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THE BIOLOGICAL IMPLICATIONS OF METALS 

'IN'THE ENVIRONMENT--SESSION I1 

A RAPID DIFFUSION METHOD FOR PHYSICOCHEMICAL 

CHARACTERIZATION OF METAL LIGANDS IN SOILS A N D  SEDIMENTS 

T. R .  Garland, R: E. Wildung, and R .  A .  Pelroy 
b' 

The a b i l i t y  t o  predic t  the e f f e c t  of the  addit ion of any pol lutant  on 

a complex ecosystem requires a thorough knowledge and understanding of the  

in teract ions .  of the' components of the  system at the chemical 1 eve1 a s  we1 1 ., 
I 

as  the  organism.l'eve1. In the case of metals i n  s o i l s  and sediments, the  ,> 

major f rac t ion  of the  exogenous metal i s  usually immobi.lized and only a 

small f rac t ion  may be avai lable  t o  biota i n  the  ecosystem. I t  i s ,  therefore ,  

logical t ha t  considerable emphasis has recently been devoted t o  determination 

of the  chemical form. of "mobile" o r  "soluble" metals in . so i l s  and.,sediments, 

especia l ly  those t h a t  have the potential  f o r  adverse e f f ec t s  on biota a t  

re1 a t i  vely low concentrations. 

However, i t  i s  extremely d i f f i c u l t  t o  determine the  chemical form of 

most metals a t  environmental l eve l s . .  In addit ion t o  d i f f i c u l t i e s  inherent  

in detecti.on of metals .a t  low l eve l s ,  methods of metal isolat . ion and. 
. . 

character izat ion have the  inherent l imi ta t ion  of ' po t en t i a l l y  'changing the  

chemical form i n i t i a l l y  present . in  -- s i t u .  

,Today, a d i f fus ion method will  be described which allows preliminary 

character izat ion of mobile spec ies ,o f  metals in  s o i l s  and sediments while 

minimizing the potential  f o r  a1 t e ra t ion  of metal form. In addi t ion,  examples 

of the  application o f  the  method t o  model compounds of Pu and Pu i n  so i l  will 

be given. 



The impetus t o  develop and u t i l i z e  d i f f u s i o n  phenomena as an a n a l y t i c a l  

t o o l  came from m ic rob ia l  s tud ies  i n  which d i f f u s i o n  was used t o ~ r e a t e  

. .. metal concent ra t ion  grad ien ts  'on  'agar-gel p l a t e s  t o  expose metal i r e s i  s t a n t  

microorganisms t o  d i f f e r e n t  metal concentrat ions on a s i n g l e  p l a t e .  I t  was 

noted t h a t  t h e  a p p l i c a t i o n  o f  the  most simple equat ions desc r ib ing  d i f f u s i o n  

a l lowed the  accurate p r e d i c t i o n  o f  t he  m o b i l i t y ,  as a f u n c t i o n  o f  t ime, o f .  

known aqueous metal species i n aqueous sbl u t i o n .  

The f i r s t  s l i d e  shows two p l a t e s  which have been employed f o r  meesuring 

the d i f f u s i o n  o f .  mobi le  metal  species' i n .  s o i l s  and sediments. 

SLIDE. 1  : 

This s l i d e  shows t h e . p e t r i  p l a t e  and tube con ta ine r  and an example o f '  

t h e  sampling procedure used. The support ing medium.used i n  both systems i s  

a 2% agar ge l  i n  0.01 M Ca(N03)2, which s t a b i l i z e s  t h e  aqueous phase aga ins t  

convect ion b u t  does n o t  impede the'random movement o f  most molecules a t  

d i l u t e  concentrat ions.  

When t h e  p e t r i  p l a t e '  system i s  employed, t he  s o i l  sample under s tudy 

i s  app l i ed  i n  a c y l i n d r i c a l  w e l l  'a t  the  center  o f  the  p l a t e .  Radial  

d i f f u s i o n  o f  so lub le  substances occurs i n .  a  plane which i s  sampled w i t h  t ime. 

When the  tube system i s  employed, t he  sample i s  app l i ed  a t  t h e  sur face o f  

t he  ge l  and d i f f u s i o n  occurs i n  one d i r e c t i o n .  The dimensions o f  t h e  con- 

t a i n e r s  a re  n o t  c r i t i c a l  except t h a t  they should be o f  s u f f i c i e n t  l e n g t h  

( o r  r a d i u s )  t h a t  w a l l  e f f e c t s  a re  n e g l i g i b l e  du r ing  t h e  sampling t ime per iod .  

This  i s  usua l l y  n o t  a s i g n i f i c a n t  problem and i s  e a s i l y  recognized as w i l l  

be discussed l a t e r .  Precaut ions must be taken t o  assure t h a t  no seepage o f  
. . 

sample occu.rs between the  ge l  and . the  s ides o f  t he  conta iner .  This  ,may e n t a i l  

sea l i ng  the  sample we l l  w i t h  a d d i t i o n a l  agar s o l u t i o n  p r i o r  t o  t he  a p p l i c a t i o n  



of the sample o r  pretreatment of the  container.  In the  l a t t e r  case ,  pre- 

liminary addition of hot agar t o  the ' con ta iner ,  decantation.of excess agar 

which did not adhere t o  the  g lass '  followed by cooling and drying' in  a 

desiccator p r io r  t o  addit ion of the f ina l  gel matr.ix has proved t o  be 

sufTicient  t o  allow bonding of the  agar t o  p l a s t i ' c , o r  . . glass'. 

The remainder of the  discussion will  concern only the  pe t r i  p l a t e ;  

however, only s l  i  ght changes in mathematical and procedural changes are  

required f o r  the tubes. 

Prepara.tion 0.f the  pla tes  i s  accomplished several days in advance of 

the  addit ion of samples. In order t o  obtain reproducible volumes i n  the  , 

pe t r i  p la tes ,  a known quant i ty  of h o t  2% agar i n  .O1 - M Ca(N0i)2 i s  weighed 
. . 

i n to .  pretared pe t r i ,  dishes and allowed t o  s o l i d i f y  on a level t ab le .  

Usually, several p la tes  a r e  made a t  one time, and pla tes  not. being immed- 

i a t e l y  used a r e  stored a t  4OC. The agar p la tes  a re  equi l ibra ted in  a 

constant temperature chamber f o r  24 hours. 

Insert ion of samples in to  the  agar containers has been accomplished 

using various techniques. Prior t o  placement of so i l  i n  the di f fus ion 

chamber, a '  10 g 'subsample i s  taken t o  f i e l d  moisture capacity.  Using a 

.pretared segment of g lass  tubing with' an..inside diameter the  equivalent 

t o  the  we1 1 ,  a plug of the  moi sture-saturated so i l  i s removed, weighed, and 

inser ted i n to  the. wel.1. The amount pl aced in to  t he  agar is obtained by 

difference.  A separate so i l  sample i s  taken in an ident ical  matter t o  

accurately determine (gravimetrical l y )  the soi 1 moi s t u r e  content .  

After the  soi 1 has been added t o  t he  agar ge l ,  i t  i s  gently tamped t o  

assure uniform contact  w i t h  the  gel surface.  Pr ior  t o  incubation, t he  

sample i s  sealed w i t h  approximately 0.5 ml of 0.7% agar a t  a temperature 



of 45°C ( the lowest temperature a t  which agar t s  not so l fd t f ied)  t o  aelTmT.nate 

different ial  drying of the. sample 'and gel. 

. .. . The sample in the agar gel' diffusion container i s  incubated'for pre- 

determined. periods. of time . a t  constant temperature. The incubation i s  

generally carried out i'nside a  large vac.uum dessicator with a  damp sponge 

added to maintain'constant moisture. The dessicator arrangement also 

a1 1 ows incubation .under aerobic or  anaerobic conditions by changing the 

atmosphere in the chamber. .The dessicator i s  then stored level in a. con- 

s tan t  temperature jncubator a t  the desired temperature. 

Samples of the agar gel on petri  p la tes 'a re  taken fo r  analyses of the 

desired metal a t  def ini te  time intervals  by removing small cyl'indrical 
. . 

samples a t  specif ic  distances 'from the sample well. With the petri  plates ,  

several samplings on the same plate may be undertaken a t  different  time 

intervals.. For the tubes of agar gel ,  each sampling requi res ' the  sacr i f ice  

of a  rep l ica te  tube and the sample. 

The next ' s l ide s.hows the mathmatical equations used to  describe the 

movement of solutes by diffusion in the supporting gel matrix f o r  the petri  

plate system. 

.SLIDE. 2: 

The two-dimensional planar diffusion on the petri  p la tes  i s  represented 

3 by the f i r s t  equation where C i s  the concentration in pg/cm a t  any point in 

the agar a t .d i s tance  4 ,  S i s  the quantity of material a t  to in the s t a r t ing  

material, D i s  the diffusion coefficient of the material ,  t is: .A t ,  i . .e. ,  

t - to in sec, and h i s  the height of the agar layer in cm. 

The diffusion c0efficien.t i s  determined from the slope of the l ine  

obtained from equation ,l using equation. 2 .  This equation i s  derived by 
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taking the  logarithms of the  f i r s t  equation and d i f f e r en t i a t i ng  w i t h  respect  , 

t o  r 2 .  Equation 3 i s  an approximation r e l a t i ng  the  di f fus ion coef f ic ien t  to'  

the  square root of the  molecular we.ight .o f  a known and unknown species.  

Several assumptions have been made i n  the  use of these equations. F i r s t ,  

i t  i s  assumed t h a t  the sample has a negligble thickness,  i . e . , " i t  represents.  

a  l i n e  source. To minimize this l imi ta t ion ,  the  diameter of the  plug was . . 

maintained as  small as  possi.ble and the  ,distance and time .chosen f o r  analyses 

were maintained as  large  as  possible.  Secondly, i t  i s  'assured t h a t  the 

substances move by diffusion processes alone and do not i n t e r ac t  w i t h  the 

matrix o r  o ther  components during the  time of analyses. This l a t e r  l imi ta-  , 

t ion has been shown t o  be a problem and i s  l i ke ly  the  major l imi ta t ion  i n  the  

in te rpre ta t ion  of r e su l  t s '  obtained. To a s s i s t  i n  recognizing when i n t e r -  

actions w i t h  the  gel have occurred, d i f fus ion coef f ic ien t s  and calculated 

metal concentrations are  compared a t  d i f f e r en t  time in te rva l s  a f t e r  sample 

application.  

The next s l i d e  shows a p lo t  of the  di f fus ion of a s t ab l e  complex of 

Pu2DTPA3 in the  pe t r i  p la te  chamber. 

SLIDE 3: 

The log of the  concentration of Pu a t  time t and dis tance r from the  

orig?nal  sample i n  pg/ml i s  plotted on the  y axis  and t he  square of the  

distance traveled i s  plotted on the  x ax i s .  The - r e su l t s  a re  f o r  Pu a t  

le,vels of 40 ug and 0.04 pg, the  so l id  and dashed l i n e s ,  respect ively;  and 

a t  two time i n t e rva l s ,  24 and 94 h r  from sample appl icat ion.  The s t r a i g h t  

and paral le l  l i ne s  obtained f o r  both concentrations and a t  both time' 

periods a r e  an indication t h a t  sample o r  gel in te rac t ions  a r e  not occurring. 
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The c o n s i s t e n t  d i f f u s i o n  c o e f f i c i e n t s  and the  comparab i l i t y  o f  i n i t i a l  and 

c a l c u l a t e d  i n i t i a l  Pu concent ra t ions  f o r  d i f f e r e n t  e q u i l i b r a t i o n  t imes a t  

d i f f e r e n t  concent ra t ions  v e r i f i e s  t h i s  observation.. The d i  f fus ' ion  c o e f f i  - 
2  c i e n t  observed f o r  t h i s  s t a b l e  complex o f  Pu was 5.5 x  cm /sec. 

Two pr imary  mechanisms f o r  ach iev ing  s t a b i l i t y  i n  Pu aqueous s o l u t i o n  

( i n c l u d i n g  t h e  s o i l  s o l u t i o n s )  a r e  l i k e l y .  . One i nvo l ves  complexat ion w i t h  

o rgan ic  l i gands  t 6  form h i g h l y  s t a b l e  che la tes  o r  complexes as w i t h  DTPA, 

where t h e  l o g  s t a b i l i t y  cons tan t  i s  i n  t h e  v i c i n i t y  o f  23, and the  o t h e r  

i nvo l ves  h y d r o l y s i s  t o  t h e  h i g h l y  i n s o l u b l e  hydrous ox ides o r  hy.droxides, 

w i t h  l o g  so l  u b i l  i ty products approaching 50. Several s tud ies  underway 

i n  ou r  l a b o r a t o r y  and others: a re  a t tempt ing  t o  d e f i n e , t h e  p l a n t  uptake of ; 
, - . . 

Pu a f t e r  a d d i t i o n  o f  P u ( N O ~ ) ~  s o l u t i o n s  t o  s o i l  w h e r e t h e  Pu i s  s t a b i l i z e d  

i n  s o l u t i o n s  o f  2 MHN03. I n  ou r  l abo ra to ry ,  t h e  n e u t r a l i z a t i o n  o f  t h e  = .  

excess a c i d  has been accomplished :by t h e  a d d i t i o n  o f  s u f f i c i e n t  CaC03 t o  

n e u t r a l i z e  t h e  a c i d  which had been added t o  a  smal l  a1 i q u o t  o f  s o i l .  The 

amended s o i l  was then d r i e d  and mixed w i t h  t h e  remain ing s o i l . r e q u i r e d  f o r  

t he  experiment. To c h a r a c t e r i z e  t h e  Pu reac t i ons ,  products which may have 

formed du r i ng  t h i s  procedure, t h e  d i f f u s i o n  o f  Pu(N03) added t o  an agar 

s o l u t i o n  which conta ined s u f f i c i e n t  CaC03 o r  Ca(OH)2 t o  n e u t r a l  i z e  t h e  

excess associated a c i d  was measured. A f t e r  s t i r r i n g  f o r  5 min, t h e  agar 

s o l u t i o n s  c o n t a i n i n g  t h e  Pu were a l lowed t o  s o l i d i f y  and e q u i l i b r a t e  f o r  

24 h r .  The f i n a l  pH o f  bo th  s o l u t i o n s  approximated 8  as i n d i c a t e d  by pH 

paper. A f t e r  ,equi 1  i b r a t i o n ,  a  subsampl e  o f  t h e  so l  i d i f i  ed agar was added 

t o  another  prepared agar p l a t e  f o r '  d i f f u s i o n  measuremen.ts a f t e r  '94 and 438 

h r  i ncuba t i on .  The concent ra t ion '  o f  Pu was 0.1 pg/cm"or bo th  cases. 

The r e s u l t s  of t h i s ,expe r imen t  a re  shown i n  t h c  nex t  s l i d e .  
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SLIDE 4: 

The Pu species behaved d i f f e r en t l y  than the Pu2DTPA3 complex. F i r s t  , 

... the  1 ines a r e  not '1 inear  and second, . the  di f fus ion . coe f f i c i en t s  f o r  Pu a r e  

considerably .smaller. I t  i s  a l s o  of i n t e r e s t  t h a t  more Pu appears t o  be 

able  t o  diffuse 'from the  plug when neu t ra l i za t ion  of t he  excess acid was 

made w i t h  Ca(OH)2 than with CaC03. O u r  t en t a t i ve  in te rpre ta t ion  of this data 

i s  t h a t  the  majority o f '  the Pu t h a t  appears t o  be d i f f u s i b l e ,  i s  -primari ly 

i n  the  form of col lo idal  hydrous oxide pa r t i c l e s  of Pu  w i t h  estimated 
. * 

molecular weights o f '  200,000 t o  1 mil l ion.  However, i t  i s  not impossible 

t h a t  a  combination of col lo idal  Pu(OH)~ and s t ab l e  Pu-1 igand complexes 

(where the  organic ligand was an impurity i n  the  agar)  i s  responsible f o r  
. . 

the  observed behavior.. This wil l  be discussed l a t e r .  The next s l i d e  shows 

the di f fus ion of Pu form a representa t ive  so i l  which had P u ( N O ~ ) ~  added 

w i t h  the  excess acid neutral ized w i t h  CaCOj b u t  which ahad been allowed t o  

incubate under aerobic condit ions f o r  approximately 100 days a t  70% f i e l d  

moisture capaci ty  p r io r  t o  d i f fus ion measurements. 

SLIDE 5: 

This s l i d e  includes,  f o r  comparative purposes, the  di . f fus ion.of  Pu on 

agar gel pe t r j  p la tes  (dashed l i n e s ) ,  a s  shown i n  t he  previous s l i d e .  In 

addi t ion,  the  .behavior of Pu i n  the  equi l ibra ted s o i l  ( so l i d  l i n e )  i s  a lso .  

shown. The' Pu .analyses were conducted a t  two. time-interval s ,  i . e . ,  94 hr 

(o.pen c i r c l e s )  and 438 hr (closed c i r c l e s ) .  , T h i s  pa r t i cu l a r  so i l  i s  a 

R i t zv i l l e  s i l t  loam, and the  observed behavior of P u  on t h i s  so i l  i s  

generally representa t ive  of t h a t  found on four  o ther  s o i l s .  As indicated 

e a r l i e r ,  the  nonlinear semi-log p lo t s  obtained may be explained by e i t h e r  

mu1 t i p l e  chemi'cal species o f  Pu of d i f f e r en t  d i f fus ion coe f f i c i en t s  giving 



t he  composite curves shown o r  by i n t e r a c t i o n  o f  Pu w i t h  t h e  agar gel  ma t r i x .  
. . 

~ ~ v e s t i ~ a t i o n s  c u r r e n t l y  i n  progress i n v o l v e  t h e  use o f  computer analyses o f  

d i f f u s i o n .  curves t o  reso l ve  t h e  mu1 t i p l e  d i f f u s i n g  species and t o  d i f f e r e n -  

t i a ' t e  between t h e  d i f f u s i b l e  and t h e  i n t e r a c t i n g ,  n o n d i f f u s i  b l e  species. 

For  t h e  purpose o f  t h i s  .discussion, d i f f u s i o n  c o e f f i c i e n t s ,  sample concen- 

t r a t i o n ,  and,molecular weights have been es t imated  us ing  t h e  da ta  p o i n t s  a t  

t h e  extremes, o f  each curve. These values ' w i l l  be summarized l a t e r .  

The curves shown here and those obtaine'd f rom experiments w i t h  the 

o t h e r  s o i l s  l ead  t o  severa l  conclus ions.  F i r s t ,  t h e  magnitude o f  t h e  

d i f f e r e n c e  i n  t h e  q u a n t i t y  o f  d i f f u s i b l e  Pu r e s u l t i n g  f rom s o l u t i o n  - , neu t ra l -  

i z a t i o n  and n e u t r a l i z a t i o n  i n  t h e  s o i l  l i k e l y  r e s u l t s  f rom d i f f e r e n c e s  i n  .; 

,. . 
ag ing  t ime a f t e r  n e u t r a l i z a t i o n  and s o r p t i o n  i n  t h e  so i l ,  systems. I n  t h e  

s o l u t l o n  s tud ies ,  t h e  r e a c t i o n  t ime a f t e r  n e u t r a l i z a t i o n  was o n l y : 2 4  h r  

compared t o  t he  100 day i ncuba t i on  f o r  t h e  s o i l s  s tud ies .  The Pu(OHI4 

formed by h y d r o l y s i s  o r  n e u t r a l  i z a t i o n  tends t o  agglomerate i n t o  l a r g e r  

p a r t i c l e s  w i t h  t ime w i t h  t h e  r a t e  being a t  l e a s t  p a r t i a l l y  Pu-concentrat ion 

dependent. 'Secondly, t he  .common s lope . o f  t h e  chemic'al species formed i n  

s o i l  and i n  s o l u t i o n  over  t h e  d i s tance  o f  2 t o  2.5 cm ( o r  i n  terms o f  r 2 

on t h e  x  ax i s ,  f rom 4 t o  6 )  i n d i c a t e s  the  common presence o f  c o l l o i d a l  Pu 

hydrox ide o f  s u f f i c i e n t l y  smal l  s i z e  and e l e c t r o s t a t i c  charge t o  move i n  

bo th  t he  aqueous s o i l - f r e e  s o l u t i o n  and t h e  s o i l  s o l u t i o n .  T h i r d l y ,  t h e  

reduced s lopes a t  . the extremes of t h e  curves f o r  d i f f u s i b l e  s o i l  , Pu . . 

compared, t o  s o l u t i o n  Pu may i n d i c a t e  t h a t  a  smal l  f r a c t i o n  o f  t h e  added 

Pu has assoc ia ted  w i t h  l ' igands present  i n  s o i l  forming a. complex t h a t  i s  

of '  s u f f i c i e n t  s t a b i l i t y  t o  r e s i s t  , hyd ro l ys i s  and immob i l i za t i on .  
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SLIDE 6: 

The r e s u l t  of these s tudies  t o  date  a r e  preliminary t o  the  extent  

, ... t h a t  there  'has been no attempt t o  precisely resolve t he  several chemical 

species which serve as components o f ,  the  di f fus ion curves. . I n ' t h i s  

respect ,  the  di f fus ion-coeff ic ients  f o r  the  most mobile components a r e  the 

l e a s t  sub jec t .  to, ' e r ror .  The l e s s  mobile components ( those w i t h  l a rge r  

molecular weights) a r e  more l i ke ly  t o  have di f fus ion coef f ic ien t s  and 

concentratjons t h a t  a r e  lower than those shown. 

Of pa r t i cu la r  importance a r e  the  estimated concentrations and 

molecular weights of the  most mobil'e fracti.ons of .the Pu i n  the  s o i l s  studied.  

Although the  quant i ty  of Pu associated with the  most mobile f r ac t i on  (9-55 ' 

. . 

pglg so i l  ) represents l e s s  than 0.008% of the  Pu i n .  the  s o i l ,  t h i s  f rac t ion  

may represent tha.t component of Pu t h a t  i s  most avai lable  t o  plants .  In 

f a c t ,  t h i s  approximates the  quant i ty  of P U .  removed .from soi 1 by mature 

soybeans grown i n .  pot cu l tu re  in  our laboratory.  

In conclusion, the  diffusion.method presented'allows the  preliminary 

character izat ion of mobile metal species present i n  so i l  solution and 

sediments wjthout markedly a f fec t ing  the form of the  model compound. 

Furthermore, the  l ikl ihood of a l t e r a t i on  of l e s s  s t ab l e  Pu complexes i s  l e s s  

than harsh .chemical ex t rac t s .  The addit ion t o  so i l  of Pu in  acid solution 

w i t h  subsequent neutra l izat ion of the  excess acid r e su l t s  i n  the  immobiliza- 

t ion of the  majority o f . t h e  P u ,  b u t  t h a t  a very small f rac t ion  t h a t  i s  

r e l a t i ve ly  mobil'e w i t h  esti.mated molecular weights of l e s s  than 20,000. 

Application of t h i s  method t o  soi  1 and sediment.:systems should provide 

ins igh t  in to  the chemical and microbiological phenomenon which.influence 

Pu mobility and b ioava i lab i l i ty  in t he  environment. 





Slide  .2 .  Eq'uations used, f o r  analysis  of metal d i f fus ion on pe t r i  p la tes .  

I ., . slope a t  t i m e ( t )  = - 4n , 









Slide 6. Estimated concentrations and molecular weights of "mobile" Pu ligands in soils from measured 
diffusion coefficients. 

\ 

[Yost Mobile Species Least ~obile Species 
Diffusion Mol ecul ar Soi 1 Diffusion . - ,Molecular Soi 1 

Identification Coefficient Weight Concentration Coefficient 'weight : Concentration 
' ( x  10-6) pglgm* ( x  lo-') i pglgm* ' .  

Control s 
. , 

Pu(NO364+ 1.5 22,000 - - 
CaCO 

Soi 1 s 

Ritzvil le 

Quillayute 2.5 7,200 47 2.7 0.7 x 106 1,200 

Hesson . 2.4 8,100 9. ,2.7 0.6 x 106 330 

Sal kum 

Muscateen 

* picograms: (10-12) Pulgram soil. 


