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ObjecBves	
  

•  Relate	
  environmental	
  chemistry	
  of	
  Be	
  to	
  that	
  
of	
  other	
  radionuclides.	
  

•  Explore	
  role	
  of	
  biopolymeric	
  carriers	
  for	
  
radionuclides	
  in	
  the	
  environment.	
  

•  Lessons	
  from	
  field	
  and	
  lab	
  studies	
  using	
  
‘correlaBve’	
  and	
  ‘extracBve’	
  approach.	
  

•  Relevance	
  for	
  remediaBon,	
  interpretaBon	
  of	
  
results	
  from	
  applicaBons,	
  e.g.,	
  historical	
  
reconstrucBons,	
  etc.	
  



Common	
  Uses	
  of	
  Natural	
  Radionuclides	
  in	
  
Environment:	
  Cosmic	
  Ray	
  Produced	
  and	
  
Parent-­‐Daughter	
  Radionuclide	
  Pairs	
  allow	
  	
  

•  Tracing	
  parBcle-­‐associated	
  pathways,	
  fluxes,	
  
and	
  residence	
  Bmes	
  in	
  ocean	
  and	
  lakes	
  

•  Tracing	
  of	
  different	
  water	
  masses	
  in	
  ocean	
  

•  Tracing	
  diffusion/advecBon	
  in	
  ocean	
  and	
  lakes	
  
•  Paleo-­‐reconstrucBon	
  of	
  climate,	
  ocean	
  mixing,	
  
nutrient	
  and	
  pollutant	
  levels,	
  etc.	
  



Common	
  (mulBple)	
  oxidaBon	
  
states	
  of	
  environmental	
  

radionuclides	
  

•  A-­‐type:	
  U(IV,VI),	
  Th(IV),	
  Pa(IV,V),	
  Pu(III,IV,V),	
  Be
(II)	
  

•  B-­‐type:	
  Pb(II,	
  IV)	
  
•  Metalloid:	
  Po(-­‐II,	
  II,	
  IV),	
  I(-­‐I,	
  0,	
  I,	
  V)	
  



Anionic	
  Site:	
  
Proton	
  exchange	
  

Electron-­‐(redox)	
  ac?ve	
  Site:	
  
Electron	
  exchange,	
  radical	
  
Forma?on	
  

Chela?ng	
  Site:	
  
Ligand	
  exchange	
  

Chemical	
  Reac?on	
  Site:	
  
example	
  aroma?c	
  C	
  for	
  I	
  

Hydrophobic	
  Reac?on	
  Site:	
  
pI,	
  pH	
  and	
  pE	
  dependent	
  
folding	
  resul?ng	
  in	
  3-­‐dim.	
  
structure	
  
	
  

Biomolecules	
  as	
  Carriers	
  of	
  Radionuclides	
  due	
  to	
  their	
  
Polyfunc?onality	
  

Mz+	
  +	
  HA	
  =	
  MA(z-­‐1)+	
  +	
  H+	
  



Evidence	
  for	
  organic	
  carriers	
  for	
  
different	
  colloidal	
  radionuclides	
  

•  ‘ExtracBve’	
  Approach:	
  ComposiBon	
  of	
  isolated	
  
colloids	
  (e.g.,	
  Pu,	
  Th,	
  I)	
  

•  ‘CorrelaBve’	
  Approach:	
  RelaBonships	
  between	
  DOC/
PS/APS	
  and	
  colloidal	
  radionuclide	
  concentraBons	
  
(e.g.,	
  Th)	
  

•  ‘CorrelaBve’	
  Approach:	
  RelaBonships	
  between	
  POC/
234Th	
  or	
  Pa/Th	
  raBos	
  in	
  parBcles	
  and	
  composiBonal	
  
parameters	
  such	
  as	
  acid	
  polysaccharide	
  (APS)	
  
concentraBons	
  (e.g.,	
  Th,	
  Pa)	
  

•  ‘CorrelaBve’	
  Approach:	
  RelaBonships	
  between	
  
aromaBc	
  C	
  and	
  I	
  in	
  colloids	
  



Reasons	
  for	
  Study	
  
•  Why	
  do	
  we	
  want	
  to	
  know	
  this?	
  
•  -­‐>	
  RemediaBon	
  ,	
  interpretaBon	
  of	
  results,	
  forecasBng,	
  

allows	
  decision	
  in	
  controversies	
  
•  Requires	
  overarching	
  approaches	
  crossing	
  established	
  

disciplines,	
  but	
  limited	
  by	
  “Environmental	
  Heisenberg	
  
uncertainty	
  principle”	
  

•  High	
  reward,	
  as	
  it	
  might	
  cause	
  a	
  Paradigm	
  shij,	
  but	
  full	
  
of	
  potenBal	
  arBfacts.	
  

•  Architecture	
  of	
  environmental	
  macromolecules:	
  inside	
  
hydrophobic,	
  outside	
  hydrophilic,	
  with	
  chelaBng	
  and	
  
redox	
  acBve	
  sites	
  	
  ‘All-­‐in-­‐one’	
  carrier	
  bio-­‐geo-­‐
polymers?	
  



Evidence	
  	
  
	
  
from	
  	
  
	
  
Correla?ons	
  
	
  
But:	
  
	
  
SiO2	
  is	
  	
  
	
  
Weak	
  	
  
	
  
sorbent	
  



Relationship between 234Th/POC ratio and POC-normalized 
APS and Carbohydrate Concentrations [Guo et al., 2002, Mar. 

Chem. 78, 103-119; Santschi et al., GRL.30,C2, 1044] 

2000 cruise to Gulf of 
Mexico: Open circles: 
suspended particles	



• CHO /OC~0.1	



• URA,APS/OC~0.01	



2001 cruise to Gulf of 
Mexico:	


Filled circles: sinking 
particles	


Collected at 65, 90, 120 m 
depth; Open circles: 
suspended particles (sum of 
0.5, 1, 10, 53 µm fractions)	



Lig. /POC ~ 0.001 (Hirose, 
2004); 234Th/Lig. ~ 10-7 – 10-12 



Importance	
  of	
  Prymnesiophytes	
  in	
  2001	
  and	
  Cyanobacteria	
  in	
  2000	
  
[Santschi	
  et	
  al.,	
  2003,	
  GRL	
  30,	
  1044]	
  

Different phytoplankton species appear, at times, to control acid 
polysaccharide (APS) e.g., uronic acid (URA), production and 234Th

(IV) complexation (-> autoporetic system)	



Abundance in ocean: CHO /POC ~ 0.1, APS/POC ~ 0.01, URA/POC 
~ 0.01 (all: Santschi et al., 2003; Hung et al., 2003), Lig. /POC ~ 0.001 

(Hirose, 2004); 234Th/Lig. ~ 10-7 – 10-12	





Most Metals Show Enhanced Partitioning 
Coefficients (Kc) to Polysaccharide Enriched 

Colloidal Organic Matter (COM) over Unpurified 
COM (Quigley et al., 2002. L&O, 47, 367) 



Colloid-­‐Water	
  Par??on	
  Coefficient	
  (Kc)	
  of	
  234Th(IV)	
  controlled	
  by	
  
Polysaccharide	
  Content	
  (Quigley	
  et	
  al.,	
  2002.	
  L&O,	
  47,	
  367)	
  

Enrichment  
through  
alcohol  
precipitation 

(g-PS/g-OM) 

Kc = Kc(o)*10(2.2f
PS

) 

=>Increase in Kc and “freshness’ (∆14C)	





Metal	
  Binding	
  (chela?on)	
  to	
  Alginic	
  Acid:	
  Role	
  of	
  Ca2+:	
  Egg	
  Box	
  Model	
  
for	
  Trace	
  Metal	
  Complexa?on	
  in	
  Acid	
  Polysaccharides	
  (-­‐>	
  “sheltering”)	
  	
  

Ca2+ 

Ca2+ can be Replaced by other metals, e.g., 
Fe(III), Th(IV),  with similar ionic radii 

Double-helix makes	


Molecule more rigid	



Alginic Acid 

Calcium poly-!-L-guluronate left-handed helix
!view down axis    

view along axis, showing the hydrogen bonding and 
calcium binding sites.



234Th	
  deficiencies	
  (∑(238U-­‐234Th))	
  in	
  the	
  water	
  column	
  as	
  a	
  
measure	
  of	
  par?cle	
  scavenging	
  intensity	
  from	
  ver?cal	
  &	
  

lateral	
  processes	
  in	
  surface	
  and	
  deep	
  waters	
  (Santschi	
  et	
  al.,	
  
1999,	
  Cont. Shelf Res., 19, 609)	
  Aggr~TEP~APS~EPS	
  

Abundance of Marine Snow Aggregates ≥ 1.5 mm dia α Th-deficiency 



AFM image of fibrils from the Gulf of Mexico: Potential for  
Gel Phase due to concentration/drying effects on the clay substrate (Santschi et al., 1998) 



EPS from micro-organisms enhance gel-forming properties; 
hydrophilic EPSare held together by Ca2+-bridging (EDTA 
‘dissolves’ them), EPS with hydrophobic moieties assemble 

through hydrophobic bridges; gel self-assembly as a two-step 
reversible process  

Å nm µm

DOM Polymers Nanogels Microgel

Chin, Orellana, & Verdugo, Nature 1998

!7 x 1017 g !7 x 10 16 g

Ding, Chin, & Verdugo,  Mar. Chem . 2007
Verdugo, Orellana, Chin, van den Eng, Benner, & Hedges. Faraday Disc . 139, 2008
Ding, Chin, Rodriguez, Hung, Santschi, &Verdugo. Mar Chem. 112, 2008

P. Verdugo, IMBIZO, 2008

Kerner et al, Nature 2003

50 nm

15 nm
2 !m

annealing

fragmentation
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Reversible self -assembly of DOM polymers

50 nm
 

 
 
Figure 1  

Atomic force microscopy shows that during the first two hours following 
filtration, 0.2 µm-filtered seawater contain only free polymers that can be 
readily imaged on mica surface. After5-10 hr nanogels start to appear. After 
60 hr, assembly reaches equilibrium, forming microscopic gels of ~4-5 µm 
that can be filtered and imaged by environmental scanning electron 
microcopy (ESEM) [Verdugo and Santschi, 2010]. 



Rela?onship	
  between	
  7Be	
  and	
  234Th	
  in	
  the	
  ocean.	
  

Oceanic	
  residence	
  ?me	
  of	
  Be	
  is	
  103	
  ysr	
  vs.	
  that	
  of	
  Th	
  which	
  is	
  102	
  yrs	
  

Lej.	
  Plot	
  of	
  	
  10Be	
  concentraBon	
  against	
  radiocarbon	
  age	
  in	
  oceanic	
  deep	
  water	
  to	
  show	
  the	
  build-­‐up	
  of	
  10Be	
  
along	
  the	
  Ocean	
  Conveyer	
  Belt.	
  (	
  !	
  )	
  =	
  NADW;	
  (	
  "	
  )	
  =	
  Pacific	
  deep	
  water.	
  Ajer	
  von	
  Blankenburg	
  et	
  al.	
  (1996).	
  
Right.	
  Plot	
  of	
  parBcle-­‐water	
  parBBon	
  coefficient	
  vs.	
  ParBcle	
  ConcentraBon	
  (Honeyman	
  and	
  Santschi,	
  1989).	
  



Silaffins	
  as	
  templates	
  
for	
  nano-­‐silica	
  
growth	
  of	
  diatom	
  
shells	
  -­‐>	
  organic	
  
residues	
  as	
  binding	
  
agents	
  of	
  natural	
  
radionuclides	
  to	
  
diatoms	
  (rather	
  than	
  
pure	
  silica	
  which	
  is	
  a	
  
poor	
  sorbent)	
  

Complexa?on	
  to	
  Organic	
  Templates?	
  



Weifeng	
  Yang,	
  Laodong	
  Guo,	
  Peter	
  H.	
  Santschi,	
  unpublished	
  results	
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Particle type 

Pa-233 
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Particle type 

Pb-210 

•	
  Kd	
  sequence	
  Be>Th>Pa>Pb>Po	
  
•	
  SiO2~cleaned	
  Frustule<Cells	
  P.T.	
  

Anderin	
  Chia-­‐Ying	
  Chuang,	
  
unpublished	
  results	
  

Treatments	
  
inorganic	
  parBcle	
  
SiO2	
  
Diatom,	
  
Phaeodactylum	
  
tricornutum	
  
Frustules	
  (Carbon	
  
content	
  <	
  1%)	
  
B)	
  Fresh	
  
uncleaned	
  diatom	
  
cells	
  (P.T.	
  =	
  
Phaeodactylum	
  
tricornutum	
  )	
  
	
  1.	
  diatom	
  
cultured	
  under	
  Si	
  
+	
  (with	
  Si	
  shell)	
  
	
  2.	
  diatom	
  
cultured	
  under	
  Si	
  
–	
  (without	
  Si	
  
shell)	
  
	
  



y = 0.2141x + 5.3589 
R² = 0.50528 
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No	
  rela?onships	
  for	
  Be,	
  Pa	
  
and	
  Pb;	
  Anderin	
  Chia-­‐Ying	
  
Chuang,	
  unpublished	
  
results	
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Siderophores	
  



Hydrophilic	
  Region	
  

“All-­‐In-­‐One”	
  Bio-­‐polymers	
  or	
  Geopolymers	
  as	
  
carriers	
  of	
  natural	
  (Th,	
  Pa,	
  Pb,	
  Po,	
  Be)	
  
radionuclides	
  in	
  aquaBc	
  systems	
  

	
   •	
  Have	
  hydrophilic	
  outside,	
  
hydrophobic	
  interior	
  
•	
  Contain	
  metal	
  binding	
  	
  
(chela?ng)	
  groups	
  
•	
  can	
  act	
  as	
  electron	
  shumles	
  (e.g.,	
  
quinone-­‐hydroquinone	
  or	
  flavone	
  
groups)	
  
	
  

Example: Humic Substance 
supramolecular association of self-
assembling heterogenous and 
relatively small molecules derived 
from the degradation and 
decomposition of dead biological 
materials, stabilized predominantly 
by weak dispersive forces, such as 
hydrophobic and hydrogen or Ca2+ 
binding. 

Example:	
  Humic	
  Acid	
  molecule	
  



Separa?on	
  methods	
  and	
  schemes	
  
•  Isoelectric	
  focusing,	
  UltrafiltraBon,	
  HPLC,	
  ion	
  
chromatography,	
  alone	
  or	
  in	
  combinaBon.	
  

Chemical	
  Characteriza?on	
  Methods:	
  

•	
  GC-­‐MS,	
  HPLC,	
  ATR-­‐FTIR,	
  NMR,	
  …	
  



Examples	
  for	
  239,240Pu	
  (and	
  129I)	
  	
  
from	
  contaminated	
  sites:	
  
Characteriza?on	
  aper	
  IEF,	
  UF,	
  
and/or	
  HPLC	
  separa?on	
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Surface soil from RFETS  

Pass through 1 mm sieve to remove the course components 

Re-suspended in D.I water for 3 days (concentration: ~ 5g/L) 

Filtered through 0.45µm filter and then the filtrate (<0.45µm) 
underwent cross-flow ultrafiltration using a 1 KDa Spiral-wound 
polysulfone cartridge. Retentate further lyophilized.  

IEF experiment 

239,240Pu and 234Th enriched fraction in the IEF gel 
extracted and diafiltered. Retentate further lyophilized. 

Radiolabelling 

Localizing 
actinide 
enriched 
fraction 

Elemental 
mapping 

Graphite AA 
(Fe, Mn, Al) 

Elemental 
analysis 

NMR 

HPLC-SEC 

ATR-FTIR 

Compositional 
analysis (TCHO, 

URA, protein, etc.) 

26 

Plutonium	
  
Separa?on	
  
Via	
  IEF	
  

Plutonium	
  
Xu,	
  C.,	
  Santschi,	
  P.H.,et	
  al.	
  2008.,	
  42(22),	
  8211-­‐8217.	
  	
  



1D 13C and 1H NMR 

DPMAS 13C NMR  

1H HRMAS-NMR  

27 



2D NMR 

A.   terminal methyls and methylene groups 
B.   methine structures attached to carbonyl groups in α-methyl 

branched fatty acids and esters 
C.   methylene structures attached to hydroxyl groups 
D.   methylene structures attached to ether oxygens or methane groups 

attached to a secondary alcohol 
E.  CH groups in carbohydrates 
F.  methylene structures attached to the singly-bonded oxygen of 

esters 
G.  methines attached to the singly-bonded oxygen of esters 
H.   anomeric carbons in carbohydrates (box H);  
I.  aromatic structures  

Soil IEF extract swollen in 
DMSO-d6. 

1H-1H coupling 

13
C

-1
H

 c
ou

pl
in

g 

COSY  

13C-1H HSQC  
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Simulation and overlapping 

Overlapping	
  with	
  	
  
"  published	
  cuBn	
  NMR	
  spectra	
  (Kelleher	
  
and	
  Simpson,	
  2006,	
  ES&T;	
  Deshmukh,	
  
Simpson	
  and	
  Hatcher,	
  2003,	
  Phytochem)	
  
"  simulated	
  NMR	
  spectra	
  of	
  proposed	
  
cuBn	
  models	
  (Fang	
  et	
  al.,	
  2001,	
  
Phytochem;	
  Kola{ukudy,	
  2001)	
  

29 



Siderophore	
  amached	
  
to	
  cu?n	
  backbone	
  



Conclusions	
  

•  Radionuclides	
  in	
  the	
  environment	
  can	
  open	
  find	
  chela?ng	
  
and	
  redox	
  ac?ve	
  bio-­‐	
  or	
  geo-­‐polymers	
  because	
  their	
  ultra-­‐
low	
  concentra?ons	
  allow	
  them	
  to	
  find	
  the	
  most	
  energe?c	
  
sites.	
  For	
  example,	
  7Be	
  can	
  show	
  high	
  Kd	
  values	
  to	
  diatoms	
  
containing	
  silafins.	
  

•  Separa?on	
  chemistry	
  combined	
  with	
  organic	
  chemical	
  
methods	
  allow	
  iden?fica?on	
  of	
  carrier	
  molecule(s)	
  for	
  
radionuclides	
  (e.g.,	
  P,	
  Th,	
  Po)	
  containing	
  strongly	
  chela?ng	
  
groups	
  (hydroxamates,	
  siderophores),	
  anionic	
  coa?ngs	
  
(polysaccharides),	
  and	
  hydrophobic	
  backbones	
  (cu?ns).	
  

•  Organic	
  carriers	
  of	
  radionuclides	
  in	
  the	
  environment	
  are	
  
likely	
  also	
  affec?ng	
  	
  or	
  could	
  be	
  responsible	
  for	
  observed	
  
fate,	
  effects,	
  and	
  interpreta?on	
  of	
  historical	
  reconstruc?ons.	
  



Thank you for your attention 
Any questions ? 



pH-­‐Eh	
  of	
  Iodine.	
  

Organo-iodine ? 



Evidence	
  for	
  Iodine	
  bound	
  to	
  aroma?c	
  
carbon	
  from	
  NMR	
  and	
  I-­‐	
  (or	
  IO3-­‐)
binding	
  (Kd)	
  experiments	
  (Xu	
  et	
  al.,	
  
2011a,b)	
  



Functional 
group 

Chemical shift (ppm) 
127I /C 
µg/g-C 

129I/C 
µg/g-C 

Kd 
(g/ml) 

R2 p R2 p R2 p 
CAlk-H,C 0-60 -0.610 -* -0.607 - -0.871 - 
CAlk-O 60-108 0.055 - 0.053 - 0.003 - 
ƩCAlk 0-96 -0.289 - -0.339 - -0.715 - 
CAno 96-108 -0.189 - -0.020 - -0.004 - 

CAr-H,C 108-145 0.226 - 0.420 - 0.523 0.028 
CAr-O 145-162 -0.186 - -0.209 - -0.066 - 
ƩCAr 108-162 0.100 - 0.243 - 0.449 0.048 
CCOO 162-190 0.774 0.030 0.711 - 0.882 <0.001 
CC=O 190-220 -0.043 - -0.196 - -0.056 - 

CAr-H,C 

×CCOO 
(108-145)×(162-190) 0.576 0.017 0.665 0.007 0.890 <0.001 

Structural relevances to naturally 
occurring and laboratory-iodination 

FuncBonal	
  
group	
  

Chemical	
  
shij	
  

127I	
  /C	
  

µg/g-­‐C	
  

129I/C	
  

µg/g-­‐C	
  
Kd	
  

ppm	
   R2	
   p	
   R2	
   p	
   R2	
   p	
  
HCH3	
  

0-­‐1.67	
   -­‐0.853	
   -­‐	
   -­‐0.714	
   -­‐	
   0.660	
   -­‐	
  

HCH2,	
  CH	
  
1.67-­‐3	
   -­‐0.219	
   -­‐	
   -­‐0.160	
   -­‐	
  

-­‐0.15
2	
  

-­‐	
  

HCHO	
   3-­‐4.5	
   0.741	
   0.003	
   0.650	
   0.009	
   0.452	
   0.047	
  
HAr	
   6.0-­‐8.25	
   0.786	
   0.002	
   0.608	
   0.013	
   0.843	
   0.001	
  

HHCOO-­‐	
   8.29-­‐8.45	
   0.838	
   0.001	
   0.617	
   0.012	
   0.648	
   0.009	
  

HAr/HAl	
   0.883	
   <0.001	
   0.701	
   0.005	
   0.848	
   <0.001	
  
HCHO×	
  HIAr	
   0.892	
   <0.001	
   0.739	
   0.003	
   0.745	
   0.003	
  

*“-”p values were not reported 
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Proposed binding sites for naturally occurring 
and laboratory iodination at ambient conc. 
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