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Sammanfattning 

Alltför höga halter av arsenik (As) i vatten är ett världsomspännande problem som orsakar 

hälsoproblem för miljontals människor. Det finns två huvudsakliga oorganiska former av As i 

vatten: arsenat(V) och arsenit(III), och adsorption till ett material (s.k. ”sorbent”) kan vara en 

effektiv metod för att avlägsna dem från vatten. I denna studie fokuserade vi på arsenit(III), den 

mer giftiga formen, vilken dominerar under reducerande förhållanden. Vi undersökte 

adsorptionsegenskaperna för arsenit(III) för fyra sorbentmaterial som kan vara tänkbara när det 

gäller arsenikrening av förorenade vatten: hydrotalkit, s.k. Mg-Al LDH (Mg-Al-skiktad 

dubbelhydroxid), am-Al(OH)3 (amorf aluminiumhydroxid), och am-TiO2 (amorf titandioxid). Dessa 

material undersöktes när det gäller följande: adsorption av arsenit(III) som funktion av pH, 

betydelsen av sorbentkoncentration, adsorption som funktion av löst arsenit(III) (”isoterm”), och 

konkurrens från samexisterande anjoner (HCO3⁻ och PO₄³⁻). 

 

Den maximala adsorptionen av As (III) till HT (0,1 mmol As(III)/g sorbent), Mg-Al LDH (0,1 mmol 

As(III)/g sorbent), am-Al(OH)3 (0,22 mmol As(III)/g sorbent) och am-TiO2(0,21 mmol As(III)/g 

sorbent) inträffade vid pH 7,5, 7, 7, respektive 8. Vid dessa pH-värden adsorberades ungefär 20%, 

62%, 35% respektive 98,3% tillsatt As(III). När kvoten mellan As(III) till sorbent ökades blev 

adsorptionen istället cirka 7% till am-Al(OH)3 (2,2 mmol As(III)/g sorbent) och 46,3% till am-Ti02 

(2,1mmol As(III)/g sorbent). Dock var adsorptionsmängden per viktsenhetsorbenthögre över hela 

pH-området. Dessa siffror visar att am-TiO2 är det mest effektiva av de fyra testade materialen för 

As(III)-adsorption, Mg-Al LDH det näst bästa, medan HT och am-Al(OH)3 är olämpliga för detta 

ändamål. 

 

Adsorptionen av As(III) till Mg-Al LDH som funktion av löst As(III) kunde beskrivas väl med en 

linjär ekvation, vilket antyder att adsorptionen av As(III) till Mg-Al LDH styrdes av anjonbyte. I 

konsekvens med detta hade de samexisterande anjonerna (HCO3
- och PO4

3-) ett betydande 

inflytande på As(III)-adsorptionen till Mg-Al LDH. 

 

För am-TiO2 påverkade HCO3⁻ inte As(III)-adsorptionen, medan PO4
3- orsakade en liten men tydlig 

konkurrenseffekt. Sammantaget är am-TiO2det bästa valet av dessa fyra material i kontakt med As-

kontaminerat grundvatten på grund av dess betydligt bättre förmåga att avskilja arsenit(III) och den 

förhållandevis blygsamma konkurrensen från andra anjoner. 
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Abstract  

Arsenic (As) contamination is a worldwide problem, and millions of people are suffering from it. 

There are two major inorganic forms of As in waters: arsenate(V) and arsenite(III), and adsorption 

to a sorbent material may be an efficient method to handle them. In this study, we focused on 

As(III), the more toxic form, which predominates under reducing conditions. The As(III) removal 

properties of four sorbent materials: hydrotalcite, Mg−Al layered double hydroxide, amorphous 

aluminium hydroxide and amorphous titanium oxide, are examined from the following viewpoints: 

As(III) adsorption, the effects of pH, the effects of adsorbent concentration, adsorption as a function 

of dissolved As(III), and the effect of co-existing anions (HCO3⁻ and PO₄³⁻).  

 

The maximum adsorption of As(III) to HT (0.1 mmol As(III)/g adsorbent), Mg-Al LDH (0.1 mmol 

As(III)/g adsorbent), am-Al(OH)3 (0.22 mmol As(III)/g adsorbent), and am-TiO2 (0.21 mmol 

As(III)/g adsorbent) occurred at pH 7.5, 7, 7, 8, respectively. At this pH, approximately 20%, 62%, 

35%, and 98.3%, respectively, of the added As(III) was adsorbed. When the As(III) to sorbent ratio 

was increased, the adsorption was instead around 7% to am-Al(OH)3 (2.2 mmol As(III)/g 

adsorbent), and 46.3% to am-TiO2 (2.1 mmol As(III)/g adsorbent). These figures show that am-TiO2 

is the most efficient sorbent for As(III) adsorption of the four materials tested, Mg-Al LDH is second 

best, while HT and am-Al(OH)3 are not suitable for As(III) removal.  

 

The adsorption of As(III) to Mg-Al LDH as a function of dissolved As(III) could be adequately 

described by a linear equation, suggesting that As(III) adsorption to Mg-Al LDH was governed by 

anion exchange. As a result, the co-existing anions (HCO3
- and PO4

3-) showed a significant influence 

on As(III) adsorption to Mg-Al LDH. 

 

Considering the interfering effects of co-existing anions on am-TiO2, HCO3⁻ did not influence 

As(III) adsorption, while PO4
3- caused a slight but clear competition effect. Overall, am-TiO2 would 

be the best choice of these four materials in contact with As-contaminated groundwater due to its 

superior As(III) removal properties and the limited competition from co-existing anions on As(III) 

adsorption.  

 

Keywords  

Arsenic contamination; adsorption; hydrotalcite; Mg−Al layered double hydroxide; amorphous 

aluminium hydroxide; amorphous titanium oxide; adsorption isotherm; co-existing anions. 
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1 Introduction 

1.1 Background 

Arsenic (As), known as an environmental hazard, is widely distributed throughout the Earth’s crust, 

land, rock and soil. Arsenic can be also found in water bodies, both in surface water and 

groundwater, due to the release of arsenic compounds from minerals (Rivas and Aguirre, 2007). It 

is a toxic substance to most living organisms and can cause a range of diseases to human beings. 

According to WHO (World Health Organization, 2018a), arsenic ingestion can lead to vomiting, 

abdominal pain and diarrhea as acute effects. Moreover, skin lesions (even skin cancer) can result 

after long-term exposure to arsenic. According to IARC (International Agency for Research on 

Cancer, 2004), arsenic is a carcinogenic element that can probably result in bladder cancer, skin 

cancer and lung cancer. More than 140 million people in 50 countries (World Health Organization, 

2018a) are at risk from drinking arsenic-contaminated water. For example, more than 19.6 million 

Chinese are at risk due to the consumption of arsenic-contaminated groundwater, mainly in north 

and central China (Rodriguez-Lado et al., 2013). In Bangladesh, where more than 93% of the 

districts have a problem of excessive As in groundwater, a large amount of residents living in rural 

areas suffer from drinking arsenic-contaminated groundwater (Bhattacharya et al., 2009). 

 

Though the arsenic problem is not nationwide in Sweden, it is reported that excessive arsenic levels 

are encountered in some areas, especially in the county of Västerbotten, in certain areas in the 

Bergslagen district and in East-Central Sweden (Karolinska Institutet, 2018). This is mainly related 

to the release of arsenic from naturally occurring sulphide ores (Gustafsson et al., 2007), from wood 

impregnation (Forslund et al., 2010), mining and metal industry (e.g. smelters) (Lindau, 1977). 

Moreover, according to Sweden’s 16 environmental quality objectives, ‘A non-toxic environment’ 

and ‘Good-Quality Groundwater’, two of them may require measures to bring down arsenic levels 

(Naturvårdsverket, 2018a). Thus, numerous efforts, including substantial financial support 

(Forslund et al., 2010), have been made to reduce environmentally hazardous substances, which 

tends to pose a threat to human health or biological diversity. 

 

1.2 Regulations and Guidelines 

With the increasing concerns on arsenic problems, a set of regulations and guidelines on global, 

national, and regional level have been set up. According to the observations on skin cancer risk to 

those people who exposure to different concentration levels of arsenic-contaminated drinking-

water, the guideline value for arsenic in drinking water was established, 0.01 mg/L (World Health 

Organization, 2018b). 

 

Most European countries use the WHO guideline value, 0.01 mg/L, as their national standard. The 

United States and China also changed to this guideline value in recent years from 0.05mg/L (World 

Health Organization, 2018b). However, due to geographical, social and economic reasons, the 

guideline value for arsenic in drinking water in some developing countries, such as Bangladesh and 

India, remains 0.05mg/L (India Water, 2018).  

 

In Sweden, guideline values are defined for contaminated areas (Naturvårdsverket, 2018c). To set 

such values, the relation between exposure targets and the pathway of the contaminants need to be 

taken into account, for example, the exposure caused by direct contact with the contaminants poses 

a more significant impact on people, compared with the exposure to an indirect contact. According 

to the Swedish Environmental Protection Agency (Naturvårdsverket, 2018c), there are two 

scenarios with different generic guideline values, depending on land use. The two scenarios are 

“sensitive land use” (KM) and “less sensitive land use” (MKM) (Table 1). Residential areas normally 
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belong to the “sensitive land use” (KM) scenario, while for industrial areas the “less sensitive land 

use” (MKM) scenario is more relevant. According to these two scenarios, generic guideline values 

for arsenic are calculated from different exposures as shown in Table 2. 

 

Table 1: Classification of land use scenarios for contaminated sites (Naturvårdsverket, 2018c)  

Objects Sensitive land use 

(KM) 

Less sensitive land use 

(MKM) 

Exposure time of 

people staying in the 

area 

Full time Part time 

Land environment in 

the area 

Protection of the soil’s 

ecological function 

Limited protection of 

the soil’s ecological 

function 

Surface Water Protection of the 

surface water 

Protection of the 

surface water 

Groundwater Groundwater within 

and adjacent to the 

area 

Groundwater in 

distance ≥200m 

downstream 

 

Table 2: Derivation of generic guideline values for arsenic (mg/kg dry weight) for two land-use scenarios 

(Naturvårdsverket, 2018b) 

Type of value Sensitive land use 

(KM) 

Less sensitive land use 

(MKM) 

Human health-based 

guideline 

0.39 25 

Protection of soil 

environment 

20 40 

Protection of 

groundwater 

22 70 

Protection of surface 

water 

360 360 

Integrated (lowest) 

value of the above 

0.39 25 

Background value 10 10 

Final guideline 

value 

10 25 

 

However, if assessments are based on the general guideline values only, the contaminated sites 

would tend to be “over-protected” in most cases and to be “under-protected” in a few other cases. 

Thus, site-specific assessment is needed, considering local background values, bioavailability, 

leachability and uptake in plants (Naturvårdsverket, 2018b). 
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1.3 Characteristics 

Arsenic is a metalloid chemical element with an atomic number of 33, and the average atomic 

weight of arsenic is 74.92. Arsenic is a monoisotopic element, i.e. it has only one stable isotope, 75As. 

The natural abundance in the Earth’s crust is between 1.5 and 2 mg/kg and is 47th in abundance of 

the 88 naturally-occurring elements. However, the arsenic concentration is elevated in areas with 

plentiful volcanic rocks or sulfidic ores (up to up to 1500 mg/kg in brown coal), but it has a lower 

concentration in uncontaminated terrestrial organisms (0.5 g/kg dry mass), even lower in marine 

organisms (Frankenberger, 2002). Arsenic is found in the nitrogen group, group 15 between 

phosphorus and antimony in the periodic table. There are three common arsenic allotropes, gray, 

yellow and black, respectively. Gray arsenic is the most common form, with a melting point of 817°C 

(28 atm) and a sublimation point at 613°C (Oxtoby et al., 2012). 

 

Table 3: The basic characteristics of As 

Name Arsenic (As) 

Atomic number 33 

Average atomic weight 74.92 

Melting point 817°C 

Sublimation point 613°C 

Valence state -3, -1, 0, +3, +5. 

 

Arsenic can be said to exist in four common forms: gaseous, aqueous, solid (mineral), and organic 

forms (Santini and Ward, 2012). The naturally occurring oxidation states are As(–III), As(–I), 

As(0), As(III) and As(V). The two major forms of arsenic in waters are the oxyanions arsenate (V) 

and arsenite (III) (Table 4). The speciation of arsenic is mainly controlled by redox potential (Eh), 

pH, temperature and by the presence of other chemical constituents (Santini and Ward, 2012).  

 

Table 4: The common chemical forms of arsenic. (Santini and Ward, 2012) 

Oxidation state of As Aqueous forms 
As(III) 
(Figure 1) 

Arsenite [AsO3
3-] 

Monohydrogen arsenite [HAsO3
2-] 

Dihydrogen arsenite [H2AsO3
-] 

Arsenous acid [H3AsO3] 
As(V) 
(Figure 2) 

Arsenate [AsO4
3-]  

Monohydrogen arsenate [HAsO4
2−] 

Dihydrogen arsenate [H2AsO4
−] 

Arsenic acid [H3AsO4] 

 

The pH dependence for the speciation of arsenite [As(III)]  and arsenate [As(V)]in water are 

presented in Figure 1 and Figure 2, repectively.  
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Figure 1: The pH dependence for the speciation of arsenite [As(III)] in water; Conditions:1 µmol/L As(III), 

background electrolyte 0.01 M NaNO3, T = 25℃. 

 

 

Figure 2: The pH dependence for the speciation of arsenate [As(V)] in water; Conditions:1 µmol/L As(V),  

background electrolyte 0.01 M NaNO3, T = 25℃. 

 

As(V) is stable under aerobic conditions, whereas As(III) is stable in reducing conditions. According 

to Gustafsson et al. (2007), arsenate is adsorbed strongly to Fe oxides over a wide range of pH 

values. However, arsenite is bound more weakly. Thus, under reducing conditions, when As(III) is 

the stable redox form, the risk of arsenic leaching from soils to groundwater can be high.  
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1.4 Aims of the study 

The overall aim of the study was to investigate the arsenite(III) removal properties of different 

sorbent materials and to examine if any of them could be used to remedy arsenic(III)-containing 

groundwater. Based on knowledge arising from previous studies, and on new laboratory data, 

quantitative information on the arsenite(III) removal to the different materials could be obtained. 

More specifically: 

 

 Four sorbent materials are studied: hydrotalcite(HT), Mg−Al layered double hydroxide (Mg-Al 

LDH), amorphous aluminium hydroxide (am- Al(OH)3) and amorphous titanium oxide (am-

TiO2). 

 The pH dependence of the uptake properties of the four materials was studied. As a result, the 

effective pH range of As(III) removal of each material could be identified. 

 The As(III) removal properties of the four sorbent materials were compared with each other.  

 The adsorption isotherm of Mg-Al LDH was determined. 

 The influence of the adsorbent concentration on the As(III) removal property was studied. 

 The As(III) removal property of sorbent materials in the presence of phosphate (PO₄³⁻) or 

bicarbonate (HCO₃-) were studied. 

 

2 Literature review 

According to previous research, there are many methods for the arsenic removal, including 

coagulation (Wickramasinghe et al., 2004), precipitation (Viñals et al., 2010), membrane filtration 

(Fogarassy et al., 2007), ion exchange (Zhang et al., 2008) and adsorption (Jing et al., 2005). 

Among these methods, adsorption is the most popular one. It is easy to control, efficient and 

environmentally friendly. The materials used to adsorb arsenic are usually strongly basic anion 

(SBA) exchange resins, macroporous polymers, metal-loaded chelating resins and metal-loaded ion-

exchange resins (Dambies, 2004). Examples include activated alumina (AAI) (Sen and Pal, 2009), 

zirconium-loaded activated carbon (Zr-AC) (Daus et al., 2004), zero-valent iron (Fe0) (Daus et al., 

2004), MnO2-loaded resin (Lenoble et al., 2004) and so on. 

 

Under reducing conditions, As(III) is usually the predominant arsenic species. As(III) is more 

difficult to handle than As(V) due to its higher mobility and solubility. (Gustafsson et al., 2007). 

Most adsorbents are able to remove As(V) efficiently, but are inefficient for As(III). Thus, As(III) 

oxidation into As(V) is usually carried out prior to adsorption. However, if the adsorbent is able to 

treat As(III) directly, the process of treatment would be easier to control and the total cost, 

including energy and capital cost, would be lower. As a result, there is a need to find adsorbents that 

can treat As(III) efficiently.  

 

2.1 Theoretical background of adsorption 

Worch (2012) defined adsorption as ‘an enrichment of chemical species from a fluid phase on the 

surface of a liquid or a solid’. The basic adsorption theory is shown in Figure 3. Adsorption usually 

takes place at the interface between two phases. Taking Figure 3 as an example, the solid phase 

containing the ‘adsorbent’ provides the surface plane where adsorption occurs. Constituents in the 

liquid phase that can be adsorbed on the surface of the adsorbent are referred to as ‘adsorbates’. The 

force of adsorption is normal to the surface plane (Faust and Aly, 1987). 
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Liquid phase                                                                                                                       Adsorbate      

                                              adsorption        

Surface 

Solid phase                                                                                                                                Adsorbent 

Figure 3: The basic adsorption theory 

 

According to Worch (2012), the adsorption process can be expressed as the adsorbate uptake by the 

adsorbent surface:  

 

𝛤 =
𝑛𝑎

𝐴
  (1) 

 

Γ (in mol/m2) : surface concentration 

na (mol): adsorbed amount 

A (m2): adsorbent surface area 

 

In practice, the adsorbent mass is easier to calculate than the adsorbent surface area, thus, q, the 

adsorbed amount per mass adsorbent, is used:  

 

𝑞 =
𝑛𝑎

𝑚𝐴
  (2) 

 

q (in mol/kg): mass-related adsorbed amount 

mA (kg): adsorbent mass 

 

Practice-oriented adsorption theory includes three main elements: the adsorption equilibrium, the 

adsorption kinetics, and the adsorption dynamics (Worch, 2012). The basic relationship as well as 

parameters and dependences are illustrated in Figure 4.  

 

Figure 4: The main elements of the adsorption theory 
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The adsorption equilibrium is the foundation of the adsorption theory. It describes the dependence 

of the adsorbed amount on the adsorbate concentration and the temperature (Worch, 2012): 

 

q = f(c,T)  (3) 

 

c: adsorbate concentration 

T: temperature 

 

To simplify this model, temperature is considered to be constant. Thus, the equation can be 

expressed as (Worch, 2012)： 

 

q = f(c)  (4) 

 

c: adsorbate concentration 

 

The adsorption kinetics illustrates the time dependence of the adsorption process (Worch, 2012): 

 

q = f(t), c = f(t)  (5) 

 

t: loading time 

c: liquid-phase concentration 

 

The adsorption dynamics (column dynamics) shows the time and space dependence of the 

adsorption process (Worch, 2012): 

 

q = f(t,z), c = f(t,z)  (6)                    

 

t: time 

z: space 

 

The relationship among adsorption equilibrium, adsorption kinetics and adsorption dynamics is 

closed. The adsorption equilibrium model is the foundation of adsorption kinetics and adsorption 

dynamics models. Moreover, both adsorption equilibrium and adsorption kinetics are important to 

predict adsorption dynamics (Worch, 2012). 

 

2.2 Adsorption isotherm models 

The efficiency of an adsorbent is evaluated by how much target adsorbate can be attracted and 

retained. The adsorption isotherm is an equation relating the amount of solute adsorbed on the 

adsorbent in the solid phase to the equilibrium concentration of the solute in the liquid phase at a 

given pH and temperature. The equation can be expressed as (Dambies, 2004): 

 

𝑞𝑒 =
𝑉(𝐶0−𝐶𝑒)

𝑚
    (7) 

 

𝑞𝑒(mg adsorbate/g adsorbent): uptake capacity 

𝑉(L): volume of the solution 

𝐶0(mg/L): initial concentration of the solute  
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𝐶𝑒(mg/L): equilibrium concentration of the solute 

𝑚(g): mass of dry adsorbent 

 

The equilibrium distribution can be predicted by isotherm models. The most popular models are 

reported in Table 5 as well as their equations and curves. 

 

Table 5: The adsorption isotherm models 

Isotherm models Equations Curves 

Linear isotherm 

 

𝑞𝑒 = 𝐾𝑙𝑖𝑛𝑒 × 𝐶𝑒 (8) 

𝑞𝑒(mg/g): uptake 

capacity 

𝐶𝑒(mg/L): equilibrium 

concentration of the 

solute remaining in 

solution 
 

Langmuir isotherm 

 
𝑞𝑒 = 𝑄𝑀 ×

𝐾𝐿 × 𝐶𝑒
1 + 𝐾𝐿 × 𝐶𝑒

 

(9) 

𝑄𝑀(mg/g): maximum 

uptake capacity 

𝐾𝐿(L/mg): binding 

constant  

Freundlich isotherm 

 

𝑞𝑒 = 𝐾𝐹 × 𝐶𝑒
𝑛 (10) 

𝐾𝐹(mg/g): adsorption 

capacity 

𝑛: non-ideality 

parameter, usually 

n<1. 

 

 

2.3 Materials 

2.3.1 Hydrotalcite (HT) 

Hydrotalcite is a naturally occurring mineral discovered in Sweden around 1842 (Costantino et al., 

2011). It is a magnesium–aluminum hydroxycarbonate and the formula is Mg6Al2(CO3)(OH)16 · 

4H2O. (Wypych, 2011) It is a layered double hydroxide (LDH) material with positively charged 

hydroxide layers and mobile carbonate anions and water molecules located in the interlayer region 

(Gillman, 2006). The basic structure of hydrotalcite is shown in Figure 5. There are two hydroxide 
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layers consisting of magnesium and aluminium hydroxides and the interlayer space is compensated 

by carbonate anions and water molecules. This structure gives hydrotalcite a high anion-exchange 

capacity. Thus, it can be applied as an adsorbent with low cost (Pérez Campos et al., 2015). It can be 

used as an adsorbent to remove Cl- and NO3
- from water (Kiso et al., 2005) Considering the 

chemical properties of arsenite, As(III) can probably be removed by hydrotalcite.  

 

Figure 5: The basic structure of HT and Mg-Al LDH, redrawn from Cantrell et al. (2005) 

 

2.3.2 Mg−Al layered double hydroxide (Mg-Al LDH) 

Basically, layered double hydroxides (LDHs) are a group of inorganic compounds with the general 

formula: [M1−X
II MX

III(OH)2]
X+
Ax/n
n− ∙ mH2O. In this formula, MII and MIII are divalent and trivalent 

cations respectively and An− represents the anions in the interlayer. Mg−Al layered double 

hydroxides (Mg-Al LDHs) are typically LDHs with Mg2+ and Al3+ in the structure. A proportion of 

Mg2+in the structure is replaced by Al3+, thus, Mg-Al LDHs have structural positive charge. The 

anions in the interlayer can be CO3
2− (Cantrell et al., 2005), NO3

−(Liu et al., 2019), Cl− (Reza et al., 

2017) and other anions. Hydrotalcite is one type of Mg-Al LDHs with CO3
2− in the interlayer, the 

structure of Mg-Al LDHs is also shown in Figure 5. Mg-Al LDHs have a high anion-exchange 

capacity and can store different anions in the interlayer. According to Liu et al. (2019), Mg-Al LDHs 

provide high phosphate (PO4
3−) removal capacity. Considering the similar chemical properties 

between phosphate and arsenate, As(V) (Gustafsson et al., 2007), it is probable that Mg-Al LDHs 

are probably effective adsorbents for As(V). Here it was hypothesized that Mg-Al LDHs may also 

efficient to remove As(III). 

 

2.3.3 Amorphous aluminium hydroxide (am-Al(OH)3) 

Aluminium hydroxide (Al(OH)3) is an inorganic compound. There are three polymorphs (gibbsite, 

bayerite, nordstrandite) of the composition aluminium hydroxide (Al(OH)3), which differ in 

structure (Hsu, 1989). Al(OH)3 is amphoteric in nature, which means it has both basic and acidic 
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properties. In aqueous solution, Al3+ can be hydrolyzed to form a series of different soluble 

complexes (Figure 6) (Gustafsson et al., 2007). The hydrolysis reactions are listed below:  

 

Al3+(aq) + H2O = AlOH2+(aq) + H+(aq) 

Al3+(aq) + 2H2O = Al(OH)2
+(aq) + 2H+(aq) 

Al3+(aq) + 3H2O = Al(OH)3
0(aq) + 3H+(aq) 

Al3+(aq) + 4H2O = Al(OH)4
−(aq) + 4H+(aq) 

 

 

Figure 6: The five Al species in the solution, redrawn from Huang et al.(2002) 

 

For a given temperature, the species of Al in the solution are mainly determined by the pH value 

(Figure 7). 

 

 

Figure 7: The distribution of different Al species as a function of pH, redrawn from Huang et al.(2002) 

 

Amorphous Al(OH)3 has been reported to be a good adsorbent. It can be used to adsorb not only 

metal cations but organic and inorganic anions (Wang et al., 2012; Schneider et al., 2010; De 

Vicente et al., 2008). Oxyanions such as PO4
3− (Hsu, 1976), SiO4

2− (Hsu, 1979), SO4
2− (Navratil et 

al, 2009) are strongly sorbed to am-Al(OH)3. According to Hsu (1975), Hsu (1989) and Huang et al. 

(2002), PO4
3− can replace –OH on the surface sites and form a surface complex with Al. As(V) can 
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also be sorbed by am-Al(OH)3 because of the similar chemical properties with PO4
3−. (Huang, 1975). 

Considering the chemical properties of As(III), As(III) can probably also be sorbed to am-Al(OH)3 

and form an inner-sphere complex with the under-coordinated Al atoms. The oxyanion sorption to 

am-Al(OH)3 is affected by pH, crystallinity, specific surface and by other adsorbed compounds 

(Huang, 1975). For example, the sorption of SO4
2−and PO4

3− to am-Al(OH)3 is strongly dependent 

on pH (Navratil et al, 2009; Wang et al, 2019). 

 

2.3.4 Amorphous titanium oxide (am-TiO2) 

Titanium dioxide, also known as titanium (IV) oxide, is an inorganic compound with chemical 

formula TiO2. It is usually obtained from ilmenite, rutile, anatase and leucoxene. (Khataee and 

Mansoori, 2011) It has a wide variety of applications, including pigment, UV adsorbent, water 

treatment agent (Sun et al, 2013; Hu et al, 2015). Many investigations on TiO2 have shown that TiO2 

is an efficient in oxidizing As(III) to As(V), which is less toxic, less mobile and easier to treat than 

As(III) (Ryu and Choi, 2004; Monllor-Satoca et al, 2012; Wei et al, 2011). However, according to 

Jegadeesan et al (2010) and Yan et al (2016), amorphous TiO2 can be used as a sorbent in a non-

photocatalytic process due to its small particle size, disordered surface structure and high specific 

surface area. Guan et al. (2012) noticed that am-TiO2 and As(III) can form a complex in the pH 

range of 6.5 to 8.5 (Figure 8). 

 

 

Figure 8: The complex formed between As(III) and TiO2, redrawn from Guan et al. (2012). 

 

3 Material preparation and Methods 

3.1 Material preparation 

3.1.1 Hydrotalcite (HT) 

Mg6Al2(CO3)(OH)16 · 4H2O (HT), was purchased from Kisuma Chemicals, Japan. The particle size of 

this material was 66 µm according to Sörengård et al. (2019), who used this material to study its 

PFAS sorption properties. 

 

3.1.2 Mg−Al layered double hydroxide (Mg-Al LDH)  

Mg−Al-layered double hydroxide (Mg-Al LDH) was kindly provided by Maarten Everaert at KU 

Leuven. This material had been prepared for the experiments detailed by Everaert et al. (2016). 

Briefly, 3 M solutions of Mg(NO3)2 and Al(NO3)3 were mixed and titrated to pH 12 with 0.01 M 

NaOH. After 30 min. of ripening, the Mg-Al LDH precipitates were recovered by centrifugation and 

washing with deionized water. 
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3.1.3 Amorphous aluminium hydroxide (am-Al(OH)3) 

Amorphous Al(OH)3 was prepared using the method of Larsson et al. (2015), as follows: A stock 

solution of 36 mM Al(NO3)3•9H2O was prepared. This solution was titrated to pH 7.0 using 

dropwise additions of 1 M NaOH. The resulting Al(OH)3suspension was left to settle for 16 h. The 

suspension was then back-titrated to 5.0 and was homogenized by vigorous stirring for at least 30 

min. 

 

3.1.4 Amorphous titanium oxide (am-TiO2) 

Amorphous TiO2 was produced from the hydrolysis of TiCl4, following the method of Poznyak et al. 

(1998). 15 mL TiCl4 cooled to -20℃ was added dropwise to 53 mL of 0.65 M HCl in an ice water 

bath. The resulting TiOCl2 solution was titrated with 12 % NH4OH at 0℃ until a pH of 5 was 

reached, to precipitate amorphous TiO2. The precipitate was washed several times with deionized 

water to bring down the NH4Cl salt concentration. 

 

3.2 Methods 

Throughout the experiments, stock solutions of 1.5 mmol/L As(III) was prepared by dissolving 

sodium arsenite (NaAsO2) in deionized (DI) water. To assess the uptake of arsenic(III) to the four 

adsorbents as a function of pH, acid (as HNO3) or base (as NaOH) were added to produce a range of 

pH values. In addition, a constant background electrolyte of 0.01 M NaNO3 was also present. The 

adsorbents and the desired solutions were added to centrifuge tubes (see details in Appendix). 

Before the start of the experiment, the suspensions were degassed with N2(g) to remove any O2 

present. Immediately after that, the tubes were tightly sealed and put in a water bath while shaking 

them on a horizontal shaker, to eliminate the risk for oxygen diffusion into the bottles. After 

equilibration for 24 h, the suspensions were centrifuged at 3000 rpm for 20 minutes, and then most 

of them were filtered with 0.2 µm Supor Acrodisc filters. An aliquot of the unfiltered supernatant 

was subject to pH measurement using a Radiometer combination electrode.  

The dissolved As concentration after adsorption was determined with ICP-OES using a Thermo 

Scientific Icap 6000 instrument at KTH. For selected samples, arsenic speciation was performed 

with disposable cartridges (MetalSoft Center, USA), following the procedure of Meng et al. (2001). 

This showed that all dissolved As was in the form of As(III), thus confirming that the added As(III) 

did not oxidize during the experiment. 

 

The batch adsorption tests can be divided into four different groups, each of which corresponds to 

an objective: 

⚫ pH-dependence study. Here the As(III) uptake of the four adsorbents was studied under 

different pH conditions. To 0.03 L of solution, we added 0.5 g/L suspension of HT, 0.5 g/L 

suspension of Mg−Al LDH, 3 mmol/L am- Al(OH)3 or 3 mmol/L am-TiO2 to the bottles, then 

added deionized water, sodium nitrate (NaNO3) solution, HNO3 for acidification or NaOH for 

alkalization. Finally, we added 0.05 mmol/L As(III).  

⚫ Effect of adsorbent concentration. Here the influence of adsorbent concentration on the 

As(III) removal was studied. The basic procedure is similar to the one in the pH-dependence 

study, but we added 0.3 mmol/L am-Al(OH)3 or 0.3 mmol/L am-TiO2 instead of 3 mmol/L am-

Al(OH)3 or 3 mmol/L am-TiO2. 

⚫ Adsorption isotherm of Mg−Al LDH. The basic procedure is similar to the pH-

dependence study, but we added 0.01, 0.025, 0.1, 0.25 mmol/L As(III) instead of 0.05 mmol/L 

As(III) and adjusted the pH of the solutions to 9 (±0.2) for one series and 9.6 (±0.2) for 
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another.  

⚫ Effect of competition. Here the influence of the co-existing anions (PO₄³⁻, HCO₃-) on the 

As(III) adsorption of Mg−Al LDH and am-TiO2 was studied. The basic procedure is similar to 

the pH-dependence study, but we added 0.12, 0.3, 0.6, 1.5 mmol/L sodium dihydrogen 

phosphate (NaH2PO₄) to one part of series and 0.4, 1, 2, 5 mmol/L sodium bicarbonate 

(NaHCO3) to another part of series. 

 

4 Results and discussion 

4.1 As(III) adsorption as a function of pH 

The amounts of As(III) that were adsorbed on the four materials are summarized in Figure 9 - 13. 

The adsorption amounts (qe) are plotted against the pH value.  

 

Figure 9 shows that As(III) was not adsorbed efficiently onto hydrotalcite under alkaline conditions. 

The maximum adsorption was observed at a pH of 7.5, where only about 20% of the added As(III) 

was adsorbed. This figure decreased slightly when the pH was increased to approximately 9.5.  

 

 

Figure 9: Effect of pH on As(III) adsorption to HT. 

 

In the experiments, the pH value could not be adjusted to 7 or lower because hydrotalcite is a so-

called “acid killer” (Kumaret al., 2007; Miedereret al., 2003). The acid-scavenging mechanism of 

hydrotalcite is shown in Figure 10. Although a large amount of HNO3 was added to lower the pH, 

only a slight decrease of pH was observed. 
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Figure 10: The acid-scavenging mechanism of hydrotalcite, redrawn from Kumar et al. (2007) 

 

Figure 11 shows that the As(III) adsorption on Mg-Al LDH was stronger than on HT. The maximum 

adsorption was observed at a pH of 7, where about 62% of the added As(III) was adsorbed, and the 

adsorption decreased when the pH was increased to approximately 11. Because the structure of Mg-

Al LDH is similar to that of HT, the acid-scavenging mechanism also makes pH adjustment to low 

values hard. 

 

 

Figure 11: Effect of pH on As(III) adsorption to Mg-Al LDH.  

 

Figure 12 shows that the As(III) adsorption on am-Al(OH)3 is significantly affected by both the pH 

value and by the adsorbent concentration. The maximum adsorption was observed at 0.233 g/L am-

Al(OH)3 (low As(III) to sorbent ratio group) under neutral pH conditions, where the amount of 

adsorbed As(III) is approximately 5 mg As/g, and the adsorption amounts decreased significantly in 

acidic and alkaline regions. 

 

When the sorbent concentration was reduced to 0.0233 g/L (high As(III) to sorbent ratio group), 

the result is shown in Figure 12-b. For this series the maximum amount of adsorbed As(III) was 

approximately 10 mg As/g at a pH of 8. The adsorption amount per unit adsorbent in Figure 12-b 

was higher than Figure 12-a over the whole pH range, because for a certain amount of As(III), the 

high As(III) to sorbent ratio group had a higher specific surface area than the low As(III) to sorbent 
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ratio group. However, the maximum adsorption observed for the high As(III) to sorbent ratio group 

was about 7% of the added As(III), which was much lower than for the low As(III) to sorbent ratio 

group (35%). 

 

 

a. 

 

 

b. 

Figure 12: Effects of pH on As(III) adsorption to am- Al(OH)3. a. The concentration of am-Al(OH)3 was 0.233 g/L; b. 

The concentration of am-Al(OH)3 was 0.0233 g/L. 

 

Figure 13 shows that am-TiO2 was an efficient adsorbent for As(III). To the low As(III) to sorbent 

ratio group (0.24 g/L am-TiO2), the maximum adsorption was observed at a pH of 8, where the 

amount of adsorbed As(III) was approximately 15.5 mg As/g. The adsorption decreased slightly in 

acidic regions, and was significantly reduced in alkaline regions.  

 

When the sorbent concentration of am-TiO2 was reduced to 0.024 g/L (high As(III) to sorbent ratio 

group), the result is shown in Figure 13-b. The amount of adsorbed As(III) in the high As(III) to 

sorbent ratio group (0.024 g/L am-TiO2) had a similar pH-dependent variation as for the low 

As(III) to sorbent ratio group (0.24 g/L am-TiO2) over the whole pH range, which decreased slightly 
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in acidic regions and was significantly reduced in alkaline regions. The maximum amount of 

adsorbed As(III) was approximately 72.6 mgAs/g at a pH of 8. This was the highest recorded 

amount of adsorbed As(III) for all adsorbents tested. The adsorption amount per unit adsorbent in 

the high As(III) to sorbent ratio group was much higher than for the low As(III) to sorbent ratio 

group over the whole pH range. However, the maximum adsorption amount observed in the high 

As(III) to sorbent ratio group was about 46.3% of the added As(III), which was much lower than for 

the low As(III) to sorbent ratio group (98.3%). 

 

 

a. 

 

 

b. 

Figure13: Effects of pH on As(III) adsorption to am-TiO2. a: The concentration of am-TiO2 was 0.24 g/L; b. The 

concentration of am-TiO2 was 0.024 g/L. 

 

4.2 Comparison of As(III) removal for the four adsorbents 

The As(III) removal of the four adsorbents is shown together in Figure 14. Am-TiO2 (0.24 g/L) was 

the most efficient adsorbent for As(III) of the four materials tested. The As(III) removal percentage 

of am-TiO2 was higher than 90% over a wide range of pH values, from pH 3.5 to pH 10.8. For Mg-Al 

LDH (0.5g/L), the As(III) removal percentage of Mg-Al LDH was about 61% at a pH of 6.9, then it 
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decreased to approximately 44% when the pH was increased to 11. The As(III) removal percentage 

of am- Al(OH)3 (0.233 g/L) was around 30% under neutral pH conditions, and decreased further in 

under more acidic and alkaline conditions. The As(III) removal percentage of HT (0.5g/L) was only 

about 20% at a pH of 7.5 and decreased further to around 15% at a pH of 9.5. Overall, under slightly 

alkaline conditions, from pH 7.5 to pH 9.5, the As(III) removal properties can be listed as: am-TiO2

＞ Mg-Al LDH＞ am-Al(OH)3＞ HT.  

 

Figure.14: Arsenic(III) removal to the four adsorbents. Conditions: 0.05 mmol/L As(III), background electrolyte 0.01 

mmol/L NaNO3, 0.5 g/L HT, 0.5 g/L Mg-Al LDH, 0.233 g/L am-Al(OH)3, 0.24 g/L am-TiO2.  

 

4.3 Adsorption isotherm 

The adsorption isotherm of Mg-Al LDH for As(III) at room temperature is shown in Figure 15, 

where CAs and qe are the equilibrium concentrations of the As(III) remaining in solution and the 

adsorption amount, respectively. There are two groups in the experiments, the pH values were 

9(±0.3) in one group (Group 1) and 9.6(±0.3) in another (Group 2) at equilibrium. 

 

 

Figure.15: Adsorption isotherm of As(III) with Mg-Al LDH. 
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The maximum adsorption was observed at the highest concentration As(III) of CAs in both groups. 

The maximum amounts of adsorbed As(III) were 18.0 mg As/g and 12.8 mg As/g in group 1 and 2, 

respectively. The experimental data could be analyzed with the Langmuir equation (Equation 9) in 

some former researches (Kiso et al., 2005; Dambies, 2004). However, in our experiments, the 

maximum initial concentration of As(III) is only 19 mg/L (low As(III) additions), which is not 

sufficient to find the maximum uptake capacity (QM) from the adsorption curve. In our research, the 

experimental data were analyzed with the linear isotherm model. The adsorption isotherm is 

described by the following equations: 

 

Group 1:  qe = 1.934 × Ce 

Group 2:  qe = 1.372 × Ce 

 

The linear nature of the isotherm suggests that the Mg-Al LDH removes As(III) primarily through 

anion exchange, and that there does not seem to be a small number of surface groups that remove 

As(III) preferentially by complex formation, in which case stronger As(III) adsorption at low As(III) 

additions would have been observed. 

 

4.4 Effects of co-existing anions 

Some oxyanions such as phosphate, silicate, sulfate, nitrate, could interfere with As adsorption 

through competition (Hu et al., 2015; Ciardelli et al., 2008). The effects of bicarbonate (HCO₃-) and 

phosphate (PO₄³⁻) were examined in our research. The results are shown in Figure 16.  

 

 

Figure.16: The relations between the adsorption amounts and the concentration of HCO₃- and PO₄³⁻. 

Figure.16-a: Material: Mg-Al LDH; Coexisting ion: HCO₃-. 
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Figure.16-b: Material: am-TiO2; Coexisting ion: HCO₃-. 

 

 

Figure.16-c: Material: Mg-Al LDH; Coexisting ion: PO₄³⁻. 

 

 

Figure.16-d: Material: am-TiO2; Coexisting ion: PO₄³⁻. 
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The concentration of HCO3
- did not influence As(III) adsorption on am-TiO2 over the range of 

HCO3
- concentrations, but on Mg-Al LDH the presence of HCO3⁻had a clear effect on As(III) 

adsorption, supporting the idea that As(III) is removed primarily by anion exchange and that 

consequently HCO3
- should be able to compete. Also PO4

3- suppressed As(III) adsorption on Mg-Al 

LDH. A slight but clear competition effect was observed also on am-TiO2. The reason why PO4
3-, and 

not HCO3
-, was able to compete on am-TiO2 is probably due to the stronger surface complexes 

formed by the former.  

 

4.5 Discussion 

The overall aim of the study was to investigate the As(III) removal properties of different 

adsorbents, and this was done in a series of laboratory experiments. Although some insights were 

made, there are additional aspects that need to be studied in the future. First, the As(III) adsorption 

properties of HT and Mg-Al LDH under acidic conditions could not be studied due to the strongly 

acid-scavenging nature of these two materials. Second, although the basic structure of Mg-Al LDH is 

similar to HT, the As(III) removal of Mg-Al LDH was much better than that of HT. This could 

probably be attributed to the different anions in the interlayer (CO3
2− or NO3

−) or to different 

particle sizes. It would be interesting to figure out the reason. Third, the adsorption isotherm of Mg-

Al LDH for As(III) at room temperature was well expressed by a linear equation. In future work 

however, the maximum initial concentration of As(III) added in the experiment could be increased 

in order to find the maximum uptake capacity, if so a nonlinear isotherm model would probably be 

more accurate. Finally, it would also be interesting to test the effects of reaction time on As(III) 

adsorption. This could help us to figure out optimum reaction times of the different materials in 

contact with As-contaminated groundwater. In addition, there are many other factors need to be 

considered for field applications, such as operational and financial factors.  

 

5 Conclusion 

The As(III) removal properties of different sorbent materials: HT, Mg-Al LDH, am-Al(OH)3 and am-

TiO2 were determined. Compared to other three materials, am-TiO2 was much more efficient for 

As(III) removal, more than 90% of the added As(III) was adsorbed on am-TiO2 over a wide range of 

pH values, from pH 3.5 to pH 10.8. The maximum adsorption was approximately 98.3% of the 

added As(III) observed at a pH of 8. After am-TiO2, Mg-Al LDH was the second best material, while 

HT and am-Al(OH)3 are not suitable for As(III) removal. Moreover, the adsorption isotherm of Mg-

Al LDH for As(III) at room temperature was expressed by a linear equation, suggesting that As(III) 

adsorption to Mg-Al LDH was governed by anion exchange at low As(III) additions. This idea is also 

supported by the fact that the As(III) adsorption on Mg-Al LDH was suppressed by the co-existing 

anions (HCO3
- and PO4

3-). Further, on am-TiO2, HCO3⁻ did not influence As(III) adsorption on am-

TiO2, while PO4
3-had a slight but clear competition effect on am-TiO2. This is probably due to the 

stronger surface complexes formed by PO4
3-. As a result, am-TiO2 would be the best choice of these 

four materials in contact with As-contaminated groundwater due to its superior As(III) removal 

properties and the limited influence of competing anions on As(III) adsorption. 
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Appendix I  

Experimental recipes: 

Solutions:  A = 0.03 M NaNO3 

                    AS3 =1.5 mM NaAsO2 

                    BL = 0.01 M HNO3 

                    EL = 0.01 M NaOH 

                    HT = 25 g/L suspension of hydrotalcite 

                    MAH = 10 g/L suspension of Mg-Al LDH 

                   ALOH = 35 mM Al(OH)3– suspension in 0.012 M NaNO3 

                   TiOH= 35 mM TiO2– suspension in 0.012 M NaNO3 

 

Series A 

1: 0.6 ml HT, 1 ml AS3, 10 ml A, 5 ml BL, 13.4 ml H2O 

2.  0.6 ml HT, 1 ml AS3, 10 ml A, 4 ml BL, 14.4 ml H2O 

3.  0.6 ml HT, 1 ml AS3, 10 ml A, 3 ml BL, 15.4 ml H2O 

4. 0.6 ml HT, 1 ml AS3, 10 ml A, 2 ml BL, 16.4 ml H2O 

5. 0.6 ml HT, 1 ml AS3, 10 ml A, 1 ml BL, 17.4 ml H2O 

6. 0.6 ml HT, 1 ml AS3, 10 ml A, 0.5 ml BL, 17.9 ml H2O 

7. 0.6 ml HT, 1 ml AS3, 10 ml A, 18.4 ml H2O 

8. 0.6 ml HT, 1 ml AS3, 10 ml A, 0.5 ml EL, 17.9 ml H2O 

 

Series B 

1: 1.5 ml MAH, 1 ml AS3, 10 ml A, 7 ml BL, 10.5 ml H2O 

2.  1.5 ml MAH, 1 ml AS3, 10 ml A, 6 ml BL, 11.5 ml H2O 

3.  1.5 ml MAH, 1 ml AS3, 10 ml A, 5 ml BL, 12.5 ml H2O 

4. 1.5 ml MAH, 1 ml AS3, 10 ml A, 4 ml BL, 13.5 ml H2O 

5. 1.5 ml MAH, 1 ml AS3, 10 ml A, 3 ml BL, 14.5 ml H2O 

6. 1.5 ml MAH, 1 ml AS3, 10 ml A, 2 ml BL, 15.5 ml H2O 

7. 1.5 ml MAH, 1 ml AS3, 10 ml A, 1 ml BL, 16.5 ml H2O 

8. 1.5 ml MAH, 1 ml AS3, 10 ml A, 0.5 ml BL, 17 ml H2O 

9. 1.5 ml MAH, 1 ml AS3, 10 ml A, 17.5 ml H2O 

10. 1.5 ml MAH, 1 ml AS3, 10 ml A, 0.5 ml EL, 17 ml H2O 

11. 1.5 ml MAH, 1 ml AS3, 10 ml A, 1 ml EL, 16.5 ml H2O 

 

Series C 

1: 2.56 ml ALOH, 1 ml AS3, 2 ml BL, 24.44 ml H2O 

2: 2.56 ml ALOH, 1 ml AS3, 1.6 ml BL, 24.84 ml H2O 

3: 2.56 ml ALOH, 1 ml AS3, 1.2 ml BL, 25.24 ml H2O 

4: 2.56 ml ALOH, 1 ml AS3, 0.8 ml BL, 25.64 ml H2O 

5: 2.56 ml ALOH, 1 ml AS3, 0.4 ml BL, 26.04 ml H2O 

6: 2.56 ml ALOH, 1 ml AS3, 26.44 ml H2O 

7: 2.56 ml ALOH, 1 ml AS3, 0.4 ml EL, 26.04 ml H2O 

8: 2.56 ml ALOH, 1 ml AS3, 0.8 ml EL, 25.64 ml H2O 

9: 2.56 ml ALOH, 1 ml AS3, 1.2ml EL, 25.24 ml H2O 

10: 2.56 ml ALOH, 1 ml AS3, 1.6 ml EL, 24.84 ml H2O 

11: 2.56 ml ALOH, 1 ml AS3, 2ml EL, 24.44 ml H2O 

12: 2.56 ml ALOH, 1 ml AS3, 2.2 ml EL, 24.24 ml H2O 

13: 2.56 ml ALOH, 1 ml AS3, 2.4 ml EL, 24.04 ml H2O 

14: 2.56 ml ALOH, 1 ml AS3, 26 ml EL, 23.84 ml H2O 

15: 2.56 ml ALOH, 1 ml AS3, 2.8 ml EL, 23.64 ml H2O 
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16: 2.56 ml ALOH, 1 ml AS3, 3.0 ml EL, 23.44 ml H2O 

17: 2.56 ml ALOH, 1 ml AS3, 3.2ml EL, 23.24 ml H2O 

18: 2.56 ml ALOH, 1 ml AS3, 3.4 ml EL, 23.04 ml H2O 

19: 2.56 ml ALOH, 1 ml AS3, 3.6ml EL, 22.84 ml H2O 

20: 2.56 ml ALOH, 1 ml AS3, 3.8 ml EL, 22.64 ml H2O 

21: 2.56 ml ALOH, 1 ml AS3, 4.0 ml EL, 22.44 ml H2O 

22: 2.56 ml ALOH, 1 ml AS3, 3.2 ml EL, 22.24 ml H2O 

23: 2.56 ml ALOH, 1 ml AS3, 4.4 ml EL, 22.04 ml H2O 

 

Series D 

1: 2.56 ml TiOH, 10 ml A, 1 ml AS3, 2 ml BL, 14.44 ml H2O 

2: 2.56 ml TiOH, 10 ml A, 1 ml AS3, 1 ml BL, 15.44 ml H2O 

3: 2.56 ml TiOH, 10 ml A, 1 ml AS3, 0.4 ml BL, 16.04 ml H2O 

4: 2.56 ml TiOH, 10 ml A, 1 ml AS3, 16.44 ml H2O 

5: 2.56 ml TiOH, 10 ml A, 1 ml AS3, 0.4 ml BL, 16.04 ml H2O 

6: 2.56 ml TiOH, 10 ml A, 1 ml AS3, 0.8 ml EL, 15.64 ml H2O 

7: 2.56 ml TiOH, 10 ml A, 1 ml AS3, 1.2 ml EL, 15.24 ml H2O 

8: 2.56 ml TiOH, 10 ml A, 1 ml AS3, 1.6 ml EL, 14.84 ml H2O 

 

Series E 

1: 0.255 ml ALOH, 9 ml A, 1 ml AS3, 2 ml BL, 17.74 ml H2O 

2: 0.255 ml ALOH, 9 ml A, 1 ml AS3, 1 ml BL, 18.74 ml H2O 

3: 0.255 ml ALOH, 9 ml A, 1 ml AS3, 0.6 ml BL, 19.14 ml H2O 

4: 0.255 ml ALOH, 9 ml A, 1 ml AS3, 0.2 ml BL, 19.54 ml H2O 

5: 0.255 ml ALOH, 9 ml A, 1 ml AS3, 19.74 ml H2O 

6: 0.255 ml ALOH, 9 ml A, 1 ml AS3, 0.2 ml EL, 19.54 ml H2O 

7: 0.255 ml ALOH, 9 ml A, 1 ml AS3, 0.4 ml EL, 19.34 ml H2O 

8: 0.255 ml ALOH, 9 ml A, 1 ml AS3, 0.6 ml EL, 19.14 ml H2O 

 

Series F 

1: 0.255 ml TiOH, 10 ml A, 1 ml AS3, 2 ml BL, 16.74 ml H2O 

2: 0.255 ml TiOH, 10 ml A, 1 ml AS3, 1.5 ml BL, 17.24 ml H2O 

3: 0.255 ml TiOH, 10 ml A, 1 ml AS3, 1 ml BL, 17.74 ml H2O 

4: 0.255 ml TiOH, 10 ml A, 1 ml AS3, 0.4 ml BL, 18.34 ml H2O 

5: 0.255 ml TiOH, 10 ml A, 1 ml AS3, 18.74 ml H2O 

6: 0.255 ml TiOH, 10 ml A, 1 ml AS3, 0.2 ml EL, 18.54 ml H2O 

7: 0.255 ml TiOH, 10 ml A, 1 ml AS3, 0.4 ml EL, 18.34 ml H2O 

8: 0.255 ml TiOH, 10 ml A, 1 ml AS3, 0.6 ml EL, 18.14 ml H2O 

 

Series G 

1: 1.5 ml MAH, 0.2 ml AS3, 10 ml A, 5 ml BL, 13.3 ml H2O 

2.  1.5 ml MAH, 0.5 ml AS3, 10 ml A, 5 ml BL, 13 ml H2O 

3.  1.5 ml MAH, 2 ml AS3, 10 ml A, 5 ml BL, 11.5 ml H2O 

4. 1.5 ml MAH, 5 ml AS3, 10 ml A, 5 ml BL, 8.5 ml H2O 

5. 1.5 ml MAH, 0.2 ml AS3, 10 ml A, 1 ml BL, 17.3 ml H2O 

6. 1.5 ml MAH, 0.5 ml AS3, 10 ml A, 1 ml BL, 17 ml H2O 

7. 1.5 ml MAH, 2 ml AS3, 10 ml A, 1 ml BL, 15.5 ml H2O 

8. 1.5 ml MAH, 5 ml AS3, 10 ml A, 1 ml BL, 12.5 ml H2O 

 

Series H 

1: 1.5 ml MAH, 1 ml AS3, 0.2 ml P, 10 ml A, 7 ml BL, 10.3 ml H2O 



 

28 

 

2.  1.5 ml MAH, 1 ml AS3, 0.5 ml P, 10 ml A, 7 ml BL, 10 ml H2O 

3.  1.5 ml MAH, 1 ml AS3, 1 ml P, 10 ml A, 7 ml BL, 9.5 ml H2O 

4. 1.5 ml MAH, 1 ml AS3, 2.5 ml P, 10 ml A, 7 ml BL, 8 ml H2O 

5: 1.5 ml MAH, 1 ml AS3, 0.2 ml P, 10 ml A, 3 ml BL, 14.3 ml H2O 

6.  1.5 ml MAH, 1 ml AS3, 0.5 ml P, 10 ml A, 3 ml BL, 14 ml H2O 

7.  1.5 ml MAH, 1 ml AS3, 1 ml P, 10 ml A, 3 ml BL, 13.5 ml H2O 

8. 1.5 ml MAH, 1 ml AS3, 2.5 ml P, 10 ml A, 3 ml BL, 12 ml H2O 

9: 1.5 ml MAH, 1 ml AS3, 0.2 ml HC, 10 ml A, 7 ml BL, 10.3 ml H2O 

10.  1.5 ml MAH, 1 ml AS3, 0.5 ml HC, 10 ml A, 7 ml BL, 10 ml H2O 

11.  1.5 ml MAH, 1 ml AS3, 1 ml HC, 10 ml A, 7 ml BL, 9.5 ml H2O 

12. 1.5 ml MAH, 1 ml AS3, 2.5 ml HC, 10 ml A, 7 ml BL, 8 ml H2O 

13: 1.5 ml MAH, 1 ml AS3, 0.2 ml HC, 10 ml A, 3 ml BL, 14.3 ml H2O 

14.  1.5 ml MAH, 1 ml AS3, 0.5 ml HC, 10 ml A, 3 ml BL, 14 ml H2O 

15.  1.5 ml MAH, 1 ml AS3, 1 ml HC, 10 ml A, 3 ml BL, 13.5 ml H2O 

16. 1.5 ml MAH, 1 ml AS3, 2.5 ml HC, 10 ml A, 3 ml BL, 12 ml H2O 

 

Series I 

1: 2.56 ml TiOH, 10 ml A, 0.2 ml P, 1 ml AS3, 0.5ml BL, 15.74 ml H2O 

2.  2.56 ml TiOH, 10 ml A, 0.5 ml P, 1 ml AS3, 0.5ml BL, 15.44 ml H2O 

3.  2.56 ml TiOH, 10 ml A, 1 ml P, 1 ml AS3, 0.5ml BL, 14.94 ml H2O 

4. 2.56 ml TiOH, 10 ml A, 2.5 ml P, 1 ml AS3, 0.5ml BL, 13.44 ml H2O 

5: 2.56 ml TiOH, 10 ml A, 0.2 ml P, 1 ml AS3, 0.5ml EL, 15.74 ml H2O 

6.  2.56 ml TiOH, 10 ml A, 0.5 ml P, 1 ml AS3, 0.5ml EL, 15.44 ml H2O 

7.  2.56 ml TiOH, 10 ml A, 1 ml P, 1 ml AS3, 0.5ml EL, 14.94 ml H2O 

8. 2.56 ml TiOH, 10 ml A, 2.5 ml P, 1 ml AS3, 0.5ml EL, 13.44 ml H2O 

9: 2.56 ml TiOH, 10 ml A, 0.2 ml HC, 1 ml AS3, 0.5ml BL, 15.74 ml H2O 

10.  2.56 ml TiOH, 10 ml A, 0.5 ml HC, 1 ml AS3, 0.5ml BL, 15.44 ml H2O 

11.  2.56 ml TiOH, 10 ml A, 1 ml HC, 1 ml AS3, 0.5ml BL, 14.94 ml H2O 

12. 2.56 ml TiOH, 10 ml A, 2.5 ml HC, 1 ml AS3, 0.5ml BL, 13.44 ml H2O 

13: 2.56 ml TiOH, 10 ml A, 0.2 ml HC, 1 ml AS3, 0.5ml EL, 15.74 ml H2O 

14.  2.56 ml TiOH, 10 ml A, 0.5 ml HC, 1 ml AS3, 0.5ml EL, 15.44 ml H2O 

15.  2.56 ml TiOH, 10 ml A, 1 ml HC, 1 ml AS3, 0.5ml EL, 14.94 ml H2O 

16. 2.56 ml TiOH, 10 ml A, 2.5 ml HC, 1 ml AS3, 0.5ml EL, 13.44 ml H2O 
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Appendix II  

Experimental data:  

 pH Note As(III) added 

(μM) 

Dissolved As(III) 

after reaction (μM) 

 

Series A      

1 7.528 Material: 

hydrotalcite 

pH dependence 

50 40.22  

2 7.549 50 40.95  

3 7.937 50 42.35  

4 8.802 50 42.84  

5 8.638 50 42.89  

6 9.202 50 42.59  

7 9.210 50 42.57  

8 9.412 50 42.78  

Series B      

1 6.974 Material: Mg-Al 

LDH 

pH dependence 

50 19.19  

2 7.725 50 20.82  

3 8.557 50 21.97  

4 9.736 50 22.70  

5 9.841 50 24.40  

6 10.028 50 24.16  

7 10.183 50 26.28  

8 10.235 50 27.39  

9 10.572 50 26.56  

10 10.656 50 27.73  

11 10.768 50 28.01  

Series C      

1 4.159 Material: 

Al(OH)3 

Concentration:  

3mM TOT Al 

pH dependence 

50 48.87  

2 4.173 50 49.21  

3 4.177 50 48.94  

4 4.197 50 48.91  

5 4.204 50 49.02  

6 4.198 50 48.66  

7 4.210 50 48.90  

8 4.224 50 48.76  

9 4.703 50 45.11  

10 4.796 50 42.89  

11 4.893 50 42.47  

12 5.032 50 41.34  

13 5.325 50 40.47  

14 5.681 50 38.96  

15 5.780 50 39.26  

16 6.076 50 36.00  

17 6.224 50 35.27  

18 6.463 50 32.41  

19 6.605 50 35.79  

20 7.026 50 37.06  

21 8.606 50 37.20  

22 9.585 50 42.61  
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23 9.930 50 44.83  

Series D      

1 3.461 Material: Ti oxide 

Concentration:  

3mM TOT Ti 

pH dependence 

50 3.000  

2 4.284 50 2.739  

3 5.849 50 2.082  

4 6.528 50 1.500  

5 7.962 50 0.8375  

6 10.042 50 1.940  

7 10.507 50 3.574  

8 10.792 50 5.036  

Series E      

1 4.354 Material: 

Al(OH)3 

Concentration:  

0.3mM TOT Al 

pH dependence 

50 49.39  

2 4.718 50 48.99  

3 4.987 50 48.83  

4 5.172 50 48.59  

5 6.142 50 48.01  

6 7.603 50 46.53  

7 8.902 50 47.52  

8 9.413 50 47.79  

Series F      

1 3.227 Material: Ti oxide 

Concentration:  

0.3mM TOT Ti 

pH dependence 

50 33.65  

2 3.370 50 32.51  

3 3.600 50 32.10  

4 4.239 50 31.79  

5 6.654 50 26.87  

6 9.858 50 31.18  

7 10.343 50 34.93  

8 10.556 50 36.32  

Series G      

1 8.722 Material: Mg-Al 

LDH 

adsorption 

Isotherms 

10 4.550  

2 9.057 25 12.05  

3 9.008 100 49.65  

4 9.292 250 128.04  

5 9.520 10 5.159  

6 9.770 25 14.03  

7 9.460 100 65.69  

8 9.691 250 163.13  

Series H      

1 4.940 Material: Mg-Al 

LDH 

Interaction with 

P 

50 41.61  

2 5.230 50 41.12  

3 5.277 50 42.34  

4 6.835 50 42.65  

5 8.044 50 31.46  

6 8.056 50 33.75  

7 8.080 50 37.16  

8 7.477 50 43.03  

9 5.039 Material: Mg-Al 

LDH 

Interaction with 

50 41.00  

10 4.890 50 38.11  

11 4.748 50 42.35  
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12 6.890 HCO3 50 40.85  

13 8.398 50 31.25  

14 8.386 50 32.18  

15 6.076 50 41.36  

16 7.662 50 41.02  

Series I      

1 6.217 Material: Ti oxide 

Interaction with 

P 

50 8.092  

2 6.237 50 10.61  

3 6.201 50 12.94  

4 6.030 50 17.35  

5 7.601 50 3.619  

6 7.248 50 5.956  

7 6.935 50 8.956  

8 6.527 50 13.786  

9 7.114 Material: Ti oxide 

Interaction with 

HCO3 

50 3.083  

10 7.476 50 2.633  

11 7.802 50 2.484  

12 8.066 50 2.074  

13 8.007 50 1.840  

14 8.353 50 1.659  

15 8.422 50 1.740  

16 8.562 50 1.660  
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