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Degradation of Toxic Organics by Nanosized Metallic Systems and by Hydroxyl Radical Reaction 

Chloro-organics contamination of groundwater and soil is quite 
widespread in various locations. We have successfully evaluated highly 
effective methods for the destruction of toxic, chlorinated organics 
through comprehensive mechanistic probing of both oxidative (free-
radical reaction pathways) and reductive (zero-valent nanoscale metals) 
dechlorination systems. For the oxidative pathway, Fe(II), a chelate 
(citric acid or gluconic acid), and hydrogen peroxide are needed for free 
radical production. Highly effective dechlorination was obtained with 
TCE (trichloroethylene in soluble and as DNAPL form), and selected 
PCBs. Because of the diversity of chemicals present in hazardous
waste and Superfund sites, the development of integrated, cost-effective 
technologies (both oxidative and reductive systems) is important for 
solving various remediation problems.

Introduction

Objectives
Development of effective methods for the dechlorination of toxic 
organics

Determine role of dopant metal in bimetallic nanoparticle 
reactivity

Study potential for on-site generation of chemicals needed for 
chelate-modified Fenton reaction

Determine effectiveness of both reductive and oxidative 
dechlorination in column studies to simulate groundwater flow
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Removal of TCE at Ambient Temperature

Reductive Dechlorination of TCE

(nano)Fe0 + TCE → Fe2+ + Ethane + 3Cl-

(Bulk)Fe0 + TCE → Fe2+ + intermediates  
+ nCl-

Systems Used:
Zerovalent metals (Fe), Bimetallic 
systems (Fe/Pd, Fe/Ni), Supported 
Platforms

Oxidative Destruction of TCE

TCE + OH.→ CO2 , Organic Acids

Systems Used: 

Standard Fenton Reaction, 

Modified Fenton Reaction using 
nontoxic chelate (citrate, gluconic
acid) (L) as a chelating agent (FeL).
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Oxidative Destruction of TCE Using OH•

Fe2+ + H2O2*

Low pH

OH. + OH- + Fe3+
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Near 
Neutral pH

OH • + OH- + Fe3+

Oxidized organics

TCE TCE

Controlled OH•
Production Using 
the FeL complex

At near neutral pH, the Fe2+ will undergo 
complexation as FeL.  This slows OH.

production and prevents Fe(III) hydroxide pptn

Required Chemicals for Chelate-Based Modified 
Fenton Reaction

http://www.hort.purdue.edu/ext/senior/fru
its/orange1.htm

http://www.drugstore.com/popups/largerphoto/default
.asp?pid=77653&catid=39521&size=300&trx=29888

&trxp1=77653&trxp2=1

http://pics.drugstore.com/prodimg/73864/
200.jpg

Citrate Ferrous Sulfate Hydrogen 
Peroxide

Technology Enhancement: On-site Generation 
of Chelate and H2O2

GOx
(Oxidized)
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GOx - Glucose
GOx

(Reduced)FADH2

H2O2

GLUCONIC ACID

HYPOTHESIS
Gluconic acid produced by enzymatic reaction would act as a chelate in Fenton 

reaction, and thus allow degradation of TCE & PCBs near neutral pH

On-Site source of peroxide
and chelate will eliminate

the need for concentrated chemical 
Storage by using simple
Glucose as a substrate

MOTIVATION

O2

The Challenges of DNAPLs
1.) TCE droplets dispersed in the aqueous phase will act as a source of TCE and shrink 
as mass is lost to the aqueous phase.  The mass transfer between phases may have 
substantial impact on the observed reaction time for both oxidation and reduction.

TCE 
Droplet

Saturated 
Aqueous Phase
(Reaction Zone)

TCE Droplet

2.) If DNAPL droplets are dispersed within soil and rock, they may require much greater 
reaction times for direct treatment.  To overcome this problem, surfactant addition can 
potentially be used to mobilize the DNAPL from the sediment.  Laboratory packed 
columns operating under trickle-flow can be used to examine this phenomenon.

Oxidation or Reduction
Oxidation 

or 
Reduction 
Products

Dispersed DNAPL Droplets Dispersed DNAPL Droplets

DNAPL Extraction using 
surfactant injections

Mechanism of Reductive Dechlorination

RCl + H* RH + Cl-

Fe0 Fe2+ + 2e-

Fe0 + 2H+ Fe2+ + H2

Reaction mechanism: electron transfer
(Matheson et al., Environ. Sci. 
Technol. 28, 2045-2053, 1994)

(Meyer and Bhattacharyya, J. Phy. Chem, 
2007;Xu et al, J.Nanopar.Res. 7, 449-467, 
2005)
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Cl

ClCl Cl
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(Xu & Bhattacharyya, Environ. Prog., 24, 358, 2005)
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Reaction mechanism: catalytic hydrodechlorination
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Reductive Dechlorination of TCE by Membrane-
based Bimetallic Nanoparticles

Fast and complete degradation 
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Longevity of Fe/Ni Nanoparticle Reactivity

•Fe/Ni (Ni =25 
wt%) in 
PAA/PVDF 
membranes 

•Metal loading: 
0.08g/20ml

•16 cycles of 
TCE 
dechlorination

Metal loading:4.5mg/20mL
Fe/Ni (Ni = 25 wt%)

Conclusions
Demonstrated fast and complete dechlorination of TCE and 
selected PCBs by nanomaterial-based reductive process.  
Demonstrated further breakdown of biphenyl by chelate-
modified Fenton reaction.

Developed an in-situ polymerization functionalization method to 
enhance the metal capture and immobilization as well as the 
control of nanoparticle size and distribution through high 
loading of ion-exchange groups inside membrane pores.

Quantified the role of dopant metal (Pd) and the effect of 
dopant coating content in terms of bimetallic nanoparticle 
reactivity.

Demonstrated TCE-DNAPL could be dechlorinated by chelate-
modified Fenton reaction at neutral pH environment.

Both oxidative and nanotechnology-based treatments of TCE in 
column studies simulating groundwater flow demonstrated 
>50% TCE removal using minimal chemical dosing.

Room temperature

?

Reductive Dechlorination of Polychlorinated 
Biphenyls (PCBs)

PCB 77 (3,3’,4,4’) dechlorination by Fe nanoparticles
at room temperature (from Lowry, et al., Environ. Sci. 
Technol. 2004, 38, 5208)

Metal loading: 4 g/L
kSA: 6.3×10-8 L h-1 m-2

t1/2: 73 days
Negligible biphenyl formation
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PCB 77 (3,3’,4,4’) dechlorination by membrane 
based Fe/Pd (Pd=2.3 wt%) nanoparticles at room 
temperature
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Groundwater Remediation Using Combined 
Strategies For Reduction and Oxidation

Fe, Fe/Pd, 
Fe/ Ni

Reduction Oxidation

GroundwaterEthane

Organic Acids 
and/or CO2

Non-dissolved 
CO2

Enhanced downstream bio-
attenuation of products because of 

biodegradable chelate (gluconic acid, 
citrate)

Dechlorination 
Products and/or 
Intermediates

Chelate-Based Fenton Reaction (initial 
pH=7.0) Using DIUF Water with DNAPL 

(2000ppm TCE) and Varying Fe(II):H2O2 Molar 
Ratio
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Biphenyl Oxidation by Fe2+ + H2O2 + PAA 
System at pH 7
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Kinetic Model for Biphenyl Oxidation
Biphenyl analyzed by GC/MS
Additional experiment

additional 0.5 mM 
H2O2 was injected

[Biphenyl]0 = 0.025 mM 
[Fe] = 0.2 mM           
[H2O2]0 = 0.5 mM            
[COO-] of PAA : [Fe] = 3:1 
pH = 7 

Biphenyl Oxidation


