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Abstract

An environment-friendly arsenic removal technique from contaminated soil with high iron content has been

studied. A natural surfactant extracted from soapnut fruit, phosphate solution and their mixture were used

separately as extractants. The mixture was most effective in desorbing arsenic, attaining above 70% efficiency

in the pH range of 4-5. Desorption kinetics followed Elovich model. Micellar solubilization by soapnut as well

as arsenic exchange mechanism by phosphate are the probable mechanisms behind arsenic desorption.

Sequential extraction reveals that the mixed soapnut-phosphate system is effective in desorbing arsenic

associated with amphoteric-Fe-oxide forms. No chemical change to the wash solutions was observed by Fourier

Transform-Infra Red spectra. Soil: solution ratio, surfactant and phosphate concentrations were found to affect

the arsenic desorption process. Addition of phosphate boosted the performance of soapnut solution considerably.

Response Surface Methodology approach predicted up to 80% desorption of arsenic from soil when treated with

a mixture of ≈1.5% soapnut, ≈100 mM phosphate at a soil: solution ratio of 1:30.
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separately as extractants. The mixture was most effective in desorbing arsenic, attaining above 70% efficiency

in the pH range of 4-5. Desorption kinetics followed Elovich model. Micellar solubilization by soapnut as well

as arsenic exchange mechanism by phosphate are the probable mechanisms behind arsenic desorption.
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associated with amphoteric-Fe-oxide forms. No chemical change to the wash solutions was observed by Fourier

Transform-Infra Red spectra. Soil: solution ratio, surfactant and phosphate concentrations were found to affect

the arsenic desorption process. Addition of phosphate boosted the performance of soapnut solution considerably.
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1. Introduction

Arsenic (As) is an extremely toxic metalloid and has been studied extensively for its hazardous nature (Jain and

Ali 2000; Jomova et al. 2011). Unsafe irrigation and industrial practices may cause accumulation of in soil

posing serious health risk.  Moreover, mining, smelting, coal burning, wood preservation and illegal waste

dumping activities result in arsenic pollution in the environment (Tokunaga and Hakuta 2002). Arsenic is non-

biodegradable and its mobility depends upon various geochemical processes (Cheng et al. 2009; Craw 2005),

exposing human beings to its toxic effects including cancer, cardiovascular disease, neurological disorders and

gastrointestinal disturbances (Jomova et al. 2011).  In the past, arsenic contaminated soils were treated using

various technologies (Wang and Zhao 2009; Mulligan et al. 2001b). Among these techniques, soil washing

using alkaline reagents, organic and inorganic acids, phosphates, biosurfactants and Bureau of Reference (BCR)

extraction procedures proved viable (Alam et al. 2001; Jang et al. 2005; Tokunaga and Hakuta 2002; Chen et al.

2008; Mulligan and Wang 2006; Wang and Mulligan 2009).  The effectiveness of these reagents in extracting

arsenic depends upon the arsenic speciation in soil (Lee and Kao 2004).  In this work, a natural surfactant

obtained from Sapindus mukorossi, in conjunction with phosphate solution is used to remove arsenic from an

artificially contaminated soil matrix.

Saponin is a plant based surfactant effective for metal desorption from soil (Chen et al. 2008; Song et al. 2008).

In this work, saponin was obtained from the fruit pericarp of Sapindus mukorossi or soapnut. Soapnut tree is

common in Indo-Gangetic plains, Shivaliks and sub-Himalayan tracts. The fruit pericarp contains a natural

surfactant triterpenoidal saponin that has been used as detergent and medicine for many decades (Suhagia et al.
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2011).  These triterpenoidal saponins are of mainly three types; viz oleanane, dammarane and tirucullane type

(Suhagia et al. 2011).  Saxena et al. (2004) isolated six different saponins from the fruits of Sapindus mukorossi,

viz. Sapindoside A, Sapindoside B, Sapindoside C, Sapindoside D, Mukorozisaponin E1 and Mukorozisaponin

Y1 by LC-MS and also described their molecular structures.  Previously, Roy et al. (1997) and Kommalapati et

al. (1997) used soapnut solution for removing hexachlorobenzene and organic pollutants from soil through

micellar solubilisation and reduced interfacial tension between contaminant and solution (Kommalapati et al.

1997; Roy et al. 1997).  However, soapnut has never been used for metal/metalloid removal from soil. Soapnut

is completely benign for environment, biodegradable and thus safe for both ex-situ and in-situ soil washing

process (Kommalapati and Roy 1996). It is supposed to be a better alternative for synthetic inorganic

surfactants, which are not biodegradable and may have some unwanted environmental impact.

Phosphate has long been used for removing arsenic from soil due to its ability (PO4
3−) to replace arsenic or

arsenate (AsO4
3−). Alam et al. (2001) extracted up to 40% arsenic from a forest soil by 0.9 M phosphate solution

(Alam et al. 2001). Wasay et al. (2000) removed 80% of the bound arsenic by phosphate from a contaminated

loamy soil in the pH range of 5 to 7 at 20°C (Wasay et al. 2000). Tokunaga and Hakuta (2002) also extracted

99.9% of arsenic from an artificially contaminated soil with 9.4% phosphoric acid solution. Zeng et al. (2008)

used H3PO4 and KH2PO4 to desorb arsenic from soil and attained more than 20% arsenic removal at a

concentration of 200 mM/L of phosphate. Although KH2PO4 and H3PO4 achieved similar results, KH2PO4 did

less damage to soil and was found to be more environmentally friendly. Hence, in this work KH2PO4 was

combined with soapnut to desorb arsenic from soil. However, Zeng et al. (2008) experienced acidity of soil at

higher concentration of this salt. Consequently, we used much lower concentration, in the range of 50-150 mM.

Also, phosphate is used in the agricultural fields in the form of NPK fertilizers. Therefore, phosphate will

always be present in such soils and will interact with soapnut even if the later is used singularly in the fields.

Response surface method was used to determine the optimum ratio of soapnut and phosphate for arsenic

removal (Zeng et al. 2008).

Although both As(V) and As(III) compounds are available in natural conditions, As(V) salt was used in this

study as the pH and redox values in  the  sampling site favoured the presence of As(V) over As(III) (Dobran and

Zagury 2006; Smedley and Kinniburgh 2002). Speciation in contaminated soil was confirmed by a solvent

extraction process. Moreover, compared to As(III), As(V) is more difficult to remove from Fe(III) bearing

minerals of soil components and usually the soils retain arsenic in its +5 state (Yamaguchi et al. 2011).

In this work, arsenic removal has been attempted at lower levels of an order of magnitude matching that of

irrigated paddy field rather than that of mine tailings.  The pollutant removal becomes difficult at lower

concentrations (Sundstrom et al. 1989).  Moreover, the soil sample used in this work contains maghemite, which

has a high affinity for As(V) (Chowdhury and Yanful 2010). Soapnut solution, phosphate solution and their

combinations were compared with an anionic synthetic surfactant Sodium Dodecyl Sulphate (SDS;

NaC12H25SO4), widely used for soil washing and metal removal (Kommalapati et al. 1997; Roy et al. 1995).

The objectives of this research were to study; (i) effect of phosphate on the performance of soapnut solution in

As(V) removal from soil; (ii) effect of various operational factors such as soil: solution ratio, surfactant
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concentration and phosphate concentration on the soil washing process; and (iii) determination of composition

of soapnut-phosphate mixture for achieving optimum As(V) removal performance. The research was being

carried out in Kuala Lumpur, Malaysia at room temperature of 25OC during the months of August and

September 2012.

2. Materials and methods

2.1 Soil sample, surfactants and analytical methods

A composite soil sample was obtained from the second layer aquifer in Hulu Langat area, Selangor, Malaysia.

The soil was dried in an oven overnight at 105 OC, crushed and passed through a 2 mm sieve following the

protocol presented by Roy et al.(1997). It was classified according to USDA soil texture triangle. XRD analysis

was performed by a Panalytical Empyrean diffractometer using Highscore Plus software. The soil pH was

measured by USEPA SW-846 Method 9045D while Eh was measured by an ORP electrode following ASTM

Method D 1498-93 after preparing the sample by USEPA Method 9045 for soil samples as suggested in SW-846

series. As(V) salt (Na2HAsO4∙7H2O) was used for spiking the soil matrix depending on the Eh and pH of the

unspiked soils (Tokunaga and Hakuta 2002). The soil was spiked by 200 mg L-1 concentrations of sodium

arsenate solution, at room temperature by mixing it for 7 days at weight: volume ratio of 3:2. The As-spiked soil

sample was washed with 2 pore volumes of artificial rainwater of pH 5.9 consisting of 5 × 10−4 M Ca(NO3)2, 5 ×

10−4 M CaCl2, 5 × 10−4 M MgCl2, 10−4 M KCl and 10−4 M Na2SO4 following the method proposed by Oorts et

al. (2007) to increase the field relevance and thereafter it was equilibrated overnight. After that, the soils were

allowed to drain overnight and then air dried at 25 OC for 24 h and sieved through 2 mm mesh. They were

digested following USEPA method 3050B to measure metal contents by ICP-OES (Perkin -Elmer Optima

7000DV) using Perkin-Elmer multimetal standard solutions. All the samples were analyzed in triplicate and the

results were reproducible within ± 3.5%. Based on some preliminary experiments, 10 to 30 mM of SDS, 0.5 to

1.5% (w/w) of Sapindus mukorossi (soapnut) extractions and 50 to 150 mM phosphate solution (prepared from

KH2PO4) were used for the As(V) desorption from the soil and were compared against water blank. The used

surfactant concentrations were well above their CMC.

The characteristics of these extractants are described in



Post-print version: Mukhopadhyay, S., Hashim, M., Allen, M., & Sen Gupta, B. (2014). Arsenic removal from soil with high
iron content using a natural surfactant and phosphate. International Journal of Environmental Science and Technology, 1-16.

http://link.springer.com/article/10.1007%2Fs13762-013-0441-7

5

Table 1a. The plant based surfactant saponin was extracted from the soapnut fruit pericarp by water as described

by Roy et al.(1997). The surface tension and critical micelle concentration (CMC) of surfactants were measured

by a ring type surface tensiometer (Fisher Scientific Manual Model 20 Surface Tensiometer). The functional

groups present in the soapnut extract and the effluent solution were characterized by FT-IR spectroscopy

(PerkinElmer Spectrum 100 Series FT-IR spectrometers), and the transmittance spectra were plotted using a

built-in plotter. IR spectra were recorded in the range of 400–4000 wave numbers (cm-1).
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Table 1: Characterization of extractants and soil

a. Characterization of extractants

Extractants Empirical
Formula

Mol Wt Conc used CMC at
25OC

Surface Tension
(mN m-1)

pH

Water H2O 18 - 71.2 7
Soapnut (SN) C52H84O21.2H2O 1081.24 0.5% 0.1% 41 4.63

1% 40 4.44
1.5% 39.5 4.35

SDS NaC12H25SO4 288.38 10 mM 8.2 mM 34 9.66
20 mM 32 10.06
30 mM 31 10.25

Phosphate (Ph) KH2PO4 136.086 50 mM --- --- 4.78
100 mM 4.66
150 mM 4.67

Soapnut +
Phosphate
(SN+Ph)

--- --- 0.5%+50 mM 0.1% 48 4.79
1%+100mm 45 4.69

1.5%+150 mM 43 4.62

b. Characterization of natural soil sample

Soil properties Value Method

pH 4.5 USEPA SW-846 Method 9045D
Specific gravity 2.64 ASTM D 854 - Water pycnometer method
CEC (Meq) 5 Ammonium acetate method for acidic soil (Chapman 1965)

Organic matter content 0.14% Loss of weight on ignition (Storer 1984)

Bulk Density (gm cc-1) 2.348

Total arsenic (mg kg-1) 3

USEPA 3050B

Total iron (mg kg-1) 3719

Total silicon (mg kg-1) ~390,000
Aluminium (mg kg-1) 2400
Total manganese (mg kg-1) 185
Magnesium (mg kg-1) 635
Lead (mg kg-1) 11
Zinc (mg kg-1) 18
Soil particle size distribution
Sand (< 50 μm) 90.66%

Sandy soil according to USDA soil texture triangleSilt (50-2 μm) 7.2%
Clay (> 2 μm) 2%

c. As speciation in spiked soil

Total As  (mg kg-1) 88.2
Solvent extraction (Chappell et al. 1995)As(III) (mg kg-1) 2.46

As (V) (mg kg-1) 85.74

2.2 Kinetic study for As(V) desorption

Methods suggested by Tokunaga and Hakuta (2002) were used to conduct kinetic study experiments. Four soil

samples of 10 gram were shaken with 200 ml of four solutions viz 1% soapnut, 20mM SDS, 100mM phosphate

and 1% soapnut+100 mM phosphate in 500 ml conicals at 135 rpm at a controlled temperature of 25oC. pH

values were recorded and 5 ml samples were filtered and collected at intervals of 5, 10, 15, 20, 25, 30, 45, 60,
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120 mins, 4, 6, 21, 24 and 48 h. The samples were double diluted and stored for ICP-OES analysis after adding

1 drop of HNO3. The kinetic data were fitted by first-order, parabolic diffusion, Elovich, and power function

models in order to examine the arsenic desorption mechanism. The best fit model was determined by the values

of determination coefficients and standard errors.

2.3 Batch experiments for effects of surfactant concentration, phosphate concentration and soil :

solution ratio

In order to investigate the effects of surfactant and phosphate concentration and soil: solution ratio on the

arsenic extraction process, batch tests were conducted in 100 ml conical flasks following Jang et al. (2005), with

minor modifications. The flasks were shaken for 4 hrs at 25°C. The variables and conditions for the experiments

are listed in Table 2.

Table 2: Experimental conditions and variables

Effect of Surfactant concentrations

Standard conditions
– Soil/Solution ratio: wt:vol = 1:20 (1 gm soil : 20 ml solution)
– Temperature = 25oC
– Shaking time 4 hrs
– 100 mM Phosphate
Variable conditions:
– Soapnut (0.5%, 0.75%, 1%, 1.25%, 1.5%)
– SDS (10 mM, 15 mM, 20 mM, 25 mM, 30 mM)
– Mixture of Phosphate and Soapnut
(100 mM Ph + 0.5% SN, 100 mM Ph + 0.75% SN, 100 mM Ph + 1% SN, 100 mM Ph + 1.25%
SN, 100 mM Ph + 1.5% SN)

Effect of Phosphate concentrations

Standard conditions
– Soil/Solution ratio: wt:vol = 1:20 (1 gm soil : 20 ml solution)
– Temperature = 25oC
– Shaking time 4 hrs
– 1% Soapnut
– 20 mM SDS
Variable conditions:
– Phosphate (50mM, 75mM, 100mM, 125mM, 150mM)
– Mixture of Phosphate and Soapnut
(50 mM Ph + 1% SN, 75 mM Ph + 1% SN, 100 mM Ph + 1% SN, 125 mM Ph + 1% SN, 150 mM
Ph + 1% SN)

Effect of Soil:Solution ratio
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Standard conditions:
– Temperature = 25oC
– Composition of aqueous solution:

– 20mM SDS
– 1% Soapnut
– 100mM Phosphate
– 1% Soapnut + 100mM Phosphate

– Shaking time 4 hrs
Variable conditions:
S/S ratios: w/V = (1/10, 1/20, 1/30), (1gm soil : 10ml, 20ml, and 30ml solution)

2.4 Zeta potential measurement

For zeta potential measurement, five 20 ml solutions were prepared viz, 1% soapnut, 20 mM SDS, 100 mM

phosphate, 1% soapnut + 100 mM phosphate and distilled water as blank.  Approximately 0.05g of the

contaminated sediment was added to these solutions before measurement to enable tracking since a higher

concentration interferes with the particles and reduces the tracking rate (Mulligan et al. 2001a).

2.5 Sequential extraction for soil fractionation

Mihaljevič et al. (2005) analyzed that Hall's Method of sequential extraction of arsenic from mixture of minerals

such as As-bearing goethite, calcium arsenate and arsenopyrite was superior than some other extraction methods

which failed to Quantitatively oxidize the arsenopyrite (Mihaljevič et al. 2003). Therefore, in this work Hall's

extraction method was used (Hall et al. 1996).

2.6 Damage to soil

Change in soil pH was noted while doing the kinetic study over a period of 48 hrs. Some selected samples from

batch experiments described in section 2.3 were analyzed for Ca, Mg, Si, Fe, Al to check for any structural

damage of soil following Zeng et al. (2008).

2.7 Design of experiments by Box-Behnken Design

A Box–Behnken (BB) experimental design having 3-factors and 3-levels was selected for investigating the

effects of selected variables. BB designs are a type of response surface methods (RSM) requiring 3 levels of

parameters, coded as −1, 0, and +1. The range of experimental design matrix is shown in Table 2. The observed

data were fitted to a second order polynomial model, which are discussed in section 3.9. Response is recorded in

terms of percentage of arsenic removal from the soil, defined by the Equation 1.

(1)

where [As]wash is the concentration of arsenic in the wash liquid, or simply the data obtained from ICP-OES in

mg L-1, Assoil is the total amount of arsenic (in mg) in the 1 gm of soil used for the experiment, V is the volume

of wash liquid used.
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The results were analyzed by Design Expert 7.0 software and the interactions of different factors were

determined. Since the responses varied from 48.837 to 79.558, the ratio of maximum to minimum is 1.629. A

ratio above 10 usually indicates the necessity of a transformation on the datasets. Therefore, in this case, no

transformation was applied on the data and the 2FI model was investigated. Regression analysis was performed

and response surfaces were obtained for finding the most desirable combination of control factors resulting in

maximum As(V) desorption. The statistical significance of variables was evaluated using the ANOVA and

Student's t-test. Adequacy of the constructed models is investigated via lack of fit, coefficient of determination

(R2) and F-values.

Table 3: Box Behnken experimental design control factors, ANOVA and Model validation

a. Control factors and their levels for the experimental design

Factor Name Units
Low
Actual

High
Actual Low Coded

High
Coded Mean

A Phosphate conc mM 0.10 150 -1 1 75.05
B Surfactant conc % 0.10 1.5 -1 1 0.80
C Soil:Solution ratio 0.1 0.3 -1 1 0.2

b. Analysis of variance (ANOVA) for the fitted quadratic polynomial models for Arsenic removal [Partial sum of
squares]

Source Sum of Squares DF Mean Square F Value
p-value

Prob > F

Model 814.21 5 162.84 47.33 < 0.0001
A-Phosphate conc 366.46 1 366.46 106.51 < 0.0001
B-Surfactant conc 258.59 1 258.59 75.15 < 0.0001
C-Soil:Solution 23.99 1 23.99 6.97 0.0230
AB 28.92 1 28.92 8.40 0.0145
BC 136.24 1 136.24 39.60 < 0.0001
Residual 37.85 11 3.44
Lack of Fit 21.25 7 3.04 0.73 0.6639
Pure Error 16.60 4 4.15
Cor Total 852.06 16

Std. Dev. 1.85 R-Squared 0.956
Mean 66.56 Adj R-Squared 0.935
C.V.% 2.79 Pred R-Squared 0.860
PRESS 118.96 Adeq Precision 25.767

c. Model validation

No
Phosphate
conc (mM)

Soapnut
conc (%)

Soil:Solution
(w/v)

Desirability
Value

Arsenic desorption (%)
Predicted Experimental Error (%)

1 75.73 1.5 1:30 1 79.82 76.77 3.97
2 101.29 1.46 1:30 1 80.53 77.63 3.73

3. Results and Discussion

3.1 Soil characterization

The soil was found to be sandy in texture following USDA soil texture triangle (
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Table 1a). XRD analysis of both spiked and unspiked soils revealed that the soil samples contained Silicon

Dioxide as quartz (SiO2), Magnesium Aluminum Silicate Hydroxide as mica ((Mg, Al)6 (Si, Al)4O10 (OH)8),

Sylvine, sodian (Cl1K0.9Na0.1), Maghemite Q (Isometric Fe21.333 O32), feldspar Albite (Al Na O8 Si3). The XRD

spectrum of the spiked soil is shown in Figure 1a. Arsenic was not detected in the mineral phase as expected in

such low levels as 88.2 mg Kg-1.

Figure 1: (a) XRD spectra of the As(V) spiked soil sample (b) Initial and final pH and Eh values of
contaminated soil during column washing experiment reported in the Eh-pH diagram for the system As-O-H
at 25°C and 1 bar with activities of soluble As species = 10-6M. The revised Eh-pH diagram is taken from Lu
and Zhu (Lu and Zhu 2011). Gray shaded areas denote solid phases.

3.2 Arsenic sorption in soil and it speciation

The soil spiked with 200 mg L-1 arsenic solution retained 88.2 mg kg-1 of arsenic after washing with artificial

rain water of pH 5.9. According to Jacobs et al.(Jacobs et al. 1970), arsenic is retained in the soil matrix mostly

by hydrous oxides of Fe(III) and Al(III). The presence of these minerals in the soil sample is confirmed by XRD

spectra and ICP-OES data. Arsenic adsorption by soil organic matter and silica are negligible (Wasay et al.

1996; Weng et al. 1997). The unspiked soil had a pH value of 4.5 and Eh value of about 270 mV. According to

the revised Eh–pH diagrams for the As–O–H system at 25OC and 1 bar by Lu and Zhu (2011),  arsenic is

expected to exist in +5 state under these conditions in aqueous matrices. Hence, aqueous solution of

Na2HAsO4∙7H2O were used to spike the soil. Even after spiking and washing the soil, the pH and Eh values of

soil were found to be 6.60 and 205 mV, respectively. This scenario is described in the Eh-pH diagram by

pointing out the initial and final Eh and pH of the unspiked and spiked soil in Figure 1bError! Reference



Post-print version: Mukhopadhyay, S., Hashim, M., Allen, M., & Sen Gupta, B. (2014). Arsenic removal from soil with high
iron content using a natural surfactant and phosphate. International Journal of Environmental Science and Technology, 1-16.

http://link.springer.com/article/10.1007%2Fs13762-013-0441-7

11

source not found.. A slight drop in Eh value of the spiked soil was accompanied by an increase in soil pH

value.

The arsenic speciation in high and low contaminated soils by solvent extraction confirmed the presence of

As(V) species (up to 94% of total arsenic) and the data are given in
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Table 1c.
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3.3 Extraction of arsenic from soil by different extractants

As(V) desorption experiments were performed with SDS, soapnut, phosphate and soapnut+phosphate solutions

at concentrations as shown in

Figure 2. The figure compares the overall performance of the extractants at one of the intermediate

concentrations used along with the resulting pH when different extractants were added with the soil at a wt:vol

ratio of 1:20.

Significant As(V) removal was obtained by 1% soapnut, 100 mM phosphate and 1% soapnut+100 mM

phosphate solutions in increasing order of magnitude. However, SDS, though anionic, is not as effective as other

washing agents used in the study. pH of the extractants was found to have negative correlation with the

desorption of As(V); more acidic the solution, more As(V) desorbed. SDS, being highly alkaline, could not

extract comparable amount of As(V). The acidic soil, whose pH is 4.5, may have caused SDS precipitation.

Distilled water, used as a control, removes only 13.45% As(V). In comparison to water, SDS 20mM removes

3.5 times more As(V), 1% soapnut removes 4.6 times, 100 mM phosphate removes 4.9% and solution of 1%

soapnut and 100 mM phosphate removes 5.3 times compared to water on its own. Therefore, water is not

effective enough to desorb As(V) from the soil. This is justified by the presence of large amount of Fe(III) in the

soil which binds the As(V). The proportion of As(III) is very negligible in the soil, as evident from
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Table 1c.

Figure 2: Performance of different extractants for arsenic removal from soil (Error bars with standard error
are included)

3.4 Kinetic properties for As(V) desorption from soil

3.4.1. Equilibrium time

The experimental results of As(V) desorption are shown in Figure 3a where the concentration of the As(V) in

the extractants at different times have been plotted. Although experiments were continued for 48 hours, Figure

3a shows results up to 6 hours although the equilibrium was attained within 4 hours. There was a plateau region

during the time period of 10-30 mins, after which the desorption increased once again to get stabilized at 4

hours. In order to achieve maximum desorption and investigate the corrosive effect of soapnut on the soil, we

have used the longer 4 hour period for all other experiments. The decreasing order of desorption amounts in 4

hours were SN+Ph > SN > Phosphate > SDS. The curves are fitted in logarithmic equations and the R2 values

are mostly above 0.90, as illustrated in the Figure 3a.
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Figure 3: (a) Kinetics of As(V) desorption from contaminated soil, enhanced view of 0-60 mins is shown in
inset (b) Relation between ln V and ln t with different extractants for As desorption

3.4.2. Desorption rate of As(V)

Desorption rate of As(V) was defined as the amount of As desorbed from unit mass of soil (q) per unit time (Li

et al. 2001). It can be mathematically expressed as in equation 2:

(2)

The experimental data showed that As(V) desorption rates were almost similar for all the extractants. Longer

desorption time to reach the equilibrium signifies lower desorption rate. The desorption rate (V) for different

reaction phases is described using the two-constant rate equation following Li et al. (2001) as in equation 3.

(3)

where A and B are constants. B is the indicator of change in As(V) desorption rate. Lower value of B signifies

faster drop in desorption rate. As shown in Figure 3b, ln(V) is linearly correlated to ln(t) to obtain the B and R2

values for SDS (-0.805, 0.998), SN (-0.745, 0.995), Phosphate (-0.822, 0.996) and SN+Ph (-0.867, 0.997).

3.4.3. The kinetic models of As(V) desorption

A number of models had previously been used for describing adsorption and desorption phenomena of metal

ions on soils. Carski and Sparks (1987) explained desorption of ammonium ions from soils by a first-order

kinetic model. Sparks et al. (1980) modified the Freundlich model for studying the kinetics of potassium

adsorption on soils (Sparks et al. 1980b; Sparks et al. 1980a). The parabolic-diffusion model was used to

describe diffusion-controlled phenomena in soil and the release of ions in soils (Havlin et al. 1985). The
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Elovich model has been used for same purpose (Chien and Clayton 1980). These four models are stated in

equations 4-7 (Li et al. 2001):

Elovich equation: (4)

Parabolic diffusion equation: (5)

Two-constant rate equation: (6)

First-order kinetic equation: (7)

where S = amount of As desorbed at any time, Smax = maximum amount of As(V) desorbed from the soil, t =

time, A and B = parameters of the equations. For easier understanding, all of the original constants in the four

models have been replaced by A or B.

The fit between the kinetic models and the amounts of As(V) desorbed on the soils have been presented in Table

4. As the value of R2 increases, the value of SE decreases, indicating a better representation of the model. When

overall means are calculated for all the extractants, then the best model of As(V) desorption from soil is the

Elovich equation with R2 and SE values of 0.969 and 0.017, respectively. Even if the models for all the

extractants are inspected separately, the Elovich equation emerges as the best model for all the extractants for

desorbing As(V) from this particular sandy soil.

Table 4: Correlation coefficients R2 and standard error (SE) of four kinetic models

Two-constant rate equation Elovich equation

lnS = A + Blnt S = A + Blnt

A B R2 SE A B R2 SE

SN -2.962 0.327 0.985 0.108271 -0.034 0.060 0.991 0.012613

SDS -2.588 0.222 0.940 0.078728 0.017 0.043 0.965 0.018498

Phosphate -2.310 0.206 0.847 0.109404 0.047 0.047 0.961 0.020983

SN+Ph -2.027 0.174 0.829 0.106551 0.117 0.037 0.959 0.017301

Mean 0.900 0.101 0.969 0.017

Parabolic diffusion equation First order kinetics

S/Smax = A + Bt1/2 ln(S0–S) = A + Bt

A B R2 SE A B R2 SE

SN 0.302 0.015 0.888 0.102688 -0.342 -1.00E-04 0.753 0.118103

SDS 0.349 0.012 0.911 0.075843 -0.324 -1.00E-04 0.762 0.083618

Phosphate 0.403 0.012 0.908 0.074692 -0.380 -1.00E-04 0.766 0.099029

SN+Ph 0.567 0.010 0.799 0.09695 -0.441 -1.00E-04 0.560 0.117836

Mean 0.877 0.088 0.710 0.105

3.5 Effect of phosphate concentration

As(V) contaminated soil is treated with different concentrations of phosphate solutions (initial pH 4.67 to 4.78).

The concentration is gradually varied from 50 - 150 mM keeping in mind that excess phosphate in agricultural

field may run-off to the water bodies, producing algal boom. Although Alam et al. (2001) observed good arsenic
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removal at 300 mM phosphate concentration, the present work uses even less amount of phosphate both for

economic reasons and environmental sustainability issues. As shown in

Figure 4a, only 13.45% As(V) is removed by water. In comparison, 50 mM phosphate solution removes 56.14%

As(V) and this amount increases till 100 mM, after which the increment is insignificant.  However, the effect of

phosphate is not significant for 1% soapnut and phosphate mixtures. The As(V) extraction is much higher than

only phosphate and stays in the range of 69-71%. Thus, in case of a mixed extractant, the role of phosphate is

found to be of secondary in importance. For all other experiments, 100 mM phosphate solutions are used.
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Figure 4: (a) As(V) extractions by extractants of different phosphate strength (temperature: 20°C, shaking
time: 4 h); (bI) As extraction by different concentrations of extractants (temperature: 20°C, shaking time: 4
h) (bII) change of pH of extractants with increasing surfactant concentration (L - SDS=10mM, SN=0.5%,
Ph+SN=100mM Ph+0.5% SN; LM - SDS=15mM, SN=0.75%, Ph+SN=100mM Ph+0.75% SN; M -
SDS=20mM, SN=1%, Ph+SN=100mM Ph+1% SN; MH - SDS=25mM, SN=1.25%, Ph+SN=100mM
Ph+1.25% SN; H - SDS=30mM, SN=1.5%, Ph+SN=100mM Ph+1.5% SN) (c) Effect of soil:solution ratio on
As extraction from contaminated soil (cI) percentage of As extracted at different ratio; (cII) Final pH of the
extracting liquid when added to soil (temperature: 20°C, shaking time: 4 h). Error bars with standard error
are included.

3.6 Effect of surfactant concentration
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Surfactants such as soapnut and SDS have been used along with phosphate solution to extract As(V) from soil.

Soil washing with different surfactant concentrations is shown in

Figure 4b. For mixed phosphate and soapnut system, the phosphate concentration is fixed at 100 mM and

soapnut concentration is varied. As expected, the extraction efficiency is found to increase with surfactant

concentration due to the increasing number of micelle in higher surfactant concentration facilitating the micellar

solubilisation of the pollutant from the surface of the soil particles (Mulligan 2005; Mulligan et al. 1999). The

arsenic desorption from the lowest to highest concentration of soapnut are 51.88, 53.47, 54.54, 56.2 and 57.7%.

The corresponding values for SDS are much lower viz., 38.5, 41.78, 44.2, 46.77, and 47.2% respectively.

Soapnut-phosphate mixture has much more higher desorption, increasing with concentration of the extractant
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solution viz., 58.24, 63.77, 70.62, 72.98 and 74.43%

(

Figure 4bI).

The final pH values were measured after 4 hours of reaction time and are presented in

Figure 4bII. In case of soapnut and soapnut-phosphate mixture, the solutions became more acidic with

increasing concentration. It was observed that the increasing acidity desorbed more As(V) from soil at higher

concentrations. The pH of soapnut decreases from 4.73 at 0.5% to 4.37 at 1.5%, while soapnut-phosphate
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concentration decreases from 4.76 for 0.5% soapnut-50 mM phosphate mixture to 4.64 for 1.5% soapnut-150

mM phopshate mixture. SDS, however, became more alkaline, its pH being 9.45 at 10 mM concentration and

increasing to 10.08 at 30 mM concentration. It leached out more As(V) at higher concentration due to the

formation of higher number of micelles.

3.7 Effect of soil:solution ratio

Figure 4cI and 4cII show the results of arsenic desorption at five different extractant volumes (ml) to soil mass

(g) ratios for contaminated soil sample and the change of pH after washing. For all the extractants, except

phosphate, arsenic desorption increases with an increase in the soil: solution ratio. The percentage of arsenic

desorption with 1% soapnut, 1% soapnut-100 mM phosphate and 20 mM SDS solutions for 1:10 and 1:30 ratios

are 54.62, 66.05; 63.44, 73.07 and 45.71, 48.14 respectively.  In the case of 100 mM phosphate solution, the

desorption underwent slight reduction from 66.26% at 1:10 ratio to 63.97% at 1:30 ratio. With the exception of

SDS, pH values of other extractants, after washing also undergo a little reduction with an increase in the soil:

solution ratio. Although pH value of SDS becomes increasingly alkaline with increasing ratio, it experiences

higher desorption due to enhanced micelle formation at higher volume. However, the decrease in performance

of phosphate at higher volume could not be explained by pH of phosphate solution although published works on

the pH dependence of PO4–P solubility in soils gives a complex picture. Murrmann and Peech (1969) observed

decreasing PO4–P solubility with increasing pH until about pH 5.5 to 6, where minimum solubility was

obtained. Beyond pH 6, PO4–P solubility increased until 8-9, where it once again decreased due to Ca–P mineral

precipitation. More recently, Devau et al. (2011) and Weng et al. (2011) presented similar results although for

some soils, minimum P solubility was found at even higher pH values (> 6). In the present case, the pH values
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of phosphate varied from 4.77 for 1:10 ratio to 4.73 for ratio of 1:30. A similar trend was obtained while

performing the RSM experiments, as described in sub-section 3.8.1.3.

3.8 Optimization of soil washing process: Box-Behnken Design

A polynomial regression equation was developed by using Box–Behnken design to analyze the factor

interactions. Five replicates at the center point is used to determine the experimental error. The extent of As(V)

desorption ranged from 48.84% to 79.56% (Özdemir et al. 2011)

Determination of the main and interaction effects of factors affecting the As(V) desorption process was done

through ANOVA given in Table 3b. The model F-value is 47.33, indicating that the model is significant for the

range of experimental data obtained in this work. The R2 values of second-order polynomial regression model is

found to be 0.956 (adj. 0.935). A normal probability plot of the residuals is used for checking the normality of

the data, which is indicated when the points fall fairly close to the straight line, as shown in
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Figure 5a (Antony 2003). Diagnostic plots of predicted versus actual values indicate the model adequacy, i.e.

adequate agreement between real data and those obtained from the models

(

Figure 5b). Visual examination shows that the data points fall approximately along a straight line. The AP

values higher than four for all the responses confirm that all predicted models can be used to navigate the design

space defined by the factorial design.

Figure 5: (a) Normal probability plots of residuals for As removal; (b) Predicted vs. actual values plot for As
removal (c) Response surfaces for combined effect of (c-I) surfactant and phosphate concentration at
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constant soil: solution ratio of 1:20; (c-II) soil: solution ratio and surfactant concentration at constant
phosphate concentration of 75.03 mM; and (c-III) soil: solution ratio and phosphate concentration at
constant soapnut concentration of 0.76%; on desorption of As(V) from soil

Considering the relative importance of estimated effects shown in the ANOVA table (Table 3b), the regression

equation is simplified by neglecting the statistically insignificant effects. Values of "Prob > F" less than 0.0500

indicate that the model terms are significant while values greater than 0.1000 indicate that the model terms are

insignificant. The final empirical model for As(V) desorption is described by the correlation in equation 8,

where the coefficients are given in Table 3a.

(8)

3.8.1 Effects of process variables

The Box–Behnken model is used to evaluate the effects of three important variables on As(V) desorption

process. The best way to identify the relationship between the factors and the response is through the

examination of surface plots as function of two factors by fixing the third factor at a certain level. In order to

check the real importance of the factors on the As(V) desorption from soil, the obtained regression surfaces

were plotted as function of process variables viz. phosphate concentration, surfactant concentration and soil:

solution ratio.

3.8.1.1 Effect of phosphate concentration

As evident from ANOVA results in Table 3b, phosphate concentration has the greatest influence on the

desorption process of As(V) from soil. The relation between the phosphate concentration and As desorption is

shown in
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Figure 5cI and 5cIII as 3-D graph, based on the fitted second-order polynomial equation (10). From the

response surfaces, it can be observed that the phosphate concentrations have more direct interaction with

surfactant concentration rather than with soil: solution ratio. As the concentration of the surfactant as well as the

phosphate increases, the As(V) removal increases, as explained in Section 3.5. High concentration of phosphate

signifies large number of ions that can extract As(V) from Al and Fe-bound fractions of soil, as observed by

other researchers (Alam et al. 2001; Zeng et al. 2008). The maximum desorption efficiency was predicted to be

76% for the mixture of soapnut (1.5%) and phosphate (150 mM) in this work. However, the phosphate

concentration and soil solution ratio has no such relationship. High phosphate concentration of 150 mM works

well at low soil: solution ratio of 0.10, showing up to 75% desorption while high phosphate concentration of 150

mM at high soil: solution ratio of 0.30 shows desorption of up to 66% only. This is discussed in Section 3.6.

This inverse relation is also shown in

Figure 4bII. In order to establish the influence of phosphate concentration on As(V) removal from soil, batch

experiments were conducted, as explained in Section 3.5.

3.8.1.2 Effect of surfactant concentration

The experiments were conducted in the soapnut concentration ranges of 0.10% to 1.5%. The lowest

concentration is negligible in terms of concentration and was chosen to amplify the effect of phosphate in the
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absence of soapnut. The relation between soapnut concentration and As(V) desorption is as shown in

Figure 5cI and 5cII. As observed earlier in the case of phosphate concentration, the As(V) desorption increases

with an increase in the soapnut concentration for a constant soil solution ratio.

Figure 5cI shows the graph at soil: solution ratio of 1:20. High concentration of soapnut signifies higher

micellar concentration that can physically solubilize the As(V) from soil surface. However, the relationships

among desorption rate, soapnut concentration and soil: solution ratio are not straight forward. At low soapnut

concentration of 0.1% and low soil: solution ratio of 1:10, the As(V) desorption is around 65%. It decreases to
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64.85% when low soil: solution ratio of 1:10 and high soapnut concentration of 1.5% is used. Similarly, it

decreases to 57.36% when minimum concentration of soapnut (0.1%) is used at high soil: solution ratio of 1:30,

at fixed phosphate concentration of 75.03 mM. This result does not reciprocate when high soil: solution ratio

and soapnut concentration are used and the desorption is around 80%. The influence of this factor on soil

washing process was demonstrated by batch experiments, as explained in Section 3.6.

3.8.1.3 Effect of soil: solution ratio

As(V) desorption from soil was carried out at different soil: solution ratio ranging from 1:10 to 1:30 (w/v).

Figure 5cII and 5cIII show the interaction of soil: solution ratio with surfactant and phosphate concentrations.

The interaction with phosphate concentrations does not show any direct trend. For example, the lowest ratio of

1:10 and lowest soapnut concentration of 0.1% show a desorption of 65%. The desorption value decreased to

56.77% at higher soil: solution ratio of 1:30, keeping soapnut concentration at its minimum (0.1%) and a fixed

phosphate concentration of 75.05 mM. Similar observations were made during the batch experiments as

described in section 3.7. At the maximum value of soil: solution ratio of 1:30 and maximum value of soapnut

concentration of 1.5%, desorption is around 80% at constant phosphate concentration of 75.03 mM. At a fixed

soapnut concentration of 0.80%, the lowest phosphate concentration of 0.10 mM as well as the lowest soil:

solution ratio of 1:10, the desorption efficiency of As(V) was predicted as 58.06%. With an increase in the soil:

solution ratio to 1:30, the desorption efficiency would increase to 61.52%. With an increase of soil: solution

ratio to 1:30 and highest phosphate concentration of 150 mM results in a desorption of 75%. In order to assess

the influence of this factor on soil washing process, batch experiments were conducted, as elaborated in Section

3.7.

3.8.2 Process optimization and model validation



Post-print version: Mukhopadhyay, S., Hashim, M., Allen, M., & Sen Gupta, B. (2014). Arsenic removal from soil with high
iron content using a natural surfactant and phosphate. International Journal of Environmental Science and Technology, 1-16.

http://link.springer.com/article/10.1007%2Fs13762-013-0441-7

28

Optimization of As(V) desorption was performed by a multiple response method known as desirability function

(D). The goal of optimization was to maximize As(V) removal performance by a combination of soapnut and

phosphate solutions. Additional experiments were conducted under the suggested optimal conditions in three

replicates in order to validate the model. Table 3c shows the best two processes for As(V) removal from

contaminated soil. It can be concluded that the generated model was an adequate prediction of the As(V)

desorption, with negligible errors.

3.9 Mechanism, fractionation and soil damage

3.9.1 Zeta potential and FTIR spectra

The zeta potential values of the soil particles were measured in de-ionized water, 20 mM SDS, 1% soapnut

solution and 1% soapnut-100 mM phosphate solutions and were found to have values of -34.3, -61.8, -11.8 and -

11.3 mV, respectively. Therefore, for all the extractants, zeta potential values underwent significant changes.

Compared to water, the zeta potential decreased significantly for 20 mM SDS, indicating adsorption of the

anionic surfactant SDS on the surface of soil particles. Ko et al. (1998) (Ko et al. 1998) also observed a decrease

in value of zeta potential of kaolinite when it sorbed SDS on its existing negative basal plane, as the negatively

charged kaolinite particles adsorbed SDS head groups. However, the zeta potential values are much higher for

soapnut and soapnut-phopshate mixture due to the non-ionic tails of saponin molecules which were adsorbed on

the soil particles, thereby reflecting higher zeta potential values. Raatz and Härtel (1996) (Raatz and Härtel

1996) postulated that surfactant adsorption is essential for removal of soil contaminants, and surfactants that

adsorb on the soil–water interphases are more effective detergents. Therefore, both soapnut and SDS were

adsorbed on soil particles and were effective detergents.
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FT-IR spectral data, as exhibited in

Figure 6a, displayed the differences in average absorbance spectra for the soapnut and soapnut-phosphate

solutions, both with and without As(V), together with the absorption range of different molecular vibrations

present in phenolic-OH at 3435 cm-1, carbonyl groups of carboxylic acid at 2090 cm-1 and alkene groups at 1640

cm-1. These are similar to the observations made by Pradhan and Bhargava (2008) (Pradhan and Bhargava

2008). All the spectra resembled that of only soapnut and no shifting of peaks in FT-IR spectra was observed in

the soapnut solution in presence of phosphate and As(V). Therefore, it can be suggested that neither any

chemical interaction was involved when phosphate was mixed with soapnut, nor in the As removal mechanism

by the extractant solutions. Similar analysis in UV-Visible frequency range also did not show any shift in the

peaks, hence not presented.

3.9.2 Fractionation of As(V) in soil

According to Mulligan et al. (2001a) (Mulligan et al. 2001a), the purpose of sequential extraction studies are to

determine the fraction from which the pollutant is being removed. This information can be used to assess the
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effectiveness of a particular extractant. However, contaminants retained in the residual fractions are very

difficult to remove. Fe(III) is the most effective cation in binding As(V) both in groundwater and soil

(Chowdhury et al. 1999; Tokunaga and Hakuta 2002; Wasay et al. 2000). As(V) in the soil before and after

desorption was fractionated by the sequential extraction procedure established by Halls et al. (1996). The results

are as shown in

Figure 6b. In the original arsenic contaminated soil, As(V) was retained mainly in amphoteric ferric oxy-

hydroxide (Am-Fe-ox), adsorbed-exchangeable-carbonate (AEC) fraction and crystalline Fe oxide (Cry-Fe-ox)

fractions. However, sulphide and organic fractions and residual fractions had very little amount of As(V). The

AEC fraction was the easiest to remove and all the extractants removed almost all of the As(V) in this fraction.

Through the SDS treatment, 47.43% of As(V) was extracted and the remaining arsenic in the soil was

fractionated into 43.87% Am-Fe-ox form, 6.47% in Cry-Fe-ox form. AEC part was totally removed. After

soapnut treatment, 31.36% As remained in Am-Fe-ox form and 4.36% in Cry-Fe-ox form. The corresponding

values of Am-Fe-ox form, Cry-Fe-ox form phosphate and soapnut-phosphate mixtures are 28.07%, 3.75% and

22.84%, 3.65%, respectively. This indicates that the extractants that can progressively remove As(V) from Am-

Fe-ox states are in the order SDS<soapnut<phosphate<soapnut-phosphate. Therefore, soapnut-phosphate
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mixture was able to extract the highest amount of As(V) from the Am-Fe-oxide hydroxides and ultimately was

the best extractant, as shown in

Figure 2. Negligible amount of As(V) was retained in the residual fraction, signifying high effectiveness of the

soil washing procedure by phosphate and soapnut.

3.9.3 Damage to soil
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Figure 6c shows the pH of soapnut, phosphate and soapnut-phosphate mixtures at different concentrations and

the changes of soil pH after using these extractants. For extractants without soil, with increase in concentrations,

pH of KH2PO4 solutions decreased by up to 0.2 unit, pH of soapnut solutions decrease by up to 0.3 unit and pH

of soapnut-phosphate mixture decrease by up to 0.2 unit. All these three varied within a range of 4.35 to 4.79.

However, in case of SDS solution, it was highly alkaline and the pH were 9.66, 10.06 and 10.25 for

concentrations of 10 mM, 20 mM and 30 mM, respectively. After the soil washing, pH of wash liquid was

measured once again. The solutions were found to attain slightly higher pH for the three acidic extractants and

the range was between 4.37 to 4.90.  For SDS solution, it attained lower pH of values 9.45, 9.82, 10.08 for 10

mM, 20 mM and 30 mM, respectively. Therefore, the overall trend shows a tendency to shift the pH towards

neutrality, given that the soil pH is 6.60. Dissolution of soil mineral components such as Ca, Mg, Al, Si and Fe

was evaluated
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(

Figure 6d). High concentrations of the extractants were used because Zeng et al. (2008) found that higher the

concentration of the extractants, higher is the degradation of soil. In this case, no considerable degradation was

found in the soil structure. With 1.5% soapnut-150mM phosphate solution, 3.51% Ca, 4.09 Mg and 1.02% Fe

leached out. Other extractants dissolute still lower percentage of these metals, indicating negligible chemical

withering. High amounts of Mg, Ca and Fe were present in the soil as observed from the XRD spectra (Figure

1a). Consequently, their percentage in the extractants were higher than Al and Si, and they were bound more

strongly as a part of the mineral structure of the soil. Among the soil components, Ca, Fe, and Al contribute to

sorption of As by soils whereas Si and other components do not (Alam et al. 2001; Wasay et al. 2000). Soapnut-

phosphate mixture resulted in more Ca and Fe dissolution than others, and concurrently was found to remove
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most As(V). This is illustrated in

Figure 2.
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Figure 6: (a) FT-IR spectra of influent & effluent soapnut solutions (b) Sequential extraction of As(V)

following Hall et al. (1996), (c) Change in pH of soil during washing process, (d) Metal dissolution from

washed soil (%)
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4. Conclusion

Laboratory batch experiments have been conducted for studying removal of As(V) from high iron content soil

by soapnut and phosphate solutions. The results indicate that the efficiency of soapnut and phosphate are almost

similar whilst soapnut-phosphate mixture has a higher efficiency. While effectiveness of soapnut is imparted by

the formation of micelle and solubilisation of arsenic from the surface of the soil particles, phosphate replaced

arsenate from soil due to their structural and chemical similarities (phosphate: pK1=2.1, pK2=7.2, pK3=12.3;

arsenate: pK1=2.2, pK2=6.97, pK3=11.53) and is always found to be an advantage during competitive adsorption

(Manning and Goldberg 1996; Hingston et al. 1971). SDS, an anionic surfactant has alkaline pH and is not as

effective. The kinetic study reveals that desorption equilibrium can be practically obtained within 4 hours of

operation and the Elovich model best represents the As(V) desorption kinetics among the four models used in

this study. Sequential extraction shows that arsenic is retained by the soil mainly in Am-Fe-oxide form and

soapnut-phosphate mixture is most successful in extracting As from this fraction. The arsenic desorption

efficiency can be increased by increasing soil: solution ratio, surfactant and phosphate concentration. However,

1:20 ratio is found to be the best for phosphate solution. Box-Behnken design predicts up to 80% As(V) removal

by using a mixture of 1.46% soapnut-101.29 mM phosphate in 1:30 ratio. Although soil pH decreases while

using all of these extractants, no significant dissolution of soil components (Ca, Mg, Si) is observed, indicating

all three of them are environment friendly soil washing agents. Since the presence of phosphate in soapnut

boosts the later's performance from 62% to 71%

(

Figure 2), it can be expected that soapnut will be effective in washing out arsenic from aquifer and agricultural

fields having high residues of phosphate fertilizer. Finally, it can be stated that while material cost for washing 1

ton of soil by 1% soapnut will be USD 28.57, washing by 20mM SDS solution will cost about USD 27.7, going

by the present market rate. Material handling, structural installation and operational cost being similar, both the

natural and synthetic surfactants have comparable cost factors, with the added advantage of environmentally

safe and biodegradability in favor of soapnut. Soapnut can be investigated for removal of heavy metals such as

Cd, Zn and Cr from soil.
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