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Yi-Ting Lee 

Abstract

Cadmium Cd contamination of paddy soils has been reported for several Asian 

countries. Compared to other trace metals, Cd is rather mobile in soils. Consequently, 

Cd is more readily taken up by rice plants, which it can be translocated into the brown 

rice, and might cause serious human health problems. In-situ chemical stabilization is 

one of the most efficient and cost-effective remediation techniques for heavy metal 

contamination sites. Nano zero-valent iron NZVI is characterized by their small 

particle, large specific surface and high reducing power, and it can effectively degraded

the organic pollutants or stabilized inorganic toxic heavy metals. Therefore, NZVI has 

been widely used as one of the remediation techniques for groundwater pollution sites. 

However, few studies have been evaluated as the stabilization of Cd-contaminated

paddy soils by using NZVI. The objectives of this study are (1) to examine the effects of 

NZVI application on the Cd uptake by rice grown in Cd-contaminated soil and (2) to 

compare the remediation effectiveness with other soil amendments (by applying lime or 

compost). The pot experiments were conducted with 3 levels of soil Cd concentrations 

(2, 10 and 20 mg/kg, sampled from the Cd-contaminated sites) and five soil amendment 

treatments, including (1) control, (2) by applying lime materials to control the soil pH to 

6.8, (3) by applying livestock manure compost at the rate of 40 ton/ha, (4) by applying 
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0.1% of NVZI and (5) by applying 0.2% of NVZI. The study results showed that the 

high concentration of soil Cd didn’t cause toxicity of rice productivity. However, the 

application of NZVI had severe effects on the growth of rice plants and decreased the 

tiller numbers of rice and also the yields of straw and grains by 15-75%. The possible 

reasons were proposed as the bioavailability of soil nutrition was affected by applying 

NZVI or NVZI was toxic to rice production. In all 3 levels of soil Cd concentration, 

only applying lime materials treatment can reduce the Cd concentration of rice straws. 

The compost and NZVI treatments can’t significantly decrease the Cd concentration of 

rice straws. In this study, even the soil Cd concentration is high as 10 mg/kg, the Cd 

concentration of brown rice was lower than the regulation of brown rice in Taiwan (0.4 

mg/kg) announced by Department of Health and Welfare of Taiwan, due to the longer 

period of soil flooding than farmer conventional treatment. When soil Cd concentration 

was high as 20 mg/kg, the Cd concentration of brown rice might exceed 0.4 mg/kg and 

might have high human risk. The effect of soil amendment application was similar to 

the results of rice straw, only the application of lime treatment can significantly 

decrease the Cd concentration of brown rice. The Cd concentration of brown rice in 

compost and NZVI treatments were all higher than the regulation of brown rice. In 

conclusions, the application of NZVI had toxic effects on the growth of rice plants and 

it might produce the Cd uptake in rice plant. Therefore, the remediation by NVZI was 

not effective compared with by applying lime materials.    

Key words Cadmium, brown rice, in-situ chemical stabilization, nano zero-valent iron, 

lime materials
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Cadmium

1s22s22p63s23p63d104s24p64d105s2

5s Cd2+

CdS

CdCO3 Cd(OH)2 Cd3(PO4)2

Cd2+ CdCl+ CdOH+ CdSO4(aq)

Traina, 1999

sphalerite galena

phosphate rock

1-100 mg/kg Alloway and Steinnes, 

1999

0.06-1.1 mg/kg

222 mg/kg Kabata Pendias and Pendias, 2001 1998

0-15 cm
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International Agency for Research on Cancer 2012

Group 1

Joint FAO/WHO Food Standards 

Programmed, Codex Alimentarius Commission

provisional tolerable weekly intake 7 µg/kg

1950
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2006

Table 2-1.

essential element

Prasad, 1995

Kabata 

Pendias & Pendias, 2000
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Table. 2-1 Maximum levels (mg/kg) of Cadmium in food proposed by Codex.
2-1 Codex mg/kg

Product name Value (mg/kg) Remarks

Polished rice 0.4

Wheat 0.2

Cereal grains 0.1 Except rice & wheat

Beans 0.1 Except soybeans

Edible roots & stem 0.1 Except potato

Potato 0.1 Peeled

Leaf vegetables 0.2

Other vegetables 0.05 Except tomatoes & edible fungi

y Codeeeeeeeex.xxxxxx

rks
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Alloway & Steinnes, 1999

Kirkham, 

2006

10

mg/kg 0.3-1.2 g 174

mg/kg 100 g Mortvedt, 1987

Rothamsted Experimental Station 100

0.17 mg/kg 0.44 mg/kg

7.2 g Jones et al., 1989

Alloway & Steinnes, 1999
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Ok et al., 2011 1950

Chen et al., 2007 Arao et al., 2010
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2.5 mg/kg 5 mg/kg

0.1 M HCl 1.5

mg/kg 4 mg/kg 0.4 mg/kg
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cost-effective
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soil dressing and turnover

2005 87.2% 7327 Japan 

MOE, 2006 2003 312.9 Taiwan 

EPA, 2014

Makino, 2007

Hseu et al., 2010

Arao et al., 2010
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soil washing

2008
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al. 2006 2007 2008
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60% Arao et al., 2010
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2- S2- Cd2+

CdS

CdSO4 Eh

Eh

Arao et al., 

2009 Hu et al., 2013
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phytoextraction

phytoremediation

hyperaccumulator

100

100 mg/kg Baker et al., 2004

Chen & Lee 1997

Dianthus chinensis Linn.

Tagetes patula Linn. Verbena bipinnatifida Nutt.

Impatiens walleriana Hook.f. 40

CdCd2+2
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mg/kg

Murakami et al. 2007

Zea mays L. Glycine max (L.) Merr. Oryza sativa L.

Suzuyutaka Milyang 23

Lee, 2013 Park 

et al. 2012 Brassica napus L.

Lai & Chen, 2004 Wu et al., 2004, Turgut 

et al., 2004, Luo et al., 2006

Ebbs et al., 1997

Chen et al., 2007
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nano zero-valent iron

Wang

Zhang 1997 NaBH4

FeCl3

4Fe3+ + 3BH4 + 9H2O → 4Fe0↓+ 3H2BO3
- +12H+

Zhang, 2003 Sun et al. 2006 400

80% 100 nm 50% 60 nm

BET 3000-35000 m2/kg

- 2-1

Fe2+/Fe -0.44 V

WaW ng



 

14

2-1 -

Fig. 2-1. The core-shell model of zero-valent iron nanoparticles.

Li et al., 2006
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PCBs

Lien & Zhang, 1999 Zhang et al., 1998

Fe0 → Fe2+ + 2e-

RCl + H+ +2e- → RH + Fe2+ Cl-

Alowitz & Scherer, 2002 Cao et al., 2005 Huang et 

al., 1998 Li & Zhang, 2006

Li & 

Zhang, 2006

2-2

Zhang, 2003

Watanabe et al., 2009 Satapanajaru et al., 2008

PCPCBsB
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2-2

Table 2-2. Common environmental contaminants that can be transformed by nanoscale 

zero-valent iron.

Zhang, 2003
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Cundy et al. 2008

sorptive reductive

Li & Zhang 2007
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Zn2+ Cd2+ E0 Fe2+ E0

Cu2+ Ag+ Hg+ E0 Fe2+

Ni2+ Pb2+ E0 Fe2+

Boparai et al. 2011

chemisorption

TEM-EDS Cd2+

297 K Cd2+ 769.2

mg/kg

pH Eh

pH 7 Eh

-134 mV Lindsay, 1979

uctive
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2012

FAOSTAT, 2013 2012 26.1 136.8

2012 45.6 125

, 2013

Chaney & Giordano 1977

- soil-plant barrier

Kabata Pendias & Pendias,

2000

202 12
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Chaney et al. 1999

100

100-200

Chino & Baba, 1981 Takijima & Katsumi, 1973

0.4 mg/kg

-

34-50%

Kawada & Suzuki, 1998

2006

0.4 mg/kg 0.5 mg/kg

1 mg/kg 0.4 mg/kg
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1984 23 1988

2 mg/kg 276611 mE 2766261  mN 10 mg/kg 276394mE 2766331 mN

20 mg/kg 276443 mE 2766305 mN

0-15 cm

10 mesh 2 mm
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Gardner, 1986

W1 20

W2 105 °C 24

W3

θm

θm = W1-W2 ÷ W3-W2 × 100%

pH Thomas, 1996

20 100 mL 20 mL

1:1

pH meter PHB-9901

Gee and Bauder, 1986

15 10 mL NaOAc pH 5

1500 rpm 10

500 mL 10 mL 30% 90 °C

DCB

10 Wt

6-7 10 mL 5% 10

300 mesh 1 L

Ws
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Stokes’ Law 2 μm 10 cm

25 mL 10 cm

Wc

% = Ws ÷ Wt × 100% 

% = Wc × 40 ÷ Wt × 100%

% = 100 % − − %

Rhoades, 1996

200

30

Walkley-Black Nelson and Sommers, 1996

0.5 100 mesh 500 mL 

10 mL 1 N 20 mL

30 30 150 mL 10 mL 85% 30

0.5 N →

→ →

O.C.(%) = 

S mL

1010101010000 c cc cc cccmmmmmmm
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B mL

W g

1/0.77

SMP Shoemaker et al., 1961

SMP p-nitrophenol 1.8 g Triethanolamine 2.5 g K2CrO7 3.0 

g CaCl2•2H2O 53.1 g Ca(CO2CH3)•H2O 2 g pH

pH 7.5 1 L

10 10 mL 20 mL SMP

20 pH meter PHB-9901 pH 

Soil-buffer pH 6.7 6.6 6.5 6.4 6.3 6.2 6.1 6.0

Pure CaCO3 ton/acre 1.4 1.9 2.5 3.1 3.7 4.2 4.8 5.4

DCB Mehra and Jackson, 1960

0.5 100 mL 40 mL 0.3 M 5 mL 1 

M 75-80 °C 10

1

1

10 mL

ICP-OES

PerkinElmer Optima 2000 DV
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2003

1 100 mesh 50 mL 1-2

mL 3 mL 9 mL 95 °C

5 mL 1 mL 3 mL

5 mL 50 mL

0.45 μm

ICP-OES PerkinElmer Optima 2000 DV

CRM2003 CRM2004

80-120 % 

111--22
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15 4 60

2 10 20 mg/kg

5 mg/kg 2

mg/kg 10 mg/kg 20 mg/kg

2 10 20 mg/kg 

1 CK

2 Compost

2010

40 ton/ha

Wagner 1/5000a

80 g

3 Lime

SMP 2 10 20

mg/kg 2.62 1.75 1.1 ton/ha

6000000000
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13.0 8.65 5.44 g

4 0.1% 0.2% 0.1% NZVI 0.2% NZVI

39% 51%

24.6 m2/kg

0.1%

0.2%

nano zero-valent iron

35 nm 37.2 m2/g

11 Oryza sativa L. cv Tainan 11 11

/

25/20°C 2–3 2–3

16 2013
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7 10 2013 11 25

11 2004

N–P2O5–K2O = 160–72–84 kg/ha

1 22

63 3-1

3-1

Table 3-1. The application rate (% of total fertilizer amount) of chemical fertilizer at 

different application time.  

Total %

N 45 30 25 100

P2O5 100 – – 100

K2O 40 40 20 100

pH

13 28 42 69 85 /

SUNTEX TS-2 5-10 pH

10 25 56 84 105 Rhizon Soil 

Moisture Sampler RSMS 20 mL 5 0.45 μm

5 °C Hitachi 180-30

040
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70°C

70°C Kett TR-200

HNO3/HClO4 Jones and Case, 1990

0.5 2.5 mL

80°C 1 2.5 mL

180-200°C 2-3 80°C

25 

mL 0.45 μm ICP-OES

PerkinElmer Optima 8000 ICP-MS

NIST SRM 1573a tomato leaves

NIST SRM 1568 rice flour 80-120 %
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pH Thomas, 1996

20 100 mL 20 mL

1:1

pH meter PHB-9901

2003

1 100 mesh 50 mL 1-2

mL 3 mL 9 mL 95 °C

5 mL 1 mL 3 mL

5 mL 50 mL

0.45 μm

ICP-OES PerkinElmer Optima 2000 DV

CRM2003 CRM2004 80-120 % 

0.05 M EDTA pH 7.0 Mench et al., 1994

37.2 C10H14N2Na2O8•2H2O EDTA-2Na

pH 7.0

2 L

5 100 mL 50 mL 0.05 M EDTA

120 rpm 1 Whatman NO.42 

0 . 4 5  μm IC P - O E S
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PerkinElmer Optima 8000

Completely Randomized Design SPSS 

Version 20. ANOVA

5% LSD

p value 0 .05

Pearson correlation coefficient
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Tachuwei series, Tw

Soil Taxonomy Alfisols

Plinthitic Paleudalf Jien et al, 2004

4-1 12.0 20.0 13.5 %

53.6 48.6 51.3 % 34.4 32.0 35.2 %

silty clay loam pH 4.85 5.52

5.46

4-1

200 mg/kg 600 mg/kg

250 mg/kg 200 mg/kg 500 mg/kg Cd 2

5 mg/kg Cd 10 Cd 20 8.98 20.2

mg/kg
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4-1

Table 4-1. The basic physic and chemical properties of the studied soils.

Soil properties Cd 2 Cd 10 Cd 20

Texture Silty Clay Loam Silty Clay Loam Silty Clay Loam

Sand (g/kg) 120 200 135

Silt (g/kg) 536 480 513

Clay (g/kg) 344 320 352
pHwater, soil:water 1:1 4.85 5.52 5.46

EC (dS/m) 0.309 0.216 0.222

O.C. (%) 1.93 1.46 1.52

Bray-1 P (mg/kg) 37.5 10.0 14.1

Menlich-1 K (mg/kg) 50.8 78.8 50.7

Fed § (g/kg) 14.1 17.3 18.0

Mnd § (mg/kg) 41.0 92.9 89.4

Total Cu (mg/kg) 20.5 20.6 25.9

Total Zn (mg/kg) 60.6 71.8 102

Total Cd (mg/kg) 1.82 8.98 20.2

Total Ni (mg/kg) 21.4 23.8 27.5

Total Pb (mg/kg) 25.6 27.3 34.4

Total Cr (mg/kg) 42.5 43.2 49.9

§ Fed and Mnd: DCB (dithionite-citrate-bicarbonate) extractable Fe and Mn

ls.

Cdd 2000000000

Cl L
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4-1 138

Cd 10

Cd 20

Das P. & Rout, 1997 Cd 2 22.8 ±

1.92 Cd10 20.0 ± 1.58 Cd 20 19.0 ± 1.87

p > 0.05

4-2

Cd 2

4-2 p > 0.05

Cd 10

0.1% NZVI 0.2% NZVI

0.1%

NZVI 13.0 ± 1.87

20.0 ± 1.58 p < 0.05

Cd 20 Cd 10

p > 0.05

0.1% NZVI

7.50 ± 2.60 0.2% NZVI 13.0 ± 2.74

p < 0.05 0.1% NZVI

CdCdCdCdCdC  1100
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(a) Cd 2

(b) Cd 10

CK Comp Lime 0.1% NZVI 0.2% NZVI

CK Comp Lime 0.1% NZVI 0.2% NZVI
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(c) Cd 20

4-1 138 (a) Cd 2; (b) Cd 10; (c) Cd 20

CK Comp Lime 0.1% NZVI 0.1% 

0.2% NZVI 0.2% 

Figure. 4-1. Pictures of rice in different treatments at DAT 143 (day after transplanting).
(c) Cd 20. CK no treatment Compost compost application Lime lime 

application 0.1% NZVI 0.1% nano zero-valent iron application 0.2% NZVI 0.2% 

nano zero-valent iron application

CK Comp Lime 0.1% NZVI 0.2% NZVI
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4-1

0.5 1.0 5.0% 

Watanabe et al., 2009 Ok et al. 2011 5%

Ma et 

al., 2013 El-Temsah & Joner, 2012 Kim et al. 2014

ROS

Fajardo et al., 2012

Cullen et al., 2011

Handy et al., 2008

0.5555555 1.11.1.1.1.11.1 00000000 55.5.5.5.5.5.55 0%0%0%0%0%0%0%0%% 
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4-2 number/pot

Table 4-2. Tiller number of rice in different amendment treatments

Treatment
Cd 2 Cd 10 Cd 20

--------------------------------------number/pot-----------------------------------

CK 22.8 ± 1.92 ab 20.0 ± 1.58 ab 19.0 ± 1.87 a

0.1% NZVI 20.0 ± 1.87 ab 13.0 ± 1.87 c 7.50 ± 2.60 c

0.2% NZVI 19.3 ± 1.48 b 16.3 ± 2.68 bc 13.0 ± 2.74 b

Compost 24.0 ± 1.58 a 22.8 ± 3.11 a 21.8 ± 1.30 a

Lime 19.3 ± 1.48 b 19.8 ± 2.49 ab 21.0 ± 2.24 a

Date expressed as means ± standard deviation (n=4). 

Different letters in same column indicate statistically significant differences between 

treatments at p < 0.05.  

CddddCdddd 2 22222222000000000
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pH

Eh

2

138 3-5

S2-

CdS

Cd 2 13

-100 mV 4-2

-100 -50 mV

28

0 mV 0

-50 mV

Cd 10 Cd 2

13

-150 mV

69 -100 mV

-100 -50 mV

Cd 20 Cd 10

-100 -50 mV

2
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a Cd 2

b Cd 10
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c Cd 20

4-2

(a) Cd 2; (b) Cd 10; (c) Cd 20 CK Comp Lime

0.1% NZVI 0.1% 0.2% NZVI 0.2% 

Fig. 4-2. The redox potential (mV) of soils under different amendment treatments 
during the rice growing period. (c) Cd 20. CK no treatment Compost compost 

application Lime lime application 0.1% NZVI 0.1% nano zero-valent iron 

application 0.2% NZVI 0.2% nano zero-valent iron application

.
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0.1% NZVI 0.2% NZVI

Kashem & Singh 2001

Wei et al., 2010 Yu et al., 2014 Cullen et al., 2011 Hashimoto 

& Yamaguchi 2013

ferrihydrite

20

pH 7

-134 mV Lindsay, 1979

H2S

Husson, 2013

0.2%%%%%%%% N N N N N NNNZZVZVZVZVZVZVZVIIIIIIII
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pH

pH 1:1 4.85 Cd 2 5.52 Cd 

10 5.46 Cd 20 Cd 2 pH

6.0 6.5 4-3

pH pH 6.5

7.0 pH

Cd 10 pH 6.0 6.5

pH pH

pH 28

85 pH 6.5

6.2

Cd 20 pH Cd 10

28 pH 6.5

pH 6.5 7.0

pH pH

0.1% NZVI 0.2% NZVI pH

pH

pH

pH 4-3

Kashem & Singh, 2001 pH 4.5 5.5

Cddddddddd 2 2 22 2 2 2 2 5.5.5.5.5.5.55..5252525252525252 CdCdCdCdCdCdCdCdd 

pHpH
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a Cd 2

b Cd 10
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c Cd 20

4-3 pH

(a) Cd 2; (b) Cd 10; (c) Cd 20 CK Comp Lime

0.1% NZVI 0.1% 0.2% NZVI 0.2% 

Fig. 4-3. The pH of soils under different amendment treatments during the rice growing 
period. (c) Cd 20. CK no treatment Compost compost application Lime lime 

application 0.1% NZVI 0.1% nano zero-valent iron application 0.2% NZVI 0.2% 

nano zero-valent iron application
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87 85 pH

6.5

pH

pH Ok et al., 2011 Hashimoto & 

Yamaguchi 2013 Cullen et al., 2011 CaCO3

CO3
2- Ca2+ H+

Al3+ pH pH

pH Asghar & Kanehiro, 

1980 Hue, 1989

pH Nobel et al., 1996

Fe2+

OH- pH Wei et al., 2010

Chang & Kang, 2009 Satapanajaru et al., 2007

pH

pH
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42.0 ± 2.33 Cd 

2 37.1 ± 3.68 Cd 10 35.3 ± 2.7 Cd 20 4-3

Cd 2 Cd 10 Cd 

20 88 84% 4-4 Cd 20 Cd 2

p < 0.05 4-1

10 20 mg/kg

sudangrass 10 mg/kg

35% Fernandes et al., 1999 cowpea mungbean

20 mg/kg 38 34% Panwar et al., 1999

Cd 2 39.5

± 3.06 37.3 ± 4.34 0.1% NZVI 38.9 ± 3.06 0.2 % NZVI g/pot

p < 0.05

p < 0.05 4-4

Cd 10 p

> 0.05 51.5 ± 7.94 g/pot

Cd 2

0.1% 0.2% 26.4 ± 3.73

31.8 ± 5.09 g/pot 0.1% p

< 0.05

4242.000000 ± 2222 22222.33333333333333 CdCdC  
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4-3 g/pot

Table 4-3. Dry weight of straw (g/pot) in different treatments

Treatment§
Cd 2 Cd 10 Cd 20

--------------------------------------g/pot-------------------------------------

CK 42.0 ± 2.33 b 37.1 ± 3.68 b 35.3 ± 2.7 b

0.1% NZVI 37.3 ± 4.34 b 26.4 ± 3.73 c 13.8 ± 3.44 c

0.2% NZVI 38.9 ± 3.06 b 31.8 ± 5.09 bc 19.2 ± 2.85 c

Compost 49.2 ± 2.26 a 51.5 ± 7.94 a 49.0 ± 5.46 a

Lime 39.5 ± 3.06 b 33.7 ± 3.49 bc 35.2 ± 2.39 b

Date expressed as means ± standard deviation (n=4). 

Different letters in same column indicate statistically significant differences between 

treatments at p < 0.05.  

CdC  22222222000000000
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4-4 % Cd 2

Table. 4-4 The relative dry weight of straw (%) campared to Cd 2 in different soil Cd 

concentration treatments

Treatment
Cd 2 Cd 10 Cd 20

--------------------------------------g/pot-------------------------------------

CK 100 ± 5.55 a 88.2 ± 8.76 ab 84.0 ± 6.43 b 

0.1% NZVI 100 ± 11.6 a 70.8 ± 10.0 b 37.1 ± 9.23 c

0.2% NZVI 100 ± 7.87 a 81.7 ± 13.1 b 49.4 ± 7.33 c

Compost 100 ± 4.59 a 105 ± 16.1 a 99.5 ± 11.1 a 

Lime 100 ± 7.75 a 85.4 ± 8.84 b 89.1 ± 6.05 ab

Date expressed as means ± standard deviation (n=4). 

Different letters in same column indicate statistically significant differences between 

treatments at p < 0.05.  
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Cd 20 Cd 10

35.2 ± 2.39 g/pot p > 0.05

p < 0.05

13.8 ± 3.44 19.2 ± 2.85 g/pot

p < 0.05

4-4

Cd 2 Cd 10 Cd 20 %

0.1% NZVI Cd 10

Cd 20 70.8 37.1% 0.2% NZVI 81.7

49.4% Cd 2 p < 0.05

0

p > 0.00000000 0505050505050505
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4-4 g/pot CK Compost Lime

0.1% NZVI 0.1% 0.2% NZVI 0.2% 

Fig. 4-4. Dry weight of straw (g/pot) in different treatments. CK no treatment

Compost compost application Lime lime application 0.1% NZVI 0.1% nano 

zero-valent iron application 0.2% NZVI 0.2% nano zero-valent iron application Data 

are expressed as means of four replicates ± standard deviation. Different letters indicate 

statistically significant differences between treatments at p < 0.05.
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22.0 ± 5.42 Cd 

2 20.8 ± 2.89 Cd 10 27.1 ± 8.05 Cd 20 4-5

Ciecko et al. 2001

triticale 7.5 15 mg/kg

17 35 % oilseed rape 15 22.5 mg/kg

34 62 % 11

5843 2004 11.7

22.0 g/pot

Cd 2

25.4 ± 7.78 15.1 ± 1.92 22.0 ± 10.5 0.1% NZVI 14.6 ± 1.92 0.2% NZVI

g/pot p < 0.05

4-5

Cd 10

p > 0.05

29.8 ± 7.47 29.3 ± 8.63 g/pot

14.1 ± 5.12 17.7 ± 3.16 g/pot

222 .0.00000.0.00 ±± ±±± ± ± ±± 5 5 55 5 5 55.4.4.4.4.4.4.44.442222222 CdCdCdCdCdCdCdCdd 
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4-5 g/pot CK Compost Lime

0.1% NZVI 0.1% 0.2% NZVI 0.2% 

Fig. 4-5. Dry weight of grain (g/pot) in different treatments. CK no treatment

Compost compost application Lime lime application 0.1% NZVI 0.1% nano 

zero-valent iron application 0.2% NZVI 0.2% nano zero-valent iron application Data 

are expressed as means of four replicates ± standard deviation. Different letters indicate 

statistically significant differences between treatments at p < 0.05.
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4-5 g/pot

Table 4-5. Dry weight of grain (g/pot) in different treatments

Treatment
Cd 2 Cd 10 Cd 20

--------------------------------------g/pot-------------------------------------

CK 22.0 ± 5.42 a 20.8 ± 2.89 ab 27.1 ± 8.05 a

0.1% NZVI 22.0 ± 10.5 a 14.1 ± 5.12 b 6.68 ± 5.00 c

0.2% NZVI 14.6 ± 2.92 a 17.7 ± 3.16 b 13.8 ± 5.74 bc

Compost 25.4 ± 7.78 a 29.3 ± 8.63 a 29.0 ± 5.62 a

Lime 15.1 ± 1.92 a 29.8 ± 7.47 a 25.2 ± 9.82 ab

Date expressed as means ± standard deviation (n=4). 

Different letters in same column indicate statistically significant differences between 

treatments at p < 0.05.  

CdC  22222222000000000
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Cd 20

p > 0.05

p < 0.05 0.1% 

4-5

Hue, 1992 Tagoe et al. 2008

Manna et al., 2005 Choudhary et al., 

1996 Hue 1992 Jokela 1992

Fernandes et al., 1999 Ciecko et al., 2001

pH Grewal & Williams, 

2003 Caires et al., 2008

Ok et al. 2011

Watanabe et al. 2009

El-Temsah & Joner 2012
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0.42 ± 0.1

Cd 2 0.92 ± 0.24 Cd 10 2.47 ± 0.64 Cd 20 mg/kg

4-6

p < 0.05

Cd 2

0.16 ± 0.07 mg/kg

Cd 10 0.2% 0.79 ± 0.58 mg/kg

0.43 ± 0.12 mg/kg

p

> 0.05 Cd 20

Cd 2

p < 0.05 1.03 ± 0.41 mg/kg 0.2% 

2.65 ± 0.64 mg/kg 0.1% 2.75

± 0.49 mg/kg p > 0.05

pH

Li et al., 

0.442442424242424  ±±±± 000.11
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4-6 mg/kg CK Compost Lime

0.1% NZVI 0.1% 0.2% NZVI 0.2% 

Fig. 4-6. Cd concentration of straw (mg/kg) in different treatments. CK no

treatment Compost compost application Lime lime application 0.1% NZVI 0.1% 

nano zero-valent iron application 0.2% NZVI 0.2% nano zero-valent iron 

application Data are expressed as means of four replicates ± standard deviation. 

Different letters indicate statistically significant differences between treatments at p <

0.05.
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2008 Fernandes et al., 1999 Chen et al., 2000

Lee et al., 2004 Ciecko et al., 

2001 Sato et al., 2010

Singh et al. 1989 Putwattana 

et al. 2010

Dissolved organic carbon, DOC

Guo et al. 1993

Almas & Singh, 2001 Chirenje & Ma, 1999

pH - Gregson & 

Alloway, 1984

Watanabe et al., 2009 Ok et al., 2011

Watanabe et al. 2009

0.5-5% w/w Ok et al. 2011 5% w/w
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4-6 mg/kg

Table 4-6. Cd concentration of straw (mg/kg) in different treatments

Treatment
Cd 2 Cd 10 Cd 20

--------------------------------------mg/kg-------------------------------------

CK 0.42 ± 0.17 a 0.92 ± 0.24 a 2.47 ± 0.64 ab

0.1% NZVI 0.31 ± 0.04 ab 1.03 ± 1.26 a 2.75 ± 0.49 a

0.2% NZVI 0.46 ± 0.16 a 0.79 ± 0.58 a 2.65 ± 0.64 a

Compost 0.50 ± 0.15 a 1.23 ± 0.21 a 2.01 ± 0.40 ab

Lime 0.16 ± 0.07 b 0.43 ± 0.12 a 1.03 ± 0.41 b

Date expressed as means ± standard deviation (n=4). 

Different letters in same column indicate statistically significant differences between 

treatments at p < 0.05.  
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Cd 10 0.115 ± 0.036 mg/kg

0.4 mg/kg

5 mg/kg

1988

2.42 mg/kg

pH

Watanabe et al., 2009 Ok et al., 2011

pH

Singh et al., 1989 Li et al., 2009b

± 0.03030303030303030366666666 mgmgmgmgmgmgmgmg/k/kkkkkkkkgggggggg
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4-7 (a) mg/kg CK Compost

Lime 0.1% NZVI 0.1% 0.2% NZVI 0.2% 

Fig. 4-7. Cd concentration of grain (mg/kg) in different treatments. CK no

treatment Compost compost application Lime lime application 0.1% NZVI 0.1% 

nano zero-valent iron application 0.2% NZVI 0.2% nano zero-valent iron 

application Data are expressed as means of four replicates ± standard deviation. 

Different letters indicate statistically significant differences between treatments at p <

0.05.
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4-7 (b) mg/kg CK Compost

Lime 0.1% NZVI 0.1% 0.2% NZVI 0.2% 

Fig. 4-7. Cd concentration of grain (mg/kg) in different treatments. CK no

treatment Compost compost application Lime lime application 0.1% NZVI 0.1% 

nano zero-valent iron application 0.2% NZVI 0.2% nano zero-valent iron 

application Data are expressed as means of four replicates ± standard deviation. 

Different letters indicate statistically significant differences between treatments at p <

0.05.
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Cd 20 0.351 ± 0.119 mg/kg

0.4 mg/kg

20 mg/kg

0.139 ± 0.020 mg/kg p < 0.05 60.4%

Rodda et al., 2011

± 0.11111111199999999 mgmgmgmgmgmgmgg/k/k/kkkkkkgggggggg
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4-7 mg/kg

Table 4-7. Cd concentration of grain (mg/kg) in different treatments

Treatment
Cd 2 Cd 10 Cd 20

--------------------------------------mg/kg-------------------------------------

CK 0.054 ± 0.014 ab 0.145 ± 0.039 a 0.351 ± 0.119 bc

0.1% NZVI 0.063 ± 0.033 ab 0.100 ± 0.062 ab 1.08 ± 0.219 a

0.2% NZVI 0.076 ± 0.046 a 0.089 ± 0.027 ab 0.426 ± 0.134 ab

Compost 0.096 ± 0.024 a 0.116 ± 0.008 ab 0.408 ± 0.214 bc

Lime 0.016 ± 0.001 b 0.064 ± 0.020 b 0.139 ± 0.020 c

Date expressed as means ± standard deviation (n=4). 

Different letters in same column indicate statistically significant differences between 

treatments at p < 0.05.  
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pH

pH 1:1 4.85 Cd 2

5.52 Cd 10 5.46 Cd 20 138 pH

pH 5.18 Cd 2 5.58 Cd 10 5.52 Cd 20

pH

4-8 pH p < 0.05

pH 6.94 7.94 6.53 7.36

1 pH pH

pH Fernandes et al., 1999 Ciecko et al., 2001

pH Hue, 1992 Jokela, 1992 Cullen et al.

2011 pH

Chang & Kang, 2009 Satapanajaru, 2008

1% w/w Chang & Kang 2009 pH

El-Temsah & Joner 2012

0.5 – 5 g/kg soil

4.4 85855555 CdCdCdCdCdCdCdCdC  2
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4-8 pH CK Compost

Lime 0.1% NZVI 0.1% 0.2% NZVI 0.2% 

Fig. 4-8. Soil pH of different treatments after the harvest of rice. CK no treatment

Compost compost application Lime lime application 0.1% NZVI 0.1% nano 

zero-valent iron application 0.2% NZVI 0.2% nano zero-valent iron application Data 

are expressed as means of four replicates ± standard deviation. 
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pH pH

4.5 - 5.5

Kabata-Pendias & Pendias, 2000

pH

Christensen 1984

pH 6 pH 4 - 7.7 pH

pH pH

pH pH

pH

pHpHpHpHpHpHpHpH
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0.05 M EDTA

1 2 3

4 5

6 Kabata-Pendias & Pendias, 

2000

0.05 M EDTA 0.05 M EDTA

4-9

Cd 2 0.05 M EDTA

Cd 20

4-9 Cd 10 0.2% 

0.05 M EDTA @

p < 0.05 8.25 ± 0.11 mg/kg 7.59 ± 0.12 7.11 

± 0.34 7.72 ± 0.40 mg/kg 4-10

0.05 

M EDTA

0.05 M EDTA Chen 

et al., 2000 Lee et al., 2004 Lee et al., 2004 Lin et 

22 3333333
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4-9 0.05 M EDTA mg/kg CK

Compost Lime 0.1% NZVI 0.1% 

0.2% NZVI 0.2% 

Fig. 4-9. 0.05 M EDTA extractable Cd concentration (mg/kg) of soil in different 
treatments. CK no treatment Compost compost application Lime lime 

application 0.1% NZVI 0.1% nano zero-valent iron application 0.2% NZVI 0.2% 

nano zero-valent iron application Data are expressed as means of four replicates ± 

standard deviation. Different letters indicate statistically significant differences between 

treatments at p < 0.05.
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4-8 0.05 M EDTA mg/kg

Table 4-8. 0.05 M EDTA extractable Cd concentration (mg/kg) in different treatments

Treatment
Cd 2 Cd 10 Cd 20

--------------------------------------mg/kg-------------------------------------

CK 1.43 ± 0.03 a 8.25 ± 0.11 a 19.3 ± 0.76 a

0.1% NZVI 1.46 ± 0.03 a 8.34 ± 0.10 a 19.3 ± 0.61 a

0.2% NZVI 1.53 ± 0.17 a 7.59 ± 0.12 b 18.7 ± 0.81 a

Compost 1.37 ± 0.10 a 7.11 ± 0.34 c 19.5 ± 0.75 a

Lime 1.34 ± 0.02 a 7.72 ± 0.40 b 19.5 ± 0.27 a

Date expressed as means ± standard deviation (n=4). 

Different letters in same column indicate statistically significant differences between 

treatments at p < 0.05.  
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al., 2009 0.05 M EDTA

EDTA

Ure, 1996

sequential extraction Ok et al. 2011

Watanabe et al. 2009

Kumpiene et al. 2011
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1. 10 20 mg/kg

Cd 10 Cd 20

2. Cd 10 53.3%

0.4 mg/kg

3. Cd 20 p <

0.05

p <0.05 60.4%

4.

20 mg/g kgg
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