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Abstract Inorganic arsenic (As) pesticides have been

widely used for decades in many countries. However,

insufficient data are available on the chemical speciation of

inorganic arsenicals in tropical paddy soils. Inorganic As-

containing pesticides were used in tropical countries, a few

decades ago, however, their fate have not been studied.

Hence, the objective of this study was to determine frac-

tionation of inorganic arsenicals and to assess As lability

with/without fertilizer application using a static incubation

experiment. Eight soils from wet and dry regions of Sri

Lanka were amended with 1,000 mg/kg arsenate for this

purpose. The FT-IR and XRF results suggested that soils in

the wet region were rich in Fe/Al-oxides. Paddy soils in the

dry zone showed high As lability. These low-humic gley

soils have low Fe/Al oxyhydroxide and alkaline pH. In

contrast, the wet zone had soils with higher As retention

capacity, high amounts of Fe/Al oxyhydroxide, and acidic

pH. Arsenic lability increased considerably 30 days after

fertilizer application. Overall, As lability was mainly

influenced by soil mineralogical and chemical properties,

i.e., Fe/Al oxyhydroxide, pH, organic matter, and fertilizer

application.

Keywords Fertilizer � Organic matter � Tropical paddy

soils � Fe/Al oxyhydroxide � Chemical speciation

Introduction

Anthropogenic activities are major contributors to arsenic

(As) found in soils (Cullen and Reimer 1989; Davis et al.

2001; Almaroai et al. 2012; Usman et al. 2012). Repeated

and widespread use of inorganic As pesticides has con-

tributed to extensive contamination of soils in the USA

(Murphy and Aucott 1998; Folkes et al. 2001; Belluck et al.

2003). During the 1970s, nearly 80 % of the world’s As

consumption was attributed to agriculture (Mandal and

Suzuki 2002). It was only two decades ago that inorganic

As pesticides were banned in the USA and elsewhere. This

has contributed to a reduction in the use of inorganic As-

based agrochemicals from 80 to 40 % (Adriano 2001).

However, the past use of inorganic As agrochemicals must

have contaminated soils in many countries, although it has

mostly been recorded in the USA. No data are found in the

tropical countries for the use and fate of inorganic arsenical

compounds which is similar in the case of Sri Lanka.

The potential risk from As-contaminated soils depends

on factors that influence its mobility and availability

(Almaroai et al. 2013). Soil components, such as organic

matter, iron oxides, and clay minerals strongly influence

the processes involved in As mobility (Adriano 2001;

Balasoiu et al. 2001; Lee et al. 2013a). Consequently, As

retention within soils reveals the fundamental necessity for

contaminant risk assessment (Fendorf et al. 2004; Usman

et al. 2012). Bioaccessibility related to metal toxicity

decreases with soil aging (Tang et al. 2007; Ahmad et al.

2012c). However, changes in soil redox potential, pH

conditions, and the presence of other ions, such as

M. Vithanage � A. U. Rajapaksha � H. Wijesekara

Chemical and Environmental Systems Modeling Research

Group, Institute of Fundamental Studies, Kandy, Sri Lanka

A. U. Rajapaksha � Y. S. Ok (&)

Environmental Remediation and Restoration Laboratory,

Department of Biological Environment, Kangwon National

University, Chuncheon, Korea

e-mail: soilok@kangwon.ac.kr

N. Weerarathne

Microbial Biotechnology Unit, Institute of Fundamental Studies,

Kandy, Sri Lanka

123

Environ Earth Sci (2014) 71:837–847

DOI 10.1007/s12665-013-2486-9



phosphate and humic matter (HM) may change As mobility

in soil (Cao et al. 2003; Masscheleyn et al. 1991; Wang and

Mulligan 2006; Lim et al. 2013).

Baseline concentrations of As in soils are generally

5–10 mg/kg (Smedley and Kinniburgh 2002). Boyle and

Jonasson (1973) quoted an average baseline As concen-

tration in world soils of 7.2 mg/kg. Rice is sometimes

cultivated in agricultural lands that have accumulated ele-

vated levels of As, much higher than the baseline values

(Zhu et al. 2008). In the case of inorganic As compounds,

most studies have reported As phytotoxicity to rice grown

in soils with As concentrations of 0.5–150 mg/kg (Shepp-

ard 1992). The effects of soil type, arsenic speciation, and

soil aging on bioaccessibility of inorganic and organic As

in treated soils have been studied extensively in various

crops (Datta et al. 2006; Fendorf et al. 2004; Sarkar and

Datta 2003; Tang et al. 2007; Quazi et al. 2011). Many

studies have been performed to understand the effect of

phosphate fertilizers on As uptake by plants (Cozzolino

et al. 2010; Geng et al. 2005; Lu et al. 2010); however, it is

evident that many additional factors, such as tillage and

water management may affect As mobilization (Talukder

et al. 2011), but the studies are limited on these.

Only a limited amount of work has focused on the effect

of other fertilizers and soil physicochemical characteristics

on As bioavailability (Chen et al. 2008; Signes-Pastor et al.

2007; Wang and Mulligan 2006; Quazi et al. 2011). These

studies have shown that the formation of soluble and strong

HM-As complexes facilitates the mobility of As-contami-

nated soils. Some studies have suggested that nitrate

inhibits Fe(III) reduction, leading to As co-precipitation

with, or adsorption to Fe(III) minerals in soil. Adding

nutrients to soil may cause competition between elements

for fixation sites in the soil, and adding N, P, and K can

significantly affect the concentrations of available As in

soil (Signes-Pastor et al. 2007; Abd El-Azeem et al. 2013).

Plant–soil interactions make a system more complex;

thereby, making it more difficult to investigate soil–As

interactions especially under different fertilizer amend-

ments. All these studies are focused on temperate world

where the soil system is distinct from the tropical region. It

is, therefore, appropriate to investigate the fractionation

and lability of As in tropical paddy soils under controlled

conditions in order to eliminate the effect of other factors.

In Sri Lanka, rice is grown under flooded culture and

reducing conditions. Soil properties under these conditions

may sufficiently differ from other agricultural soils. The

current study elucidated the fractional speciation and

lability of As in inorganic As pesticide-amended paddy

soils treated with different fertilizers. The As concentra-

tions selected for this study represented the worst case

scenarios resulting from repeated application of As pesti-

cides (Quazi et al. 2011).

Materials and methods

Soil sampling procedures

Eight typical paddy soils were collected from wet

[Pelmadulla (soil 4), Warakapola (soil 5), and Matara (soil

6)] and dry zone (Galgamuwa (soil 1), Thambuththegama

(soil 2), Habarana (soil 3), Eppawala (soil 7), and Medi-

rigiriya (soil 8) paddy fields in Sri Lanka (Fig. 1). Soil

samples were taken from the arable layer (0–15 cm deep),

combined into one sample, and transported to the labora-

tory for further treatment and chemical analysis. In the

laboratory, soil samples were air-dried at room temperature

and crushed with a wooden roller to pass through a 2-mm

sieve. A small portion of the crushed (B2 mm particle size)

soils was further ground with an agate mortar to pass

through a \63-lm sieve for X-ray fluorescence (XRF)

analysis (Ahmad et al. 2012a). This method of analysis was

selected to obtain the major element concentrations in the

soils.

Fig. 1 Soil sampling locations. The wet zone receives annual rainfall

of 2,500 mm, whereas the dry zone receives \1,900 mm
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Determination of soil physicochemical properties

Total digestion of the crushed soil was carried out using a

temperature-controlled microwave heating system (Mile-

stone ETHOS PLUS lab station with HRP-1000/10S high

pressure segmented rotor). The following proportions of

acids were used on 1 g of soil sample: 16 mL HNO3,

10 mL HCl, and 3 mL HF. Minor elements determination

was done using the microwave method as the same method

was used for the digestion of the residual fraction of

sequential extraction method. Fourier-transform-infrared

spectroscopy (FT-IR) was used to investigate the differ-

ences between soil samples by determination of OH, Al

and Fe oxides that are mainly responsible for As sorption in

different fractions. Air-dried and sieved (2 mm) soils were

used to determine pH, electrical conductivity (EC), and

organic matter content using standard protocols (Sumner

and Miller 1996; Jung et al. 2011). Soils were extracted in

1 M ammonium acetate solution and 1 M potassium

chloride solution for cation exchange capacity (CEC)

analysis (Anderson and Ingram 1993).

Phosphate concentrations in the extracts and digests

were determined colorimetrically using the molybdate–

ascorbic acid method (Watanabe and Olsen 1965) and

1,10-phenanthroline-reagent method (Olson and Ellis

1982), respectively, using an ultraviolet–visible light

spectrometer (Shimadzu 2400 PC) which is the common

standard practice. The concentrations of Ca, Mg, and Al in

the extracts/digests were analyzed using a GBC 93AAA

atomic-absorption spectrophotometer in the flame mode.

The digests were analyzed for As using a hydride genera-

tion atomic-absorption spectrophotometer.

Samples (50 g) of each of the eight soils were spiked

with 50 mL Na3AsO4 solution to artificially increase the

total As concentration in the soils by approximately

1,000 mg/kg. After addition of As, the pesticide was mixed

with the soils, which were then stored in a closed envi-

ronment. The soils were aerated, and constant water con-

tent was maintained for 30 days. Three separate sets for

each of the eight soils were prepared with the same As

concentrations and treated with phosphorus at 75 mg P/kg

from triple super phosphate (TSP), 100 mg/kg N from

urea, or 40 mg/kg K from muriate of potash (MoP). All

soils were stored in a 25 �C incubator to maintain 70 %

moisture content. A small amount of sample (1 g) was

taken for sequential extraction at different times (1 h, and

1, 4, 10, 20, and 30 days).

Sequential extraction methodology

The sequential extraction method selected for this study

was based on a comparison of methods. The modified Hall

method (Hall et al. 1996) was the most suitable and

frequently used among the studied sequential extraction

methods for As fractionation in mineral mixtures (Mihalj-

evič et al. 2003). Five different fractions were considered:

exchangeable (1 M NaOAc, pH 5, 12 h), bound to amor-

phous Fe oxyhydroxides (0.25 M NH2OH�HCl in 0.25 M

HCl, 2 h, 60 �C, 0.5 h), bound to crystalline Fe oxyhy-

droxides (1 M NH2OH�HCl in 25 % HOAc, 3 h, 90 �C,

1.5 h), bound to organic matter (15 mL 30 % H2O2 and

3 mL 0.02 M HNO3, 85 �C, 2 h and 3.2 M NaOAc, 5 mL,

85 �C, 3 h) and bound to the mineral matrix (also called

the ‘‘residual fraction’’, digestion with a mixture of HF,

HNO3, and HClO4). Between successive extractions, sep-

aration was effected by centrifuging at 3,500 rpm for

15 min. The supernatant was filtered through a 0.45-lm

filter paper and analyzed for As using atomic-absorption

spectrophotometry (Model GBC 933 AA, Australia), while

the residue was rinsed with deionized water. The total

concentration of arsenate in the ‘‘residual fraction’’ and in

individual synthetic mixtures was determined by dissolving

the solid samples in a mixture of HCl and HNO3 at a ratio

of 5:1. All solutions were stabilized with concentrated

nitric acid (final HNO3 concentration, 2 % v/v). Before the

As concentrations were determined using hydride genera-

tion atomic-absorption spectrophotometry, arsenate was

reduced to arsenite using 20 % HCl and 200 ppm KI, and

maintained for 2 h to complete the reaction.

Results and discussion

Soil properties

The soils were classified as Low-Humic Gley (soils 1, 2, 7,

and 8), Reddish Brown Earth (soil 3), Reddish Brown

Latosol (soil 4), Immature Brown Loam (soil 5), and Red

Yellow Podosol (soil 6) (De Alwis and Panabokke 1972).

The characterization data for the eight soil samples are

given in Table 1.

The pH of the soil samples depicted the characteristic

differences between wet and dry zone paddy soils. Soils 1,

2, and 7 were moderately alkaline to alkaline, indicating

accumulation of base-forming cations, such as Ca and Mg

in the soil cation exchange complex due to fluctuations in

ground water level during rainy and dry seasons. This

indicates that acid-forming cations, such as Fe and Al exist

in inorganically bound forms (Ok et al. 2007; Yang et al.

2009). Soils from dry zone regions (soils 1, 2, and 7) and

the wet zone (soil 6) showed high EC levels, which indi-

cate the potential for development of soil salinity. High

salinity was expected for soil 6, because it was from a

coastal zone (Fig. 1).

The CEC of the soils was 15–30 meq/100 g, which is

ideal for an agricultural soil (10–30 meq/100 g). Although
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soil organic matter content is positively related to CEC, no

significant relationship was observed in these samples.

Thus, the variation in CEC may be due to a difference in

the quality and quantity of the clay fraction in the colloidal

complex. Therefore, the amount of clay in soils could have

contributed to the randomness of the CEC data. However,

the CEC of all soils was greater than the characteristic CEC

of the kaolinite clay mineral (3–15 meq/100 g), which is

the most abundant type of clay mineral in Sri Lanka (Ok

et al. 2011a; Lee et al. 2013b). Therefore, it is evident that

the CEC of these soils is maintained at a higher level by the

accumulation of organic matter.

Total soil carbon was higher ([3 %) in the wet zone

(soils 4, 5, and 6) than that in the dry zone. This was

attributed to rapid decomposition of organic matter and

nutrient mineralization in the dry zone by microbial

activity favored by high temperatures, and by better aera-

tion when soil moisture was available. Soil organic carbon

in typical paddy soils is \5 %, which is characteristic for

tropical soils. More than 70 % of total soil carbon in these

samples was derived from soil organic carbon. Soil organic

matter content in these soils was 2–7 %. Lack of organic

matter in soil is reflected by a high soil C:N ratio

(10–15:1), which is favorable for microbial activity and

depicts the continuous decomposition of organic matter

and rapid C mineralization (Awad et al. 2012; Ok et al.

2011b).

Soil available phosphate was highest in soils 2 and 7 and

this was attributed to the inherently high P in parent

material. The high amount of soil Ca indicates that these

areas were located in close proximity to a rock phosphate

ore. In addition, the other dry zone soils (1, 3, and 8) had

higher available P than soils in the wet zone areas. This can

be explained by the inverse relationship between available

phosphate and soil moisture. Under low soil moisture

conditions, phosphorus is fixed due to shrinkage of amor-

phous Fe- and Al-oxides. Even though P availability is

limited in tropical soils, these soils were not deficient in

available P.

Spectroscopic evidence

Some selected infrared absorbance spectra of the soils are

shown in Fig. 2. Soils 1, 3, 4, and 6 were compared, as the

other samples appeared similar to these four (data not

shown). Several components of the wet and dry zone soils

were easily recognizable from their spectral features. Some

characteristic spectral features were recognized in the

mixture spectra, such as the doublet at 912–937 cm-1

corresponding to the Al–OH bending vibrations of kao-

linite (Marel and Krohmer 1969), and the peak at

1,030 cm-1 attributed to Fe–O bonding vibrations in iron-

bearing minerals present in the soils (Fig. 2). Soils 1 and 3

did not show Al–OH bending vibrations of kaolinite,

whereas this was apparent in soils 4 and 6 (Fig. 2). This

could be due to the low concentrations of Al in soils 1 and

3. The bands at 3,698, 3,650, and 3,620 cm-1 were

attributed to structural OHs of kaolinite. The bands at

3,526 cm-1 indicate the presence of gibbsite (Bertaux et al.

1998). The band at 3,650 cm-1 in soil 1 for structural OH

was noticeable as a shoulder; however, in soil 3, it was

slightly observable, suggesting less structural OH in soils 3

(Fig. 2). All samples showed amorphous silica, which was

recognized by bands present at 800 and 1,100 cm-1

(Fröhlich 1989). Amorphous silica showed three funda-

mental vibration modes for silica, and all three were

apparent in all soil samples, namely Si–O stretching at

1,100, Si–O–Si stretching at 800 cm-1, and Si–O bending

at 470 cm-1 (Bertaux et al. 1998). The FT-IR analysis

revealed that the soils were mixed composites of Fe/Al/Si

oxides.

Other than the silicates and Fe/Al-oxides bands, some

bands were attributed to soil organic carbon. However, not

many bands were associated with soil organic carbon. The

Table 1 Properties of dry and wet zone soils

Sample Climatic zone Soil group pH EC (lS/cm) CEC

(cmol/kg)

OM TN C/N ratio Avail. PO4
3-

(mg/kg)%

1 Dry zone Low-Humic Gley 8.30 246 26.11 2.51 0.16 11.72 8.38

2 Low Humic Gley 8.35 315 23.26 2.01 0.12 12.36 11.97

3 Reddish Brown Earth 7.19 52 12.85 2.20 0.13 13.68 5.86

7 Low Humic Gley 7.88 290 16.72 2.60 0.13 13.43 13.1

8 Low Humic Gley 7.17 143 31.75 2.37 0.16 11.21 7.51

4 Wet zone Reddish Brown Latosols 6.04 190 28.27 7.08 0.44 11.96 5.21

5 Immature Brown Loam 5.16 32 30.47 4.68 0.25 11.57 3.75

6 Red Yellow Podsols 4.80 264 22.31 6.37 0.47 10.58 6.6

EC electrical conductivity, CEC cation exchange capacity, OM organic matter, TN total nitrogen, C/N ratio carbon to nitrogen ratio, Avail.

PO4
3- available phosphate
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transmission FT-IR band at 1,630 cm-1 is significantly

correlated with soil organic C content (Haberhauer and

Gerzabek 1999). The broad intense band at about

3,400 cm-1 was due to a stretching vibration of the bonded

and non-bonded hydroxyl groups (Ahmad et al. 2012b).

According to the chemical analysis, it was observed that

the three most abundant elements, after C, were Si, Al, and

Fe. The FT-IR spectral information showed the composi-

tional differences between the wet and dry zone soils.

Labile As with regard to soil characteristics

Labile As was affected by both fertilizer and soil type

(Table 3). The labile As concentrations in soils 1, 2, and 7

were generally high, which was expected due to the higher

soil pH and lower contents of iron and aluminum in the soil

structure than those in the other soils (Table 2), reducing

the ability of soil particles to bind As (Woolson et al. 1971;

Johnston and Barnard 1979; Liversy and Huang 1981). Soil

3, which had neutral pH and moderate Fe/Al, showed

moderate labile As concentrations (Table 3). Fe and Al are

the primary solid phases that affect soil-As solubility

(Woolson et al. 1971; Johnston and Barnard 1979; Liversy

and Huang 1981).

After 30 days, the highest labile As concentration was

recorded from soils 2 and 7. Arsenic lability also depends

on the phosphorus concentration of soils. Because As and P

have similar chemical properties, they often compete for

similar sorption sites, resulting in increased As mobility

and availability (Manning and Goldberg 1996). The soil

analysis showed that As lability was directly related to

phosphate concentrations in soil samples. Samples with

Fig. 2 Fourier transform-

infrared spectroscopy (FT-IR)

spectra obtained for soils 1, 3, 4,

and 6. The spectrum is

700–3,600 cm-1

Table 2 Concentration of major and minor elements in soils

Major element composition using XRF (\63 lm fraction)

Sample SiO2 Al2O3 TiO2 Fe2O3 MgO CaO Na2O K2O P2O5

%

1 65.15 15.19 0.76 2.73 0.66 1.92 1.97 4.08 0.08

2 60.86 15.70 1.25 4.74 0.92 2.32 1.90 2.85 0.13

3 56.13 17.35 2.73 7.35 0.45 1.18 0.77 4.29 0.14

4 39.98 23.73 2.18 10.98 0.95 0.58 0.45 0.51 0.23

5 46.96 22.73 1.47 11.13 1.01 0.46 0.06 1.12 0.15

6 51.76 21.02 1.61 8.01 0.09 0.19 0.48 0.21 0.21

7 60.51 16.09 2.03 4.28 0.58 2.68 2.27 3.66 0.16

8 61.21 16.61 1.37 5.48 0.68 1.45 0.81 3.36 0.11

Minor element composition by total digestion

Sample As Pb Ni Mn Zn Cu Cr Cd

mg/kg

1 0.063 0.079 0.027 0.195 0.004 0.015 0.026 0.004

2 0.060 0.063 0.031 0.246 0.038 0.010 0.030 0.001

3 0.053 0.077 0.050 0.205 0.056 0.014 0.084 0.001

4 0.107 0.096 0.068 0.128 0.099 0.052 0.095 0.001

5 0.094 0.064 0.061 0.152 0.081 0.049 0.073 0.002

6 0.184 0.058 0.036 0.054 0.097 0.031 0.149 0.000

7 0.060 0.056 0.022 0.323 0.044 0.009 0.031 0.001

8 0.112 0.041 0.034 0.169 0.057 0.027 0.055 0.004
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high levels of available P demonstrated high As lability

(soils 2 and 7) and low retention capacity. The soils were

categorized into three groups based on the labile As con-

centrations: highly labile (soils 2 and 7), moderately labile

(soils 1, 3, and 8), and low labile soils (soils 4, 5, and 6).

Soils from the wet zone had high As retention capacity;

i.e., low lability, whereas dry zone soils, which were

characterized as low-humic gley, had low retention. The

cause for the differences in As lability may be partly due to

the pH and organic matter content in the soils. This was

supported by the results that clearly showed high organic

matter (OM), total carbon, and total nitrogen concentra-

tions in low labile soils (Table 2). Soils rich in OM

and phosphate suppress arsenate adsorption (Grafe et al.

2001; Liu et al. 2001). Pearson’s correlation coefficient

(r) between labile arsenic and each of soil OM, TC, TN and

phosphate content supported the above observation. Labile

arsenic was negatively correlated with OM (r = -0.79),

TC (r = -0.75), and TN (r = -0.73) indicating inverse

relationships between labile As and each of the three soil

parameters. A positive correlation (r = 0.76) was observed

between phosphate and labile As.

Table 3 Effect of fertilizer amendment on arsenic concentrations at 1 and 30 days post-incubation

Soil type Fertilizera Exchangeable (mg kg-1) Total Fe bound (mg kg-1) Organic matter (mg kg-1)

1 day 30 days 1 day 30 days 1 day 30 days

1 None 18.220 20.846 16.243 19.492 1.053 0.527

Urea 24.022 19.153 18.468 20.904 1.394 0.770

MoP 13.295 15.416 26.322 23.737 0.815 0.612

TSP 20.903 18.784 18.531 18.513 0.588 0.811

2 None 24.564 38.305 17.817 33.962 1.363 2.097

Urea 25.379 14.615 25.458 23.023 0.782 0.264

MoP 14.440 37.385 17.662 28.083 0.624 0.223

TSP 27.410 26.109 25.732 31.079 0.345 0.292

3 None 13.562 15.794 28.773 56.627 0.985 2.268

Urea 15.966 13.175 38.933 42.692 0.719 1.469

MoP 14.698 28.095 30.742 51.769 1.194 0.900

TSP 19.713 16.415 34.400 36.902 1.297 0.764

4 None 9.328 6.909 93.801 166.760 1.595 2.761

Urea 11.691 2.423 181.348 63.460 1.801 2.418

MoP 7.527 2.838 18.703 58.209 1.944 1.002

TSP 9.122 9.591 107.734 56.605 3.827 3.025

5 None 7.308 8.020 43.179 112.698 1.518 1.089

Urea 7.910 18.404 89.547 53.093 1.030 1.256

MoP 6.764 2.670 31.438 52.442 1.168 0.890

TSP 8.280 6.101 52.722 43.297 1.662 0.972

6 None 13.925 8.909 40.844 188.417 1.080 2.479

Urea 14.058 18.198 167.896 72.840 2.747 2.608

MoP 13.553 3.433 53.008 62.428 3.166 1.556

TSP 23.640 4.611 87.234 59.219 1.310 2.268

7 None 27.092 25.889 25.573 53.860 1.251 1.763

Urea 25.065 28.151 36.499 29.789 0.359 0.374

MoP 26.860 46.013 22.675 35.511 0.855 0.672

TSP 30.552 26.075 36.430 26.602 1.465 0.570

8 None 23.860 33.368 59.144 104.761 0.338 2.310

Urea 26.669 23.147 74.063 55.303 2.636 2.149

MoP 28.341 23.416 48.818 47.382 2.938 1.221

TSP 31.427 26.501 59.532 47.370 0.848 1.255

Note: Numbers are average values from three replicates
1 Fertilizer: None, soil spiked with Na3AsO4 solution; Urea, soil spiked with Na3AsO4 and urea; MoP, soil spiked with Na3AsO4 and muriate of

potash; TSP, soil spiked with Na3AsO4 and triple super phosphate
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As fractionation in soil

The availability and mobility of As in soil–water systems

are determined not only by the soil characteristics but also

by the speciation and partitioning of As in the soil solution

and soil matrix (Han et al. 2004). Table 3 shows the dis-

tribution of different As concentrations found in different

fractions at 1 and 30 days. Arsenic was mainly retained by

the amorphous Fe-oxyhydroxide and crystalline Fe-oxy-

hydroxide fractions of all soils. The lowest retention was

by the sulfide and organic matter fractions. The As con-

centration in the Fe-oxyhydroxide fraction varied greatly

(10–110 mg/kg) depending on the soil composition. Simi-

lar observations were also apparent in other fractions.

Retention of As in the sulfide and organic matter fractions

was 0.25–6.0 mg/kg. The amount of silicate-bound As was

slightly higher than that bound to sulfide. The amount of As

bound to organic matter was 0.25–40 mg/kg. Hence, the

maximum total retention capacity of As in the paddy soils

was about 10 % of the initial application of 1,000 mg/kg.

However, this was less for the low-humic gley soils of the

dry zone.

Figure 3 shows the average As concentrations extracted

using the sequential extraction procedure for soils based on

As lability. Exchangeable As concentrations showed a

slight decrease with time in the low labile soils from the

wet zone. However, exchangeable As concentrations

increased slightly with time in high labile soils and also in

one of the moderately labile soils. A slow release of As that

is loosely bound to the silicate fraction may have resulted

in this observation. Because the point of zero charge for

silicates is pH 3–4, silicates are not supportive of anionic

metal adsorption since their surface is negatively charged

at environmental pH (Jacobs et al. 1970). As a result, the

outer spherically bound neutral species and surface-pre-

cipitated As are released slowly. A slow reduction in As in

the silicate fraction was also apparent (data not shown).

The As concentrations in the amorphous Fe-oxyhy-

droxide fraction increased with time in all soils (Fig. 3).

Arsenic strongly adsorb onto Fe and Al-oxides (Jacobs

et al. 1970), thereby rendering As mobile. The soils with

high amounts of native Fe/Al oxyhydroxides (soils 4–6)

contained less labile As due to high retention capacity even

though the rate of As retention differed between these soils.

The highest rates of As retentions were observed in soils

rich in Fe/Al oxyhydroxides, whereas the lowest rates were

observed for soils low in Fe/Al. The rate of increase of As

concentration was high in the beginning and then reached

equilibrium after 15 days for most soils (Fig. 3). The main

observation from the fractionation results was that the wet

zone soils had higher As concentrations in all fractions,

except the exchangeable fraction at all times as compared

to dry zone soils.

Effect of fertilizer on As fractionation

Muriate of potash is the most common potassium source

used in agriculture, while urea and TSP are frequently used

as nitrogen and phosphorous species, respectively. Hence,

we selected these three fertilizers to determine their effect

on As mobilization in the soil systems. All eight soils

treated with MoP, TSP, and urea showed low As adsorption

at 30 days as compared to the native soils (Fig. 4a). This

effect was more pronounced for the wet zone soils than for

the dry zone soils. Studies conducted on As adsorption in

the presence of potassium have reported no effect on As

adsorption (Shipley et al. 2009). However, the increase in

the salinity due to the presence of MoP may have reduced

adsorption compared to that in native soils. A few studies

have reported a slight decrease in As retention due to an

Fig. 3 Arsenic concentrations in the amorphous Fe oxyhydroxides

(a) and exchangeable (b) fraction for all eight soils and changes in

concentrations with time
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increase in salinity (Gupta and Chen 1978; Chan 1999).

Thus, the reduction in As retention observed in this study

could be due to an increase in soil salinity caused by the

application of MoP (Costello et al. 2003).

It is a well-known fact that the presence of phosphorous

reduces As retention in soils (Manning and Goldberg 1996;

Violante and Pigna 2002; Jain and Loeppert 2000). This

can be attributed to competition between the two species

for soil adsorption sites. The reduction in As retention in

soils treated with TSP was observed in the present study.

Interestingly, MoP showed a slightly lower arsenic reten-

tion than that of TSP and, this finding may need further

investigation.

Urea applied soils showed different results compared to

the TSP and MoP applied soils (Fig. 4a). Arsenic retention

was less in TSP and MoP applied soils compared to soils

applied with urea. This was noticeable in the amorphous

fraction of the soil (Fig. 4b). When urea is added to moist

Fig. 4 Arsenic concentration changes with and without fertilizers; (a) concentrations of arsenic in both crystalline and amorphous Fe fractions at

30 days with and without fertilizers and (b) concentration change with time in the amorphous Fe fraction

Fig. 5 Plausible mechanisms

for arsenic–soil interactions
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soils, it dissolves and transforms to ammonium carbonate,

which rapidly decomposes into ammonia, carbon dioxide,

and water. In aqueous solution, ammonia acts as a base

acquiring hydrogen ions from H2O to yield ammonium and

hydroxide ions (Kettering et al. 2013). The formation of

OH- ions increases the pH of the soil, which then reduces

As adsorption onto soil particulate surfaces (Jacobs et al.

1970). This temporary change in pH may reduce As

retention and the soil pH may ultimately decrease with the

formation of NO3
-. However, urea treatment decreased As

concentration within each fraction over time. The con-

centration of As in amorphous Fe oxyhydroxides was high

soon after urea application (Table 3), which may have been

due to complexation activity of urea acting as a chelating

agent on As (Urı́k et al. 2009). It is evident that the pres-

ence of urea fertilizer reduced As retention capacity of the

Fe/Al oxyhydroxides. Interestingly, the wet zone model

soil (soil 4) showed a threefold reduction in 30 day As

retention capacity with all three fertilizers compared to its

As retention capacity without fertilizers. The plausible

mechanisms of As interaction with soils based on the

observations from the incubation experiment with different

fertilizers are summarized and given in Fig. 5.

Conclusion

Comparative studies on different soils contaminated with

inorganic As pesticides are limited. This study evaluated

the relationship between soil properties and labile As after

fertilizer application. The amount of labile As was affected

by differences in soil physicochemical properties, particu-

larly the pH and Fe-bearing minerals. Soils containing high

levels of available P demonstrated high As lability (soils 2

and 7) and low retention capacity. High levels of As were

found in the labile soil fraction from the dry zone, which

resulted in much lower levels of As in surface soil. Wet

zone soils rich in Fe/Al oxyhydroxides were an As pool.

The minimum and maximum As retention in soils were

varied from 10 to 110 mg/kg depending on the soil com-

position followed by organic matter fraction (0.25–40 mg/

kg). Maximum As retention was observed from wet zone

soils of about 10 % of the initial application of 1,000 mg/

kg. Labile As varied with soil type and fertilizer applica-

tion. Urea and TSP had a positive effect on the As con-

centrations of the different fractions particularly the

exchangeable, amorphous, and crystalline Fe fractions.

MoP reduced the soil-As retention ability considerably.

The As concentrations were high soon after fertilizer

application, but decreased with time. Hence, the fertilizer

application was confirmed to play a role in promoting the

release of As from the soil to water. Careful studies must

be undertaken to reveal the mechanisms behind the As

interactions in tropical paddy soils using macro and

molecular level techniques towards reducing lability.

Acknowledgments This research was supported by Basic Science

Research Program through the National Research Foundation of

Korea (NRF) funded by the Ministry of Education, Science and

Technology (2012R1A1B3001409). Instrumental analysis was partly

supported by the Korea Basic Science Institute, the Central Labora-

tory and Environment Research Institute of Kangwon National Uni-

versity in Korea. Mr. Pathirana and Ms. Wanigathunge at IFS, Sri

Lanka helped soil sampling.

References

Abd El-Azeem SAM, Ahmad M, Usman ARA, Kim K-R, Oh S-E,

Yang JE, Lee SS, Ok YS (2013) Changes of biochemical

properties and heavy metal bioavailability in soil treated with

natural liming materials. Environ Earth Sci. doi:10.1007/s

12665-013-2410-3

Adriano DC (2001) Trace elements in the terrestrial environments:

biogeochemistry bioavailability, and risks of metals. Springer,

New York

Ahmad M, Hashimoto Y, Moon DH, Lee SS, Ok YS (2012a)

Immobilization of lead in a Korean military shooting range soil

using eggshell waste: an integrated approach. J Hazard Mater

209–210:392–401

Ahmad M, Lee SS, Dou X, Mohan D, Sung JK, Yang JE, Ok YS

(2012b) Effects of pyrolysis temperature on soybean stover- and

peanut shell-derived biochar properties and TCE adsorption in

water. Bioresour Technol 118:536–544

Ahmad M, Lee SS, Yang JE, Ro HM, Lee YH, Ok YS (2012c) Effects

of soil dilution and amendments (mussel shell, cow bone, and

biochar) on Pb availability and phytotoxicity in military shooting

range soil. Ecotoxicol Environ Saf 79:225–231

Almaroai YA, Usman ARA, Ahmad M, Kim KR, Moon DH, Lee SS,

Ok YS (2012) Effects of synthetic chelators and low molecular

weight organic acids on chromium, copper, and arsenic uptake

and translocation in maize (Zea mays L.). Soil Sci 177(11):

655–663

Almaroai YA, Usman ARA, Ahmad M, Kim K-R, Vithanage M, Sik

Ok Y (2013) Role of chelating agents on release kinetics of

metals and their uptake by maize from chromated copper

arsenate-contaminated soil. Environ Technol 34(6):747–755

Anderson JM, Ingram JSI (1993) Tropical soil biology and fertility. A

handbook of methods. CAB International: Wallingford

Awad YM, Blagodatskaya E, Ok YS, Kuzyakov Y (2012) Effects of

polyacrylamide, biopolymer and biochar on decomposition of

soil organic matter and plant residues as determined by 14C and

enzyme activities. Eur J Soil Biol 48:1–10

Balasoiu CF, Zagury GJ, Deschênes L (2001) Partitioning and
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