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Phosphate 

ÅPhosphorus exists in particulate and dissolved form 

ÅPhosphorus is the known cause of eutrophication 

ÅMaximum contaminant level (MCL) for total phosphorus 

(TP) is 0.1 mg/L(US EPA) 
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Challenges 

ÅPO4
3- is present in low concentrations (< 1 mg/L)   

ÅPO4
3-  recovery  

ÅNonpoint source of PO4
3- 
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Need Statement 

ÅPhosphate in the water leads to eutrophication 

ÅThe world is running out of phosphorous mines  

ÅTechnology needed to address both the problems 
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Phosphate Removal/ Recovery 

Morse et al., 1998 
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Fe for PO4
3- Removal / Recovery  

Type of Iron  Source 

Active red mud Lui et al.,  2007  

Steel slag Xiong et al.,  2008  

Synthetic iron oxide coated sand (SCS), naturally iron oxide 

coated sand (NCS) and iron oxide coated crushed brick (CB) 

Boujelben et al.,  2008  

Biogenic  Ferrous Iron Oxides  Cordray,  2008  

Iron ore Chenghong ,  2009  

Iron hydroxide-eggshell waste Mezenner and 

Bensmaili,  2009  

Hydroxy-aluminum, hydroxy-iron and hydroxy-ironïaluminum 

pillared bentonites 

Liang-guo et al.,  2010  

Ferric chloride Caravelli et al.,  2010  

Industrial waste iron  oxide tailings Zeng et al.,  2011  

Ferric sludge Song et al.,  2011  

Activated carbon loaded with Fe(III) oxide Shi et al.,  2011  

Nanoscale Zero-valent Iron (NZVI) Almeelbi and 

Bezbaruah, 2012  
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Research Phases 

ÅPhase I: Aqueous Phosphate Removal using Nanoscale Zero-

valent Iron 

ÅPhase II: Aqueous Phosphate Removal using Iron Cross-lined 

Alginate  

ÅPhase III: Iron Nanoparticle-sorbed Phosphate: Bioavailability 

and Impact on Spinacia oleracea and Selenastrum 

capricornutum Growth 

ÅPhase IV: Bare NZVI and Iron Cross-linked Alginate beads: 

Applications fro Phosphate Removal from Actual Wastewaters 
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Phase I: Nanoscale Zero-valent Iron (NZVI) 

Å Inexpensive 

ÅNon-toxic 

ÅEnvironmentally compatible 

ÅHigh reactive surface of (25-54 m2/g) 

 

10 Bezbaruah et al. 2009; Li et al, 2006 



Phase I: Synthesis of NZVI  

 

2FeCl3+ 6NaBH4 + 18H2O         2Fe0  + 21H2 + 6B(OH)3+ 6NaCl  

 

 

 

XRD spectrum of NZVI   

11 Almeelbi and Bezbaruah, 2012 

HRTEM image  

Particles size distribution  

Average= 16.24±4.05 nm (n = 109) 



Phase I: Phosphate Adsorption onto Iron 

 Hypotheses 

ÅPO4
3- will be sorbed onto the iron particles and 

transformed into insoluble forms 

ÅSorbed PO4
3- can be recovered from the iron particles by 

changing the pH 
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Phase I: Phosphate Removal by NZVI  

NZVI  PO4
3- 

De-Ionized 

Water 

Samples were collected  

at 10, 20, 30 min  

Spectrophotometer Analysis 

Using Ascorbic Acid Method 

Experimental Design  
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Phase I: Phosphate Removal/Recovery 

 

Maximum recovery at pH = 12 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 10 20 30 40 50 60

N
o

rm
a

liz
e

d
 P

O
4
3
- 
c
o

n
c
e

n
tr

a
ti
o

n 

Time, min 

5 mg/LPO4
3-, 400 mg/L NZVI  

Rmoval

Recovery

Results  

14 



Phase I: Effect of NZVI  Concentration  
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Phase I: Adsorption Capacity 
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Phase I: Removal Mechanism  

Mechanism can be explained by point of zero charge (PZC) 

and ligand exchange  
 

ïPZC for NZVI  is around 7.7 

ï Initial pH ~4.0 

ïFinal pH after 60 min reaction was ~7.5 
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Phase I: Removal Mechanism  
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Phase I: Effect of Particles Size 

 

ÅPhosphate removal using Microscale Zero-valent Iron (MZVI) 

and NZVI was compared 

ÅEquivalent surface area of MZVI was taken 

ÅBatch experiments were conducted (protocol same as NZVI) 

Experimental design  
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NZVI 

D= ~16 nm 

A= 25 m2/g 

MZVI  

D= 1-10 µm 

A= 1-2 m2/g 



Phase I: Effect of Particles Size 

Results  

MZVI= 5 g/L                                NZVI= 0.4 g/L 
 

        A= 10 m2                                         A= 10 m2 
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Phase I: NZVI  Particles Characterization 
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XPS spectra of (a) Virgin NZVI, (b) Spent NZVI (after PO4
3- adsorption) 

0

2000

4000

6000

8000

10000

12000

05001000

C
o

u
n
ts

 

Binding Energy (eV) 

B
 1

s 

C
 1

s 

F
e

 2
p 

N
a

 1
s 

a 

0

2000

4000

6000

8000

10000

05001000

C
o

u
n
ts

 

Binding Energy (eV) 

P
 2

p C
 1

S 

F
e

 2
p 

b 



Phase I: NZVI  Particles Characterization 
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HR-XPS survey on the Fe 2p for virgin NZVI and spent  NZVI  
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Phase I: NZVI  Particles Characterization 
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HR-XPS survey on the P 2p for spent  NZVI  



Phase I: NZVI  Particles Characterization 
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a 

Part  Number % Weight 

O Fe Na 

1 12.10 87.39 0.51 

2 10.37 89.32 0.31 

3 10.90 88.70 0.39 

Weight percentage of elements present in virgin NZVI 

SEM/EDS analysis  

Virgin NZVI  



Phase I: NZVI  Particles Characterization 
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b 

Part Number % Weight 

O Fe Na P 

1 25.15 66.90 0.00 7.95 

2 13.13 84.77 0.00 2.10 

3 13.02 85.31 0.00 1.67 

SEM/EDS analysis  

Spent NZVI  



Phase I: Environmental Significance 

Type of Iron Type of Water/ Phosphate Removal  (%, time) % Recovery  Source  

Hydroxy-iron DI/KH2PO4 90%,  5.83 h - Yan et al. (2010a) 

Iron ore wastewater 97%, 15 d - Guo et al. (2009) 

Iron hydroxide-eggshell 

waste 

Distilled water/KH2PO4 73%, 3.67h Mezenner and Bensmaili 

(2009) 

Steel slag Distilled water/KH2PO4 71ï82%, 2 h - Xiong et al. (2008) 

Synthetic Goethite NaH2PO4 40-100%, 2-8 h ~82% Chitrakar et al. (2006) 

Akaganeite NaH2PO4 15-100%, 4-8 h ~90% Chitrakar et al. (2006) 

Synthetic Goethite Sea water + NaH2PO4 60%, 24h - Chitrakar et al. (2006) 

Akaganeite Sea water + NaH2PO4 30%, 24 h - Chitrakar et al. (2006) 

Iron oxide tailing DI/KH2PO4 71%, 24 h 13-14% Zeng et al. (2004) 

Biogenic iron oxide DI/KH2PO4 100%, 24 h 49% Cordray (2008) 

This study ïNZVI  DI/KH 2PO4 96-100%, 60 min ~80% 

Different iron-based adsorbents used for phosphate removal and their performance data  
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Phase I: Environmental Significance 

ÅThe speed of phosphate removal using NZVI  (88-95% 

removal in the first 10 min) gives the nanoparticles an 

advantage over other sorbents  

ÅThe high speed of phosphate removal by NZVI  can be used to 

engineer a commercially viable treatment process with low 

detention time and minimal infrastructure 
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Phase I: Environmental Significance 

28 

w
w

w
.s

o
la

rb
e
e
.c

o
m 

Applications 

 

ÅWastewater treatment  

Å  Eutrophic lake restoration 

Å  Animal feedlots 

Å  Agricultural runoff  

 

Most Importantly  

Å In high flow-through systems 



Phase I: Summary 

ÅPhosphate removal of 88-95% was achieved in the first 10 min 

itself and 96-100% removal was achieved after 30 min 

 

ÅPhosphate sorbed onto NZVI was successfully recovered 

(~78%) 

 

ÅMaximum phosphate recovery achieved at pH 12 

 

ÅAdsorption of PO4
3- onto NZVI confirmed (XPS/SEM-EDS) 
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Phase II: Iron Cross-linked Alginate (FCA) 

ÅBio-degradable 

ÅNon-toxic 

ÅPorous 

Å Inexpensive 
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Alginate 



Phase II: FCA Beads Synthesis 
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10 mL Syringe  

5 mL of 2% 

Sodium alginate 

solution   

2% FeCl2   Magnetic stirrer 



Phase II: FCA Iron Content 

Conductivity Study  
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Phase II: Proposed Chemical Structure 
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Formation and chemical structure of Fe (II) alginate coordination polymer 

Fe2+  
Fe2+  



Phase II: FCA Characterization 

          New FC Beads                               Used FC Beads 
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Average particles size of 74.45±35.60 nm (n = 97)  



Phase II: FCA Iron Content 

SEM/EDS Alnalysis 
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Accelerating Voltage: 10.0 kV 

Magnification: 45000 

Part Number  % Weight  

C  Fe  O  Cl  Ca 

1  24.72  31.02 15.64  28.04  0.56 

2  27.09  26.11 14.07 32.13 0.60 

3  33.70  13.88  9.76 41.93 0.73 



Phase II: FCA Iron Content 

SEM/EDS Alnalysis 
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Part Number  % Weight  

C  Fe  O  Cl  Ca 

1  24.72  31.02 15.64  28.04  0.56 

2  27.09  26.11 14.07 32.13 0.60 

3  33.70  13.88  9.76 41.93 0.73 



Phase II: FCA Beads for Phosphate Removal* 

Phosphate removal over time using FCA beads  

(C0= 5  and 100 mg PO4
3--P/L) 
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Phase II: Comparison with Entrapped NZVI  

 PO4
3- Removal, C0= 5mg/L 
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