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http://www.nsf.gov/ 

    Injection of zero-valent iron nanoparticles (NZVI) 

Background 



  

Modified from http://www.nsf.gov/od/lpa/news/03/pr0394.html 

In-situ remediation using NZVI slurry 

Dispersibility ↓, Reactive surface area ↓ 

Problems with NZVI uses 
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Authors Method/s Used 

Ponder et al.[1] Iron-on-resin ferragels supported NZVI were used to 

remove Cr(VI) and Pb(II)  

Schrick et al.[2] Polyacrylic acid (PAA) supported NZVI were used to 

remove chlorinated hydrocarbon 

He et al.[3] Carboxymethyl cellulose (CMC) modified NZVI 

created high mobility in soil 

Franco et al.[4] Synthesized colloidal ZVI with CMC for Cr(VI) 

removal 

Tiraferri et al.[5] Guar gum was used for reduction of NZVI 

sedimentation and aggregation 

Mohapatra et al.[6] Poly(vinylalcohol phosphate) (PVAP) was used to 

increase the dispersibility of metal oxide  

nanoparticles 

[1] Ponder et al., Environ. Sci. Technol., 2000,34,2564-2569. 

[2] Schrick et al., Chem. Mater., 2004, 16, 2187-2193. 

[3] He et al., Colloid. Interf. sci., 2009, 334, 96-102. 

[4] Franco et al., Water. Air. Soil. Poll., 2009, 197, 49-60. 

[5] Tiraferri et al., J. Nanopart. Res.,2009, 11, 635–645.  

[6] Mohapatra et al., J. Nanosci. Nanotechnol. 2006, 6, 823-829. 
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Methods of enhancing NZVI efficiency 



  

Research Needs 

7 

Further research needed to improve NZVI dispersibility 

and mobility without sacrificing its reactivity:  

• NZVI particles should disperse more efficiently 

• NZVI particles should have the ability avoid 

attachment to aquifer materials 

• NZVI particles should be able to react more efficiently 

with contaminants 



  

Hypothesis 
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Use of polymeric surface modifiers or entrapment media 

will increase dispersibility of NZVI particles making 

more specific surface area available. Dispersed particle 

will have more specific surface area available for 

reaction to take place as compare to unmodified NZVI  



  

Objectives 
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Broad Objective:   

 Modify NZVI particles using polymers to achieve 

better groundwater remediation  

Specific Objectives: 

 Design a new polymeric surface modifier for NZVI to 

achieve increased dispersibility of the particles 

 Test polymer entrapped and modified NZVI for 

contaminant remediation 
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 Design, Preparation, and Characterization 

of APGC and CNZVI 
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Background 

Picture modified from http://www.nsf.gov/od/lpa/news/03/pr0394.html 

Dispersibility ↓, and Reactive surface area ↓ 



  

Saleh et al. used novel triblock copolymers to modify iron 

nanoparticles to promote their colloidal stability in 

aqueous suspension and create affinity for oil/water 

interface. The copolymer was synthesized by atom transfer 

radical polymerization (ATRP) 
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Saleh et al., Environ.Eng.Sci., 2007, 24, 45-57 . 

Saleh et al., Environ. Sci. Technol., 2008, 42, 3349-3355. 

Background 

    Use of amphiphilic block copolymer by ATRP 

They achieved 

higher 

dispersibilty 

but reduced 

TCE removal 



  

• Random copolymers : A-A-B-B-A-A-A-B-A-B-A-A-B-B-B 

• Alternating copolymers: A-B-A-B-A-B-A-B-A-B-A-B-A-B 

• Block copolymers: A-A-A-A-B-B-B-B-A-A-A-A-B-B-B… 

• Graft copolymers: A-A-A-A-A-A-A-A-A-A-A-A-A-A-A… 

     B B         B           B 

     B B         B           B 

     B B         B           B 

     B B         B           B 
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Background 

    Major types of copolymers 



= polysiloxane

= water-soluble graft

= anchoring group

= polysiloxane

= water-soluble graft

= anchoring group
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A schematic representation of amphiphilic 

polysiloxane graft copolymer (APGC)  

    Hydrophilic                     

(affinity for water) 

    Hydrophobic         

(no affinity for water ) 

Our Design 

Krajangpan, Bezbaruah et al., Environ Sci & Technol, 2012 

Krajangpan, Bezbaruah et al., Polymer Preprint, 2008 



Coated Feo Nanoparticle

Dispersed in the Aqueous Phase

Coated Feo Nanoparticle

at the Aqueous/Organic Interface

Aqueous

Phase

Organic

Phase

Coated Feo Nanoparticle

Dispersed in the Aqueous Phase

Coated Feo Nanoparticle

at the Aqueous/Organic Interface

Aqueous

Phase

Organic

Phase
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A schematic representation of APGC coated nanoparticles 

Our design 



     

Dispersibility ↑, Reactive surface area ↑ 

Modified from http://www.nsf.gov/od/lpa/news/03/pr0394.htm 

Our Design 

    In-situ remediation using polymer coated NZVI 
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Raw materials 

• Poly(dimethylsiloxane) (PDMS) 

• Poly(ethylene glycol allylmethyl  

 ethers) (PEG) 

• tert-Buthyl acrylate (tBA) 

 

5 formulations of PDMS/PEG/tBA  

(mass ratios variation) 

• 70/25/5 

• 62/36/2 

• 72.5/21/6.8 

• 67/29/4 

• 65/32/3 

Synthesis of APGC 

 

   

 

 

 

 

 

 

   

Poly(dimethylsiloxane) 

 

tert-Buthyl acrylate 

Poly(ethylene glycol allylmethyl ethers) 

Hydrosilylation 

Pt (catalyst) 

Step 1  

 

Step 3  

Copolymers of PDMS and PEG 

Amphiphilic polysiloxane graft coplymer 

Step 2  Hydrosilylation 

Hydrolysis 

Copolymers with pre-anchoring group 

Bezbaeruah, Chisholm, Krajangpan, US Natiuonalized Patent, 2012. 
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Characterization of APGC 

1H NMR of PDMS/PEG/tBA (After hydrosilylation) 

1H NMR of PDMS/PEG/AA (After hydrolysis) 

13C NMR of PDMS/PEG/tBA (After hydrosilylation) 

13C NMR of PDMS/PEG/AA (After hydrolysis) 



19 

Ready to run  

UV-Vis spectra 

60 mg of NZVI  

Add 20 mL of                        

2,10,15g/L polymer solution 

Sonicate 

30 minutes 

Rotate for 72 hrs 

Centrifuge to remove 

 excess polymer 

Preparation of CNZVI 
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Characterization of CNZVI 

(a) FT-IR spectrum of APGC 

(b) FT-IR spectrum of CNZVI 

TEM image of synthesized polymer coated NZVI  
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Krajangpan, Bezbaruah et al., Environ Sci & Technol, 2012 
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Colloidal Stability  
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PDMS/PEG/AA (72.5/21/6.5) 

with the highest acrylic acid 

group (anchoring group) shows 

the highest colloidal stability 

CNZVI significantly increase 

colloidal stability as compared 

to bare NZVI  

Krajangpan, Bezbaruah et al., Environ Sci & Technol, 2012 



 3 g/L of NZVI + 15 g/L of APGC in deoxygenated deionized 

water (DDW). Samples stored up to12 months. 
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The colloidal stability of the CNZVI 

remained unchanged for 12 months  
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Sedimentation characteristics 

remained unchnaged 

NaCl: 5 and 10 mM  and CaCl2: 5 and 10 mM 
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Effect of Ionic Strength 
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 Trichloroethylene Treatability Study using 

CNZVI 
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• Initial TCE concentration  = 30 mg/L 

• Greater degradation of TCE by CNZVI (90% removal)  

as compared to bare NZVI (84% removal) 

 

TCE Degradation  
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• Initial TCE concentration  = 15 mg/L 

• Greater degradation of TCE by CNZVI (83% removal)  

as compared to bare NZVI (76% removal) 

TCE Degradation 
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• Initial TCE concentration  = 1 mg/L 

• Greater degradation of TCE by CNZVI ( 78% 

removal)  as compared to bare NZVI (75% removal) 

TCE Degradation Study 
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• Initial TCE concentration: 30 mg/L+ 1.5 g/L CNZVI  

• CNZVI stored up to 6 months 
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TCE degradation behavior 

didn’t change till Month 4 

Shelf-life Studies 
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Soybean Oil Based Biodegradable 

Copolymer 



Synthesis of poly(2-VOES-r-TEGEVE) 

Chiholm, Bezbaruah, Kalita, US Natiuonalized Patent, 2013. 



Carboxyl functional poly(2-VOES-r-TEGEVE)  

Chisholm, Bezbaruah, Kalita, US Natiuonalized Patent, 2013. 
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Time- 0 m 

Time- 1h 

Time- 15m 

Time- 2 h 

Colloidal Stability  



#1 #2 

Colloidal Stability  

Clear water layer 

CNT dispersion 

in Polymer 
CNT in water 

Sedimentation after 1h  
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Food Starch Based Surface Modifiers 



Pros Cons 

APGC 
(Polysiloxane based) 

Effective at improving 

suspension of NZVI 

Not biodegradable 

APGC Coated 

NZVI 

Increased TCE 

Removal (vs. Bare 

NZVI) 

Very Complex 

Synthesis Process 

SOGC 
(Soybean oil based)  

Natural Polymer~ 

Biodegradable 

Complex Synthesis 

Process 

SOGC Coated 

NZVI 

Increased TCE 

Removal (vs. Bare 

NZVI) 

Relatively Complex 

Process 
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10/30/13 

Graft Copolymer Summary 



• Objective:  

• Modify NZVI particle surface by coating with 

biodegradable starches 

• Hypothesis:  

• Coating NZVI with starches will help to improve 

colloidal stability in aqueous systems 
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Starch for Coating 



• Tested Starches:  

• Wheat 

• Rice 

• Tapioca  

• Maize 
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Starch for Coating 

http://aforimex.com.vn/
http://www.21food.com/products/wheat-starch-117684.html
http://www.21food.com/products/wheat-starch-117684.html
http://www.21food.com/products/wheat-starch-117684.html
http://www.21food.com/products/wheat-starch-117684.html
http://www.21food.com/products/wheat-starch-117684.html
http://www.conradricemill.com/details.asp?ProdID=109
http://www.conradricemill.com/details.asp?ProdID=109
http://www.theradheyexport.com/products.php?subcat_id=79
http://www.theradheyexport.com/products.php?subcat_id=79
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• Native starches are hydrophilic 

• Hydrophilic starches lack anchoring 

groups for coating 

• Acid groups added to starch by 

modification.  

 

 

10/30/13 44 

Krajangpan, Bezbaruah et  al., ES&T,  2012.  

Starch Modification 



Name Starch 

Food Starch 1  Modified Tapioca 

Starch 

Food Starch 2 Starch Emulsifier 

Food Starch 3 Waxy Maize 

Food Starch 4 Acetylated Wheat 

Starch 

45 

10/30/13 

Screening Studies 
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10/30/13 
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10/30/13 

Sedimentation Studies 
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Biodegradation Study 
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• Coating NZVI with functionalized polymers improves colloidal 

stability and coated NZVI has very low stick coefficient (with 

sand)  

• NZVI coated with acid-modified tapioca shows excellent 

dispersion characteristics  

• Acid modification of starch is a relatively simple process 

• The new coatings are biodegradable and can be produced in 

large scale (scale-up is easy) 

• Better TCE degradation was observed with coated NZVI when 

compared bare NZVI 
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10/30/13 

Conclusions 



• Additional starch modifications 

• Starch coating characterization 

• Additional Biodegradation studies 

• Low concentration TCE Degradation studies 

• Transport studies for coated NZVI 

• Toxicity (to endemic bacteria) studies 
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10/30/13 

Work in Progress 



Thank You! 
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Thank You! 
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Zero-valent iron nanoparticles 

Examples of contaminant degradation by nZVI 

• Organic: nZVI + chloro compound [1]: 

        R-Cl + Fe0 (s) + H+  Fe2+ + R-H + Cl- 

 

• Inorganic: nZVI + nitrate [2]: 

  Fe0 + NO3
- + 2H+ → Fe2+ + H2O + NO2

-         (1) 

5Fe0 + 2NO3
- + 6H2O → 5Fe2+ + N2 (g) + 12OH-           (2) 

4Fe0 + NO3
- + 10H+ → 4Fe2++ NH4

+ + 3H2O  (3) 

 

[1] Chen  et al. Journal of Hazardous Materials 2001, 83, 243-254  

[2] Zhang et al, Journal of Environmental Engineering, 2005, 461-470 



Kinetics of reductive dechlorination 
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TCE kinetic studies 

C
dt

dC
k obs

C     =  contaminant concentration 

kobs =  surface area of the zero-valent metal  

t      =   time 

Chen  et al. Journal of Hazardous Materials 2001, 83, 243-254  

The most common mode of contaminant degradation by 

iron is reductive dehalogenation, which can be explained 

by the relationship below. 

R-Cl + Fe0 (s) + H+  Fe2+ + R-H + Cl-     

Dechlorination follows pseudo first-order kinetics:  



Why NZVI? 

Non-toxic and inexpensive 

 Feº is a potential reducing agent  

Reactive species 

High surface area  

Can reductively degrade contaminants 
Image Credit:  Matheson, and Tratnyek, 1994  

Fe0 
 Fe 2+ + 2e-  

 
R-X + 2e-  + H+  R-H + X-  

Bezbaruah et al. 2009; Thompson 2010; Zhang 2003 
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TCE Degradation Mechanism - NZVI 

C=C  
Cl 

Cl H 

Cl 

Fe0 

Cl- 

e- 

C=C  
H 

Cl H 

Cl 
Fe0 
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e- 

C=C  
H 

Cl H 

H 

Fe0 

Cl- 
e- 

C=C  
H 

H H 

H 

TCE DCE 

VC 

Ethene 
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Possible uses of Entrapped NZVI 

Entrapped NZVI Permeable Reactive Barrier  

61 

Alginate entrapped NZVI 


