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solubility	
  of	
  the	
  chemicals	
  of	
  which	
  it	
  is	
  comprised,	
  such	
  as	
  benzene,	
  1,1,1-­‐trichloroethane	
  and	
  
naphthalene,	
  for	
  example.	
  	
  Even	
  at	
  sites	
  at	
  which	
  NAPLs	
  were	
  released	
  to	
  the	
  subsurface	
  more	
  than	
  100	
  
years	
  ago,	
  significant	
  quantities	
  remain.	
  	
  

2.1	
  	
   Coelution	
  Technologies™	
  

At	
  the	
  foundation	
  of	
  VeruTEK's	
  S-­‐ISCO®	
  technologies	
  is	
  the	
  reactive	
  transport	
  or	
  coupled	
  subsurface	
  
coelution	
  of	
  surfactants	
  and	
  free	
  radical	
  oxidant	
  systems	
  to	
  achieve	
  the	
  three	
  key	
  factors	
  of	
  S-­‐ISCO®:	
  	
  

	
  
• Emulsification/solubilization	
  of	
  NAPL	
  phase,	
  and	
  desorption	
  of	
  source	
  zone,	
  contaminants	
  with	
  

surfactants	
  and	
  surfactant/co-­‐solvent	
  mixtures;	
  	
  

• Generation	
  of	
  free	
  radicals	
  by	
  activating	
  or	
  catalyzing	
  oxidants;	
  and	
  	
  
• Oxidation	
  of	
  solubilized	
  contaminants	
  by	
  free	
  radicals.	
  

	
  
Coelution	
  involves	
  a	
  method	
  and	
  process	
  of	
  increasing	
  the	
  solubility	
  of	
  contaminants	
  that	
  have	
  normally	
  
low	
  solubility,	
  such	
  as	
  NAPLs	
  and	
  sorbed	
  soil	
  contaminants,	
  making	
  them	
  available	
  for	
  simultaneous	
  

oxidative	
  destruction.	
  	
  By	
  attacking	
  the	
  source	
  of	
  contamination,	
  VeruTEK's	
  remedies	
  can	
  achieve	
  
complete	
  or	
  near	
  complete	
  contamination	
  removal,	
  and	
  permanent	
  and	
  sustainable	
  solutions.	
  Dr.	
  
George	
  Hoag	
  and	
  Dr.	
  John	
  Collins,	
  co-­‐founders	
  of	
  VeruTEK,	
  invented	
  S-­‐ISCO®,	
  a	
  proprietary	
  Green	
  

Chemistry-­‐based,	
  Coelution	
  Technology™	
  that	
  is	
  the	
  first	
  of	
  its	
  kind	
  to	
  provide	
  safe	
  and	
  effective	
  
treatment	
  of	
  NAPL	
  and	
  other	
  strongly	
  sorbed	
  organic	
  chemicals.	
  S-­‐ISCO®	
  is	
  capable	
  of	
  reducing	
  the	
  
amount	
  of	
  source	
  NAPL	
  in	
  soils	
  and	
  reducing	
  the	
  flux	
  of	
  groundwater	
  constituents	
  associated	
  with	
  these	
  

sites.	
  	
  
	
  
2.1.1	
   In	
  situ	
  Chemical	
  Oxidation	
  (ISCO)	
  

In	
  situ	
  chemical	
  oxidation	
  (ISCO)	
  consists	
  primarily	
  of	
  aqueous	
  phase	
  reactions	
  that	
  take	
  place	
  in	
  
heterogeneous	
  soil	
  and	
  groundwater	
  environments.	
  In	
  these	
  environments	
  the	
  highly	
  hydrophobic	
  
contaminants	
  are	
  sorbed	
  to	
  soil	
  particles	
  and	
  may	
  also	
  exist	
  in	
  a	
  separate	
  NAPL	
  state	
  with	
  partitioning	
  
into	
  the	
  groundwater	
  phase.	
  As	
  a	
  result,	
  these	
  sorbed	
  and	
  non-­‐aqueous	
  phase	
  contaminants	
  are	
  not	
  

available	
  for	
  reaction	
  with	
  
the	
  oxidant	
  chemistry	
  added	
  
during	
  ISCO	
  
implementations.	
  	
  	
  

Although	
  ISCO	
  treatments	
  
may	
  exhibit	
  short-­‐term	
  
decreases	
  in	
  groundwater	
  
contamination	
  
concentrations,	
  these	
  are	
  
likely	
  the	
  result	
  of	
  reactions	
  
between	
  the	
  injected	
  
oxidant	
  and	
  already	
  
dissolved	
  impacts.	
  	
  Since	
  this	
  
technology	
  fails	
  to	
  address	
  

Figure	
  1:	
  Groundwater	
  PCE	
  (µg/L)	
  in	
  Source	
  Area,	
  Relative	
  to	
  ISCO	
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the	
  source	
  of	
  contamination,	
  however,	
  contaminant	
  rebound	
  is	
  expected.	
  This	
  is	
  illustrated	
  in	
  Figure	
  1	
  
which	
  shows	
  the	
  fall	
  and	
  subsequent	
  return	
  of	
  groundwater	
  PCE3	
  contamination	
  relative	
  to	
  ISCO	
  
treatment.	
  	
  	
  

In	
  a	
  study	
  published	
  by	
  the	
  State	
  of	
  Colorado,	
  Division	
  of	
  Oil	
  and	
  Public	
  Safety	
  in	
  2007,	
  for	
  example,	
  an	
  
assessment	
  of	
  ISCO	
  treatment	
  of	
  20	
  sites	
  with	
  some	
  degree	
  of	
  NAPL	
  present	
  found	
  a	
  lack	
  of	
  success	
  at	
  
15	
  of	
  the	
  sites	
  and	
  uncertain	
  effectiveness	
  at	
  three.4	
  While	
  interactions	
  with	
  contaminants	
  bound	
  to	
  soil	
  
or	
   in	
  the	
  NAPL	
  phase	
  are	
  not	
  effectively	
  addressed	
  using	
   ISCO	
  treatment	
  alone,	
  VeruTEK	
  developed	
  S-­‐
ISCO®	
  to	
  effectively	
  overcome	
  this	
  contact	
  issue	
  between	
  aqueous	
  re-­‐dox	
  treatments	
  and	
  non	
  aqueous	
  
phase	
  contaminants.	
  	
  

2.2	
   Surfactant-­Enhanced	
  In	
  Situ	
  Chemical	
  Oxidation	
  (S-­ISCO®)	
  	
  

2.2.1	
  	
   VeruSOL®	
  

To	
  address	
  bound	
  and	
  NAPL-­‐phase	
  contamination,	
  S-­‐ISCO®	
   incorporates	
  VeruSOL®,	
  a	
  mixture	
  of	
   food-­‐
grade	
   surfactant	
   and	
   surfactant/co-­‐solvent	
   mixtures	
   (for	
  
example,	
  coconut	
  oil,	
  castor	
  oil	
  and	
  citrus	
  extracts);	
  citrus-­‐
based	
   compounds;	
   and	
   plant	
   oil-­‐based	
   non-­‐ionic	
  
compounds,	
  designed	
  and	
  manufactured	
  by	
  VeruTEK,	
  into	
  
oxidation	
   systems.	
   	
   The	
   components	
   of	
   VeruSOL®	
   are	
  
either	
   Generally	
   Recognized	
   as	
   Safe	
   (GRAS)	
   by	
   the	
   U.S.	
  
FDA	
  or	
  approved	
  as	
  indirect	
  food	
  additives	
  and	
  for	
  dermal	
  
contact,	
  such	
  as	
  cosmetics.	
  	
  	
  

VeruSOL®	
  creates	
  a	
  micro-­‐emulsion	
  of	
  NAPL	
  in	
  the	
  oxidant	
  
solution.	
  The	
  success	
  of	
  S-­‐ISCO®	
  is	
  tied	
  to	
  the	
  ability	
  of	
  

VeruSOL®	
  to	
  create	
  a	
  the	
  most	
  effective	
  solubilized	
  micro-­‐emulsion	
  with	
  the	
  NAPL	
  present,	
  that	
  is,	
  a	
  
Winsor	
  Type	
  I	
  phenomenon	
  rather	
  than	
  other	
  Winsor	
  II	
  or	
  III	
  type	
  behaviors.	
  A	
  Winsor	
  Type	
  I	
  system,	
  
shown	
  in	
  Figures	
  2	
  and	
  3,	
  is	
  a	
  single	
  homogenous	
  phase	
  oil-­‐in-­‐water	
  emulsion	
  in	
  which	
  the	
  NAPL	
  is	
  
immobilized.	
  Once	
  an	
  adequate	
  Winsor	
  Type	
  I	
  micro-­‐emulsion	
  has	
  formed	
  and	
  the	
  apparent	
  solubility	
  of	
  
the	
  NAPL	
  is	
  thereby	
  increased,	
  the	
  micro-­‐emulsed	
  NAPL	
  can	
  enter	
  aqueous	
  phase	
  reactions,	
  specifically,	
  
oxidation	
  by	
  sodium	
  persulfate,	
  for	
  example.	
  	
  

The	
  ability	
  of	
  VeruSOL®	
  to	
  achieve	
  Winsor	
  Type	
  I	
  
systems	
  prevents	
  mobilization	
  of	
  solubilized	
  NAPL	
  by	
  
avoiding	
  Winsor	
  Type	
  II	
  systems,	
  water-­‐in-­‐oil	
  
mixtures	
  in	
  which	
  water	
  rather	
  than	
  oil	
  is	
  contained	
  
within	
  the	
  micelles,	
  and	
  the	
  oil	
  (NAPL)	
  is	
  mobile;	
  and	
  
Winsor	
  Type	
  III	
  systems,	
  unstable	
  intermediate	
  
surfactant	
  systems	
  in	
  which	
  micro-­‐emulsions	
  are	
  not	
  
fully	
  formed	
  and	
  consequently,	
  NAPL	
  is	
  mobile.	
  	
  	
  	
  

Remediation	
  systems	
  that	
  rely	
  on	
  Winsor	
  Type	
  I	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
3 Tetrachloroethylene. 
4 The Colorado Department of Labor and Employment Division of Oil and Public Safety,(2007).. 

Figure	
  2:	
  Winsor	
  Type	
  I	
  Micro-­‐emulsion	
  

Figure	
  3:	
  Winsor	
  I,	
  II	
  &	
  III	
  Micro-­‐
emulsions	
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micelles	
  are	
  necessarily	
  less	
  efficient	
  than	
  those	
  that	
  rely	
  on	
  Winsor	
  Type	
  II	
  or	
  III	
  micro-­‐emulsions.	
  	
  
VeruSOL®	
  supplies	
  the	
  higher	
  interfacial	
  tensions	
  that	
  are	
  required	
  to	
  form	
  Winsor	
  Type	
  I	
  systems	
  and	
  
stabilize	
  the	
  NAPL,	
  and	
  which	
  yield	
  lower	
  solubilization.	
  The	
  fact	
  that	
  Winsor	
  Type	
  I	
  micro-­‐emulsions	
  
solubilize	
  less	
  NAPL	
  than	
  either	
  Winsor	
  Type	
  II	
  or	
  III	
  systems	
  allows	
  for	
  control	
  of	
  the	
  S-­‐ISCO®	
  process.	
  

	
  The	
  addition	
  of	
  VeruSOL®	
  nevertheless	
  significantly	
  increases	
  NAPL	
  and	
  adsorbed	
  compound	
  solubility	
  
in	
  water,	
  between	
  one	
  to	
  three	
  orders	
  of	
  

magnitude.	
  Figures	
  4	
  is	
  an	
  example	
  of	
  how	
  
aqueous	
  TPH	
  concentration	
  rises	
  with	
  increasing	
  
VeruSOL®	
  concentrations.	
  	
  

Because	
  the	
  rate	
  of	
  partitioning	
  of	
  contaminants	
  
into	
  the	
  aqueous	
  phase	
  determines	
  the	
  overall	
  
rate	
  of	
  reaction,	
  as	
  the	
  concentration	
  of	
  
VeruSOL®	
  is	
  increased,	
  the	
  subsequent	
  rate	
  of	
  
chemical	
  oxidation	
  is	
  increased.	
  Therefore,	
  using	
  
VeruSOL®	
  increases	
  the	
  rate	
  of	
  soil	
  
decontamination	
  using	
  oxidation	
  reactions,	
  over	
  
ISCO,	
  for	
  example.	
  

The	
  value	
  of	
  this	
  property	
  of	
  VeruSOL®	
  is	
  dependent	
  on	
  matching	
  the	
  fate,	
  transport	
  and	
  reactions	
  of	
  
the	
  co-­‐solvents	
  and	
  surfactants	
  with	
  the	
  activity	
  of	
  the	
  free-­‐radical	
  based	
  chemical	
  oxidants	
  used	
  during	
  
S-­‐ISCO®.	
  The	
  inherent	
  property	
  of	
  VeruSOL®	
  to	
  resist	
  immediate	
  chemical	
  oxidation	
  is	
  also	
  central	
  to	
  the	
  
success	
  of	
  simultaneously	
  transporting	
  the	
  surfactant	
  and	
  oxidants	
  through	
  the	
  subsurface	
  to	
  target	
  
contamination.	
  

2.2.2	
   	
  Oxidant	
  Selection	
  	
  

The	
  free-­‐radical	
  based	
  chemical	
  oxidation	
  systems	
  used	
  during	
  S-­‐ISCO®	
  typically	
  include	
  sodium	
  
persulfate	
  (persulfate)	
  and	
  hydrogen	
  peroxide	
  (peroxide)	
  in	
  conjunction	
  with	
  a	
  range	
  of	
  activators	
  
and/or	
  catalysts.	
  The	
  optimal	
  oxidant	
  and	
  activator	
  or	
  catalyst	
  selection	
  depends	
  on	
  the	
  specific	
  
conditions	
  of	
  the	
  site,	
  including	
  its	
  contamination,	
  and	
  hydrological	
  and	
  geological	
  characteristics.	
  
VeruTEK	
  often	
  conducts	
  laboratory	
  dosage	
  tests	
  using	
  site	
  soil	
  and	
  groundwater	
  and/or	
  pilot-­‐scale	
  field	
  
studies	
  as	
  part	
  of	
  the	
  S-­‐ISCO®	
  design	
  process	
  in	
  order	
  to	
  optimize	
  the	
  chemical	
  and	
  implementation	
  
details,	
  including	
  injection	
  concentrations	
  and	
  whether	
  treatment	
  will	
  involve	
  a	
  product	
  extraction	
  
(SEPR™	
  or	
  Surfactant	
  Enhanced	
  Product	
  Recovery)	
  phase,	
  for	
  example.	
  	
  	
  

S-­‐ISCO®	
  formulation	
  begins	
  with	
  an	
  analysis	
  of	
  the	
  nature	
  and	
  extent	
  of	
  contamination,	
  including:	
  

• Composition—chlorinated,	
  BTEX,	
  PAHs,	
  PCBs	
  or	
  fuel	
  oil,	
  for	
  example;	
  	
  
• Location—groundwater,	
  soil	
  and/or	
  free-­‐product;	
  	
  	
  
• Concentration;	
  and	
  
• Matrix—sand,	
  silt,	
  clay,	
  gravel,	
  sediment	
  or	
  bedrock	
  subsurface.	
  	
  	
  

Next	
  the	
  chemical,	
  hydrological	
  and	
  geological	
  conditions	
  of	
  the	
  site	
  are	
  considered,	
  including	
  
groundwater	
  depth	
  and	
  flow;	
  water	
  quality	
  parameters,	
  such	
  as	
  pH,	
  ORP5,	
  dissolved	
  oxygen,	
  and	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
5 Oxidation-Reduction Potential. 

Figure	
  4:	
  TPH	
  (mg/L)	
  vs.	
  VeruSOL-­‐3™	
  (g/L)	
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conductivity;	
  soil	
  lithology;	
  and	
  sensitive	
  receptors	
  or	
  subsurface	
  infrastructure	
  in	
  the	
  vicinity	
  of	
  the	
  
treatment	
  area.	
  	
  	
  

Sodium	
  Persulfate	
  

Persulfate	
   is	
   used	
   to	
   treat	
   more	
   chemically	
   complex	
   contaminants,	
   often	
   in	
   silty	
   clay	
   or	
   bedrock	
  
environments.	
  	
  Persulfate	
  (S2O8

-­‐2)	
  can	
  react	
  directly	
  or	
  be	
  induced	
  to	
  form	
  sulfate	
  radicals	
  (SO4•
-­‐	
  	
  +	
  (SO4•

-­‐	
  	
  
or	
   SO4

-­‐2)),	
   one	
   of	
   strongest	
   aqueous	
   oxidizing	
   species	
   with	
   a	
   redox	
   potential	
   of	
   approximately	
   2.6	
   V	
  
(compared	
  to	
  2.1	
  V	
  for	
  persulfate	
  and	
  1.8	
  V	
  for	
  hydrogen	
  peroxide).	
  	
  	
  In	
  addition	
  to	
  its	
  oxidizing	
  strength,	
  
persulfate	
   and	
   sulfate	
   radical	
   oxidation	
   systems	
   are	
  desirable	
   for	
   their	
   fast	
   kinetics,	
   stability,	
   and	
   low	
  
affinity	
   for	
   soil	
   organics.	
   	
   The	
   stability	
   of	
   sulfate	
   radicals,	
  which	
   can	
   last	
  weeks	
   to	
  months	
   in	
   the	
   soil,	
  
enhances	
   the	
   radius	
   of	
   influence	
   achieved	
   by	
   injections,	
   and	
   also	
   increases	
   their	
   contact	
   time	
   with	
  
recalcitrant	
  compounds,	
  such	
  as	
  chloroethenes	
  and	
  chloroethanes.	
  After	
  a	
  S-­‐ISCO®	
  implementation	
  at	
  a	
  
New	
  York	
  MGP,	
  for	
  example,	
  the	
  results	
  of	
  continued	
  groundwater	
  monitoring	
  showed	
  that	
  persulfate	
  
remained	
  active	
  for	
  more	
  than	
  four	
  months	
  after	
  injections	
  ceased.6	
  	
  	
  	
  

Another	
  factor	
  that	
  increases	
  the	
  effectiveness	
  of	
  persulfate	
  in	
  treating	
  chlorinated	
  compounds,	
  in	
  
particular,	
  is	
  that	
  its	
  reactions	
  create	
  a	
  reducing	
  environment	
  that,	
  even	
  after	
  oxidative	
  reactions	
  have	
  
ceased,	
  will	
  foster	
  sulfate-­‐reducing	
  bacteria	
  that	
  will	
  continue	
  to	
  degrade	
  contaminants.	
  	
  In	
  addition,	
  
because	
  the	
  subsurface	
  transport	
  of	
  sodium	
  persulfate	
  is	
  primarily	
  density-­‐driven,	
  its	
  injected	
  
concentration	
  can	
  be	
  readily	
  altered	
  to	
  increase	
  or	
  decrease	
  these	
  forces.	
  	
  Density-­‐driven	
  transport	
  
along	
  with	
  a	
  longer	
  lifetime	
  in	
  the	
  subsurface	
  makes	
  persulfate	
  the	
  optimal	
  treatment	
  for	
  sites	
  with	
  
deep	
  or	
  bedrock	
  contamination.	
  	
  Finally,	
  persulfate	
  is	
  often	
  preferred	
  for	
  treatments	
  beneath	
  buildings	
  
or	
  other	
  areas	
  in	
  which	
  there	
  are	
  concerns	
  about	
  the	
  generation	
  of	
  hazardous	
  soil	
  vapours	
  since,	
  unlike	
  
peroxide,	
  it	
  does	
  not	
  generate	
  gaseous	
  by-­‐products.	
  	
  

Hydrogen	
  Peroxide	
  

Hydrogen	
  peroxide	
  is	
  an	
  effective	
  remedy	
  for	
  more	
  chemically	
  straightforward	
  hydrocarbon	
  
contaminants,	
  such	
  as	
  petroleum	
  hydrocarbons,	
  including	
  in	
  unsaturated	
  soils.	
  Hydrogen	
  peroxide	
  

(H2O2)	
  can	
  be	
  used	
  alone	
  but	
  is	
  
most	
  often,	
  and	
  most	
  efficiently	
  and	
  
effectively,	
  catalyzed	
  to	
  produce	
  
hydroxyl	
  radicals	
  (OH·∙).	
  The	
  oxygen	
  
generated	
  by	
  the	
  decomposition	
  of	
  
the	
  oxidant	
  creates	
  buoyancy	
  that	
  
enhances	
  its	
  treatment	
  of	
  
shallower	
  depths.	
  	
  Peroxide	
  is	
  used	
  
to	
  treat	
  medium	
  to	
  low	
  
concentrations	
  of	
  basic	
  
hydrocarbon	
  chains,	
  such	
  as	
  BTEX	
  
present	
  in	
  an	
  oxidative	
  
groundwater	
  environment.	
  It	
  
decomposes	
  quickly	
  and	
  reacts	
  
more	
  completely	
  than	
  persulfate,	
  
and,	
  consequently,	
  does	
  not	
  yield	
  
byproducts	
  (such	
  as	
  sulfates)	
  that	
  
may	
  affect	
  water	
  supplies.	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
6 Measured concentrations of persulfate indicated its enduring presence while elevations in conductivity 
measurements indicated its lasting engagement in oxidative reactions.   

Figure	
  5:	
  Stabilization	
  of	
  G-­‐nZVI-­‐Catalyzed	
  Peroxide	
  

Decomposition	
  	
  by	
  VeruSOL®	
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Although	
  its	
  rapid	
  decomposition	
  in	
  some	
  soil	
  matrices	
  limits	
  its	
  transport	
  and	
  effectiveness,	
  its	
  short	
  
persistence	
  and	
  high	
  reactivity	
  are	
  desirable	
  in	
  treatments	
  where	
  containing	
  the	
  radius	
  of	
  influence	
  is	
  
valued	
  and	
  in	
  which	
  subsurface	
  infrastructure	
  is	
  present	
  that	
  may	
  be	
  susceptible	
  to	
  corrosive	
  impacts.	
  	
  
When	
  S-­‐ISCO®	
  is	
  implemented	
  to	
  treat	
  contamination	
  in	
  the	
  vicinity	
  of	
  metal-­‐encased	
  subsurface	
  
services,	
  for	
  example,	
  peroxide	
  is	
  the	
  optimal	
  oxidant	
  since	
  it	
  will	
  react	
  too	
  quickly	
  and	
  completely	
  to	
  
threaten	
  the	
  materials.	
  	
  	
  

In	
  addition	
  to	
  its	
  ability	
  to	
  bring	
  hydrophobic	
  contaminants	
  into	
  aqueous	
  solution,	
  VeruSOL®	
  also	
  
stabilizes	
  peroxide	
  to	
  increase	
  the	
  efficiency	
  and	
  longevity	
  of	
  its	
  reactions.	
  Without	
  stabilization,	
  
peroxide	
  decomposes	
  in	
  a	
  matter	
  of	
  hours	
  or	
  less	
  than	
  a	
  day	
  in	
  soil	
  and	
  groundwater.	
  	
  Figure	
  5	
  shows	
  
that,	
  with	
  increasing	
  VeruSOL®	
  doses,	
  the	
  rate	
  of	
  peroxide	
  decomposition	
  decreases.	
  

Dual	
  Oxidant	
  System	
  

In	
  addition	
  to	
  separate	
  persulfate	
  or	
  peroxide	
  treatments,	
  a	
  two-­‐phased	
  remedy	
  consisting	
  of	
  a	
  
preliminary	
  hydrogen	
  peroxide	
  stage	
  followed	
  by	
  a	
  “polishing”	
  sodium	
  persulfate	
  stage,	
  may	
  be	
  used.	
  	
  
These	
  two-­‐phased	
  implementations	
  are	
  frequently	
  most	
  effective	
  for	
  sites	
  with	
  high	
  concentrations	
  of	
  
BTEX	
  or	
  fuel	
  oil	
  contamination	
  in	
  sandy	
  and/or	
  gravelly	
  soil	
  matrices.	
  	
  The	
  first,	
  peroxide,	
  treatment	
  
phase,	
  will	
  target	
  shallower	
  contamination	
  and	
  provide	
  faster	
  destruction	
  of	
  more	
  reactive	
  
contaminants.	
  	
  The	
  subsequent	
  persulfate	
  phase	
  will	
  target	
  more	
  recalcitrant,	
  deeper	
  impacts	
  and	
  
sustain	
  more	
  lasting	
  oxidative	
  treatment.	
  	
  

2.2.3	
   Catalysts	
  

S-­‐ISCO®	
  treatments	
  incorporate	
  a	
  range	
  of	
  activators	
  and/or	
  catalysts	
  to	
  drive	
  free-­‐radical	
  formation,	
  
and	
  consequently	
  increase	
  oxidative	
  strength,	
  including:	
  	
  

• Alkaline	
  compounds,	
  such	
  as	
  sodium	
  hydroxide;	
  	
  
• Iron	
  chelates,	
  such	
  as	
  Fe-­‐EDTA	
  and	
  Fe-­‐EDDS;	
  
• An	
  	
  organometallic	
  catalyst,	
  Fe-­‐TAML;	
  and	
  
• Green-­‐synthesized	
  nano-­‐scale	
  zero	
  valent	
  iron	
  (G-­‐nZVI).	
  

Alkaline	
  Activation	
  
During	
   S-­‐ISCO®	
   with	
   persulfate,	
   particularly	
   during	
   treatment	
   of	
   chlorinated	
   compounds	
   and	
   PAHs,	
  
alkaline	
  conditions	
  are	
  frequently	
  used	
  to	
  activate	
  the	
  oxidant.	
   	
   	
  Typically	
  sodium	
  hydroxide	
  is	
  injected	
  
to	
  elevate	
  and	
  maintain	
  subsurface	
  conditions	
  within	
  pH	
  8	
  to	
  12.	
  	
  During	
  field	
  implementation,	
  sodium	
  
hydroxide	
   must	
   be	
   adequately	
   dosed	
   to	
   ensure	
   excess	
   buffering	
   capacity.	
   	
   An	
   additional	
   effect	
   of	
  
alkaline	
  activation	
  is	
  that	
  is	
  increases	
  the	
  effectiveness	
  of	
  the	
  surfactant	
  twofold	
  over	
  neutral	
  conditions,	
  
thereby	
  enhancing	
  treatment	
  of	
  recalcitrant	
  compounds	
  even	
  further.	
  	
  	
  

Iron	
  Chelates	
  
Chelated	
   iron	
   compounds,	
   such	
  as	
   Fe-­‐EDTA	
  and	
   Fe-­‐EDDS,	
   are	
   inexpensive	
   and	
  easy	
   to	
  use,	
  with	
  both	
  
peroxide	
   and	
   persulfate.	
   	
   These	
   catalysts	
   function	
   optimally	
   at	
   pH	
   4—a	
   pH	
   environment	
   that	
   the	
  
injected	
   oxidants	
   typically	
   create	
   and	
   which	
   therefore	
   does	
   require	
   adjustment	
   to	
   ensure.	
   During	
   S-­‐
ISCO®	
  injections,	
  these	
  are	
  injected	
  at	
  concentrations	
  up	
  to	
  250	
  mg/L	
  (as	
  Fe).	
  	
  

	
  Fe-­TAML	
  
Fe-­‐TAML	
   (tetraamido	
   macrocyclic	
   ligand)	
   is	
   a	
   stable,	
   highly	
   active	
   Green	
   catalyst	
   for	
   peroxide.	
  	
  
Developed	
  by	
  the	
   Institute	
   for	
  Green	
  Oxidation	
  Chemistry	
  at	
  Carnegie	
  Mellon	
  University	
   in	
  Pittsburgh,	
  
PA,	
  Fe-­‐TAML	
  is	
  modeled	
  after	
  enzymes	
  in	
  the	
  human	
  body	
  which	
  act	
  to	
  combat	
  toxic	
  compounds	
  and	
  is,	
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itself,	
   non-­‐toxic—composed	
   of	
   carbon,	
   hydrogen,	
   oxygen,	
   nitrogen	
   and	
   iron.	
   	
   It	
   is	
   a	
   water	
   soluble,	
  	
  
efficient	
  and	
  selective	
  peroxide	
  activator	
  that	
  is	
  effective	
  at	
  minute	
  quantities	
  over	
  a	
  broad	
  pH	
  range.	
  

G-­nZVI	
  
VeruTEK	
  developed	
  G-­‐nZVI,	
  a	
  safe,	
  environmentally	
  friendly	
  and	
  highly	
  effective	
  catalyst,	
  in	
  
collaboration	
  with	
  the	
  US	
  EPA	
  and	
  the	
  University	
  of	
  Connecticut	
  using	
  Green	
  biosynthesis	
  methods	
  and	
  
plant	
  materials.	
  	
  	
  The	
  efficiency	
  of	
  this	
  new	
  catalyst	
  is	
  seen	
  in	
  Figure	
  5,	
  which	
  shows	
  how	
  G-­‐nZVI	
  
accelerates	
  the	
  rate	
  of	
  peroxide	
  decomposition.	
  	
  In	
  addition,	
  peroxide	
  catalyzed	
  by	
  G-­‐nZVI	
  decomposes	
  
five	
  times	
  faster	
  than	
  Fe-­‐EDTA	
  or	
  Fe-­‐EDDS,	
  at	
  one-­‐fourth	
  of	
  the	
  concentration.	
  	
  	
  	
  	
  

3.0	
   S-­ISCO®	
  Implementation	
  
S-­‐ISCO®	
  implementations	
  are	
  best	
  facilitated	
  by	
  an	
  injection	
  system	
  that	
  delivers	
  individual	
  chemical	
  
streams	
  to	
  injection	
  wells	
  in	
  the	
  treatment	
  area.	
  	
  Each	
  injection	
  well	
  has	
  a	
  dedicated	
  pumping	
  system	
  
that	
  draws	
  from	
  each	
  chemical	
  stock	
  solution,	
  mixes	
  the	
  chemistry	
  to	
  the	
  desired	
  concentration,	
  and	
  
delivers	
  the	
  S-­‐ISCO®	
  treatment	
  to	
  the	
  subsurface.	
  	
  The	
  injection	
  system,	
  shown	
  schematically	
  in	
  Figure	
  6,	
  
enables	
  control	
  of	
  flow	
  rates	
  and	
  chemical	
  concentrations	
  to	
  each	
  well,	
  independent	
  of	
  other	
  wells.	
  	
  

During	
  site	
  
mobilization,	
  injection	
  
and	
  monitoring	
  wells	
  
are	
  strategically	
  
installed	
  within	
  and	
  
around	
  the	
  treatment	
  
area.	
  	
  Injection	
  wells	
  
are	
  spaced	
  to	
  ensure	
  
coverage	
  of	
  the	
  entire	
  
contaminated	
  area	
  and	
  
screened	
  to	
  target	
  the	
  
contaminated	
  depths.	
  	
  
When	
  persulfate	
  is	
  
used,	
  wells	
  may	
  be	
  
screened	
  above	
  or	
  
across	
  the	
  upper	
  extent	
  
of	
  the	
  contaminated	
  
interval	
  since	
  its	
  
density	
  will	
  transport	
  it	
  
vertically.	
  	
  Hydroxide	
  

injection	
  wells	
  are	
  typically	
  screened	
  within	
  or	
  below	
  the	
  contaminated	
  interval	
  since	
  its	
  production	
  of	
  
oxygen	
  will	
  buoy	
  it	
  upward.	
  	
  S-­‐ISCO®	
  injections	
  typically	
  move	
  with	
  the	
  local	
  groundwater	
  flow,	
  but,	
  in	
  
soils	
  with	
  low	
  permeability,	
  emplaced	
  fracturing,	
  soil	
  mixing,	
  pressure-­‐pulsing	
  and/or	
  direct-­‐push	
  
injections	
  may	
  be	
  used.	
  	
  	
  

Monitoring	
  
Monitoring	
  wells	
  are	
  used	
  to	
  track	
  the	
  movement	
  of	
  the	
  injected	
  chemistry,	
  the	
  success	
  and	
  magnitude	
  
of	
  its	
  reactions	
  with	
  contaminants,	
  and	
  the	
  safety	
  of	
  the	
  remediation,	
  particularly	
  relative	
  to	
  sensitive	
  
environmental,	
  infrastructural,	
  and	
  human	
  receptors	
  in	
  the	
  vicinity	
  of	
  the	
  site.	
  Wells	
  are	
  typically	
  
installed	
  in	
  clusters	
  of	
  three,	
  screened	
  across	
  shallow,	
  intermediate	
  and	
  deep	
  intervals,	
  at	
  locations	
  up,	
  
down	
  and	
  side-­‐gradient	
  of	
  the	
  injection	
  area,	
  as	
  shown	
  in	
  Figure	
  7.	
  	
  A	
  typical	
  S-­‐ISCO®	
  monitoring	
  
schedule	
  consists	
  of:	
  

Figure	
  6:	
  S-­‐ISCO®	
  Injection	
  System	
  
Process	
  Flow	
  Schematic	
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• Tracking	
  groundwater	
  quality	
  
parameters,	
  including	
  ORP,	
  pH,	
  
conductivity,	
  temperature	
  and	
  
dissolved	
  oxygen;	
  	
  

• Measuring	
  S-­‐ISCO®	
  performance	
  
indicators,	
  including	
  interfacial	
  
tension,	
  an	
  indication	
  of	
  the	
  
presence	
  of	
  VeruSOL®;	
  oxidant	
  
concentrations;	
  and	
  electrolytic	
  
conductivity	
  and	
  ORP,	
  indications	
  
of	
  reactions;	
  and	
  	
  

• Measuring	
  contaminant	
  
concentrations,	
  to	
  confirm	
  the	
  
safety	
  and	
  effectiveness	
  of	
  
treatment.	
  	
  	
  

Monitoring	
  may	
  also	
  involve	
  soil	
  vapour	
  monitoring	
  and	
  soil	
  sampling	
  for	
  contaminant	
  analysis.	
  	
  	
  

Implementation	
  Considerations	
  	
  

Several	
  factors	
  enhance	
  the	
  performance	
  of	
  S-­‐ISCO®	
  in	
  the	
  field.	
  First	
  the	
  correct	
  surfactant,	
  oxidant	
  and	
  
activator	
  are	
  needed,	
  at	
  the	
  correct	
  dosage	
  and	
  formulation.	
  	
  Typically	
  conducting	
  laboratory	
  and/or	
  
pilot-­‐scale	
  testing	
  prior	
  to	
  full-­‐scale	
  treatment	
  will	
  inform	
  the	
  correct	
  formulation.	
  	
  If	
  a	
  site	
  has	
  not	
  been	
  
fully	
  delineated	
  and	
  characterized,	
  and	
  the	
  identity,	
  composition,	
  magnitude	
  and	
  distribution	
  of	
  
impacts,	
  for	
  example,	
  are	
  incomplete,	
  the	
  treatment	
  may	
  suffer	
  from	
  insufficient	
  dosage	
  and	
  extent.	
  	
  	
  

	
  Achieving	
  contact	
  between	
  the	
  oxidant	
  and	
  contamination,	
  on	
  both	
  the	
  micro	
  and	
  macro-­‐scale,	
  is	
  also	
  
imperative.	
  	
  On	
  the	
  micro-­‐scale,	
  as	
  discussed	
  above,	
  the	
  correct	
  oxidant	
  must	
  be	
  used.	
  	
  On	
  a	
  macro-­‐
scale,	
  the	
  injected	
  oxidant	
  must	
  be	
  transported	
  successfully	
  through	
  the	
  subsurface	
  to	
  reach	
  its	
  target.	
  	
  
This	
  can	
  be	
  achieved	
  by	
  strategic	
  well	
  spacing	
  and	
  screening,	
  modifying	
  the	
  injection	
  concentrations	
  (to	
  
alter	
  density-­‐driven	
  transport),	
  and/or	
  using	
  buoyant	
  oxidants	
  (peroxide),	
  for	
  example,	
  especially	
  when	
  	
  
preferential	
  pathways	
  may	
  be	
  present	
  in	
  the	
  soil;	
  soils	
  may	
  be	
  tight,	
  clayey	
  and/or	
  unsaturated;	
  and	
  un-­‐
identified	
  intervals	
  of	
  contamination	
  above	
  or	
  below	
  the	
  known	
  target	
  interval	
  are	
  found.	
  	
  Emplaced	
  
fracturing,	
  direct-­‐push	
  injection	
  and/or	
  pressure-­‐pulsing	
  can	
  be	
  used	
  to	
  enhance	
  injection	
  spread	
  and	
  
uniformity.	
  

S-­ISCO®	
  Applications	
  
The	
  following	
  is	
  a	
  brief	
  list	
  of	
  sites	
  at	
  which	
  S-­‐ISCO®	
  is	
  applicable:	
  

• Former	
  Manufactured	
  Gas	
  Plant	
  (MGP)	
  sites;	
  
• Underground	
  storage	
  tank	
  sites	
  (UST);	
  
• Fueling	
  stations;	
  
• Superfund	
  Sites	
  ;	
  
• Property	
  Redevelopment	
  &	
  Brownfields	
  ;	
  
• Municipal	
  Settings:	
  Under	
  schools,	
  hospitals,	
  buildings	
  and	
  parking	
  lots;	
  
• Pipelines:	
  In	
  place,	
  under	
  and	
  between	
  piping;	
  
• Railroads:	
  Under	
  and	
  between	
  railways	
  and	
  process	
  equipment;	
  
• Industrial	
  Settings:	
  In	
  fleet	
  maintenance	
  bays,	
  parts-­‐cleaning	
  sumps,	
  floors,	
  equipment	
  

foundations	
  and	
  structures,	
  pump	
  stations,	
  etc.;	
  and	
  
• Residential:	
  Home	
  heating	
  oil	
  tank	
  spills	
  and	
  leaks,	
  contaminated	
  concrete	
  basements,	
  

groundwater	
  and	
  yards.	
  

Figure	
  7:	
  S-­‐ISCO®	
  Injection	
  (IW)	
  &	
  Monitoring	
  (MW)	
  Well	
  Layout	
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In	
  addition	
  S-­‐ISCO®	
  chemistry	
  can	
  be	
  applied	
  to	
  and	
  mixed	
  with	
  excavated	
  volumes	
  of	
  soil	
  for	
  treatment	
  
in	
  a	
  process	
  called	
  S-­‐ESCO™	
  (Surfactant	
  Enhanced	
  Ex	
  Situ	
  Chemical	
  Oxidation).	
  

Contaminants	
  treated	
  by	
  S-­‐ISCO®	
  include:	
  

• Chlorinated	
  compounds,	
  chloroethanes	
  and	
  chloroethenes;	
  	
  
• Volatile	
  organic	
  compounds	
  (VOCs),	
  including	
  BTEX;	
  	
  
• Semi-­‐volatile	
  Organic	
  Compounds	
  (SVOCs),	
  including	
  PAHs;	
  	
  
• Poly	
  Chlorinated	
  Biphenyls	
  (PCBs);	
  
• DNAPL	
  and	
  LNAPL;	
  and	
  
• Petroleum	
  hydrocarbons,	
  including	
  petroleum	
  distillates,	
  hydraulic	
  fluid,	
  and	
  fuel	
  oil	
  No.2	
  and	
  

No.6.	
  	
  

3.0	
  	
   S-­ISCO®	
  Demonstrations	
  	
  

In	
  an	
  extensive	
  array	
  of	
  laboratory	
  and	
  field	
  implementations,	
  VeruTEK	
  has	
  demonstrated	
  that	
  S-­‐ISCO®	
  
can	
  not	
  only	
  target	
  and	
  destroy	
  LNAPLs,	
  DNAPLs	
  and	
  sorbed	
  residuals,	
  but	
  that	
  it	
  can	
  also	
  provide	
  
“complete	
  or	
  near	
  complete	
  destruction	
  of	
  coal	
  tar	
  NAPLs	
  and	
  residues.”	
  7	
  VeruTEK	
  has	
  completed	
  more	
  
than	
  18	
  field	
  implementations	
  throughout	
  the	
  Unites	
  States	
  and	
  around	
  the	
  world,	
  including	
  five	
  MGP	
  
sites;	
  two	
  hydraulic	
  fluid	
  sites;	
  one	
  PCBs	
  site;	
  three	
  home	
  heating	
  oil	
  sites;	
  two	
  chlorinated	
  solvent	
  sites;	
  
and	
  five	
  LNAPL	
  sites.	
  	
  	
  

VeruTEK's	
  S-­‐ISCO®	
  remediations	
  are	
  backed	
  by	
  a	
  strong	
  record	
  of	
  regulatory	
  approval,	
  including	
  
authorizations	
  in	
  New	
  York,	
  Florida,	
  South	
  Carolina,	
  and	
  Connecticut,	
  as	
  well	
  as	
  in	
  Australia	
  and	
  
Denmark.	
  	
  	
  

3.1	
   Field	
  Implementation	
  Summaries	
  

The	
  following	
  sections	
  summarize	
  successful	
  S-­ISCO®	
  treatments.Coal	
  Tar	
  Contamination,	
  
Former	
  MGP	
  in	
  New	
  York	
  	
  
VeruTEK	
  completed	
  the	
  first	
  full-­‐scale	
  implementation	
  of	
  S-­‐ISCO®	
  at	
  a	
  former	
  MGP	
  site	
  in	
  New	
  York.	
  
Following	
  a	
  highly	
  successful	
  S-­‐ISCO®	
  pilot	
  test	
  in	
  another	
  portion	
  of	
  this	
  multi-­‐acre	
  MGP	
  site,	
  during	
  
which	
  a	
  treatment	
  of	
  Fe-­‐EDTA-­‐activated	
  sodium	
  persulfate	
  and	
  VeruSOL®	
  destroyed	
  approximately	
  94%	
  

of	
  the	
  total	
  MGP-­‐related	
  VOCs,	
  SVOCs	
  and	
  TPH	
  contamination	
  present,	
  the	
  New	
  York	
  State	
  DEP	
  
approved	
  S-­‐ISCO®	
  for	
  full-­‐scale	
  field	
  implementation.	
  	
  	
  

The	
  treatment	
  targeted	
  7,900	
  kg	
  of	
  primarily	
  PAH	
  contamination	
  in	
  about	
  23,000	
  metric	
  tons	
  of	
  soil	
  
between	
  4	
  and	
  28	
  ft	
  below	
  ground	
  surface	
  (bgs),	
  and	
  consisted	
  of	
  sodium	
  persulfate,	
  VeruSOL®	
  and	
  Fe-­‐

EDTA.	
  Based	
  on	
  a	
  20:1	
  oxidant	
  to	
  contaminant	
  mass	
  ratio,	
  160,000	
  kg	
  of	
  persulfate,	
  13,000	
  kg	
  VeruSOL®	
  
and	
  4,250	
  kg	
  Fe-­‐EDTA	
  were	
  used	
  injected.	
  	
  14	
  wells,	
  screened	
  variably	
  from	
  4-­‐7,	
  6-­‐9	
  and	
  10-­‐13	
  ft	
  bgs	
  

were	
  used,	
  along	
  with	
  45	
  

monitoring	
  wells.	
  	
  	
  

After	
  7	
  months	
  of	
  injection	
  and	
  
4	
  additional	
  months	
  during	
  
which	
  the	
  injected	
  persulfate	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
7 The	
  New	
  York	
  State	
  Department	
  of	
  Environmental	
  Conservation	
  (NYSDEC),	
  Division	
  of	
  Environmental	
  Remediation,	
  included	
  
this	
  in	
  a	
  letter	
  approving	
  VeruTEK's	
  S-­‐ISCO®	
  implementation	
  at	
  an	
  MGP	
  site	
  in	
  New	
  York. 
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Figure	
  8:	
  S-­‐ISCO®	
  PAH	
  Mass	
  Reduction	
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continued	
  to	
  react	
  in	
  the	
  subsurface,	
  analytical	
  results	
  indicated	
  that	
  the	
  S-­‐ISCO®	
  treatment:	
  	
  reduced	
  

the	
  mass	
  of	
  soil	
  contamination	
  by	
  more	
  than	
  91%	
  (shown	
  in	
  Figure	
  8);	
  achieved	
  regulatory	
  criteria	
  (50	
  
ppm)	
  for	
  PAHs	
  in	
  96%	
  of	
  analyses;	
  reduced	
  visual	
  staining	
  by	
  more	
  than	
  80%;	
  and	
  improved	
  soil	
  vapor	
  
concentrations	
  in	
  nearby	
  buildings.	
  	
  	
  Figure	
  9	
  illustrates	
  the	
  dramatic	
  improvements	
  in	
  visual	
  impacts	
  

achieved	
  by	
  S-­‐ISCO®.	
  

	
  

	
  

Chlorinated	
  Solvents	
  Plume,	
  Former	
  Pharmaceutical	
  Laboratory	
  	
  in	
  Connecticut	
  	
  	
  	
  
S-­‐ISCO®	
  treated	
  a	
  shallow,	
  residual	
  chlorinated	
  solvent	
  plume	
  containing	
  1-­‐1-­‐dichloroethene,	
  1,2-­‐
dichloroethane,	
  benzene,	
  chlorobenzene	
  and	
  naphthalene,	
  to	
  achieve	
  closure	
  of	
  this	
  former	
  
pharmaceutical	
  laboratory	
  site.	
  The	
  treatment	
  targeted	
  approximately	
  2,807	
  metric	
  tons	
  of	
  soil	
  and	
  
227	
  kg	
  of	
  contamination,	
  located	
  along	
  a	
  storm	
  beneath	
  the	
  concrete	
  floor	
  of	
  a	
  building.	
  	
  

Over	
  18	
  days,	
  VeruTEK	
  injected	
  sodium	
  persulfate,	
  VeruSOL®	
  and	
  Fe-­‐EDTA,	
  into	
  a	
  subsurface	
  
characterized	
  by	
  tight,	
  clayey	
  silts	
  with	
  thin	
  lenses	
  of	
  sand.	
  	
  	
  Soil	
  vapor	
  monitoring	
  throughout	
  the	
  
implementation	
  confirmed	
  that	
  no	
  sub-­‐slab	
  VOCs	
  or	
  indoor	
  air	
  quality	
  impacts	
  were	
  caused.	
  	
  	
  

As	
  a	
  result	
  of	
  the	
  treatment,	
  the	
  site	
  attained	
  all	
  state	
  clean-­‐up	
  criteria,	
  including	
  	
  6	
  ug/L	
  for	
  1,1-­‐
dichloroethene;	
  530	
  ug/L	
  for	
  benzene;	
  6,150	
  ug/L	
  for	
  chlorobenzene,	
  and	
  90	
  ug/L	
  for	
  1,2-­‐
dichloroethane.	
  The	
  US	
  EPA	
  has	
  determined	
  that	
  both	
  human	
  exposures	
  and	
  groundwater	
  releases	
  
from	
  the	
  site	
  are	
  controlled,	
  and	
  that	
  there	
  are	
  no	
  unacceptable	
  exposures	
  to	
  humans	
  from	
  Site	
  
contaminants	
  in	
  groundwater,	
  soils,	
  surface	
  water,	
  or	
  other	
  environmental	
  media	
  under	
  current	
  
Site	
  uses.	
  Site	
  closure	
  was	
  achieved	
  less	
  than	
  nine	
  months	
  after	
  S-­‐ISCO®	
  injections	
  ceased.	
  	
  

	
  

Coal	
  Tar	
  Contamination	
  in	
  situ	
  and	
  ex	
  situ,	
  Former	
  MGP	
  in	
  Connecticut	
  	
  	
  
VeruTEK	
  reduced	
  the	
  concentrations	
  of	
  VOCs,	
  SVOCs	
  and	
  TPH,	
  including	
  benz(a)anthracene,	
  

benzo(a)pyrene,	
  fluoranthene,	
  fluorene,	
  naphthalene,	
  phenanthrene	
  and	
  TPH,	
  at	
  a	
  former	
  MGP	
  to	
  levels	
  
below	
  the	
  industrial/commercial	
  criteria	
  established	
  by	
  the	
  State,	
  and	
  enabled	
  developers	
  to	
  move	
  
forward	
  with	
  urban	
  redevelopment	
  plans.	
  	
  Treatment	
  at	
  the	
  site	
  targeted	
  contamination	
  in	
  the	
  
subsurface	
  as	
  well	
  as	
  in	
  piles	
  of	
  soils	
  that	
  had	
  been	
  excavated	
  during	
  previous	
  remedial	
  attempts.	
  	
  S-­‐
ISCO®	
  treatment	
  of	
  the	
  in	
  situ	
  coal	
  tar-­‐related	
  impacts	
  targeted	
  1,900	
  tons	
  of	
  soil	
  with	
  injections	
  of	
  
7,650	
  lbs	
  of	
  persulfate	
  (at	
  20	
  g/L);	
  380	
  lbs	
  of	
  VeruSOL®	
  (at	
  1.5	
  g/L);	
  and	
  800	
  lbs	
  of	
  sodium	
  hydroxide	
  (at	
  
1.5	
  g/L).	
  	
  The	
  chemistry	
  was	
  injected	
  into	
  a	
  75-­‐ft	
  long	
  trench	
  at	
  a	
  rate	
  ranging	
  from	
  10	
  to	
  20	
  gallons	
  per	
  
minute.	
  Following	
  treatment,	
  in	
  situ	
  soil	
  samples	
  were	
  provide	
  to	
  the	
  Department	
  of	
  Environmental	
  
Protection	
  which	
  confirmed	
  that	
  the	
  treatment	
  attained	
  industrial/commercial	
  standards,	
  and	
  
development	
  could	
  proceed.	
  	
  	
  

Figure	
  9:	
  100	
  Year	
  Old	
  Coal	
  Tar	
  Impacts	
  at	
  20	
  ft	
  bgs	
  Before	
  and	
  After	
  S-­‐ISCO®	
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Treatment	
  of	
  the	
  ex	
  situ	
  soil	
  consisted	
  of	
  applying	
  4,600	
  gal	
  of	
  10%	
  peroxide,	
  4,700	
  gal	
  of	
  10	
  g/L	
  sodium	
  
persulfate,	
  and	
  534	
  lbs	
  of	
  6	
  
g/L	
  VeruSOL®	
  to	
  the	
  soil,	
  
mixing	
  it	
  and	
  then	
  allowing	
  
it	
  to	
  react	
  in	
  piles	
  for	
  three	
  
days.	
  Three	
  days	
  of	
  S-­‐
ESCO™	
  treatment	
  reduced	
  
TPH	
  by	
  as	
  much	
  as	
  95%	
  
(4,183	
  ppm	
  to	
  182	
  ppm),	
  
and	
  on	
  average,	
  by	
  92%.	
  In	
  
the	
  stockpiles,	
  five	
  out	
  of	
  
six	
  met	
  or	
  exceeded	
  
criteria	
  for	
  VOCS,	
  and	
  five	
  
out	
  of	
  six	
  met	
  or	
  exceeded	
  
SVOC	
  criteria.	
  	
  Reductions	
  
in	
  SVOCs	
  ranged	
  from	
  
more	
  than	
  26%	
  
(benz(a)anthracene	
  in	
  one	
  
pile)	
  to	
  100%	
  

(dibenz(a,h)anthracene	
  in	
  five	
  piles).	
  From	
  the	
  baseline	
  TPH	
  concentration,	
  4,183	
  ppm,	
  TPH	
  
concentrations	
  were	
  reduced	
  by	
  as	
  much	
  as	
  96%	
  (to	
  182	
  ppm	
  in	
  Pile	
  SE),	
  and	
  on	
  average	
  by	
  almost	
  92%.	
  
TPH	
  reductions	
  are	
  shown	
  graphically	
  in	
  Figure	
  10.	
  	
  As	
  a	
  result	
  the	
  excavated	
  soil	
  could	
  be	
  productively	
  
re-­‐used	
  rather	
  than	
  disposed	
  as	
  hazardous	
  waste.	
  

Petroleum	
  LNAPL,	
  Pipeline	
  Pumping	
  Station	
  in	
  Texas	
  
S-­‐ISCO®	
  destroyed	
  the	
  petroleum	
  LNAPL	
  present	
  in	
  the	
  lower	
  vadose	
  zone	
  of	
  this	
  diesel	
  and	
  gasoline	
  
pumping	
  station,	
  thereby	
  eliminating	
  the	
  source	
  of	
  seasonal	
  LNAPL	
  (~0.01	
  ft)	
  in	
  monitoring	
  wells	
  and	
  
enabling	
  regulatory	
  closure	
  of	
  the	
  site.	
  	
  	
  For	
  more	
  than	
  10	
  years,	
  a	
  high	
  vacuum	
  had	
  been	
  used	
  at	
  this	
  
site	
  to	
  extract	
  diesel	
  and	
  gasoline	
  impacts	
  at	
  this	
  site.	
  LNAPL,	
  nevertheless,	
  persisted	
  in	
  the	
  interstitial	
  
pore	
  spaces	
  of	
  vadose	
  zone,	
  leading	
  to	
  impacts	
  in	
  monitoring	
  wells	
  near	
  the	
  site’s	
  border.	
  	
  S-­‐ISCO®	
  
treatment	
  targeted	
  the	
  source	
  of	
  LNAPL—free-­‐phase	
  product	
  between	
  25	
  and	
  25.5	
  ft	
  bgs	
  with	
  
concentrations	
  of	
  60,000	
  ppm	
  TPH	
  C6-­‐C35	
  and	
  1,271	
  ppm	
  BTEX.	
  	
  Treatment	
  consisted	
  of	
  injecting	
  2,000	
  
gallons	
  of	
  a	
  pre-­‐mixed	
  VeruSOLVE-­‐HP	
  solution,	
  consisting	
  of	
  peroxide	
  and	
  VeruSOL®.	
  	
  Injections	
  took	
  
place	
  during	
  three,	
  one-­‐week	
  periods	
  separated	
  by	
  seven-­‐day	
  non-­‐injection	
  periods.	
  The	
  treatment	
  
achieved	
  
all	
  of	
  its	
  
remedial	
  
goals:	
  to	
  
eliminate	
  
LNAPL	
  
recurrence	
  
in	
  
monitoring	
  
wells;	
  and	
  to	
  reduce	
  TPH	
  GRO,	
  TPH	
  DRO	
  and	
  benzene	
  concentrations	
  in	
  both	
  soil	
  and	
  groundwater	
  
below	
  risk-­‐based	
  closure	
  goals.	
  	
  The	
  accompanying	
  table	
  quantifies	
  the	
  soil	
  and	
  groundwater	
  goals	
  
attained.	
  	
  	
  

	
  

	
  

Figure	
  10:	
  S-­‐ESCO™TPH	
  (DRO)	
  Soil	
  Reductions	
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No.	
  2	
  Heating	
  Oil	
  Plume,	
  Private	
  Residence	
  in	
  New	
  Jersey	
  
VeruTEK	
  successfully	
  remediated	
  a	
  DNAPL	
  
heating	
  oil	
  plume	
  located	
  in	
  both	
  the	
  saturated	
  
and	
  unsaturated	
  soil	
  zones	
  at	
  an	
  inhabited	
  
residence	
  in	
  New	
  Jersey.	
  	
  The	
  S-­‐ISCO®	
  
treatment	
  safely	
  and	
  effectively	
  remediated	
  
the	
  plume	
  and	
  reduced	
  TPH	
  contamination	
  
levels	
  in	
  both	
  soil	
  zones	
  below	
  state	
  DEP	
  
criteria.	
  	
  Treatment	
  consisted	
  of	
  two	
  days	
  of	
  
injecting	
  a	
  pre-­‐mixed	
  VeruSOLVE-­‐HP	
  solution,	
  
comprised	
  of	
  VeruSOL®	
  and	
  hydrogen	
  
peroxide.	
  	
  	
  
	
  

	
  
The	
  S-­‐ISCO®	
  treatment	
  successfully	
  reduced	
  the	
  average	
  TPH	
  (GRO)	
  concentration	
  in	
  soil	
  by	
  85%,	
  from	
  
13,625	
  mg/kg	
  to	
  1,976	
  mg/kg.	
  	
  Post-­‐S-­‐ISCO®	
  TPH	
  concentrations	
  were	
  not	
  only	
  significantly	
  reduced	
  but	
  
were	
  also	
  well	
  below	
  relevant	
  clean-­‐up	
  criteria	
  (4,000	
  ppm),	
  as	
  shown	
  in	
  Figure	
  xx.	
  	
  	
  

	
  

4.0	
   Environmental	
  Benefits	
  of	
  S-­ISCO®	
  
S-­‐ISCO®	
  technology	
  was	
  developed	
  to	
  provide	
  an	
  effective,	
  efficient	
  and	
  environmentally	
  friendly	
  
solution	
  to	
  contamination	
  that	
  threatens	
  human	
  and	
  environmental	
  health	
  and	
  well-­‐being.	
  	
  In	
  addition	
  
to	
  its	
  basis	
  in	
  Green	
  Chemistry,	
  S-­‐ISCO®	
  performs	
  strongly	
  against	
  the	
  Principles	
  for	
  Greener	
  Cleanups	
  
published	
  by	
  the	
  US	
  EPA’s	
  Office	
  of	
  Solid	
  Waste	
  and	
  Emergency	
  Response	
  (OSWER).	
  	
  These	
  principles,	
  
printed	
  in	
  Attachment	
  1,	
  guide	
  the	
  development	
  and	
  evaluation	
  of	
  remedial	
  technologies	
  based	
  on	
  
energy	
  use,	
  air	
  pollution	
  and	
  greenhouse	
  gas	
  (GHG)	
  emissions,	
  water	
  resources,	
  waste	
  material,	
  and	
  
land	
  and	
  ecosystems.	
  	
  	
  The	
  following	
  details	
  the	
  performance	
  of	
  S-­‐ISCO®	
  against	
  each	
  consideration.	
  

• Minimize	
  Energy	
  Use:	
  S-­‐ISCO®	
  technology	
  enables	
  greater	
  efficiency	
  of	
  ISCO	
  processes,	
  for	
  example,	
  
minimizing	
   the	
   project’s	
   duration	
   and	
   accompanying	
   use	
   of	
   (energy-­‐consuming)	
   equipment.	
   	
   S-­‐
ISCO®	
  chemistry	
   travels	
   through	
  the	
  subsurface	
  with	
  the	
   flow	
  of	
  groundwater,	
   removing	
  the	
  need	
  
for	
   re-­‐circulating	
   or	
   extraction	
   pumps.	
   	
   Finally,	
   in	
   situ	
   remediation	
   does	
   not	
   require	
   the	
   heavy	
  
machinery	
  used	
  in	
  excavations,	
  for	
  example,	
  to	
  remove	
  soil,	
  reinforce	
  excavations	
  and	
  haul	
  material	
  
off-­‐site.	
  

• 	
  Minimize	
  Air	
  pollution:	
  Contaminated	
  material	
  is	
  treated	
  on	
  site,	
  removing	
  the	
  need	
  for	
  hauling	
  it	
  to	
  
landfills	
   or	
   disposal	
   facilities	
   with	
   polluting	
   vehicles.	
   In	
   addition	
   treatment	
   not	
   only	
   does	
   not	
  
generate	
  harmful	
  soil	
  gas	
  but	
  also	
  treats	
  soil	
  vapor	
  impacts.	
  

• Minimize	
   Impacts	
   to	
   Water	
   Resources:	
   S-­‐ISCO®	
   destroys	
   the	
   source	
   of	
   existing	
   and	
   continued	
  
groundwater	
   impacts.	
   S-­‐ISCO®	
   implementations	
   incorporate	
   comprehensive	
   groundwater	
  
monitoring	
  plans	
  that	
  confirm	
  water	
  quality	
  and	
  that	
  contamination	
  is	
  oxidized,	
  not	
  mobilized.	
  	
  	
  	
  

• Reduce	
   Waste	
   Production:	
   	
   VeruSOL®	
   is	
   a	
   biodegradable	
   product	
   made	
   from	
   renewable	
   plant	
  
material.	
  	
  Waste	
  products	
  generated	
  by	
  S-­‐ISCO®	
  reactions	
  include	
  CO2,	
  H2O	
  and	
  O2,	
  non-­‐hazardous	
  
products.	
   	
   Because	
   soil	
   is	
   treated	
   in	
   place	
   and	
   on	
   site,	
   no	
   soil	
   must	
   be	
   removed	
   for	
   disposal.	
   In	
  
addition,	
  groundwater	
  extracted	
  during	
  monitoring	
  can	
  be	
  treated	
  on-­‐site	
  with	
  S-­‐ISCO®	
  technology	
  
for	
  release	
  on	
  the	
  site,	
  according	
  to	
  relevant	
  discharge	
  permits.	
  

• Protect	
   Land	
   and	
   Ecosystems:	
   S-­‐ISCO®	
   destroys	
   the	
   contaminant	
   source	
  without	
   removing	
   soil	
   or	
  
significant	
   land	
   disturbance.	
   	
   VeruTEK's	
   equipment	
   has	
   a	
  minimal	
   footprint	
   and	
   is	
   barely	
   audbile	
  

Figure	
  11:	
  Average	
  TPH	
  (GRO)	
  Concentration	
  

Reduction	
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during	
  operation.	
   	
   In	
  addition,	
  S-­‐ISCO®	
  treatment	
  often	
  enables	
   the	
   full	
  use	
  of	
   treated	
   land	
   for	
   its	
  
intended	
  purpose.	
  	
  	
  

	
  

In	
  addition	
  to	
  being	
  environmentally	
  beneficial	
  in	
  its	
  own	
  right,	
  compared	
  to	
  other	
  remedial	
  
technologies,	
  the	
  advantages	
  of	
  S-­‐ISCO®	
  are	
  even	
  more	
  pronounced.	
  Figure	
  12	
  compares	
  the	
  total	
  GHG	
  
emissions	
  generated	
  by	
  four	
  remedial	
  technologies	
  applied	
  to	
  treat	
  a	
  chlorinated	
  solvent	
  and	
  gasoline	
  
groundwater	
  plume	
  in	
  order	
  to	
  attain	
  risk-­‐based	
  clean-­‐up	
  standards.	
  This	
  analysis	
  indicates	
  that,	
  based	
  
on	
  GHGs,	
  remediation	
  by	
  pump	
  and	
  treat,	
  using	
  a	
  high	
  vacuum	
  and	
  thermal	
  oxidation	
  to	
  treat	
  air	
  
emissions,	
  generates	
  greater	
  than	
  106	
  times	
  more	
  GHGs	
  than	
  either	
  S-­‐ISCO®	
  alone	
  and	
  with	
  monitored	
  
natural	
  attenuation,	
  while	
  remediation	
  by	
  excavation	
  and	
  landfilling	
  generates	
  up	
  to	
  450	
  times	
  more	
  
GHGs.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Attachment	
  1:	
  	
  

US	
  EPA	
  OSWER	
  “Recommended	
  Elements	
  for	
  Greener	
  Cleanup,	
  Environmental	
  Footprint	
  
Assessments	
  and	
  Best	
  Practices”	
  

OSWER	
  cleanup	
  programs	
  should	
  consider	
  these	
  recommended	
  elements	
  when	
  carrying	
  out	
  greener	
  

cleanup	
  environmental	
  footprint	
  assessments	
  and	
  evaluating	
  best	
  practices	
  that	
  may	
  be	
  useful	
  during	
  
the	
  cleanup	
  process.	
  	
  

1. Minimize	
  Total	
  Energy	
  Use	
  and	
  Maximizes	
  Use	
  of	
  Renewable	
  Energy	
  	
  
o Minimize	
  energy	
  consumption	
  (e.g.	
  use	
  energy	
  efficient	
  equipment)	
  
o Power	
  cleanup	
  equipment	
  through	
  onsite	
  renewable	
  energy	
  sources	
  
o Purchase	
  commercial	
  energy	
  from	
  renewable	
  resources	
  

2. Minimize	
  Air	
  Pollutants	
  and	
  Greenhouse	
  Gas	
  Emissions	
  	
  
o Minimize	
  the	
  generation	
  of	
  greenhouse	
  gases	
  

Figure	
  12:	
  Total	
  GHG	
  Emissions	
  (Tons)	
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o Minimize	
  generation	
  and	
  transport	
  of	
  airborne	
  contaminants	
  and	
  dust	
  
o Use	
  heavy	
  equipment	
  efficiently	
  (e.g.	
  diesel	
  emission	
  reduction	
  plan)	
  
o Maximize	
  use	
  of	
  machinery	
  equipped	
  with	
  advanced	
  emission	
  controls	
  
o Use	
  cleaner	
  fuels	
  to	
  power	
  machinery	
  and	
  auxiliary	
  equipment	
  
o Sequester	
  carbon	
  onsite	
  (e.g.,	
  soil	
  amendments,	
  revegetate)	
  

3. Minimize	
  Water	
  Use	
  and	
  Impacts	
  to	
  Water	
  Resources	
  	
  
o Minimize	
  water	
  use	
  and	
  depletion	
  of	
  natural	
  water	
  resources	
  
o Capture,	
  reclaim	
  and	
  store	
  water	
  for	
  reuse	
  (e.g.	
  recharge	
  aquifer,	
  drinking	
  water	
  

irrigation)	
  
o Minimize	
  water	
  demand	
  for	
  revegetation	
  (e.g.	
  native	
  species)	
  
o Employ	
  best	
  management	
  practices	
  for	
  stormwater	
  

4. Reduce,	
  Reuse	
  and	
  Recycle	
  Material	
  and	
  Waste	
  	
  
o Minimize	
  consumption	
  of	
  virgin	
  materials	
  
o Minimize	
  waste	
  generation	
  
o Use	
  recycled	
  products	
  and	
  local	
  materials	
  
o Beneficially	
  reuse	
  waste	
  materials	
  (e.g.,	
  concrete	
  made	
  with	
  coal	
  combustion	
  products	
  

replacing	
  a	
  portion	
  of	
  the	
  Portland	
  cement)	
  
o Segregate	
  and	
  reuse	
  or	
  recycle	
  materials,	
  products,	
  and	
  infrastructure	
  (e.g.	
  soil,	
  

construction	
  and	
  demolition	
  debris,	
  buildings)	
  

5. Protect	
  Land	
  and	
  Ecosystems	
  	
  
o Minimize	
  areas	
  requiring	
  activity	
  or	
  use	
  limitations	
  (e.g.,	
  destroy	
  or	
  remove	
  contaminant	
  

sources)	
  
o Minimize	
  unnecessary	
  soil	
  and	
  habitat	
  disturbance	
  or	
  destruction	
  
o Minimize	
  noise	
  and	
  lighting	
  disturbance	
  

	
  

	
  


