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Abstract12

13

The effect of natural organic matter (NOM) on arsenic adsorption by a com-14

mercial available TiO2 (Degussa P25) in various simulated As(III)-contaminated15

raw waters was examined. Five types of NOM that represent different envi-16

ronmental origins were tested. Batch adsorption experiments were conducted17

under anaerobic conditions and in the absence of light. Either with or with-18

out the presence of NOM, the arsenic adsorption reached steady state within19

1 h. The presence of 8 mg/L NOM as C in the simulated raw water, how-20

ever, significantly reduced the amount of arsenic adsorbed at the steady state.21

Without NOM, the arsenic adsorption increased with increasing solution pH22
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within the pH range of 4.0–9.4. With four of the NOMs tested, the arsenic23

adsorption firstly increased with increasing pH and then decreased after the24

adsorption reached the maximum at pH 7.4–8.7. An appreciable amount of25

arsenate (As(V)) was detected in the filtrate after the TiO2 adsorption in the26

simulated raw waters that contained NOM. The absolute amount of As(V)27

in the filtrate after TiO2 adsorption was pH dependent: more As(V) was pre-28

sented at pH>7 than that at pH<7. The arsenic adsorption in the simulated29

raw waters with and without NOM were modelled by both Langmuir and30

Frendlich adsorption equations, with Frendlich adsorption equation giving a31

better fit for the water without NOM and Langmuir adsorption equation giv-32

ing a better fit for the waters with NOM. The modelling implies that NOM33

can occupy some available binding sites for arsenic adsorption on TiO2 sur-34

face. This study suggests that in an As(III)-contaminated raw water, NOM35

can hinder the uptake of arsenic by TiO2, but can facilitate the As(III) oxi-36

dation to As(V) at TiO2 surface under alkaline condition and in the absence37

of O2 and light. TiO2 thus can be used in situ to convert As(III) to the less38

toxic As(V) in NOM-rich groundwaters.39

40
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1 Introduction43

Arsenic is a common contaminant in drinking water supplies, with a con-44

tamination level ranging from <1.0 to > 1000 µg/L (<0.013 to >13.3 µM)45

(Welch et al., 2000; Smedley et al., 2002; Mandal & Suzuki, 2002; Bissen46

& Frimmel, 2003). Long-term exposure to arsenic can cause various cancers47

2



(Smith et al., 2000). The World Health Organization (WHO) recommended48

the maximum concentration of arsenic of 10 µg/L (1.33 µM) in drinking wa-49

ter in order to reduce its potential harm to human health (WHO, 1993). The50

WHO-recommended regulation for arsenic in drinking water has recently been51

adopted by the New European Community and the U.S. Environmental Pro-52

tection Agency (USEPA)(EC, 1998; USEPA, 2001a). The USEPA estimates53

that about 5% of the total water systems in the United States have arsenic54

levels in source water greater than this updated regulation (USEPA, 2001b).55

The discrepancy between the high arsenic concentrations in raw water and the56

stringent standard calls for an emergent modification of the current treatment57

technology and a development of new treatment technologies.58

Arsenic exists in water primarily as the inorganic oxyanions of arsenite59

(As(III)) and arsenate (As(V)), with As(III) predominating in anaerobic wa-60

ters and As(V) prevailing in oxic waters (Masscheleyn et al., 1991; Smedley et61

al., 2002; Katsoyiannis et al., 2007). Recent surveys about arsenic redox specia-62

tion in groundwater, which is a major source of drinking water throughout the63

world (Smedley et al., 2002), suggest that As(III) can represent up to 67–99%64

of total arsenic in groundwater (Mukherjee & Bhattacharya, 2001; Bednar et65

al., 2002). As a contaminant, As(III) is more problematic than As(V) because66

As(III) is more toxic and more difficult to remove from water. Commonly used67

arsenic treatment technologies including coagulation/filtration, ion exchange,68

adsorption on activated alumina, etc. usually require a pre-oxidation of As(III)69

to As(V) in order to achieve a satisfactory total arsenic removal (USEPA,70

2001a). Many oxidation technologies, including the addition of conventional71

oxidants, solar oxidation, and biological oxidation have been developed (Kat-72

soyiannis & Zouboulis, 2006). As an emerging oxidation technology for As(III)73
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transformation to As(V), TiO2 photocatalytic oxidation (TPO) have attracted74

substantial attentions as this method is environmentally benign (Yang et al.,75

1999; Bissen et al., 2001; Lee & Choi, 2002; Dutta et al., 2005; Ferguson et76

al., 2005; Xu et al., 2005).77

During the TPO process, As(III) is oxidized by O2 or air on the surface78

of the light-irradiated TiO2. TiO2 is a widely used photocatalyst. Upon the79

absorption of sufficient energetic light, TiO2 can generate valence-band holes80

and conduction-band electrons. The valence-band holes are powerful oxidants81

that can convert the adsorbed As(III) to As(V) (Lee & Choi, 2002). On the82

other hand, the conduction-band electrons can react with the adsorbed O2 or83

H2O to form H2O2 and/or reactive radicals such as OH• and O•−

2 , which are84

also capable of oxidizing As(III) (Lee & Choi, 2002; Dutta et al., 2005; Xu85

et al., 2005). Because all reactions involved in As(III) oxidation through the86

TPO occur on TiO2 surface, the adsorption of the reacting As(III) by TiO287

plays an important role for the overall reaction. Several studies of As(III)88

adsorption by TiO2 are available, with most of them considering the influence89

of pH, initial arsenic concentration, and the presence of common anions such90

as phosphate and bicarbonate (Dutta et al., 2004; Ferguson et al., 2005; Bang91

et al., 2005; Pena et al., 2005, 2006), and relatively few considering the effect92

of NOM on As(III) adsorption (Lee & Choi, 2002).93

Natural organic matter (NOM) is a complex mixture of acidic organic94

molecules that originates from a variety of natural sources (e.g., soil, sediment,95

water, etc.) (Letterman et al., 1999). NOM is ubiquitous in aquatic environ-96

ment. A recent survey about As(III) levels in the groundwaters of the Bengal97

Delta Plain aquifers in Bangladesh suggests that the groundwaters with high98

As(III) concentrations tend to have high concentration of NOM (Mukherjee99
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& Bhattacharya, 2001). NOM has been reported to be an essential component100

controlling arsenic mobilization at aluminum or iron (hydro)oxide–water in-101

terface (Grafe et al., 2001, 2002; Redman et al., 2002; Ko et al., 2004; Bauer102

& Blodau, 2006). However, few studies have been conducted specifically for103

NOM effects on arsenic adsorption by TiO2 (Lee & Choi, 2002). In studying104

the effect of a commercially available humic acid (HA) on As(III) oxidation105

rate through the TPO, Lee & Choi (2002) observed that the presence of HA106

had an insignificant effect on the As(III) adsorption by TiO2. In their study,107

however, an extremely high concentration of As(III) (500 µM) was used, so108

the effect of NOM on As(III) adsorption could be different for real raw waters109

which usually contain less than 13.3 µM of As(III).110

In this study, the effect of NOM on arsenic adsorption by TiO2 in sim-111

ulated As(III)-contaminated raw waters was examined. Batch adsorption ex-112

periments were performed as a function of contact time, pH, initial DOC con-113

centration, and initial As(III) concentration. The experiments were performed114

under anaerobic conditions and in darkness to avoid As(III) oxidation caused115

by TiO2 photocatalysis. Five types of NOM from different environmental ori-116

gins were tested. Arsenic redox speciation in the filtrates after the adsorption117

were examined. Mechanisms behind the observed effects were discussed.118
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2 Materials and method119

2.1 Materials and chemicals120

All chemicals were of analytical grade. Milli-Q water, which was supplied121

by the Millipore MR3 water purifier system, was used to prepare all solu-122

tions. The Milli-Q water was passed through a 0.2-µm membrane (Gelman123

FP-Verical) in order to remove the existing microbes or other reacting colloidal124

substances that may affect the arsenic redox speciation (Liu et al., 2006).125

Sodium arsenite (NaAsO2, 99%) was obtained from Sigma. Stock As(III)126

solution (13.3 mM) was prepared by dissolving 0.866 g NaAsO2 into 500 mL127

Milli-Q water. The As(III) stock solution was stored in a high density polyethy-128

lene bottle, and was kept in darkness at 4 ◦C.129

The TiO2 used in this study was a commercially available titanium diox-130

ide, Degussa P25 (Germany). The Degussa P25 TiO2 contains 80% of anatase131

and 20% of rutile (Hoffmann et al., 1995). It has a Brunauer-Emmett-Teller132

surface area of 55 m2/g and a pHpzc (the pH at the point of zero charge) of133

6.7 in 0.01 M NaCl. A stock TiO2 suspension was prepared by mixing 1 g of134

Degussa P25 TiO2 with 1 L of background electrolyte (0.01 M NaCl). The135

TiO2 stock suspension was sonicated for 20 minutes each time before use in136

order to re-suspend the precipitated TiO2 particles.137

Five different types of NOM were used in this study. They are Suwannee138

River NOM (SRNOM), Gohy-573 fulvic acid (GFA), Elliott Soil humic acid139

(EHA), Pahokee peat (PHA), and Aldrich humic acid (AHA). SRNOM, EHA,140

and PHA are well characterized NOMs. SRNOM originated from Suwannee141

River of Georgia, USA; EHA was from prairie soils of Indiana, Illinois, and142
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Iowa, USA; PHA was from peat soil of the Florida Everglades, USA. The three143

types of NOM were purchased from the International Humic Substances Soci-144

ety. GFA is a fulvic acid extracted from the Gorleben groundwater, Germany145

(Kim et al., 1990). AHA is a commercially available humic acid from Aldrich.146

SRNOM and GFA were used without further modification. The stock solution147

of SRNOM or GFA was prepared by dissoloving the NOM powder standard148

into 0.01 M NaCl to reach a concentration of 900–1000 mg/L. For EHA, PHA,149

and AHA, the humic acid standard was dissolved in 0.01 M NaOH (pH 11–12)150

at 850–1000 mg/L; The solution was then acidified to pH 3.8±0.1 with 2 M151

HCl, and filtered through a 0.45-µm pore-size membrane (Gelman Supor) to152

remove the undissolved part of humic acids; The filtrate was collected as the153

HA stock solution; The humic acid was modified in order to ensure no NOM154

was precipitated during the arsenic adsorption on TiO2. The dissolved organic155

carbon (DOC) concentration in the HA stock solution was determined using a156

Shimazu 5050 TOC analyzer. The modified EHA, PHA, and AHA are respec-157

tively denoted as MEHA, MPHA, and MAHA in the rest of the manuscript.158

All the NOM stock solutions were kept in glass bottles in darkness at 4 ◦C. Ad-159

sorption experiments were preformed within 6 weeks after the stock solutions160

were prepared.161

2.2 Adsorption studies162

Simulated As(III)-contaminated raw waters were prepared by mixing 0.01163

M of NaCl with various concentrations of As(III) and NOM. Batch adsorption164

experiments were performed to determine the adsorption of arsenic by TiO2165

in these simulated raw waters. All adsorption experiments were performed166

in an anaerobic chamber in order to avoid As(III) oxidation. The anaerobic167
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chamber was maintained with a purified makeup gas consisting of N2 (95%)168

and H2 (5%). All solutions together with the stock TiO2 suspension were169

purged with high purity N2 gas for at least 30 minutes and then immediately170

transferred into the anaerobic chamber.171

The adsorption experiments were carried out in 15-mL acid washed polyethy-172

lene bottles (amber). Adsorption of arsenic onto TiO2 was initiated by adding173

0.75 mL of TiO2 stock suspension (1 g/L) into 14.25 mL of the simulated raw174

water, resulting in a TiO2 concentration of 0.05 g/L. After the addition of175

TiO2, the pH of the suspension was adjusted to a desired value using HCl and176

NaOH solutions (0.05−0.1 M). The suspension was then sealed and mixed on177

a rotator at room temperature for until the adsorption reached steady-state.178

At the end of mixing, the pH of the suspension was re-measured and recorded.179

The pH value thus measured was reported as the adsorption pH. The suspen-180

sion was then filtered through a 0.22-µm PTEF syringe filter (Fisher), and181

the filtrate was immediately analyzed for the concentrations of total arsenic,182

As(III), As(V), and NOM.183

2.3 Instrument analysis184

The NOM concentration (expressed in UV254) remaining in the filtrate af-185

ter adsorption was determined using a Varian Cary 300 Bio UV-Visible spec-186

trophotometer at the wavelength of 254 nm. Total arsenic concentration in187

solution was measured using a Perkin-Elmer optima 2000DV inductively cou-188

pled plasma-optical emission spectrometry (ICP-OES). A Finnigan Element189

2 sector field high resolution inductively coupled plasma-mass spectrometry190

(ICP-MS) was used when the arsenic concentration was lower than 0.67 µM191

(50 µg/L). A medium resolution mode was chosen for the ICP-MS analysis to192
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avoid the interference from 40Ar35Cl+ dimmer. The detection limits of arsenic193

using the ICP-OES and the ICP-MS were determined to be 25 µg/L (0.33 µM)194

and 5 ng/L (6.7×10−5 µM), respectively. The instruments were calibrated each195

time before use. The concentrations of the calibration standards ranged from196

0.4 to 1.07 µM for ICP-OES and from 0.067 to 0.53 µM for ICP-MS. Each197

sample was injected three times, and the relative standard deviation (RSD)198

for the triplicate analysis was within 5%. The total concentrations of As(III)199

and As(V) remaining in solution after adsorption were simultaneously deter-200

mined using ion chromatography (Dionex LC25) coupled with the ICP-MS201

(IC–ICP-MS). The detection limit for both As(III) and As(V) by the IC–202

ICP-MS was 2.7×10−3 µM. The IC–ICP-MS was calibrated with standards203

varying from 0.067 to 0.53 µM. The RSD for three injections of the sample204

with a concentration above 0.013 µM was usually less 7%.205

3 Results and discussion206

3.1 Arsenic adsorption onto TiO2 as a function of contact time207

The adsorption of arsenic by TiO2 in the simulated raw waters containing208

0 or 8 mg/L as C of NOM (i.e., SRNOM or MAHA) was examined as a function209

of time. The initial ratio of As(III) to TiO2 was 53.4 µmol/g-TiO2 for all the210

waters tested. No As(V) was detected in the filtrates after adsorption in the211

waters either with or without NOM. The experimental results are presented212

in Figure 1.213

Without NOM, the arsenic adsorption onto TiO2 was rapid and reached214

steady-state within 1 h. The time required for the adsorption to reach steady-215

state is similar to the reported value that was obtained in the presence of216
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air and light (Pena et al., 2005), although a conversion of As(III) to As(V)217

may occur on the TiO2 surface with air and light present. At the steady-state,218

approximately 13.4 µmol/g-TiO2 or 25% of the total arsenic was adsorbed219

onto the TiO2 surface.220

With the presence of 8 mg/L as C of SRNOM or MAHA, the arsenic221

adsorption onto TiO2 also reached steady-state within approximately 1 h.222

The amounts of arsenic adsorbed by TiO2 at steady state were 8.12 and 7.59223

µmol/g-TiO2 for the waters containing SRNOM and MAHA respectively. The224

uptake of arsenic was decreased by 39.4% or 43.3% respectively due to the225

presence of 8 mg/L as C of SRNOM or MAHA in the simulated raw water.226

The experimental results suggest that the tested NOMs did not change the227

time required for the arsenic adsorption onto TiO2 to reach steady-state, but228

significantly reduced the amounts of arsenic adsorbed on TiO2.229

3.2 Effect of initial DOC concentration on arsenic adsorption onto TiO2230

Figure 2 presents the effect of initial DOC and As(III) concentrations on231

arsenic adsorption by TiO2 in simulated raw waters containing 0–14 mg/L232

SRNOM as C and 1–15 µM As(III). The simulated raw water and TiO2 were233

mixed for 2 h to ensure the arsenic adsorption to reach steady-state. Either234

with or without the presence of SRNOM, arsenic adsorption increased as the235

initial As(III) concentration increased from 1 to 15 µM, indicating that the236

available arsenic binding sites on TiO2 surface have not been saturated even237

when the initial As(III) concentration was as high as 15 µM. The arsenic238

removal efficiency, however, decreased from 31.0% to 12.2% when the initial239

As(III) concentration increased from 1 to 15 µM. When the initial As(III)240

concentration was fixed, the amount of arsenic adsorbed by TiO2 decreased241
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with increasing initial DOC concentration (Table 1). The decrease of arsenic242

adsorption with increasing DOC was more rapid at low DOC concentrations243

than at high DOC concentrations. When the initial DOC concentrations were244

below 2 mg/L as C, the reductions arsenic adsorption were 1.4–7.5 µmol/g-245

TiO2 per 1 mg/L SRNOM as C increased, while the reductions were 0.3–246

1.3 µmol/g-TiO2 per 1 mg/L SRNOM as C increased when the initial DOC247

concentrations approached 15 mg/L as C. The experimental results suggest248

that NOM can be an important factor influencing As(III) adsorption on TiO2.249

3.3 Arsenic adsorption edges/envelopes250

The adsorption of arsenic on TiO2 in the simulated raw waters with or251

without the presence of 8 mg/L as C of NOM was performed as a function of252

pH. Five types of NOM from different environmental origins were used. The253

initial As(III) and NOM concentrations in the simulated raw waters were 1254

µM and 8 mg/L as C, respectively. The simulated raw water and TiO2 were255

mixed for 2 h to ensure the adsorption to reach steady-state. The amount of256

arsenic adsorbed by TiO2 in the presence and absence of NOM was plotted257

versus pH. The results are presented in Figure 3.258

In the absence of NOM, the amount of arsenic adsorbed by TiO2 increased259

with increasing pH within the pH range of 4.0 to 9.4. The amount of arsenic260

adsorbed by TiO2 increased by 86.7% as the solution pH varied from 4.0 to261

9.4. The effect of pH on the arsenic adsorption by TiO2 was more significant262

at low pH values (i.e., pH 4.0–6.7) than at high pH values (i.e., pH 6.7–9.4). In263

the presence of 8 mg/L as C of GFA, MEHA, MPHA, or SRNOM, the arsenic264

adsorption firstly increased with the increase of pH and then decreased with265

increasing pH, and the maximum arsenic adsorption occurred at pH 7.4–8.7,266
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depending on the type of NOM in the simulated raw water. With MAHA, the267

arsenic adsorption by TiO2 increased with increasing pH throughout the entire268

range of pH values tested, which was similar to the arsenic adsorption behav-269

ior without NOM. At the same pH value, the amounts of arsenic adsorbed on270

TiO2 with the presence of various types of NOM were generally less than that271

without the presence of NOM. The observed pH effect on As(III) adsorption by272

TiO2 in the absence of NOM is in good agreement with the literature (Dutta273

et al., 2004; Pena et al., 2005). In natural waters, both As(III) and TiO2 can274

be viewed as weak acids. The proton dissociation reactions for As(III) and275

TiO2 are presented in Table 2. Aqueous As(III) speciation distributions at276

various pH values can be calculated based on Reactions A1–A3 shown in Ta-277

ble 2. Within the pH range of 4.0–9.4, the primary aqueous As(III) species278

include the neutral H3AsO0
3 and the negatively charged H2AsO−

3 . When pH is279

below 7.0, over 99% of As(III) exists as H3AsO0
3. When pH ranges from 7.0 to280

9.4, As(III) exists as a mixture of H3AsO0
3 (99–35%) and H2AsO−

3 (1–65%).281

According to Reactions A4–A5 in Table 2, TiO2 suspension is composed of the282

mixture of positively charged ≡TiOH+
2 and neutral species of ≡TiOH0 when283

pH is below pHpzc (i.e., pH 6.7); When pH is above pHpzc, the primary species284

of the suspended TiO2 include the neutral species of ≡TiOH0 and the nega-285

tively charged ≡TiO−. Therefore, the adsorption of As(III) on TiO2 can be286

viewed as the interaction between H3AsO0
3 and ≡TiOH+

2 /≡TiOH0 when pH is287

below 7.0, or the interaction between H3AsO0
3/H2AsO−

3 and ≡TiOH0/≡TiO−
288

when pH is above 7.0. Based on the above discussion, we propose the following289

reactions (Reactions 1–15) to explain the adsorption mechanisms of As(III)290

onto TiO2 surface. Briefly, aqueous As(III) species adsorb onto TiO2 surface291

through the formation of As–O–Ti, As–Ti, and hydrogen bonds. The fact that292

more As(III) was adsorbed onto TiO2 at high pH valuse than at low pH values293
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suggests that the formation of As–O–Ti bond (Reactions 1–5) should be the294

major mechanism controlling the arsenic adsorption under the experimental295

conditions, as a proton that is originally associated with oxygen at TiO2 sur-296

face should be released when the As–O–Ti bond forms, and the increase of297

solution pH favors the association between As(III) and TiO2, leading to an298

increased arsenic adsorption. The slow increasing of arsenic adsorption onto299

TiO2 with the increase of pH at high pH values can be due to the formation of300

≡TiO− and H2AsO−

3 , both of which are negatively charged and their repulsion301

to each other may result in a compromised As(III) adsorption. In studying the302

vibration spectroscopic properties of adsorbed As(III) at TiO2 surface, Pena303

et al. (2006) observed that the band position of the uncomplexed As–O shift304

from 795 cm−1 to 780 cm−1 when As(III) moved from water to TiO2 surface,305

which is indicative of the formation of As–O–Ti bond. It should be noted that306

Reactions 1–15 only represent the possible bonds that may form when As(III)307

is adsorbed onto TiO2. They do not necessarily reflect the actual coordination308

number of As(III)–TiO2 interaction. That is, the As(III)–TiO2 association309

does not necessarily to be monodentate mononuclear.310

1. Adsorption of As(III) through an As–O–Ti bond.311

≡ TiOH+
2 + H3AsO0

3 ⇐⇒≡ TiOHAs(OH)3 + H+ (1)312

≡ TiOH0 + H3AsO0
3 ⇐⇒≡ TiOAs(OH)−3 + H+ (2)313

≡ TiO− + H3AsO0
3 ⇐⇒≡ TiOAs(OH)−3 (3)314

≡ TiOH0 + H2AsO−

3 ⇐⇒≡ TiOAs(OH)2O
2− + H+ (4)315

≡ TiO− + H2AsO−

3 ⇐⇒≡ TiOAs(OH)2O
2− (5)316
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2. Adsorption of As(III) through an As–Ti.317

≡ TiOH+
2 + H3AsO0

3 ⇐⇒≡ (H2O)TiAs(OH)+
3 (6)318

≡ TiOH0 + H3AsO0
3 ⇐⇒≡ (HO)TiAs(OH)3 (7)319

≡ TiO− + H3AsO0
3 ⇐⇒≡ (O)TiAs(OH)−3 (8)320

≡ TiOH0 + H2AsO−

3 ⇐⇒≡ (HO)TiAs(OH)2O
− (9)321

≡ TiO− + H2AsO−

3 ⇐⇒≡ (O)TiAs(OH)2O
2− (10)322

3. Adsorption of As(III) through a hydrogen bond.323

≡ TiOH+
2 + H3AsO0

3 ⇐⇒≡ TiOH2OHAs(OH)+
2 (11)324

≡ TiOH0 + H3AsO0
3 ⇐⇒≡ TiOHOHAs(OH)2 (12)325

≡ TiO− + H3AsO0
3 ⇐⇒≡ TiOHOAs(OH)−2 (13)326

≡ TiOH0 + H2AsO−

3 ⇐⇒≡ TiOHOHAs(OH)O− (14)327

≡ TiO− + H2AsO−

3 ⇐⇒≡ TiOHOAs(OH)O2− (15)328

NOM is negatively charged in natural waters. It can be associated with329

TiO2 through electrostatic attraction. Theoretical and experimental studies of330

various organic compounds adsorption by TiO2 indicate that the carboxyl and331

phenolic functional groups in NOM can bind to Ti or O atom on TiO2 surface332

(Persson & Lunell, 2000; Roddick-Lanzilotta & McQuillan, 2000; Langel &333

Menken, 2003). The following reactions (Reactions 16–29) are thus proposed334

as the possible mechanisms for NOM adsorption onto TiO2 surface.335

1. Adsorption of NOM through electrostatic attraction.336

≡ TiOH+
2 + NOM−

⇐⇒≡ TiOH2NOM (16)337
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2. Adsorption of NOM through a hydrogen bond.338

≡ TiOH+
2 + NOM’–COO−

⇐⇒≡ TiOH2–OOC–NOM’ (17)339

≡ TiOH0 + NOM’–COO−
⇐⇒≡ TiOH–OOC–NOM’− (18)340

≡ TiOH+
2 + NOM”–C6H4–OH−

⇐⇒≡ TiOH2–HO–H4C6–NOM” (19)341

≡ TiOH0 + NOM”–C6H4–OH−
⇐⇒≡ TiOH–HO–H4C6–NOM”− (20)342

≡ TiO− + NOM”–C6H4–OH−
⇐⇒≡ TiO–HO–H4C6–NOM”2− (21)343

3. Adsorption of NOM through a Ti–O bond.344

≡ TiOH+
2 + NOM’–COO−

⇐⇒≡ (H2O)TiOOC–NOM’ (22)345

≡ TiOH0 + NOM’–COO−
⇐⇒≡ (HO)TiOOC–NOM’− (23)346

≡ TiO− + NOM’–COO−
⇐⇒≡ (O)TiOOC–NOM’2− (24)347

≡ TiOH+
2 + NOM”–C6H4–OH−

⇐⇒≡ (H2O)TiHOC–H4C6–NOM” (25)348

≡ TiOH0 + NOM”–C6H4–OH−
⇐⇒≡ (HO)TiHOC–H4C6–NOM”− (26)349

≡ TiO− + NOM”–C6H4–OH−
⇐⇒≡ (O)TiHOC–H4C6–NOM”2− (27)350

4. Adsorption of NOM through condensation.351

≡ TiOH+
2 + NOM’–COOH ⇐⇒≡ TiOH–OC–NOM’+ + H2O (28)352

≡ TiOH0 + NOM’–COOH ⇐⇒≡ TiO–OC–NOM’ + H2O (29)353

Reactions 1–29 suggest that NOM can compete with As(III) for available354

binding sites, such as Ti or O atoms, on TiO2 surface. Therefore, the presence355

of NOM in solution can reduce the arsenic adsorption through competitive356

15



adsorption. The measurement of UV254 remaining in solution confirms that a357

significant amount of NOM was adsorbed on TiO2 (Fig. 4). The adsorption of358

NOM onto TiO2 decreased with increasing pH, reflecting the anionic character359

of NOM. If competitive adsorption is the only reason for the decreased arsenic360

adsorption onto TiO2 surface, more arsenic should be desorbed at lower pH361

values as more NOM is adsorbed at higher pH values. Figure 3, however, shows362

that with the presence of NOM (i.e., SRNOM, GFA, MEHA, and MPHA) the363

arsenic adsorption decreased with increasing pH within the pH range of 7.5–364

9.4, implying that mechanisms other than the competitive adsorption causing365

the decreased arsenic adsorption exist.366

Previous studies have shown that NOM can affect As(III) adsorption onto367

metal (hydro)oxide through changing the speciation distribution of As(III) in368

water (Redman et al., 2002; Ko et al., 2004). In order to clarify this, we369

determined the arsenic speciation in solution before and after the addition370

of TiO2 using an IC–ICP-MS. The sum concentration of As(III) and As(V)371

obtained from the IC–ICP-MS corresponded well with the total arsenic con-372

centration measured directly using the ICP-MS, indicating that NOM did not373

form any complexes with As(III) (Liu et al., 2006). This ruled out the possi-374

bility of aqueous NOM–As complexation that may desorb As(III) from TiO2375

surface. The measurements of arsenic redox species in the filtered solution376

after adsorption demonstrate that part of As(III) was oxidized into As(V)377

under alkaline conditions, and the presence of NOM facilitated the As(III)378

oxidation (Fig. 5). Without NOM, As(V) was detected only when solution pH379

was above 8.5, and the detected As(V) concentration accounted for less than380

10% of the total arsenic. With NOM, however, the percentage of As(V) over381

total arsenic in solution was up to 88%. With GFA, MEHA, or MPHA, an382
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appreciable amount of As(V) was detected even when the solution pH was as383

low as 5.0. In the presence of NOM and at high pH values, the arsenic adsorp-384

tion onto TiO2 actually represents for the adsorption behavior of an As(III)385

and As(V) mixture. It appears that the different trends of arsenic adsorption386

versus pH should also be ascribed to the NOM-facilitated As(III) oxidation on387

TiO2 surface besides the competitive adsorption. Because TiO2 adsorbs less388

As(V) than As(III) at high pH values (Lee & Choi, 2002; Dutta et al., 2004),389

the increase of As(V) fraction in solution should lead to a decrease of the over-390

all arsenic adsorption. The different As(III) adsorption behavior in presence391

of different types of NOM should be a mixed result of (i) different NOM’s392

capabilities in facilitating As(III) oxidation at TiO2 surface, and (ii) different393

NOM’s capabilities in competing with As(III) and As(V) for the adsorption394

sites on TiO2.395

The slight oxidation of As(III) to As(V) by TiO2 in the absence of air,396

light, and NOM is probably due to the vacancies of bridging oxygen atoms397

on TiO2 surface, which are caused by the As(III) adsorption through the for-398

mation of Ti–O–As bonds (Reactions 1–5). The energy cost of breaking Ti–O399

bonds can be compensated by the adsorption of water molecules in form of400

H2O or OH− (Ménétry et al., 2004). Since the adsorption of OH− is more ener-401

getically favored to the oxygen vacancy than the adsorption of H2O (Schaub et402

al., 2001; Tilocca & Selloni, 2003), the oxidation of As(III) is relatively more403

remarkable at high pH than that at low pH. Moreover, since the standard404

reduction potential of the As(V)/As(III) couple decreases with increasing pH405

(Lee & Choi, 2002), As(III) should be less difficult to oxidize under alkaline406

conditions. Despite the fact that NOM may desorb As(III) from TiO2, the as-407

sociation of NOM with Ti atoms at the surface (Reactions 22–27) may weaken408
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the bond strength of Ti–O in Ti–O–As, boosting the bridging oxygen atom to409

escape from the surface. Therefore, NOM can facilitate As(III) oxidation by410

TiO2 in the absence of light and O2. Because the coordination of NOM and411

H can inhibit the NOM–Ti association (Langel & Menken, 2003), the effect412

of NOM on As(III) oxidation is more significant at high pH than at low pH.413

The possible mechanism for As(III) oxidation to As(V) on TiO2 surface in414

the presence of NOM and in the absence of light and O2 are illustrated in415

Figure 6.416

The As(III) oxidation on TiO2 surface in the absence of O2 could also be417

due to the insufficient light exclusion when performing the experiment (Foster418

et al., 1998), for the photo-generated valence-band holes in TiO2 may oxidize419

the adsorbed As(III). If light had been involved in the As(III) oxidation on420

TiO2 surface, NOM might have served as an electron scavenger or oxidant421

radical donor (e.g., O•−

2 ) to facilitate the oxidation of As(III) (Yang et al.,422

1999; Lee & Choi, 2002). The effect of NOM on As(III) oxidation would then423

be more significant at low pH than that at high pH, because more NOM424

was adsorbed at low pH values (Fig. 4). This is opposite to what we have425

observed in our experiments (Fig. 5). Therefore, the insufficient light exclusion426

cannot be the major reason for the As(III) oxidation under our experimental427

conditions. A previous study by Lee & Choi (2002) confirms that, with the428

presence of light and oxygen, NOM facilitated the As(III) oxidation on TiO2429

surface more significantly at pH 3.0 than at pH 9.0.430
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3.4 Arsenic adsorption isotherms431

The adsorption capacities of TiO2 for arsenic in the simulated raw wa-432

ters with and without the presence of various types of NOM were examined433

(Fig. 7). Langmiur and Freundlich adsorption equations, which are the two434

most common adsorption models, are used to fit the experimental data. The435

parameters obtained by non-linear least square regression for both Langmuir436

and Freundlich isotherms for arsenic adsorption with and without NOM are437

presented in Table 3.438

The observed arsenic adsorption capacity of Degussa P25 TiO2 in the ab-439

sence of NOM at pH 6.0 was 49.2±12.5 µmol/g-TiO2, which is in reasonable440

agreement with the literature value of 32 µmol/g-TiO2 at pH 6.3 (Ferguson441

et al., 2005). The adsorption capacity of TiO2 for arsenic decreased with the442

presence of 8 mg/L NOM as C in solution. Both Langmuir and Freundlich443

isotherms fit the experimental data well. For the water free of NOM, Fre-444

undlich isotherm fits the data better than Langmuir isotherm, which is in-445

dicative of a mulitisite adsorption of arsenic on TiO2 surface (Dutta et al.,446

2004). For the waters containing, Langmuir isotherm gives a better fit for the447

experimental data than Freundlich isotherm, implying that some available448

binding sites for arsenic were occupied by NOM. The examination of adsorp-449

tion dependence on the two different adsorption isotherms supports the fact450

that NOM competes with As(III) for adsorption at the TiO2 surface.451

4 Conclusions452

TiO2 is an ideal adsorbent for arsenic removal from raw water. Compared453

to other commonly used adsorbents such as granular activated carbon, TiO2454
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has a relatively large specific surface area and has a high affinity to both As(III)455

and As(V) within the pH range of natural waters (Mohan & Pittman, 2007).456

More importantly, light-irritated TiO2 can accelerate the oxidation of As(III)457

to As(V), which is less toxic and less difficult to remove through conventional458

water treatment methods (Yang et al., 1999; Bissen et al., 2001; Lee & Choi,459

2002; Dutta et al., 2005; Ferguson et al., 2005; Xu et al., 2005). The As(III)460

oxidation efficiency and the overall arsenic removal through the coupled TPO-461

adsorption process can be affected by the adsorption of As(III)/As(V) onto462

TiO2 surface (Ferguson et al., 2005).463

We examined the arsenic adsorption onto a commercially available TiO2464

in simulated As(III)-contaminated raw waters in the presence and absence of 5465

types of NOM that represent different environmental origins. The adsorption466

experiments were performed in the absence of light and oxygen. We found467

that NOM decreased the arsenic adsorption within the tested pH range of468

4.0–9.4. The effects of NOM on arsenic adsorption at low to neutral pH values469

are due to NOM competition with As(III) for available binding sites on TiO2.470

At high pH values, some As(III) was oxidized to As(V) due to the vacancies of471

bridging oxygen atoms on TiO2 surface, and the preence of NOM dramatically472

facilitated this oxidation process. Thus the observed effect of NOM on the473

arsenic adsorption under alkaline conditions should be a mixed result of NOM-474

facilitated As(III) oxidation and As(III)/As(V) adsorption. The investigation475

suggests that NOM is an important element controlling arsenic speciation and476

adsorption on TiO2 surface.477

Many previous studies have shown that TiO2 is an effective photocatalyst478

to convert As(III) to As(V) with the assistance of light and O2 (Yang et al.,479

1999; Bissen et al., 2001; Lee & Choi, 2002; Dutta et al., 2005; Ferguson480
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et al., 2005; Xu et al., 2005). The application of TiO2 in practice can be481

limited due to the high energy cost for irritating the photocatalyst. Our study482

reveals that As(III) can be rapidly oxidized into As(V) by TiO2 in NOM-rich483

waters without light and O2, i.e., a light supplier may not be necessary for484

the oxidation treatment. Additionally, this finding indicates that TiO2 may485

be applied as an in-situ treatment technology to convert As(III) to the less486

toxic As(V) in groundwaters, as many As(III)-contaminated groundwaters are487

anaerobic in nature (Welch et al., 2000) and contain pronounced amounts of488

NOM (Mukherjee & Bhattacharya, 2001).489

5 Acknowledgement490

This study was funded by the Notre Dame Environmental Molecule Scien-491

tific Institute through the National Science Foundation (NSF EAR02-21966).492

The TiO2 used in this study was provided as a gift by Degussa Company. Dr.493

Manfred Wolf (GSF–Institue for Groundwater Ecology, Neuherberg) provided494

a ground water fulvic acid sample (Gohy-573 fulvic acid). We thank the two495

anonymous reviewers for their helpful suggestions.496

References497

Bang, S., Patel, M., Lippincott, L., & Meng, X. G. (2005). Removal of arsenic498

from groundwater by granular titanium dioxide adsorbent. Chemosphere,499

60, 389–397.500

Bauer, M. & Blodau, C. (2006). Mobilization of arsenic by dissolved organic501

matter from iron oxides, soils and sediments. Sci. Total Environ., 354,502

179–190.503

21



Bednar, A., Garbarino, J., Ranville, J., & Wildeman, T. (2002). Preserv-504

ing the distribution of inorganic arsenic species in groundwater and acid505

minedrainage samples. Environ. Sci. Technol., 36, 2213–2218.506

Bissen, M. & Frimmel, F. H. (2003). Arsenic − a revew. part I: Occurence,507

toxicity, speciation mobility. Acta hydrochim. hydrobiol., 31, 9–18.508

Bissen, M., Vieillard-Baron, M-M., Schindelin, A.J., & Frimmel, F. H. (2001).509

TiO2-catalyzed photooxidation of arsenite to arsenate in aqueous samples.510

Chemosphere, 44, 751–757.511

Brown, D. S. & Allison, J. D. (1987). An Equilibrium Metal Speciation Model:512

Users Manual. Env. Res. Lab., Officie of Res. and Dev. U.S. Environmental513

Protection Agency, Rept. No. EPA/600/3-87/012.514

Dutta, P. K., Ray, A. K., Sharma, V. K., & Millero, F. J. (2004). Adsorption of515

arsenate and arsenite on titanium dioxide suspensions. J. Colloid Interface516

Sci., 278, 270–275.517

Dutta, P. K., Pehkonen, S. O., Sharma, V. K., & Ray, A. K. (2005). Photo-518

catalytic oxidation of arsenic (III): Evidence of hydroxyl radicals. Environ.519

Sci. Technol., 39, 1827–1834.520

EC(1998). European Commission Directive, 98/83/EC, related with drinking521

water quality intended for human consumption. EC, Brussel, Belgium.522

Ferguson, M. A., Hoffmann, M. R., & Hering, J. G. (2005). TiO2-523

photocatalyzed As(III) oxidation in aqueous suspensions: reaction kinetics524

and effect of adsorption. Environ. Sci. Technol., 39, 1880–1886.525

Foster, A. L., Brown, G. E., & Parks, G. A. (1998). X-ray absorption pine-526

structure spectroscopy study of photocatalyzed, heterogeneous As(III) oxi-527

dation on kaolin and anatase. Environ. Sci. Technol., 32, 1444–1452.528

Grafe, M., Eick, M. J., & Grossl, P. R. (2001). Adsorption of arsenate (V) and529

arsenite (III) on goethite in the presence and absence of dissolved organic530

22



carbon. Soil. Sci. Soc. Am. J., 65, 1680–1687.531

Grafe, M., Eick, M. J., Grossl, P. R., & Saunders, A. M. (2002). Adsorption of532

arsenate and arsenite on ferrihydrite in the presence and absence of dissolved533

organic carbon. J. Environ. Qual., 31, 1115–1123.534

Hoffmann, M. R., Martin, S. T., Choi, W. Y., & Bahnemann, D. W. (1995).535

Environmental applications of semiconductor photocatalysis. Chem. Rev.,536

95, 69–96.537

Katsoyiannis, I. A., Hug, S. J., Ammann, A., Zikoudi, A., & Hatziliontos, C.538

(2007). Arsenic speciation and uranium concentrations in drinking water539

supply wells in Northern Greece: Correlations with redox indicative param-540

eters and implications for groundwater treatment. Sci. Total Environ., 383,541

128–140.542

Katsoyiannis, I. A. & Zouboulis, A. L. (2006). Comparative evaluation of543

conventional and alternative methods for the removal of arsenic from con-544

taminated groundwaters. Rev. Environ. Health, 21(1), 25–41.545

Kim, J. I., Buckau, G., Li, G. H., Duschner, H., & Psarros, N. (1990). Charac-546

terization of humic and fulvic acids from gorleben groundwater. Fresenius547

J. Anal. Chem., 338, 245–252.548

Ko, I., Kim, J. Y., & Kim, K. W. (2004). Arsenic speciation and sorption549

kinetics in the As-hematite-humic acid system. Colloids Surf., A, 234, 43–550

50.551

Langel, W. & Menken, L. (2003). Simulation of the interface between titanium552

oxide and amino acids in solution by first principles MD. Surf. Sci., 538,553

1–9.554

Lee, H. & Choi, W. (2002). Photocatalytic oxidation of arsenite in Tio2 sus-555

pension: Kinetics and mechanisms. Environ. Sci. Technol., 36, 3872–3878.556

Letterman, R., Amirtharajah, A., & O’Melia, C. (1999). Coagulation and floc-557

23



culation. In Water Quality & Treatment, Letterman, R. (Ed.); McGraw-Hill,558

Inc., New York, 6.1–6.61.559

Liu, G. J., Zhang, X. R., Jain, J., Talley, J. W., & Neal, C. R. (2006). Stability560

of inorganic arsenic species in simulated raw waters with the presence of561

NOM. Water Sci. Technol.: Water Supply, 6, 175–182.562

Mandal, B. K. & Suzuki, K. T. (2002). Arsenic round the world: a review.563

Talanta, 58, 201–235.564

Masscheleyn, P.H., Delaune, R.D., & Patrick, W.H.(1991). Effect of redox565

potential and pH on arsenic speciation and solubility in a contaminated566

soil. Environ. Sci. Technol., 25, 1414–1419.567

Ménétry, M., Markovits, A., Minot, C., & Pacchioni, G. (2004). Formation568

of schottky defects at the surface of MgO, TiO2, and SnO2: a comparative569

density functional theoretical study. J. Phys. Chem. B., 108, 12858–12864.570

Mohan, D. & Pittman, C. U. Jr. (2007). Arsenic removal from wa-571

ter/wastewater using adsorbents–a critical review. J. Hazard. Waste Mater.,572

142, 1–53.573

Mukherjee, A. B. & Bhattacharya, P. (2001). Arsenic in groundwater in the574

bengal delta plain: slow poisoning in Bangladesh. Environ. Rev., 9, 189–220.575

Pena, M., Meng, X. G., Korfiatis, G. P., & Jing, C. Y. (2006). Adsorption576

mechanism of arsenic on nanocrystalline titanium dioxide. Environ. Sci.577

Technol., 40, 1257–1262.578

Pena, M. E., Korfiatis, G. P., Patel, M., Lippincott, L., & Ment, X. (2005).579

Adsorption of As(V) and As(III) by nanocrystalline titanium dioxide. Wat.580

Res., 39, 2327–2337.581

Persson, P. & Lunell, S. (2000). Binding of bi-isonicotinic acid to anatase582

TiO2 (101). Sol. Energy Mater. Sol. Cells, 63, 139–148.583

Redman, A. D., Macalady, D. L., & Ahmann, D. (2002). Natural organic584

24



matter affects arsenic speciation and sorption onto hematite. Environ. Sci.585

Technol., 36, 2889–2896.586

Roddick-Lanzilotta, A. D. & McQuillan, A. J. (2000). An in situ infrared587

spectroscopic study of glutamic acid and of aspartic acid adsorbed on TiO2:588

implications for the biocompatibility of titanium. J. Colloid Interface Sci.,589

227, 48–54.590

Schaub, R., Thostrup, P., Lopez, N., Læ gsgaard, E., Stensgaard, I., Nø rskov,591

J. K., & Besenbacher, F. (2001). Oxygen vacancies as active sites for water592

dissociation on rutile TiO2(110). Phys. Rev. Lett., 87, 2661041–2661044.593

Smedley, P., Nicolli, H. B., Macdonald, D. M. J., Barros, A. J., & Tullio, J. O.594

(2002). Hydrogeochemistry of arsenic and other inorganic constituents in595

groundwaters from la pampa, argentina. Appl. Geochem., 17, 259–284.596

Smith, A., Lingas, E., & Rahman, M. (2000). Contamination of drinking-597

water by arsenic in bangladesh: a public health emergency. Bull. W. H. O.,598

78, 1093–1103.599

Tilocca, A. & Selloni, A. (2003). Reaction pathway and free energy barrier600

for defect-induced water dissociation on the (101) surface of TiO2-anatase.601

J. Chem. Phys., 119, 7445–7450.602

USEPA (2001a). National primary drinking water regulations: arsenic and603

clarifications to compliance and new source contaminants monitoring. Fed.604

Regist, 66(14), 6975–7066.605

USEPA (2001b). Fact sheet: Drinking water standard for arsenic. U.S. Envi-606

ronmental Protection Agency, Rept. No. EPA 815-f-00-015.607

Welch, A. H., Westjohn, D. B., Helsel, D. R., & Wanty, R. B. (2000). Arsenic608

in ground water of the United States: Occurrence and geochemistry. Ground609

Water, 38, 589–604.610

WHO (1993). Guidelines for Drinking-water Quality (2nd edition). WHO,611

25



Geneva, Switzerland.612

Xu, T., Kamat, P. V., & O’Shea, K. E.(2005) Mechanistic evaluation of ar-613

senite oxidation in TiO2 assisted photocatalysis. J. Phys. Chem. A, 109,614

9070–9075.615

Yang, H., Lin, W.-Y., & Rajeshwar, K. (1999). Homogeneous and heteroge-616

neous photocatalytic reactions involving As(III) and As(V) species in aque-617

ous media. J. Photochem. Photobiol., A, 123, 137–143.618

26



Table 1

Arsenic adsorption onto TiO2 in simulated As(III)-contaminated raw waters with

various initial DOC and As(III) concentrations

Initial As(III) concentration (µM)

1 8 15

DOC As adsorbed DOC As adsorbed DOC As adsorbed

(mg/L as C) (µmol/g-TiO2) (mg/L as C) (µmol/g-TiO2) (mg/L as C) (µmol/g-TiO2)

0 6.18±0.07 0 26.6±1.4 0 50.6±7.6

1.8 3.67±0.04 1.7 23.5 ±1.3 1.6 38.6±2.8

4.6 2.95±0.03 4.4 23.7±1.3 4.1 39.9±2.0

7.2 2.22±0.02 6.8 20.1±1.0 6.4 36.7±2.0

13.9 2.55±0.03 13.1 19.6±1.1 12.2 34.1±0.1
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Table 2

Deprotonation reactions for As(III) and TiO2 in water

No. Reaction pKa Ref.

A1 H3AsO3 ⇐⇒ H2AsO−

3 + H+ 9.23 Brown & Allison (1987)

A2 H2AsO−

3 ⇐⇒ HAsO2−
3 + H+ 12.10 Brown & Allison (1987)

A3 HAsO2−
3 ⇐⇒ AsO3−

3 + H+ 13.41 Brown & Allison (1987)

A4 TiOH+
2 ⇐⇒≡ TiOH + H+ pH < pHpzc Dutta et al. (2004)

A5 ≡ TiOH ⇐⇒≡ TiO− + H+ pH > pHpzc Dutta et al. (2004)
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Table 3

Isotherm parameters for arsenic adsorption in the simulated As(III)-contaminated

raw waters with and without the presence of NOM

Type of NOM

Langmuir Equation Freundlich Equation

([As]ad =
K·Lt·[As]eq

1+K·[As]eq
) ([As]ad = KF · [As]

1

n
eq)

K (1/µM) Lt (µmol/g-TiO2) r2 KF n r2

No NOM 0.25±0.14 49.2±12.5 0.96 11.2±1.44 1.94±0.27 0.98

GFA 0.49±0.34 15.3±3.68 0.93 5.11±1.45 2.41±0.88 0.90

MEHA 0.37±0.27 13.1±3.68 0.93 3.79±1.14 2.24±0.79 0.90

MPHA 0.57±0.32 11.3±9.19 0.94 4.13±1.01 2.61±0.90 0.90

SRNOM 0.07±0.05 57.3±27.5 0.98 4.66±0.98 1.40±0.20 0.98

MAHA 0.32±0.15 27.6±4.99 0.98 6.80±1.65 1.96±0.48 0.96
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Fig. 1. Adsorption of arsenic onto TiO2 as a function of contact time in the simulated

As(III)-contaminated raw waters with or without NOM. TiO2 concentration, 0.05

g/L; Initial As (III) concentration, 2.67 µM; Initial DOC, 0 or 8 mg/L as C; pH,

6.0±0.1; Ionic strength, 0.01 M NaCl; Error bars show the range of data for duplicate

samples.
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Fig. 2. Effect of initial DOC concentration on arsenic adsorption by TiO2. TiO2

concentration, 0.05 g/L; Initial As(III) concentration, 1, 8, and 15 µM; pH, 6.0±0.1;

Ionic strength, 0.01 M NaCl; Mixing time, 2 h; Error bars show the range of data

for duplicate samples.
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Fig. 3. Effect of pH on arsenic adsorption by TiO2. TiO2 concentration, 0.05 g/L;

Initial As(III)concentration, 1 µM; Initial NOM concentration, 8 mg/L as C; Ionic

strength, 0.01 M NaCl; Mixing time, 2 h; Error bars show the range of data for

duplicate samples.
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Fig. 4. UV254 removal during arsenic adsorption onto TiO2 under different pH val-

ues. TiO2 concentration, 0.05 g/L; Initial As(III)concentration, 1 µM; Initial NOM

concentration, 8 mg/L as C; Ionic strength, 0.01 M NaCl; Mixing time, 2 h; Error

bars show the range of data for duplicate samples.

33



4 5 6 7 8 9 10
0

25

50

75

100

pH

In
or

ga
ni

c 
ar

se
ni

c 
sp

ec
ia

tio
n 

(%
)

(a)
As(III)
As(V)

4 5 6 7 8 9 10
0

25

50

75

100

(b)

pH

In
or

ga
ni

c 
ar

se
ni

c 
sp

ec
ia

tio
n 

(%
)

As(III)
As(V)

4 5 6 7 8 9 10
0

25

50

75

100

pH

In
or

ga
ni

c 
ar

se
ni

c 
sp

ec
ia

tio
n 

(%
)

(c)
As(III)
As(V)

4 5 6 7 8 9 10
0

25

50

75

100

(d)

pH

In
or

ga
ni

c 
ar

se
ni

c 
sp

ec
ia

tio
n 

(%
)

As(III)
As(V)

4 5 6 7 8 9 10
0

25

50

75

100

(e)

pH

In
or

ga
ni

c 
ar

se
ni

c 
sp

ec
ia

tio
n 

(%
)

As(III)
As(V)

4 5 6 7 8 9 10
0

25

50

75

100

(f)

pH

In
or

ga
ni

c 
ar

se
ni

c 
sp

ec
ia

tio
n 

(%
)

As(III)
As(V)

Fig. 5. Arsenic redox speciation in the filtrates after arsenic adsorption onto TiO2

surface in the simulated As(III)-contaminated raw waters with and without the

presence of NOM. Solution contains (a) no NOM, (b) GFA, (c) MEHA, (d) MPHA,

(e) SRNOM, and (f) MAHA. Initial NOM concentration, 8 mg/L as C; Initial

As(III) concentration, 1 µM; TiO2 concentration, 0.05 g/L; Ionic strength is 0.01

M NaCl; Mixing time, 2 h; Error bars show the range of data for duplicate samples.
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Fig. 6. Illustration of the possible mechanism for As(III) oxidation to As(V) on

TiO2 surface in the presence of NOM and in the absence of O2 and light.
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Fig. 7. Arsenic adsorption isotherms with and without the presence of NOM. TiO2

concentration, 0.05 g/L; Initial DOC concentration, 8 mg/L as C; pH, 6.0±0.1;

Ionic strength, 0.01 M NaCl; Mixing time, 2 h; Error bars show the range of data

for duplicate samples. Solid and dashed lines represent the Freundlich and Langmuir

modelling respectively.
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