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INDIVIDUAL AND COMPETITIVE ADSORPTION OF MSMA 

AND PHOSPHATE ONTO IRON AND NON-IRON SOIL 

Yi Wang 

Dr. Baolin Deng, Thesis Supervisor 

ABSTRACT 

 Monosodium monomethylarsenate (MSMA (V)) is a common constitute in 

herbicides and pesticides used widely in the world, and yet its mobility and transport 

properties are still a relatively understudied area. Knowledge of the MSMA (V) sorption 

process is a key to understanding the properties. 

  This research investigated the adsorption of MSMA (V) of soil samples collected 

at the USDA-ARS Dale Bumpers National Rice Research Center located near Stuttgart, 

Arkansas. Batch experiments were performed to evaluate the effect of Fe, phosphate, and 

pH conditions on MSMA (V) adsorption.   

The results indicate: 1) MSMA (V) was strongly adsorbed onto the whole soil 

( no Fe removed), implying that adsorption is an important process controlling the 

MSMA (V) mobility in environments; 2) the reductive removal of iron minerals from the 

soil effectively eliminated MSMA (V) adsorption indicating that iron oxides in the soil 

are primarily responsible for MSMA (V) adsorption; 3) the presence of phosphate in 

aqueous solutions inhibited MSMA (V) adsorption as a result of competitive adsorption 

between phosphate and MSMA (V);  and 4) MSMA (V) adsorption and apparent 
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adsorption extent were strongly influenced by pH indicating that surface complexation on 

amphoteric sorption sites in the soil was responsible for MSMA (V) adsorption.
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Chapter 1 Introduction 

1.1 Arsenic concerns 

Arsenic (As) is an ubiquitous element in the environment and has been known as 

poison for many centuries. Arsenic is widely used in medicine, pigments, metal treatment, 

ammunition,  wood preservatives, glass and electronic products as well as pesticides and 

herbicides (Hughes, Beck, Chen, Lewis, & Thomas, 2011; Reimann, Matschullat, Birke, 

& Salminen, 2009). Arsenic contamination has become a global problem affecting more 

than 70 countries and 137 million people (Smedley & Kinniburgh, 2002). Serious health 

incidents have been reported in Asia, such as Bangladesh, China, Thailand, as well as 

some South American countries like Chile. Additionally, many locations in the USA 

contain excessive arsenic concentration in drinking water supplies. Arsenic and many As- 

containing compounds are toxic and considered to be carcinogenic. Long or short term 

exposure to arsenic can cause various diseases such as cancer, hyperpigmentation, skin 

thickening, neurological disorders, muscular weakness, nausea, abdominal and 

oesophageal pain, vomiting, diarrhea, numbness in hands and feet, partial paralysis, 

blindness, gastrointestinal and cardiac damage, bloody urine, anuria, shock, convulsions, 

coma, and death (Guha Mazumder & Dasgupta, 2011; Kaur, Kamli, & Ali, 2011). In 

1993, the World Health Organization (WHO) recommended an arsenic standard of 10 

µg/L for drinking water, which was adopted by European Union countries in 2000. In 

Nov. 2001, the US Environmental Protection Agency (EPA) also lowered the regulatory 

limit of arsenic from 50 to 10 µg/L in the United States, which became effective in 2006. 
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However, most developing countries like China, Bangladesh and India are still using the 

50 µg/L standard. 

1.2 Research objectives and relevance 

 Sorption is an important process controlling contaminant fate and transport in the 

environment. Extensive research has shown that sorption affects arsenic mobility and As 

cycling in ecological systems (Bowell and Parshley, 2001; Bowen, 1979; Huang et al., 

2011). Among these studies, the focus is mostly on the adsorption of inorganic arsenic. 

Sorption of organic arsenic compounds is a relatively understudied area, representing an 

important knowledge gap in understanding arsenic fate and transport in the environment. 

The objective of this research is to fill this knowledge gap by investigating sorption of 

organic arsenic using monomethylarsonic acid as an example.  Soil samples collected at 

the USDA-ARS Dale Bumpers National Rice Research Center located near Stuttgart, 

Arkansas were used as a representative of field-relevant soil (sorbents) in this study. 

Important factors such as Fe, phosphate concentration, and pH were evaluated with 

respect to their effects on organic arsenic adsorption.  
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Chapter 2 Arsenic occurrence, speciation and toxicity 

2.1 Natural sources of arsenic 

 Arsenic (As) belongs to the metalloid category in the same group as nitrogen and 

phosphorus in the periodic table of elements.  Like phosphorus, arsenic shows allotropy 

with three metallic forms termed as yellow, black and grey arsenic. The most common 

form is the grey brittle crystalline solid with a density of 5.73g/cm
3
 ("Lenntech", n.d.; 

Reimann et al., 2009). Arsenic is a naturally occurring element present in soil, rocks, 

water, air and organisms. It ranks 20
th

 in abundance in the earth’s crust, 14
th

 in seawater, 

and 12
th

 in the human body (Woolson, 1975).  

2.1.1 Earth’s crust 

 Arsenic is a rare crystal element comprising about 0.00005% of the earth’s crust 

(Gulledge & O'Connor, 1973). Its average concentration is 1.5 to 2 mg/kg on earth’s 

surface (Jones, 2007). Arsenic is known to exist in more than 300 mineral forms, which is 

often associated with the transition metals such as Fe, Cd, Pb, Ag, Au, Sb, P, W and Mo 

(Bowell & Parshley, 2001; Fang, 2009). Among all the arsenic minerals approximately 

60% are arsenates, 20% sulfides and sulfosalts, 10% oxides,  and the rest are arsenites, 

arsenides, native elements and metal alloys (Abernathy et al., 2001; Bowell R.J., 2001). 

The most common arsenic mineral is arsenopyrite (FeAsS). Matschullat (Matschullat, 

2000) stated that every year approximately 2. 2 x 10
7
 kg of natural arsenic is liberated 

from the lithosphere mainly through terrestrial volcanic exhalations, eruptions and 

submarine volcanism, which combined account for 78% of As emissions. 
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2.1.2 Soil and sediment 

 The arsenic concentration in soil varies from 0.1 to 50 mg/kg, with a mean level 

of 5- 6 mg/kg (Mandal & Suzuki, 2002).  Table 2.1 shows soil arsenic contents in select 

countries. Soil arsenic concentration varies considerably among geographic regions 

(Colbourn, Alloway, & Thornton, 1975) and is affected by two principal factors, parent 

rock and human activities. Other factors including climate, the properties of organic and 

inorganic components in soil, and redox potential can also have an effect on the 

concentration of arsenic in soil. Most naturally occurring arsenic has been transported in 

particulate form from weathered parent rocks (Jones, 2007). Anthropogenic activities, 

such as mining, industrial applications, herbicides, wood preservation and so on, also 

increase arsenic concentration dramatically. It is estimated that about 80% of the total 

amount of anthropogenic arsenic released into the environment resides in soil 

(Environmental Protection Agency [EPA], 1998). The arsenic adsorption capacity of  soil 

is positively correlated with the concentration of  Fe oxide, MgO, Al2O3, and clay content 

(Jones, 2007). Retention times of 1000-3000 years are observed for As in moderate 

climates (Bowen, 1979). 

Table 2.1 Arsenic content in the soil of various countries (Mandal & Suzuki, 2002) 

Country 
Types of 
soil/sediment 

Number of 
samples 

Range 
(mg/Kg) 

Mean 
(mg/Kg) 

West Bengal, India Sediments 2235 10-196  
Bangladesh Sediments 10 9.0-28 22.1 

Argentina All types 20 0.8-22 5 
China All types 4095 0.01-626 11.2 

France All types - 0.1-5 2 
Germany Berlin region 2 2.5-4.6 3.5 
Italy All types 20 1.8-60 20 
Japan All types 358 0.4-70 11 
 Paddy 97 1.2-38.2 9 

Mexico All types 18 2-40 14 
South Africa  2 3.2-3.7 3 
Switzerland  2 2-2.4 2.2 
United States Various states 52 1.0-2.0 7.5 
 Tiller 1215 1.6-72 7.5 
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2.1.3 Water 

  The concentration of arsenic in natural waters is mainly controlled by geological 

processes and anthropogenic activities. For instance, arsenic is enriched naturally in 

geothermal areas such as Yellowstone National Park (WY) where arsenic concentrations 

often exceed 1 mg/kg (Shakhashiri, 2000). Surface and ground waters near former mining 

or smelting sites often contain elevated arsenic concentrations. For example, the As 

concentration in unpolluted fresh waters typically ranges from 1 to 10 µg/kg, but it rises 

from 100 to 5000 µg/kg in areas of sulfide mineralization and mining (Harrington, 

Middaugh, Morse, & Houseworth, 1978) . 

2.1.4 Air 

 In air, arsenic concentrations range  from <1 to 3 ng/m
3
 in remote, unpolluted 

areas and from 20 to 30 ng/m
3
 in urban areas without substantial industrial emissions 

(World Health Orgnization [WHO], 2000).  Atmospheric arsenic usually exists in a 

particulate form from natural sources, such as volcanic activity or forest fires, and 

anthropogenic sources, such as the burning of fossil fuels, automobile exhaust, and 

tobacco smoke. These particles (mostly in diameters of < 2µm) have a typical 

atmospheric residence time of approximately 9 days, during which time they are 

transported by wind and air currents until they are brought back to ground surface by wet 

or dry deposition (Envrionmental Protection Agency, 1998). 

2.1.5 Living organisms 

 Arsenic can be accumulated in living tissue, plants and animals. The distribution 

of arsenic among various plant parts is highly variable with seeds and fruits having lower 
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arsenic concentration than leaves, stems, or roots. Roots and tubers generally have the 

highest arsenic concentrations,  and plant skin has higher concentrations than the inner 

flesh (Peryea, 2001). There is little chance that animals or humans will get poisoned by 

consuming these kinds of plants. Most plants die or become severely stunted long before 

the arsenic concentration in their tissues reaches concentrations that can pose a health risk. 

In mammals, it is found that the arsenic accumulates in certain areas of ectodermic tissue, 

primarily hair and nails (Mandal & Suzuki, 2002). 

2.2 Arsenic speciation and mobility 

 Arsenic exists in the environment in four different oxidation states as As(V), 

As(III), As(0) and As(-III).  Figure 2.1 shows the molecular structure of several inorganic 

and organic As compounds in the environment.  As(0) rarely occurs, while As(-III) only 

occurs at extremely low Eh conditions (Subramanian, Madhavan, & Naqvi, 2002). In 

water, arsenic primarily forms inorganic pentavalent arsenate and trivalent arsenite. The 

two most important factors controlling arsenic speciation are the pH and redox potential 

(Eh). Figure 2.2 is an Eh-pH diagram showing thermodynamically favorable aqueous and 

solid arsenic species. The diagram was generated using equilibrium constants including 

those in Table 2.2 for dissociation constants of arsenate and arsenite. Figure 2.2 shows 

that at moderate or high Eh values arsenic can be stable at the As (V) oxidation state and 

form a series of pentavalent oxyanions. With under reducing (low Eh) and acidic and 

mildly alkaline conditions, the As (III) species predominate. Organic arsenic species such 

as monomethylarsonic acid (MMAA (V)) and dimethylarsonic acid (DMAA (V)) (Figure 

2.1) are arsenate species that can often be found in surface water, but are rarely present in 

groundwater.  
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Figure 2.1 Structures of common As compounds in the environment 

 In aqueous environments, the mobility and partitioning of arsenic depends mainly 

on its chemical form as well as its interactions with other materials. Soluble forms of As 

are mobile with a potential to be transported long distances. However, mobile arsenic can 

be adsorbed onto sediments and soil, particularly to clay minerals, iron oxides, aluminum 

hydroxides, manganese compounds, and organic matter in sediments and soil.  Adsorbed 

arsenic can be released to form mobile species through chemical and biological 

interactions. Figure 2.3 shows aqueous As (V) and As (III) speciation as a function of pH 

(Smedley & Kinniburgh, 2002). Usually As (V) species dominate in surface water and 

oxic groundwater, while As (III) species are predominate in ground water of low redox 

systems. 
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Table 2.2 Dissociation constants of arsenate and arsenite acids (Fang, 2009) 

Acid-Base Reaction pK 

H3AsO4 =H
+
+H2AsO4

-
 2.20 

H2AsO4
- 
=H

+
+HAsO4

2-
 6.97 

HAsO4
2- 

=H
+
+AsO4

3-
 11.53 

H3AsO3 =H
+
+H2AsO3

-
 9.22 

H2AsO3
- 
=H

+
+HAsO3

2-
 12.13 

HAsO3
2- 

=H
+
+AsO3

3-
 13.40 

 

 

 

 

 

 

 

 

 

 Figure 2.2 The Eh- pH stability diagram for As species at 25℃ and one 

atmospheric pressure with total arsenic 10
-5

 M and total sulfur 10
-3

M. Solid 

species are enclosed in parentheses in cross-hatched area (Gavis & 

Ferguson, 1972). 
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Figure 2.3 As(III) and As(V) speciation as a function of pH 

2.3 Toxicity 

 The toxicity of arsenic depends upon its speciation. Inorganic As (III) and As (V) 

have been considered highly toxic for centuries while organic As compounds are 

traditionally believed to be non- or mildly toxic. However, based on recent animal studies, 
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several methyl and phenyl derivatives of arsenic that are widely used in agriculture are of 

possible health concern. For example, Petrick et al. (Petrick, Ayala-Fierro, Cullen, Carter, 

& Vasken Aposhian, 2000) stated that DMAA(III) is more toxic than arsenite (III) in 

human hepatocytes. Among all different forms, the volatile arsines (e.g., AsS3 (-III)) have 

the highest toxicity. The fatal nature of arsenic compounds depends mainly on the 

following factors: toxicity, solubility, physical state and purity and rates of adsorption 

and elimination (Agency for Toxic Substances and Disease Registry [ATSDR], 2007).  

2.4 Organic Arsenic Compounds 

 Organic arsenic compounds have been found in marine, lake, terrestrial, 

atmosphere, plants and animals (Huang, Hu, & Decker, 2011). Common organic As 

compounds are methylasine (-III), methylarsonic acid and salt (V), methylarsenous acid 

and salt (III), phenyl arsenic compounds, and arsenobetaine and arsenocholine (both of 

species are pentavalent). Organic As species are generated in the following ways: through 

anthropogenic activities (e.g., herbicide contamination, broiler chicken feedings (majority 

stays), and warfare agents) (Baba et al., 2008; Stolz et al., 2007) and methylation 

processes. 

 Monosodium methylarsenate (MSMA) is a common constitute in herbicides and 

pesticides and it is used widely throughout the world. MSMA is one of the most widely 

applied  pesticides in the USA with an approximate annual usage of 1.2 x 10
6
kg of As 

equivalent, and it is applied to 3.8 x 10
6 
acres of agriculture land (Baba et al., 2008). 

MSMA (V) is the less toxic form of organic As, which has replaced lead hydrogen 

arsenate in agriculture. MSMA (V) dissociates in aqueous solution into Na and 

monomethylarsenate (MMA), which can hydrate to form monomethlarsonic acid 

http://en.wikipedia.org/wiki/Herbicide
http://en.wikipedia.org/wiki/Lead_hydrogen_arsenate
http://en.wikipedia.org/wiki/Lead_hydrogen_arsenate
http://en.wikipedia.org/wiki/Agriculture
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(MMAA) (Figure 2.1). The MMA can also form from the methylation process of 

inorganic As by a variety of organisms ranging from microbes to plants and animals. 

Further MMA methylation leads to the formation of dimethylarsonic acid (DMAA) and 

trimethylarsenate oxide (TMAO) (Huang & Matzner, 2006). The mobility and transport 

properties of the methylarsenate compounds are, however, still poorly understood.  

2.5 Arsenic sorption 

 Arsenic sorption is studied with a lot of different materials under different 

conditions to investigate the sorption mechanisms. Sorption is also considered to be an 

effective way to remediate the hazardous metals including arsenic from soil and water 

(Kocabaş & Yürüm, 2011). Adsorption onto pure phase is better studied than adsorption 

onto whole soils. In addition, inorganic arsenic adsorption is better studied than organic 

arsenic. In some studies, the influence of different sorption parameters such as the 

adsorbent dose, solution pH, contact time, agitation speed, and initial arsenic 

concentration were evaluated to determine optimum conditions. Despite the above 

parameters, the effect of ionic strength and competition are also studied (Wilson et al., 

2010). 

All of the natural iron oxide minerals (magnetite, hematite and goethite), as well 

as an iron rich lateritic soil, were effective in adsorbing arsenic from solution (Smedley & 

Kinniburgh, 2002). The presence of silicate and phosphate have a strong negative effect 

on As(V) adsorption (Woolson, 1975). Kocabas and Yürüm studied arsenic adsorption by 

using ferric ion loaded red mud (FRM) which was very effective at removing As (III) and 

As (V). They also considered the effect of pH, initial As loadings and red mud contact 

time (Smythe et al., 2000). The sorption mechanisms are mainly governed by outer 
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sphere diffusion, ion exchange, and inner sphere diffusion (Kocabaş and Yürüm 2011; 

Paikaray and Peiffer 2012) 
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Chapter 3 Materials and Methods 

3.1 Materials 

 Soil samples were collected from the USDA-ARS Dale Bumpers National Rice 

Research Center located near Stuttgart, Arkansas. Soil at the site was Dewitt silt loam 

(fine, smectite, and thermic Typic Albaqualfs). 

The pre-treated soil is mildly acidic (near pH 6) and contains both phosphate and 

arsenic (Table 4.1). The soil mainly consists of silt, up to 70%, and has a minor clay 

component.      

Table 3.1 Selected physiochemical properties of the pretreated Soil 

Soil properties Value a 

pH 

Organic matter (%)  

Cation exchange capacity (meq/100 g) 

Neutralizable acidity (meq/100 g)  

Electrical conductivity (Mmho/cm)  

NO3-N (mg/kg)  

NH4-N (mg/kg)  

Exchangeable potassium (mg/kg) 

Available phosphorous (mg/kg)  

Total As (mg/kg)  

Sand (%)  

Silt (%)  

Clay (%)  

5.9 

1.7 

9.5 

4.3 

0.2 

4.2 

3.5 

180 

31 

5.0 

13.8 

70 

16.5 

aAverage of the composited samples. More data can be found at (Hua, Yan, Wang, Deng, & 
Yang, 2011) 

Before use in the experiments, the collected soil samples were treated by mixing 

with 0.1 M KNO3 solution at a soil to solution ratio of 200g: 150ml. The soil samples in 

the mixtures were collected by decanting the supernatants after overnight mixing, dried in 
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an oven at 60-75 °C overnight, and then grounded with a mortar and pestle and stored in 

a glass beaker. Visible organic tissues were removed during sample preparation.  The 

treated samples were termed as Fe-soil in the following analysis.  

Non- Fe- soil was prepared by reacting the Fe-soil sample with sodium dithionite-

–citrate-bicarbonate solution (DCB) to reduce and remove Fe in the Fe-soil at a solid 

solution ratio of 15g to 150ml. After overnight reduction, the supernatant was discarded 

and soil was collected by centrifugation. This process was repeated three times followed 

by rinsing the treated soil sample three times with DI water.  The treated sample was then 

oven-dried at 60-75 °C, grounded with a mortar and pestle, and then stored in a glass 

beaker.  

All chemicals used in this study were reagent grade as received without further 

purification.  All plastic and glass vials and reaction vessels (polypropylene centrifuge 

tubes) were cleaned with 1% HNO3 and rinsed several times with deionized (DI) water, 

then dried in the oven before use. Table 3.1provides a list of chemicals used in the study. 

Table 3.2 Chemical list 

Chemical name Formula F.W. Purity Manufacturer 

Potassium Nitrate  KNO3 101.11 >99% Fisher Sci. Co. 

Hydrochloric acid  HCl 36.5 37% Fisher Sci. Co. 

Potassium phosphate 

dibasic KH2PO4 141.96 99.7% Fisher Sci. Co. 

Sodium hydroxide NaOH 40 >98% Fisher Sci. Co. 

Sulfuric acid H2SO4 98 >96.1% Fisher Sci. Co. 

Potassium antimonyl 

tartrate 

sesquihydrate K(SbO)C4H4O6·1.5H2O 333.93 >99% Fisher Sci. Co. 

Ammonium 

molybdate (NH4)6Mo7O24·4H2O 1235.86 >99% Fisher Sci. Co. 

Ascorbic acid C6H8O6 176.13 - Fisher Sci. Co. 

Sodium citrate Na3C6H5O7·2H2O 294.1 - 

ratio of 15g: 

150ml 

sodium dithionite Na2S2O4 174.11 85% 

Sigma-Aldrich 

Co. 
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Monosodium Acid 

Methane Arsonate MSMA 161.85 - 

Chem. Serv., 

Inc. 

 

3.2 Analytical Methods  

3.2.1 pH measurement  

The pH was measured with a glass combination electrode and a Thermo Orion 

420+ pH meter.  Before use, the pH meter and electrode was calibrated using a two-point 

(pH 4 and pH 10) calibration method. The calibration was performed according to the 

manufacturer’s instrument manual. 

3.2.2 Surface charge titration 

The soil surface charge was measured using an electropotential titrator (Metrohm 

798 Titrino Potentiometric Titrator).   

The titration experiments were conducted in triplicates in 0.1M KNO3 electrolyte 

at a solid solution ratio of 10g: 100mL. Before and during the titration, the soil 

suspensions were bubbled with N2 gas to purge CO2 gas, which may interfere with the 

surface titration. The suspensions were either titrated with 0.1M HNO3 or 0.1M NaOH 

over a pH range of 3-11. The pH range was selected to avoid any significant solid 

dissolution. 

3.2.3 Arsenic analysis 

Arsenic in aqueous solutions was measured using a graphite furnace atomic 

absorption spectrometer (Varian, 220 FS). The instrument was calibrated each time for 

measurements based on the operational manual according to the method from the 

manufacturer (Varian, 1988). 
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3.2.4 Phosphorus determination  

Dissolved phosphate was determined by the ascorbic acid spectrophotometric 

method (Standard method 4500-P E) (Clesceri, Greenberg, Eaton, & Eds, 1998).  

Preliminary experiments were performed to determine optimal instrument 

conditions: infrared phototube was set at 880 nm and light path was 1cm.The optimal 

detection range was found to be from 0.15 mg/kg to 1.3 mg/kg of phosphate-P.  

3.3 Adsorption Experiments 

Batch experiments were conducted at room temperature (25 ±2 °C) to investigate 

MSMA (V) adsorption over a pH range 4-9 with/without phosphate competition. 

Independent experiments were performed to determine phosphate adsorption. In the 

experiments, total As concentrations were varied from 0.01, 0.05, 0.1, 0.2, 0.5, 1, 2 and 5 

mg/kg and total P concentrations were varied from 0.1, 0.2, 0.5, 1, 2, 5, 8 and 10 mg/kg. 

The ranges were selected based on preliminary experiments and their average 

concentration difference.  

The same soil mass (0.1 g) was used in all sorption experiments. Various buffer 

solutions were used to control solution pH including NaAc for pH 4 and 5, (MES (2-(N-

morpholino)ethanesulfonic acid) for pH 6, HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) for pH 7 and 8, and TAPS (N-

Tris(hydroxymethyl)methyl-3-aminopropanesulfonic Acid) for pH 9. Buffer solutions of 

0.05M were used for phosphate-only and arsenate/phosphate competitive sorption 

experiments, and 0.005M for arsenate-only sorption experiments. The buffer solutions 

were selected because of their low affinity for metals, and a low affinity toward soil (Arai 
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& Sparks, 2002). All the experiments were performed in the background electrolyte 

KNO3 with an ionic strength 0.1M. Centrifuge tubes (50-mL) with caps were used as 

batch reactors. MSMA (V) and phosphate stock solutions were prepared by dissolving 

MSMA and KH2PO4 powders in Milli-Q water (resistivity > 18.2 MΩ·cm), which was 

used for preparing other solutions.  

Soil sample (0.1 g) was weighted into 50 mL centrifuge tubes and mixed with pH 

buffer solutions. Stock MSMA and/or phosphate solutions were then added into the 

centrifuge tubes to desired concentrations as necessary, the soil suspension pH was 

adjusted with HNO3 or NaOH solutions, and then 0.1 M KNO3 solution was added to the 

suspensions with a final solution volume of 25 mL . The suspensions were agitated on a 

platform shaker (Forma Scientific, 4516 S/N) at 150 rpm for 24 hours. Preliminary 

experiments indicated that 24 hours was sufficient to reach adsorption equilibrium. 

Consequently, after 24 hours of equilibration, the suspensions were centrifuged at 4000 

rpm for 3 minutes (Centrifuge 5810R, Eppendorf), and supernatants were collected and 

filtered with a 0.22 μm pore size syringe filters. Arsenic concentrations in the filtrate 

were determined using the graphite furnace atomic absorption spectrophotometric 

method as described previously. The pH in the batch suspension was measured again at 

the end of each experiment and was reported as the pH value at sorption equilibrium. The 

adsorbed As was calculated from the difference between total added As and equilibrium 

aqueous As concentration.  



 

18 

 

Chapter 4 Results and discussion 

4.1 Soil surface properties 

 The measured surface charge of the Fe-soil is provided in Figure 4.1a and 4.1b. 

The surface charge was calculated from the potential titration data based on a method 

described in Davranche (2003). As shown in Figure 4.1, the soil pHpznpc where the surface 

charge becomes zero (Q=0 mol/g) was about 7.  The reaction constants for surface 

protonation and deprotonation (pK
 s

 a1 and pK 
s 

a2) can be obtained from Figure 4.1b by 

reading the y-intercepts in positive and negative charge regions, which gave 4.44 and 

9.54 respectively. The apparent pKa values (y-axis) in Figure 4.1b were calculated from 

the measured pH and charge in Figure 4.1a (Davranche, 2003). 

For this specific case, the value of pHpznpc can alternatively be calculated by the 

following equation: 

pHpznpc = (pK
 s

 a1 + pK 
s 

a2)/2      (1) 

From the two estimated pKa values, the pHpznpc calculated from Eq 1 was 6.99, close to 

the value directly estimated from the measured zero point charge (Figure 4.1a), indicating 

that the estimated surface charge and pKa values were self-consistent. With estimated pKa 

values, the surface protonation and deprotonation reactions can be written as follows: 

≡SOH2
+
 ↔ ≡SOH + H

+
          pK

 s
 a1 = 4.44    (2) 

≡SOH ↔ ≡SO
-
 + H

+
               pK

 s
 a2 = 9.54     (3) 
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Figure 4.1a The soil surface charge, Q, as a function of pH 
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Figure 4.1b pKa
s
 as a function of the soil surface charge 
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4.2 Adsorption isotherms 

MSMA-As sorption isotherms for the Fe-soil were obtained via batch experiments 

at constant pH of 5 (acetate buffer) and 7 (HEPES buffer) with initial MSMA-As 

concentrations ranging from 10 µg/kg to 5000 µg/kg with no repetition. The purpose of 

the isotherm experiments was to estimate the maximum sorption site density (Stot). 

Adsorption isotherms of the non-Fe soil were also conducted under the same 

experimental condition as for the Fe-soil except that an additional experiment at pH 9 

using TAPs as a pH buffer solution was performed.  

 The MSMS-As adsorption behavior was significantly different for the soil 

with/without reductive Fe removal (Figure 4.2a and b).  For the Fe-soil, the adsorbed As 

at both pH values increased rapidly with increasing aqueous As concentration until 200 

µg/kg. After 200 µg/kg, the adsorption reached plateau values near 200 µg/kg at pH 7 

and 400 µg/kg at pH 5, and then increased rapidly again with increasing aqueous As 

concentration. The adsorbed MSMA-As was consistently higher at pH 5 than at pH 7, 

suggesting that MSMA-As adsorption behaved as an anion, which was adsorbed more 

onto more positively charged surfaces at lower pH value (Eqs 2 and 3). Similar trends 

were previously found for inorganic As (V) adsorption to ferrihydrite and amorphous 

aluminum oxide (AAO) (Lafferty & Loeppert, 2005; Shimizu, Ginder-Vogel, Parikh, & 

Sparks, 2010), and such phenomenon were attributed to the surface complexation of 

anionic species on amphoteric surface sites. The presence of the apparent adsorption 

plateau suggested that surface sorption sites may have reached saturation, which gave a 

sorption site density of 200 µg/kg and 400 µg/kg at pH 7 and 5, respectively. The rapid 

increase of apparently sorbed As above the plateau values was unexpected. Potential 
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processes that can lead to the apparent increase of the sorbed As (V) include: 1) surface 

precipitation of As (V); 2) As (V) incorporation into other minerals through diffusion or 

co-precipitation; 3) surface potential modification by adsorbed As (V) that enhanced 

further As (V) adsorption, and 4) reduction of As (V) to As (III). The experimental data, 

however, did not allow for identifying these processes. 

 

Figure 4.2a MSMA-As adsorption isotherm onto the Fe- soil at two pH values (Ce: 

equilibrium concentration of As in solution at the end of adsorption reaction) 
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Figure 4.2b MSMA-As adsorption isotherm onto the non-Fe soil at three pH values 
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Figure 4.3a Phosphate-P adsorption isotherm onto the Fe soil at three pH values 
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Figure 4.3b Phosphate-P adsorption isotherms onto the non- Fe soil at two pH values 
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4.3 Adsorption edge 

 The effect of pH on MSMA-As adsorption was examined at three initial MSMA-

As concentrations 0.05 mg/kg, 0.5 mg/kg, and 2 mg/kg using the Fe-soil. The experiment 

was operated under the same conditions as for the adsorption isotherm measurements. 

The adsorption experiment with initial MSMA- As loading of 2 mg/L was conducted 

without repeating. 

 

Figure 4.4a MSMA-As adsorption onto the Fe-soil at three different total initial 

As loadings 
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significantly, reached 90%, and then slightly decreased with increasing pH. When total 

added MSMA-As was 2000 µg/kg, the adsorbed As ranged from 55 to 35%, linearly 

decreased with increasing pH. The change of adsorbed As as a function of pH in 0.5 

mg/kg MSMA-As case was apparently in the middle between 0.05 mg/kg and 2 mg/kg. 

As described before, the MSMA-As adsorption was attributed to the anionic adsorption 

to the amphoteric sites, which explained the decreasing adsorption with increasing pH in 

Figure 4.4a regardless of added MSMA-As concentrations. These amphoteric sites had 

Fe oxides added to the soil as discussed in the previous section. The adsorption also 

decreased when increasing the As load. The lower percentage of the adsorbed As in the 

2000 µg/kg As experiment (Figure 4.4a) indicated the adsorption site saturation effect. 

The adsorption at and below pH 5 for the 0.05 mg/kg case was interfered by the buffer 

NaAc. Acetate also has a negative charge that behaved as anion in the sorption process, 

thereby competing with the MSMA-As to the surface site. The buffer solutions need to be 

reconsidered in further research. 

Overall, the results from the MSMA-As (V) adsorption as a function of MSMA-

As(V) concentration (Figure 4.2a) and pH (Figure 4.4a) were consistent with the 

following aqueous and surface complexation reactions that control MSMA-As(V) 

adsorption:  

H2AsO4(CH4) ↔ H
+
 + HAsO4(CH4)

-
               pKa1 = 4.19  (4) 

HAsO4(CH4)
-
 ↔ H

+
 + AsO4(CH4)

2-
                 pKa2 = 8.77       (5) 

    ≡SOH + H
+
 + HAsO4(CH4)

-
 → ≡SOH2

+
 • HAsO4(CH4)

- 
 (6) 
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Eqs 4 and 5 describe MSMA-As(V) aqueous speciation, while Eq 6 describe its 

adsorption to iron oxide surfaces. Eqs 4 and 5 indicate that HAsO4(CH4)
-
 is an important 

species at lower and neutral pH, while AsO4(CH4)
2-

 is a dominant species at alkaline pH. 

Eq 6 indicates that the lower adsorption at higher pH results from the decrease of both 

proton and negatively charged aqueous As species. Note that in Eq 6, species 

HAsO4(CH4)
-
 was assumed to be directly involved in the surface complexation reaction.  

Other aqueous As species may also participate in the surface complexation reaction 

which would also be consistent with the data at least qualitatively. Quantitative modeling 

will help to identify which As species was involved in the surface complexation reaction.  
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Figure 4.4b  Phosphate-P adsorption onto the Fe soil at three different total initial 

loadings 

The phosphate adsorption as a function of pH (Figure 4.4b) was similar to what 

was observed for MSMA-As (Figure 4.4a), i.e., phosphate sorption decreased with 
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increasing pH and with initial phosphate loading. For the case initially loaded with 5 

mg/kg phosphate, the adsorbed phosphate concentration decreased slowly with increasing 

pH. Assuming that the sorption site was saturated for the 5 mg/kg case, the estimated site 

density was 800 µg/kg from Figure 4.4b. This value was close to the maximum adsorbed 

phosphate concentrations at pH 5 and 7 (Figure 4.3a), and was higher than the value 

estimated for MSMA-As (V) (480-580 µg/kg at pH 4-5). The lower adsorption site 

density for the MSMA-As (V) was likely due to the steric effect of the larger MSMA-As 

(V) molecule that, once it was adsorbed, restricted the surface complexation for the 

nearby sorption sites. The molecule charge density and charge center may also have 

contributed to the difference in the apparent adsorption site density for MSMA-As and 

phosphate.   Generally, however, the adsorption capacity of MSMA-As (V) was at the 

same magnitude as for the phosphate, suggesting that MSMA-As (V) and phosphate may 

sorb to the same surface sites and can thus strongly compete with each other for sorption 

when both exist in a system.  

4.4 Competitive adsorption  

The presence of phosphate inhibited MSMA-As (V) adsorption as a result of 

competition of phosphate for adsorption sites (Figure 4.5a to 4.5c); hence, error bars were 

only showed in Figure 4.5a and b. The inhibition by the phosphate was greater in the 

solutions containing higher phosphate concentration. The competition of the phosphate 

was, however, not uniform, depending on pH and MSMA-As (V) concentrations. For the 

case with a low MSMA-As(V) concentration (Figure 4.5a), the adsorbed MSMA-As (V) 

ranged from 6 to 20 µg/kg. Compared with no phosphate case (Figure 4.4a), the most 

inhibition was at lower pH (pH 4-5), reflecting a strong adsorption of phosphate in the pH 



 

29 

 

range (Figure 4.4b). At higher pH (i.e., pH 9), however, the inhibition significantly 

decreased. Increasing phosphate concentration only slightly decreased the MSMA-As (V) 

adsorption. 

 

Figure 4.5a   MSMA-As adsorption in presence of 0 to 5 mg/L phosphate-P onto the Fe 

soil (total MSMA-As = 0.05 mg/L)  
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effect was weakened. The weakening of the phosphate inhibition with increasing MSMA-

As (V) concentration reflected the increasing competition of MSMA-As (V).  

 

Figure 4.5b MSMA-As adsorption in presence of 0 to 5 mg/L phosphate-P onto the Fe 

soil (total MSMA-As = 0.5 mg/L)  
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Figure 4.5c MSMA-As adsorption in presence of 0 to 5 mg/L phosphate-P onto the Fe 

soil (total MSMA-As = 5 mg/L) 
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Chapter 5 Conclusions and Further Research 

5.1 Conclusions 

Organic As sorption to a field soil was studied using MSMA-As (V) as an 

example. Various minerals existed in the soil that can potentially affect As adsorption. 

The results from this study conclude that the iron oxides are responsible for the MSMA-

As (V) adsorption. MSMA-As (V) adsorbed to the iron oxides as surface complexed 

species with its sorption affinity and extent affected complexly by amphoteric surface 

charge, competitive anionic species such as phosphate in aqueous solution, and 

potentially MSMA-As (V) aqueous speciation. Overall, this study found that adsorption 

can be an important process in controlling the mobility of MSMA-As (V) and potentially 

other organic As (V) species in soil.  

5.2 Future research 

 From the knowledge and insight gained from this study and discussions during the 

research, future research projects are recommended for further improving the 

understanding about the fate and transport of MSMA or other organic arsenic compounds.  

The results in this thesis revealed that iron is a key factor of MSMA sorption 

process. However, the research didn’t identify the actual amount, oxidation state and 

Fe/O ration of the iron compounds of the soil. A total iron content analysis after complete 

digestion of the soil samples is needed. In addition, adsorption kinetic studies can be 

conducted to define the MSMA sorption characteristics. Desorption studies are also 

recommended to further confirm the effect of iron and phosphate during MSMA sorption 

and can also demonstrate the sorption mechanisms. The buffers in the thesis were 
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selected without preliminary experiments and had apparent interference during MSMA 

sorption. In further studies, some other buffers can be chosen to remove or diminish the 

interference. An alternative is to use no buffers for the pH control. It is possible to 

conduct preliminary tests to determine the likely amounts of mineral acid or base to reach 

a desirable pH in the adsorption measurements, and record the final pH at the end of 

experiments (e.g., after 24 hours of mixing) as the equilibrium pH. A sorption model is 

essential to demonstrate the sorption characteristics and mechanisms. Therefore, a 

comprehensive and fundamental sorption model based on the surface complexation could 

be established in order to better understand the sorption mechanisms and model the 

adsorption behaviors of MSMA under other conditions.   
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