
A Greener Approach to Enhance 
Colloidal Stability of NZVI for 
Groundwater Remediation 

Harjyoti Kalita 



Acknowledgments  
 National Science Foundation (Grant # CMMI-1125674) 

 

 

 United Soybean Board 

 

 

 

 North Dakota Water Resources Research Institute 

 Department of Civil Engineering  

 Center for Nanoscale Science and Engineering 

 Members of Environmental Lab at Civil Engineering 

2 



Outline 
 Introduction 

 Synthesis of bio-based polymer 

 Colloidal stability analysis 

 Treatability study 

 Biodegradation analysis 

 Conclusion 

  

 

 

 
3 



Advantages of NZVI 

 Highly effective on several contaminants 

 Easy subsurface injection 

 High reactive surface area (~20-54 m2/g) 

 Extremely high reaction rate 

 Low temperature reaction 

 Economics (relatively inexpensive)  
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Limitations of NZVI in Remediation 
Applications  

Agglomerate easily 

 

High reactivity translates to low selectivity 

        -react with non target substances 

        -dissolve oxygen and water 

 

 Low efficiency of NZVI is due to high reactivity 
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Limitation of NZVI 

State-of-the-art 

  Injection of a carbon 

source needed to render 

the site anoxic 

  High financial investment 

  Time consuming 

In-Situ Remediation using Iron Nanoparticle Slurry 



Polymers for NZVI Colloidal Stability  

Krajangpan, Kalita,  et al.,  (2012) Environ. Sci. Technol., 46, 10130–10136. 
Kalita et al., PMSE Preprints, 2009, 100, 683-685 7 

Bidegradation of  this Polysiloxane/PEG based polymer is unknown 



8 

    In-Situ remediation using polymer coated iron nanoparticles slurry 

Dispersibility ↑, Reactive surface area ↑ 

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

Our design 



 

  Sodium borohydride (NaBH4) is used as reducing agent 

  NaBH4 is added to FeSO4.7H2O 

 2Fe2+ + BH4- + 3H2O  2Fe0↓ + H2BO3- + 4H+ + 2H2 

  Keep in N2 environment 

 

 

Liu et al. (2005), Environ. Sci. Technol. , 39, 1338-1345. 

Bezbaruah et al. (2005), J. Environ. Sci. Heal. B., 44,  518-524.  

NZVI Synthesis 

FeSO4.7H2O in Water Reduction by NaBH4 NZVI 
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NZVI Characterization 

TEM image of Fe0 nanoparticles Particle size distribution 

XRD spectra of Fe0 nanoparticles SEM-EDX spectrum of Fe0 nanoparticles 
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Soybean Oil based Monomer: 2-VOES 

2-(vinyloxyethyl) soyate  
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Characterization of 2-VOES 
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Characterization of 2-VOES 
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Kalita, H; Chisholm, B.J.; Bezbaruah, A. Vegetable Oil-Based Polymers for Nanoparticle Surface Modification" Provisional patent, May, 2013. 



Characterization of TEGEVE 
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Poly(2-VOES-r-TEGEVE) Copolymers 

1H NMR 
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Characterization of Poly(2-VOES-r-TEGEVE) 
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Carboxyl Functional Poly(2-VOES-r-TEGEVE)  

Formulation* 
([M1]0:[M2]0:[I]0: 

Polymer (M1) wt., g Mercaptopropionic acid (M2) wt., g Initiator (I) wt., mg 

Copolymers 

85-Soy/15-EG/COOH 4.98 5.78 7 

75-Soy/25-EG/COOH 5.07 4.84 5 

50-Soy/50-EG/COOH 5.33 3.56 4 

25-Soy/75-EG/COOH 5.12 1.75 2 

85-Soy/15-EG/COOH 5.08 1.12 1 

Homopolymer 

Poly(2-VOES)/COOH 5.20 6.20 8 18 

Poly (2-
VOES) 

25-Soy/75-
EG/COOH 

TGEVE 
homopo

lymer 

Chisholm, B.J.; Kalita, H.; Bezbaruah, A. Vegetable Oil-Based Polymers for Nanoparticle Surface Modification" Provisional patent, May, 2013. 



85-Soy/15-EG/COOH: Characterization 
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UV-Vis 
 spectroscopy 

12 mg of nZVI  

Add 12 mL of                        
15g/L polymer solution 

Sonicate 
30 minutes 

Rotate for 72 hrs 

Centrifuge to remove 
 excess polymer 

CNZVI Preparation 



Colloidal Stability: Polymer Concentration 

75-Soy/25-EG/COOH 
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50-Soy/50-EG/COOH 

15-Soy/85-EG/COOH  



Colloidal Stability:                             
Structure Property Relationship 

Polymer Concentration:  15 g/L 



Colloidal Stability:                             
Structure Property Relationship 

Polymer Concentration:  15 g/L 
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Colloidal Stability:                             
Structure Property Relationship 



Colloidal Stability:  15-Soy/85-EG/COOH  

Time - 0 m 

Time - 1h 

Time - 15m 

Time - 2 h 
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Colloidal Stability:                                       
Role of Carboxylic Group 
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TCE Degradation Batch Studies 
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GC-MS 



Treatability Studies: TCE 
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Treatability Studies: TCE 

  Final Conc* 

(mg/L) 

% 

Removal* 

Observed 

Reaction Rate 

Kobs (h
-1) 

Surface 

Normalized 

Reaction Rate 

kSA (L m-2 h-1) 

Correlation 

Coefficient 

R2 

Initial TCE = 30 

mg/L 

          

Bare NZVI 5.37 82 0.389 0.016 0.9991 

CNZVI 2.95 90 0.489 0.020 0.9930 

Initial TCE = 15 

mg/L 

          

Bare NZVI 3.40 77 0.316 0.013 0.9912 

CNZVI 1.43 90 0.473 0.019 0.9921 

Initial TCE = 1 

mg/L 

          

Bare NZVI 2.45 75 0.278 0.011 0.9857 

CNZVI 1.02 89 0.395 0.016 0.9884 
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Treatability Studies: As(V)  

30 
ICP-OES 



Treatability Studies: As(V) 
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Treatability Studies: As(V) 

Co=1mg/L 
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Treatability Studies: Arsenic(V) 
  Final 

Conc* 

(mg/L) 

% 

Removal* 

Observed 

Reaction Rate 

Kobs (h
-1) 

Surface 

Normalized 

Reaction Rate 

kSA (L m-2 h-1) 

Correlation 

Coefficient 

R2 

Initial As(V) = 

30 mg/L 

          

Bare NZVI 5.70 80 2.77 0.111 0.9659 

CNZVI 0.04 90 4.94 0.200 0.9418 

Initial As(V) = 

15 mg/L 

          

Bare NZVI 0.1 99 3.57 0.143 0.9929 

CNZVI 0.1 99 9.76 0.390 0.9999 

Initial As(V) = 1 

mg/L 

          

Bare NZVI     -------   ------- 

CNZVI     -------   ------- 
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Respirometric Test  

 

Seal 

cup 

Amber 

sample bottle 

Display 

Control panel 

Display 

Data transfer 

cable 

Sample (Code) Polymer 

(mg) 

NZVI 

(mg) 

BOD nutrient 

(mL) 

Amount of MLSS 

(mL) 

Polymer coated 

NZVI (CNZI) 
100 100 155 5 

NZVI    100 155 5 

Polymer 100   155 5 

Control      155 5 
34 



Respirometric Test 

BOD expressions of different samples during respirometric experiments 
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*CNZVI refer  to 15-Soy/85-EG/COOH coated NZVI  



Respirometric Test: Biodegradation 

% Biodegradation of 15-Soy/85-EG/COOH (polymer) and 15-Soy/85-EG/COOH 
coated NZVI (CNZVI) 

𝑇ℎ𝑂𝐷 =
16 2𝑐 + 0.5ℎ + 3𝑠 − 𝑜 𝑚𝑔/𝑚𝑔

𝑀𝑊
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%𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 = %𝑇ℎ𝑂𝐷 =
𝐵𝑂𝐷 (𝑚𝑔 𝑂2 /𝑚𝑔 𝑆𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒)

𝑇ℎ𝑂𝐷 (𝑚𝑔 𝑂2 /𝑚𝑔 𝑆𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒)
 x 100 



Microbial Growth 

Growth of microorganisms in presence of NZVI, 15-Soy/85-EG/COOH (polymer) and 15-
Soy/85-EG/COOH coated NZVI (CNZVI) 
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Gel Permeation Chromatography 

Sample (Code) Polymer 

(mg) 

NZVI 

(mg) 

BOD nutrient 

(mL) 

Amount of MLSS 

(mL) 

Polymer coated 

NZVI* (CNZVI) 
40 40 38 2 

Polymer         40 38 2 

Blank  40   38   

GPC Instrument Sample mixing in orbital shaker 38 



Gel Permeation Chromatography 
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Change of molecular weight of 15-Soy/85-EG/COOH (polymer) and 15-Soy/85-
EG/COOH coated NZVI (CNZVI) 



Conclusions 

 Vegetable oil and PEG based amphiphilic polymers was successfully 
prepared 

 15-Soy/85-EG/COOH provided optimal colloidal stability (82% more 
colloidal stability than bare NZVI) 

 Carboxyl functionalization of polymer improved colloidal stability of 
CNZVI 

 CNZVI showed high reaction rate than bare NZVI for both TCE and 
As(V) remediation 

 Respirometric experiment  indicate 90% biodegradation within 28 d at 
room temperature with MLSS inoculation 
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