  §e  [oncentratiBn  for

all   three  c)i  the  i ly  ash  5ample5  Examined  does  not  drop

below  the  toxic:ity  criterion  of  a.I  mg/L  until  pH  a.3.

Although  a  5ignif i[ant  amount  c)i  a[id  i5  required  to  keep

the  highly  alkaline  f ly  ash  at  this  pH,  it  is  nt]t  beyond

the  amount  5pe[ified  by  the  E.P.A.     The  methodt]lagy  of

this  study  is  suff iciently  different  from  that  of  the
E.P-A.   to  prevent  the  unequivocal  [1a5sifi[atian  of  these

samples  as  toxic  due  to  the  lea[hat)ility  of  §e,  but  it

suggests  that  this  may  be  5o.     At  the  natural  pH  of  the

slurries,  all  five  elements  were  found  to  be  le55  [oncEn-

trated  in  the  lea[hate  than  the  toxicity  Criteria  levels.
Further  study  of  the  selenium  problem  is  suggestEd.

The  natural  pH  of  the  i ly  ash  slurries  was  oI]served
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tc]  ft]11c}w  a  [t]nsi5tent  pattern.     The  pH  initially  rc}se  to

11.6  or  greater  within  the  i irst  minute  af  the  addition  c}f

the  fly  ash  and  [c)ntinued  to  a  relative  maximum  of   11.a  to

12.a  within  3  tB  5  min.     It  then  dE[rea5ed  te  a  relative

minimum  c}f   pH   11.6  to   11.9  after   10  to  40  min  had  elapsed.

The  pH  then  in[rea5ed  again  to  a  se[ond  relative  maximum

of   11.8  to  12.1  after  I  tl]  5  hr,  typically  2  to  4  hr,  had

elapsed  and  then  Continued  to  decrease  for  the  remainder

i]f  the  experiments  to  a  final   pH  of   11.5  to   11.7.     The  pH

wc)uld  probably  [Bntinue  to.drop,   but  the  experiments  were

halted  after  24  hr.     The  reason  +or  this  bimodal  behavior

is  nc]t  well   understood.

Rates  c]+  leaching  are  thought  to  Correlate  to  the

rate  at  which  the  a[Eti[  acid  was  added  to  fnaintain  a

[on5tant  pH.     Linear  relationships  are  observed  when  the

amount  of  a[id  used  to  maintain  the  pH  i5  plotted  against

the  logarithm  of  time.     The  linearity  of  the  plot  i5  quite

good  fc]r  the  Experiments  performed  at  F)H  a,  but  grows  less

pre[i5e  as  the  pH  det=rea5es.     The  deviation  of  the  data
from  a  straight  line  for  the  pH  4  experiments,  the  least

linear  5erie5,  mimics  the  deviation  of  the  natural  pH  of

the  5lurries  from  a  Constant  value  with  time.     The  slopes

of  the  best  fit  lines  determined  for  each  of  the  three

5eriE5  of  experiments  in[rea5es  only  slightly  from  a.0007

at  pH  a  to  0.0010  at  pH  6,  but  then  takes  a  major  increase

to  0.0205  at  pH  4.     Still   the  amount  c]f  the  increase  of
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the  slBF)e5  is  less  than  Expected  [on5idEring  that  the  dif-

ference  of  two  pH  units  between  each  series  of  EXF)Eriment5

repre5ent5  an  one  hundred  fold  increase  in  the  a[idity  c)i

the  Slurry.

Size  fra[tic)natic)n  Studies  t]f  the  f ly  ash  indi[atE

that  over  40%  of  the  particles  are  less  than  5  +im  in  dia-

meter  and  c)ver  65%  are  less  than  20  pun  in  diameter.     X-ray

microprobe  analyses  of  ten  major  elements  were  performed

on  the  different  size  fractions.     Cao,   Sio=  and  f}1=0=  make

up  i]ver  75-/.  of  the  inc)rgani[  portion  of  the  i ly  ash.     The

volatilization-adsl]rption  model  fi]r  the  formation  of  i ly

ash  F)redi[t5  that  at  [ombu5tic)n  temperatures  the  more  vc}l-

atile  5pe[ies  will  l]e  enri[hed  on  the  Smallest  parti[1e5

due  to  the  greater  surface  area  per  unit  fnas5  c)i  the  F)ar-

ti[le5.     §io=,   Fee,   Tio=,   §0=  and  P=0=  all  behave  a5  Expec-

ted  by  the  model.     However,   The  nclnvc]1atile  Cao,   Al=0=

and  Mgo  were  all  found  enriched  in  the  smallest  size  frac-

tion  while  the  volat.ile  Na=O  and  K=I]  disF)1a}ed  no  parti-

cular  trend  in  enri[hment  amc]ng  the  various  Size  fractions.

Further  study  of  these  di5[repan[ie5  is  also  suggested.
Fly  ash  is  a  [hemi[ally  and  physit=ally  compli[ated

material.     The  chemical   cc}mposition  of  the  source  t=oal   and

the  variation  in  Combustion  Conditions  of  temF)erature,

rate  of  [c)mbu5tion  and  other  i actors  resulting  from  the

Changing  defnand  for  power  with  time  can  produce  great

variations  in  the  [hemi[al  and  I)hy5i[al  properties  of  the
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fly  ash.     Even  though  great  Care  was  taken  to  split  the

bulk  samf]1Es  obtained  from  the  same  soLir[e  t]ver  a  range  of

time,   Considerable  variatic)n  was  Commonly  noted  I)etween

similar  Experiments  performed  on  splits  obtained  from  the

same  sample  a5  well   as  between  different  5amF)leg.     Still,

[1ear  trends  are  observed  when  the  re5ult5  are  averaged

together.     Based  c)n  these  data,  the  [on[lusions  di5[u55ed

herein  are  presented  with  reasonable  [onf idence.
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APPENDICES

APPENDIX    1:       CHEMICAL   ANALY§E§   OF   FLY   f}§H   LEAC:HATE   SAMPLES

(mg/L)  .

Sample:       I:=F'&L   38
AE=                        1.4
Ca=         6960
Cc]:                        C'.19
Cr=                   .I.4
F|_:              6

Sample=       I::P&L   38
A5=                     1.I
Ca:         6340
Cd=                    0.1P
Cr=                    3.1
C|_i              6

Sample:       I::P&L   3E}
As:                   1.5
Ca:        6700
Cd=                   a.18
Er=                I.6
C1-=                6

Sample:       F:P&L   38
A5=                      1.=
C:a =           595CI
C:cJ =                        0. 2C'
I:r=                  3.5

SamF)1e:        I::F'&L   38
Ass                   1.3
Ca=         5440
Cd=                       0.1E]
Cr=                  3.2

Sample:      KPS{L   39
f]s=                      1.1
Ca=          6100
Cc]=                     a.17
Cr=                    2.1
C|_I              4

Leac=hing   ExpEriment=      2
Fe=                  970
Na:                  ==0
Pb:                         .I.1
5E=                           C'. 70
50+I-=         72C'

Leaf:hing   Experiment:      5
Fe i               920
Na=                     2E)0
Pb=                          3.1
5E=                       a.44
SO+=-i         710

Leac:hing   Experiment=      4
Fe =                  940
Na=                  280
Pb=                        2.4
§E=                       a.46
§04=-=         74C)

Leac:hing   E./cperiment:      5
Fe=                 840
Na i                220
Pb=                        2.8
§e=                         0.51

Leaching   Experiment:      6
Fez                 660
Na=                  270
F'b=                            2.1
§e=                      a.34

Leac=hing   Ey`periment:       1
Fe=                     BOO
Na=                  262
Pb:                      2.6
§e=                       a.56
S04=_=         700

Appendix   Continued   c)n   next   page.

90

pH=4

pH=4

pH=4

pH=4

pH=4

pH=4



APPE:NDIX    1,    c=ont'd.        CHEMICAL   ANALYSE:S   C}F-FLY   ASH   LEA[HATE

§AMF.LES    (mg/L).

§amFile:       I::PPItL   .39
As=                       1.1
Ca :         6Cl90
Cc]:                     a.17
Cr=                   2.=
C|-=               4

Sample:        I:..:F'StL    =t7
f\5=                    1.I
Ea=          5810
Cd=                    a.17
Er=                  2.5
C1_i                4

Sample:       I::PS..L   =9
As=                       1.C'
Ca=         6460
Cc]=                     a.15
Cr=                   1.a

Sam|]1e:       [{F.&L   =9
A==                     1.a
Ca=         6480
Ed=                   a.17
Cr=                  2.=

Sample:      KP&L   40
As=                    1.=
Ca =         8500
Ed=                    0.16
Er:              I.0
I:I_i               5

Sample:       t{F.&L   40
As=                   1.I
Ca=          E)050
Cd=                   a.15
Cr=                 2.8
C1-i               5

Leaching   Experiments      £
Fe i                75'J
Na =                    28C'
Pb=                         £.7
Se=                       a.88
SO+=-=          d&O

LeaEhing   Experiment:      =
Fe=                 640
Na :                 =50
F'b=                          2. 5
SEE                        0.67
SO+a-i        ado

Leac:hing   ExpEriment=      4
Fe=                    3BC,
Na=                  290
Pb=                        2.3
§E=                        0.6E

Leaching   Experiment:      5
Fe =                 850
Na=                  290
Pb=                         Z.9
Se=                       0.55

Leac:hing  Experiment:      1
Fez                  710
Na=                    190
Pb=                        2.4
§e=                      a.89
§0+a_ =         640

Leac=hing   E.^periment:      I
Fe =                      5E]O
Na=                   =70
Pb=                        2.4
§e=                      a.67
§0+£_i         710

Appendix   ctJntinued   c]n   next   page.
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APPENDIX    1,    t=ont'cl.       [HEHI[AL   ANfiLY§ES   0F   FLY   ASH   LEACHATE

SAMPLES    (mg/L).

§amplE=        I:;.F'?*L    4C}
A5=                     1.I
Ca i            E]4E'C]
Cd=                       t,.16
tr:            I.a
E1-i              5

5amplE:        I.:F.€,:L    4(I
As=                         1.C)
Ca I          a?OC'
Cci=                        C'.19
Cr=                  2.6

Sample=       l{P&L   4C}
f)s=                       1.1
Ca:         8510
Cc]=                      0.18
Cr=                  2.6

§amp I e :
As=                  a.04
Ea=
Cd=                  a.04
Cr=                     a.OE)
C|_i             4

Sample:       k:F.&L   38
As=                    0. C'4
Ea=         2400
Cd=                  a.04
Er=                 a.07
E|-i            5

Sample:      KP&L   38
As=                  0.03
Ca=         2440
Cd=                  0.04
Er=                  0.14
C|-=              7

Leaching   E:.{perimEnt:      5
Fe=                  640
Na=                      1911
Pb=                        2.7
Se=                           C). 86
S04e-:        620

Leac=hing   E:<periment:      4
Fe=                  590
Na=                  260
Pb=                         2.9
§E=                        a.46

Leaching   Experiment:      5
Fe=                 540
Na :                    26C)
Pb=                        =.a
§es                     a.93

LEaching  Experiment:      =
Fe=                        2.0
Na=                    120
Pb=                        0.2
Se=                      a.54
§8+a_=      lola

Leac=hing   Experiment=      3
Fe=                          1.2
Na=                    120
Pb=                      a.I
5e=                      a.26
§0+a_i      lola

Leaching   ExpEriment=      4
Fe3                      £.0
Na=                    120
Pb=                      0.I
§E=                       0.25
§0*=_i      lola

Appendix   c:c}ntinuEd   on   next   page.
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APPENDIX    1,    c=c]nt'd.       CHEMICAL   ANALY§E§   OF   FLY   ASH   LEACHATE

SAMPLES    (mg/L).

Sample:       I::P..j{L   .38
As=                  0.04
Ca i          ==C,I)
Cd=                  a.05
Cr=                  0.02

SamplE:        I:::F'.Pp.L    39
fis=                       C). C'5
Ca:         £8=0
Ccis                      C'. C7
Cr3                  {O.C)2
C1-=                 2

Sample:       lf.F.&L   =9
A5=                  a.04
£a =          =S7C'
Cc]=                       a. C17
Cr=               .-:a. 02
E1-=                2

Sample:       tr:P&L   3P
As=                   0. C'4
Ca =         2880
Cd=                 a.08
I:r=               <0.02
C1-i              5

=amplE=       r{P&L   =P
fls=                 0. 02
Ca:         =740
Cd=                  0.04
Cr3               <:0.02

;ample:      I.:Pal   3P
As=                   a.01
Ca =         =70rJ
Cd=                    C). 04
Cr=               <0.02

Leaching   E>:periment:      5
Fe=                           1.P
Nag                    120
Pb=                       0.I
Se=                        0.=3

LEac=hing   E`f`perimEnt:       1
Fez                      4.a
Na =                           9C)
Pb=                            1.6
§E=                          a.17
SO*=-:          9=C'

LEac=hing   Experiment:      I
Fe=                        5.2
Na i                        PC'
F'b=                            1.5

.SEE                           a.19
§0*=_ =         990

Leac:hing   Experiment:      3
Fe=                        5.4
Na=                     90
Pb=                          1.5
§e=                        0.17
§C),a_ i         970

leaching  Experiment:     4
FE=                           1.5
Na=                     llC,
F'b=                          0.2
§E=                        0.24

Leaching  Experiment:     5
FE=                           1.7
Na=                   Ilo
PtJ=                         a.2
§E:                       0.19

ippendix   cc}ntinuec]   on   nE>{t   page.
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AF'F'ENDIX    1,    cc]nt'd.       [HEMI[AL   ANALY§E§   OF.   FLY   ASH   LEACHATE

5AMPLE§    (mg/L).

Sample:        ;:;.F.S.L   4C}
A5:                    C].07
Ea :        =040
Cc!=                       rJ. C]7
Cr=                 {':0. 02
C|_:               4

Sample:      I::Pal   40
Ass                  O.rJ6
Ea :         I05C)
Cd=                  a.07
Cr:                 .:::0. 0=
C1-i              4

Sample:       KF.&L   40
A5=                  a.06
Ca i         5'}7'J
Cd=                  a.07
Cr=              ¢0.02
C|_:              4

Sample:       I.{P&L   40
As=                 a.03
Ea i        =080
Cd=                  a.04
Cr=               {0.02

Sample:      l{P&L   40
A5=                  a.02
Ea =         I.070
Cc]s                   a.05
Cr=                .::a. 02

Sample:      KP&L   38
A5=                   a.0=
Ca=          1570
Cd=                  0.02
Cr=                  a.14
C1-s               4

Leac:hing   E>:perimEnt:       1
Fe=                       =.i
Na =                         7C'
Pb=                            1.7
Se=                         0.21
504=-=         92C)

Leaching   E>{FJeriment:      :
FE=                            5.1
Na=                      70
Pb=                            1.7
Se=                       a.2=
§0+I_=        Plo

Leaching   Experiment=      3
Fe=                      4.I
Na =                          E)0
F'b=                            1.6
Se=                      0.25
SO+=_ =         920

Leac:hing  Experiment:      4
Fe=                         1.2
Na i                      E)a
Pb=                        0.2
§e=                       a.19

Leaching   ExperimEnt=      5
Fe=                           1-5
Na=                      80
Pb=                          a.1
§E=                       a.22

Leac:hing   Experiment:      1
FEE                         a.9
Na=                    100
Pb=                       <0.1
§e=                        0.14
§0+=_ =          BE)a

AppEndix   cc]ntinued   c]n   next   page.
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APPENDIX    1,    [ont'd.       CHEMICAL   ANALYSES   0F   FLY   ASH   LEA[HATE:

5AHPLES    {mg/L).

Sample:       I:::P€{L   .38
A5:                   0.I)2
Ca=          1540
Ccl=                      a. C'=
Cr:                   rJ.11
C1-i               4

5amplE=        I:::P*L   =8
As=                      a. C)1
Ca=          1640
Cd=                   a.0=
Cr=                   0.1=
C|-=              5

SamFlle:       t{P&L   IP
fi5=                   a.01
Cat        2040
Cd=                  0.02
Cr=                 a.06
C|-i            2

Sample:      KP&L   39
As=                   0.01
Ca=         2010
Ed=                 a.02
Cr=                  a. C'6
C1-i              I.

Sample:      l{P&L   39
As=                   a.01
Ca=         2070
Cd=                  0.02
Cr=                 a.09
C1_i               3

Sample:      F:Pal   4CJ
Ass                 0.01
Ea=         2150
Ed=                  0.02
Cr=                 a.04
C|_:             3

Leaching   E>{pErimEnt:      I
FEE                              C). 9
Na=                         1C'O
Pb=                          .::0.1
§e=                         0.15
SO*=-I          E370

LEac=hing   E}-:periment:       3
Fe=                           1.2
Na,=                   loo
Pb=                        ,:0.1
Se=                         0.10
S9~=_ i         P20

Leac:hing   E:<periment:       1
FEE                         4.2
Na=                        1C)0
Pb=                          a.1
§e=                         0. C'B
SO+a_ i        730

Leaching  Experiment:     2
Fe=                             1.1
Na=                   loo
PtJ=                             0-1
§e=                      0.09
SO*=-=         740

Leaching  Experiment:     5
Fe=                             1.1
Na=                  loo
Pb=                           0.1
§E=                       a.07
SO+I_ =         730

LEac:hing   E`;<perimEnt=       1
Fe:                        1.4
Na=                     80
Pb=                          a.1
§e=                       a.17
§0+=-:        710

Appendix   continued   c]n   nE>:t   pagE.

95

pH=8

pH=e

pH=8

pH=8

pH=8

pH=          E3



APPENDIX    1,    [c]nt'd.       CHErllcAL   f}NALY§ES   0F   FLY   ASH   LEA[HATE

§f}rlpLE5    {mg/L}.

Sampl E:        }::F.Sf.L    4C]
As=                        C'.C'1
Ca i        £250
Cc]=                    a.02
Cr=                -::a. 02
E|_i             3

Sample:       I::F.&.L   40
Ass                   i:C!.01
C:a i           2=9C)
Ccl:                   0. 03
Er I                 .:.:0. tJ=
E|-=               =.

Sam?le:       }::F'&L   38
f]5=                  ¢:0.01
Ca:            160
Cd=                   a.01
Cr=                  a.13
C|_=              I

Sample:      KP&L   38
As=                <0.01
Ca,            180
Cc+i                  <0.01
Cr=                    a.11
C1-i              3

Sample:       I::P&L   3EI
As:                  i-C'. C'1
Ea=               17C'
Cc]=                     a.01
Er=                      0.1CI
C|-i           I

E3ample:      I::Pal   39
A5=                 <0.01
Ea=           220
Cd5                {0.01
Crs                0.06
tl_i            £

Leac=hing   Experiment:      2
F-e=                               1.2
Na=                     80
Pb=                           0.1
§e=                        a.14
504=_ =         760

Leac:hing   Experiment:      I
FEE                                1-1
Na=                      90
F'b=                             0.1
§E=                        0.09
SD+=_=         770

LEac:hing   Experiment=       1
Fe=                     I.2
Na=                      70
F'b=                        {0.1
Se=                        0.01
§8+=-=           90

Lep~i=hing   Experiment=      2
Fe=                          1.7
Na=                      70
Pb=                       <0.1
§e=                        a.01
§0+I-=          60

Leaching  Experiment:      3
F-e=                           2.6
Na=                      70
Pb:                      {.0.1
§E=                       0.0£
§0+I_=           70

Leac:hing   Experiment:      1
FEZ                          10.1
Na=                      80
Pb=                         {C'.1
§e=                      0.02
§04=_ :          1C'0

AppEmdi:<   cc]ntinued   c]n   next   page.
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APE.ENDIX    1,    c:ont'd.

§AMF.LE§    {mg/L).

Sample:       t::PSz.L   =9
A==                   .::0.01
Ea=            =30
Cd=                  .::a.01
Cr=                 a.06
C1-i              I

Sample:       I::F.&L   =9
As:                    <C).  C)1
=a i           =|-,I,
Ccl=                      a.01
Cr=                        C).  C)5
C1--:                 I

E3afr.FIE:         I.::F.f±L    40
f:==                      .,:(I.  (=1

Ca=               =1:.:,
Cds                   .,i'3. C'1
EI-=                         C).1i
C1-:               1

Sample:        I::F.£v.L   411
fi==                   .i-O. 01
=a=            =40
Cd=                   .:::0. 01
Cr=                 0.07
C1-i              -

5amDIE:       k.F.8£L   40
fi==                  -,:0. 01
Ea i             ==C)
Cc!:                  <:0. 01
Cr=                       C'.11
C|_:            I

t:HE:MIC:AL   ANALYSES   0F   F.LY   ASH   LEACHATE

LEac:hing   E}{F}Eriment:       =
FE=                       10.6
Na =                          BC'
Pb=                        i:0.1
Se=                            C). O£
§D+=-=           1=C,

LEa[r,ing   E:{periment:      I
Fe:                         7.C,
Na =                            BC)
F'b=                               .:::'j.1

Se=                        a.0=
504=-=          13£`

LEG.[hirig   E:>`.perimEnt:        1
Fe:                       7.4
Na=                           6Cj
F'b=                              -i-CI.1

Se=                          0. C)I
S04=-i            9C)

Leac=hing   Ey`periment:      2
Fe=                       a.7
Na=                       6Q
F'b=                         {0.1
§e=                      a.02
§D4=_=          ilo

Leaching  Experiment:      I
Fez                     a.a
Na=                      50
Pb=                       {0.1
SE=                        0.02
SC]~=-i         loo

pH=         11.a

pH:         11.a

pH=           11.E3

pH=         11.S

pH=        11.a
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APPENDIX   2-       LI.    S.    ENVIRON||ENTAL   PROTECTION   AGENCY   EXTRA[-
TI0N   PRO[EI)LIRE

Frc]m   the   Federal   Register,   Vt]|.    43,   Nc].    243--Monclay,   I}ec:.
18,    1978,   pp.   58956-589=7.

{d)    7-cl,`.j[   waste.       (1}    Pet-I.r,I-t|.ori--A   solid   Waste   i5   a
hazarc}c]us  waste   if ,   a[Eorc!ing   t.a   thE  methc]ds   Spe[ifiec]   in
Paragraph    J`=)  ,    the   E}:trac=t   obtairied   frc]m   appl}'in9   the   E}{-
trac:tion   F'rc]c=edure   (EP}   Cited   bE|c]w  to   a   representat.ive
Sample   of   the  waste  has   c=c]ncentrations  c]f   a   c=C]ntaminant
that   e;<c:eec]   any   a+-the   fc]llc]wing   values:

Extract   leire|,
CQntE\m±n,aTT.t-.                                                                       milligrams   Per    liter

Ar5eni I .....................................            0 . 50
Bar i urn ......................................          10 . 0
Cadmium .....................................             0.10
C=hromi urn ....................................              C] . 50
Lead ........................................            a . 50
mercury ...........,.........................            0 . 02
Selenium ....................................            0.10
§i 1 vEr ......................................             0 . 5C}
Endrin      {1,£,3,4,10,10-hexa[hloro-6,7-epoxy-

1, 4 , 4a , 5 , 6 , 7 , a , Ba-c]cthydrc]~ 1, 4-endc] , enc]0-
5 , 8-di methanc]naphthal ene ......-.-.--.--..

Linclane      {1,2,3,4,5,6-hexachloroc=yc:lcihexane
gamma   i5omer)  ...............---.--..--...

Methc]xyc=hlor      ( {1,1,1-trichlc]rc]ethane)2i2-
bi s (p-mEthc]xyphenyl } } ........-....-..--.-

TC]xaphEne      (C|oH.ocl.-technic:al   c:hlc)rinated
[amphene,   67-69  percent   c=hlc]rinE) --......

2,4-D      {2]4-dic:hloroF]henoxya[eti[   ac=id) -..--

0 . C)02

a. 040

1.a

a . 050
1.0

=,4,5-TF.     §ilvE>:      {=,4,5-trichlc]rophenoxy-
PrDpi.cJnic   ac:id) ..........................             C].10

Note:     Extrac:t   levels  spec=if ied  fc]r  the  abc]ve  Sub-
Stanc:es  equal   ten   timEs  the  EF.A  Natic]nal   Interim  Primary
DrinL`.ing  Water   Standards  fc]r   these  substanc:e5.      ThEse
Standards  are  being  revised.     Extract  levels  Spe[if ied
abc]ve  will   bE  c:hanged  tc]  reflect  revisions  to  these  Stan-
Clards.      Alsc],   EF.A   is  cc]nsidering   use   c]f   the   Water   E!uality
CritEria  under  the  Clean  Water  act  as  a  basis  for  Setting
extrac=t   levels,   in  addition  tc)  the  EPA  Natic]nal   lntErim
Primary  Drinking   Water   Standards.

{=}    IdeTlti+±i=atiaTI   methocl.       {±)    Extrac_tiori    prc>ceclure.
(A)   Take   a  representative   sample   (minimum   size   loo  gms}   of
the  waste  to  be  te5tEd  and  separate   it   intc]   its  CC]mponent
Phases  using  EithEr  the  i iltratic}n  method  or  the  [Entrifu9-
atic]n   methc}c]   c]Es[ribec!   in   this   sec:tic]n.      ReservE   the   liquid
i rac=tion  under  refrigeratic]n  at   1-5o[   (54-41-F)   f or  use  as
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c!esc:ribed   in   paragraph   (F)   c]f   this  sectic]n.

(J}   FiltraticJn   Method.       {Thi5   sec=tic]n   des[ribes   a
proc=edure  nc]t   usec}   in   this   study.)

{f )   I:entrifugatic]n   methc)d.
E.t7ul-pngr}t;      Centrifuge    (e.g.    I)anon-IEC   c=atalc]g   nc].

7165,   Damc3n-IEC   I:c}rF.  ,   Neeclham   Heights,   HA,   c]r   equivalent)
equippEd   with   a   I-c]tc]r   for   £OC}   ml   tc}   1   liter   cc}ntcliners
(Damon-IEC   Catalog   P76,   c]r   equivalent).      Fc]r   {1ammabte
matErial   c=c]ntaining   wastEs,   e}{plc]sic]n   proof   Equipment   i+
re[ommendEcl .

BLABS   CENTFtlFLJBE   BOTTLES

froL-edurg:      1.      C:entrifuge   sample   for   3C}  minutes  a.t
==00   rpm.      Holcl   temperature   at   20-40oC   {6B-1t)4oF-).

2.     using  a  ruler,   measure  the  size  c]f   the  liquid  and
sc]1id   layers,   to   thE  nearEst   mm   (a.40   inch).      Calc:ulatEt
the  liquid  to  solid  ratio.

3.      F{epeat   1   and   2   abc)veil  until   the   liquid=5c]1id   ratic]
c:alc=ulatEd  after  twc]  cc}nsec:utive  =0  minute  c:entrifugations
is  within  5./..

4.      Dec:ant   c}r   5iphcin   c}f {   the   layers  and   e:-:tract  the
5c]lid   a5  c]E5[ribed   in   paragraph   8.

{En   Take   the  sc]1id   pc]rtic]n   c]btained   in   paragraph    (i),
and  prepare  it  f or  extrac:tion  by  either  grinding  it  tc]
pass  thrc}ugh  a  9.5  mm   (I/.")   standard  sieve  cir  by  subjec:-
ting  it  to  the  fc}llc]wing  Structural   integrity  procedure.

Structural   Integrity  Proc=edure

Et7uj.ppen±;     [ompac:tic]n   tester   having   a   1.=5   inc:h   dia-
meter   hammer   weighing   a.731bs.   and  having   a  free  fall   a+.
6  inc:has   {c]ne  suitable  c]evice  is  the  Assc][iated  Design  and
Manufacturing   Co.,   f`lexanc]ria,   Va.,   Catalog   nc].125}.

Procedure;     1.     Fill   the  Sample  holcler  with   the  mater-
ial   tcJ  be  tested.      If   the  waste  sample  is  a  monolithic=
blc]c:k,   then  Cut  a  representative  Sample  from  the  blc][k
having  the  dimensions  c]f   a   1.3"   die.   x   2.a"   cylinder.

£.      F.lace  the  sample  hl]lder   in  the  Cc]mpac:tic]n   Tester
and  apply   15  hammer  blows  to  the  sample.

:.      REmc]ve  the  nciw  c:c]mpacted   sample   f ron  the   sample
hc}lder  anc]  transfer  it  to  thE  eh'tra[tion  apparatus  fc}r
e;< tract i c]n .

(I)   TakE   the   sc]1id   material   from  paragraph   (E},   weigh
it  and  plac=E  it   in   the  e;{trac:tc]r.      A  suitable  e:{tra[tor
will   nc]t  olily  prevent   stratific:aticin   c]f   thE  sample  anc]  ex-
tractic]n  f li`id  but  al5c)  insure  that  all   sample  Surfaces
are  [ontinuc]usly  brought   intc]  Contact   with   the  well   iTiixed
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extrac:tic}n  i luid.      (When  c]perated  at  greater  than  40  rpm,
one  suitable  c]Evic:e   is  available  as  F.art  No.   I.7=.6  by  the
fls5o[iatec!   Design   anc±   Mfg.    [c].,   Alexandria,   Va.      2=514.)

(I))   Add   to   the   E}{trac:tc]r   a   weight   of   deic]Iii=ec]   wat.Er
equal   tc]   16   timEs   the  weight   c]+   sc]licf   material   ac]ded   to
the  E>:trac=tc]r.     This   includes  any  water   u5Ed   in  transfer-
ring   thE  sc]lid   matErial   tc]  the  extrac=tc]r.

(E)   E!Egin   agitatic}n   and   adjust   t.he   pH  of   the  solutic]n
tc}   5.a  ±   a.2   using   O.5N   acetic:   acid.      Hold   the   pH   at   5.C}   ±
0.:   and   =c]ntinue   agitatic)n   fc}r   £4   ±   Cl.5   hc]urs.       I+   mc)re
than   4   ml   c]f   ac:id   fc]r   eac=h   gin   of   sc]licJ   is   required   to   hc]1d
the   pH  at   5,   then   c]n.=E   4   ml   of   ac:icl   per   gin  has   been   acjc]ed,
c:c}mplete  the   =4   e:.:trac:tic]n   withc]ut   adding   any  additiolial
ac:id.      Maintain   thE  e>{trac:tant   a.t   20-40-I   {6E}-104°F)   c]ur-
ing   E;-{trac:tic]n.       It   i5   rEc:c]mmEndEd   that   a   device   5uc:h   a5
the   Type  45-f}  pH  [c]ntrc]ller   manufactured   by  Chemtri;<,   Inc:. ,
Hillsbi]rc],   OR     97123,   cir  equivalent,   be  usecl   fclr   c:ontrol-
ling  pH.      If   suc:h   a  de`'ice  i5  nc]t   available  then   the  fc]l-
1owing   manual   procEdure   c=an   be   employed.

Manual   pH   Ac]justmE!nt

1.      C=alibrate  pH  mEtEr   in   a[cordanc:E  with   manufac:-
turer 's  Spec:ific=ations.

2.     Add   0.5N  ac:etic   ac:id   and   adjust  pH  of   sc]1ution   to
5.a  ±  a.£.      If   mc}rE  than   4  ml   c}f   acid   far   each   gin  of   sc]1id
is  required  to  hold  the  pH  at  5,   then   c]nc:e  4  ml   c]f   ac:id
per  gin  has  been  added,   complEte  the  24  hc]ur  extraction
withc]ut  adding  any  additic}nal   acid.     maintain  the  extrac=t
at  20-40°t=   (6B-104-F)   during  extrac:tion.

I.      Manually  ac!just   pH  c}f   5oluticin   at   15,   30,   anc]   60
minutE  intervals  moving  to  the  next  lc]nger  interval   if   the
pH  c]id  nc]t  have  to  be  adjusted   more  than   a.5  pH  units
s'inc:e  the  prEvious  adjustment.

4.     Continue  the  adjustment  pro[edurE  fc]r  a  perioc]  of
nc]t   less  than   6  hc]ur5.

5.     Final   pH  af ter   a  24  hour   pEric}d  must  be  within
the  range  c]f   4.9-5.2;   unless  4  ml   a+   acid  per   gram  c}f
sc]lid  has  already  been  added.

6..    If   the  Conditions  of   5  arE  not  met,   cc]ntinue  pH
adjustment  at  approximately  one  hc]ur  intervals  for  a
peric]d  t]f   nc}t   less  than   4  hc}urs.

(F.}   At   the   End   c}f   the  24  hc]ur   e}:tra[tic]n   peric}d,   Sep-
arate  thE  matErial   in  the  extractc]r   into  sc]lid  and   liquid
phases  a5   in   paragraph   {A).      Adjust   the   vc]1ume  c]f   the  re-
sulting  liquid  phase  with  deic]nized  watEr  sa  that  its  vc]l-
ume   i5  20  times   that   c}c=t=upied  by  a  quantity  c}f   water   at   4°
I  equal   ir.  weight  tc]  the  initial   quantity  of   solid  matErial
c:hargEcl  tc]  the  e¥`trac:tor   (a.g.,   fc]r   an   ir,itial   weight   of   1
gin,   dilutE   tc]   =0   ml).      Ct]mbine   this   sc}lutic]n   with   the   ori-
ginal    liquid   phase   frc]m   paragraph    {A}.      This   cDmbinec]   li-
quic],   anc]   any  precipitate  which   may   later   form,   is  the
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Extrac=tion   F.ro[edure  Ey`trac:t.
{ii )   AriaJysl.5--Analyses   c:c]nduc:tecl   tc)   determine   =onfc]r-

manc:e   with   Sec=tic)n   250.1={b)  (1}    shall    bE   mac±e   in   ac:ccird-
anc=E   with   the   fc]llc]win5   c]r   eciuivalerit   methods:

{A)      Ar5eril.c--Atomic   Absorption   MEthc}d,    .'MEt.hods   fc]r
Chemic:al   fir.alysis   c)f   Water   anc]   Wastes,"   pp.   t75-P6,   Envi-
rc]nmEntal   F.rc]tEc:tic]n   f}gen[y,   Off it=e   of   TE[hnc}lc]gy   Trans+er,
Washington,   I.I.      =0460,    1t774.

(I:}      Cacfml.urn,--Atomic   Absorpticjn   MEthc]d,    ''5tandard
Methc]c]s   fc]r   the   E>:aminatic]n   t]f   Water   ar`d   Wast.e   WatEr,"
lEtte5t   ec}itic]n,   Br   "rlEthc]ds   for   [hemic=al   Analysis   of   Water
and   Wastes,"   pp.101-103,   Environmental   F'rc]tec=tic)n   Agenc:y,
Off ice   c]f   TEc=hnology   Transfer,   Washington,   D.I.      2r.}460,
1974 .

(D}      Ch.r{-.Imz.up--Atc]mic   Absorptic]n   Hethc]d,    "§tanc]ard
MEthc]ds  for   the   E}:amination   of   Water   and   Waste  Water."
latest  Edition,   or   ..Hethods  fc]r  ChEmic=al   Analysis  of   Water
and   Wa5tE5,"   pp.11£-11=,   Er,virc]nmental   F.rotec:tic]n   flgenc:y,
OffiEe   c]+.   Te[hnc]1c}gy   Ti-an5fer,   Washingtc]n,   D.I:.       =046Cl,
1974.

{E}      ieaiJ--Atc}mic:   Absc]rptic]n   Methc]c],    "Standard   Hethc]d5
for   the  Examinatic]n  of   Water  and  Waste  Water,"   latest  ec]i-
tic]n,   cir   ..Hethc]ds  of   Chemic:al   Analysis   c]f   Water   and   Wastes,"
pp.    112-11=,   Environmental   Prc]te[tion  Agency,   Office  of
Tec=hnolc]gy   Transfer,   Washington,1}.[.      20460,    1974.

{G)      SeJenz.up--f}tomi[   Absorptic]n   Hethc]d,    "Hethods  for
I:hemic:al   Analysis  of   Water   and   Wastes,I.   p.    145,   Environ-
mental   F.rc]tection  Agenc:y,   Off ice  t]f   Technology  Transfer,
Washington,   D.C.      2C1460,    1974.
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