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Abstract  12 

The photocatalytic removal of arsenic from aqueous solutions was investigated using titania 13 

(TiO2) immobilized on a glass support, both bare and combined with synthesized metallic iron 14 

nanoparticles (nZVI) or commercial microscale iron (ZVI). Three procedures, namely dip 15 

coating, rotational coating and sponge coating, were tested for achieving the immobilization of 16 

TiO2. The photocatalytic activity of the semiconductor films under UV-irradiation after 17 

cumulative coatings was evaluated for 10 mgꞏL-1 aqueous As(III), which was completely oxidized 18 

to As(V) with all settings within 90 and 180 min. Titania immobilized by dip coating was found 19 

to be the most effective as it showed the faster kinetics. The reuse of immobilized TiO2 was also 20 

investigated, detecting no changes in the photocatalytic activity after five consecutive reactions. 21 

The addition of commercial ZVI particles to the immobilized TiO2 system did not bring about 22 

significant changes in the kinetics for As(III) oxidation at the three pH values investigated, i.e., 23 

5, 7 and 9. On the contrary, by addition of nZVI not only a faster depletion of As(III) was attained 24 
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in comparison to bare titania but also the removal of As(V) from the solution to concentrations 25 

below that recommended by the World Health Organization for human consume (10 g L-1),  26 

indicating this system can be suitable for the treatment of water polluted with arsenic. 27 

The role of iron species in the arsenic removal process with both [ZVI+immobilized-TiO2] and 28 

[nZVI+immobilized-TiO2] systems was further investigated by performing adsorption and 29 

irradiation experiments without titania. It was inferred that within the pH range evaluated, the 30 

minor corrosion of the ZVI surface even under UV irradiation restricts the production of reactive 31 

oxidizing species and generation of sites for As(III) and/or As(V) adsorption. By contrast, 32 

adsorption should be the main process responsible for the overall diminution of As(III) and As(V) 33 

species in solution attained upon nZVI addition, promoted by the increase of the external 34 

oxides/hydroxides layer on iron nanoparticles. Nevertheless, a certain contribution of UV-35 

generated oxidant species to the photocatalytic oxidation performance of titania might also be 36 

considered.  37 
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1. Introduction 41 

The presence of arsenic in drinking water is a potential threat to human health. The exposition to 42 

this element causes toxic effects and is associated with brain, bladder, liver, kidney, and skin 43 

cancers (WHO, 2017; WHO, 2001; Jomova et. al., 2011; Shankar et al., 2014; Abdul et al., 2015). 44 

Inorganic and organic arsenic are naturally present in water, being inorganic forms the most 45 

abundant and hazardous. In aqueous systems, arsenic primarily exists as oxyanions of trivalent 46 

arsenite, As(III), or pentavalent arsenate, As(V). Since arsenite is more toxic, mobile, and difficult 47 

to remove than arsenate oxidation processes are usually applied as a pre-treatment to enhance the 48 

overall arsenic removal efficiency (Sharma and Sohn, 2009; Sorlini and Gialdini, 2010). 49 
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Although conventional chemical oxidation has been customarily applied to transform As(III) to 50 

As(V) (Sorlini and Gialdini, 2010), heterogeneous photocatalysis with titanium dioxide (TiO2) 51 

can be a good alternative as it has been proven to be able to achieve the complete oxidation of 52 

As(III) to As(V) in aqueous solution (Dutta et al., 2015; Ferguson et al., 2005; Choi et al., 2010; 53 

Yoon et al., 2009; López-Muñoz et al., 2015). Once the As(V) species are generated, however, 54 

the adsorption capacity of TiO2 for them is very low thus resulting in an inefficient removal of 55 

the arsenate formed. For this reason, in order to attain the complete elimination of arsenic in one 56 

stage, the addition of a suitable adsorbent with high adsorption ability for As(V) under photo-57 

irradiation would be required (Yu et al., 2013). One plausible option is the use of microscale zero 58 

valent iron (ZVI) and nanoscale ZVI (nZVI) since over the last years both species have been 59 

successfully applied as adsorbents for the treatment of water polluted with arsenic (Su and Puls, 60 

2001; Morgada et al., 2009; Bhowmick et al., 2014; Bhaumik et al., 2015).  61 

In this regard, we reported in a previous work (López-Muñoz et al., 2017) that the combination 62 

of heterogeneous photocatalysis with TiO2 and powdered zero-valent iron (ZVI) showed a 63 

synergic effect in the oxidation of As(III) and subsequent adsorption of As(V) generated. The 64 

UV-irradiation of a 10 mg L−1 As(III) aqueous solution at pH 3 in the presence of titania (0.25 g 65 

L−1) and metallic iron (0.1 g L-1) led to a final concentration of total arsenic in solution well below 66 

the maximum value recommended by the World Health Organization (WHO) in drinking water 67 

(10 μg L-1) (WHO, 2001). The beneficial contribution of ZVI particles was mainly explained by 68 

the oxidation of the iron surface to different stable iron hydroxides/oxides able not only to retain 69 

arsenic species but also to generate reactive oxygen species (ROS) (López-Muñoz et al., 2017). 70 

With the objective of a practical application, however, one important shortcoming of the above 71 

system was the use of a slurry reactor. The slurry operation has significant advantages among 72 

which a high ratio of irradiated photocatalyst surface to the effective reactor volume, a rather 73 

uniform distribution of the suspended catalyst, and scarce mass-transfer limitations. These 74 

benefits make slurry reactors with suspended titania particles the most widely employed for 75 

research purposes. On the other hand, slurry systems have also several drawbacks that prevent 76 
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their use in large scale applications, such as the costs to remove the TiO2 particles from the 77 

effluent after the treatment, the aggregation of suspended particles at high catalyst loads and the 78 

difficulty for being applied to continuous flow systems (Manassero et al., 2017; Marugán et al., 79 

2016). Such shortcomings can be overcome by using reactors with immobilized TiO2 so that no 80 

separation of the catalyst particles is needed, also improving the reutilization of the catalyst in 81 

consecutive cycles. Nevertheless, compared to slurry operation mode, immobilized systems show 82 

a lower accessibility of the catalyst to photons, and a low area-to-volume ratio which can lead to 83 

mass transfer limitations and low reaction rates (Balasubramanian et al., 2004; El-Kalliny et al., 84 

2014; Singh et al., 2013; Chen et al., 2001). Accordingly, the rate of the reaction and the pollutant 85 

transformation achieved will be significantly affected by the thickness of the layer of immobilized 86 

catalyst, since it governs the extent of radiation that can be absorbed and also the limitations of 87 

access to the photocatalyst close to the support due to the internal mass transfer (Vezzoli et al., 88 

2013). 89 

Different physical and chemical procedures leading to the TiO2 immobilization over diverse 90 

supports have been specifically proposed for photocatalytic treatments. Among others, it should 91 

be mentioned spread coating and dip-coating, chemical vapour deposition, pulsed laser deposition 92 

or electrospray (Shan et al., 2010). Particularly, the dip-coating method has been widely used for 93 

the immobilization of TiO2 because the resulting coatings exhibit suitable uniformity and stability. 94 

In this procedure, the support is immersed into a titania solution and then withdrawn with 95 

controlled speed. The thickness of the immobilized layer depends on the withdrawal speed, the 96 

properties of the immersion solution, and the number of coatings (Dijkstra et al., 2001; van 97 

Grieken et al., 2009; Falk et al., 2018). Glass supports have been preferably employed for the 98 

immobilization of TiO2 by dip-coating due to their high light transparency and resistance to 99 

calcination (Shan et al., 2010).  100 

In this context, the first objective of the present investigation was to evaluate the photocatalytic 101 

performance of immobilized titania for the treatment of water polluted with arsenic. With this 102 

aim, we compared different procedures for the immobilization of TiO2 on glass by modifying the 103 
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method of impregnation and the number of coatings. The photocatalytic activity as well as the 104 

stability after consecutive reuse cycles was analysed for each system. The second objective was 105 

to investigate the influence of zero-valent iron addition to the immobilized TiO2 system on the 106 

overall arsenic removal. Two materials were evaluated, i.e. commercial microscale metallic iron 107 

(ZVI) and synthetized nanoscale iron (nZVI). The influence of pH was studied in the range 5-9 108 

avoiding strong acidic pH values to prevent the iron leaching to the solution.  109 

2. Experimental 110 

2.1. Chemicals 111 

The stock As(III) and As(V) solutions were prepared from NaAsO2 and NaAsO3 (90%, Aldrich), 112 

respectively. Titanium dioxide (Degussa P25) and commercial ZVI powder (97%) were provided 113 

by Evonik and Aldrich, respectively. For the synthesis of iron nano-particles : FeSO4ꞏ7H2O 114 

(>99%, Sigma Aldrich) as iron source, ethanol (>99%, Scharlab), NaOH (>98%, Aldrich), and 115 

NaBH4 (>98%, Sigma Aldrich) were used. Isopropanol (99.5%) and potassium hydroxide (90%) 116 

employed for the pre-treatment and cleaning of glass tubes were supplied by Scharlab. For pH 117 

modification, HCl (37%, Sigma Aldrich) was used. 118 

2.2. Synthesis of nZVI 119 

Metallic iron nano-particles (nZVI) were synthesized according to a modified method described 120 

elsewhere (Ponder et al., 2000). First, a solution of FeSO4ꞏ7H2O 0.4 M in ultrapure water and 121 

ethanol (70:30 v/v) was sonicated for 2 hours. In absence of oxygen, the pH of solution was 122 

adjusted to 6.8 with NaOH 3.8 M. Then, an excess of NaBH4 was added to the mixture to reduce 123 

Fe(II) to Fe(0). The metallic iron was washed with a solution of water and ethanol (50:50 v/v), 124 

and subsequently treated with pure ethanol to complete the removal of water and avoid the iron 125 

oxidation. Finally, the solid material was recovered by filtration and dried under vacuum. 126 

2.3. Procedures for the immobilization of TIO2 127 

A borosilicate glass hollow cylinder (235x60 mm) with one closed side was used as support for 128 
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titania immobilization. Initially, the glass cylinder was immersed into a KOH/isopropanol (0.5 129 

M) solution for 24 hours in order to attain a net negative charge on the glass walls. Afterwards, it 130 

was washed with ultrapure water and dried at 110 C.  131 

The immobilization of TiO2 was carried out by three different methods: dip coating (DC), 132 

rotational coating (RC), and sponge coating (SC). For each procedure it was employed an aqueous 133 

suspension of 200 g TiO2 L-1 at pH = 2 (adjusted with HCl 3 M) thus favoring the interaction of 134 

positively charged titania particles with the borosilicate glass support (van Grieken et al., 2009). 135 

In the dip coating method, the glass support was immersed vertically into the suspension for 5 136 

min at  a controlled immersion speed of 2 mmꞏs-1 and  pulled out at  a withdrawing rate  of 1 137 

mmꞏs-1. The rotational method was performed by dipping horizontally one eighth of the glass 138 

support into the TiO2 solution turning on its axis at a rotation speed of 9 ꞏs-1 for two min. Finally, 139 

the sponge coating method consisted in manually soaking the support with the TiO2 suspension 140 

by means of a porous sponge. After coating, all supports were carefully dried at 110 C for 20 h 141 

and calcined at 550 C for 2 h (heating ramp 5ꞏC min-1). Three coating cycles were carried out 142 

for each immobilization method. The quantification of the TiO2 catalyst successfully deposited 143 

was determined by the mass difference between the glass support before and after titania 144 

impregnation. An estimation of the average TiO2 thickness was calculated taking a value of 3.7 g 145 

cm-1 for density of titania (Chen and Dionysiou, 2006). 146 

2.4. Characterization Techniques 147 

XRD patterns of iron materials were recorded on a Philips X-PERT MPD diffractometer using 148 

Cu Kα radiation, in the range of 5 to 90 degrees. Transmission Electron Microscopy (TEM) 149 

images of nZVI, Energy-Dispersive X-ray (EDX) microanalysis, and electron diffraction analysis 150 

were carried out in a PHILIPS TECHNAI 20 T microscope operating at 200 kV. The particles of 151 

nZVI were dropped on an ultrathin carbon film-coated Cu grid after being dispersed in acetone. 152 

The size of iron particles was determined by the analysis of TEM images with the Image-J® 153 

software. 154 
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Temperature-programmed reduction (TPR) analysis was conducted on a Micrometritics 155 

Autochem 2910 equipment. The TPR profiles of the samples were recorded between 100 and 900 156 

°C in presence of a H2/Ar mixture (10/90% v/v) flowing at 40 mL min-1, at a heating rate of 10 °C 157 

min-1. N2 adsorption-desorption isotherms were acquired at 77 K with a Micromeritics Tristar 158 

3000 analyser, using two sequential degasification steps, performed at 363 K and 373 K under 159 

nitrogen. The Brunauer–Emmett–Teller model was used to estimate the specific surface area 160 

(SBET) of TiO2 and iron particles (Brunauer et al., 1938). 161 

2.5. Photocatalytic reactions 162 

A cylindrical reactor of 1 L effective volume open to the atmosphere was used for the batch 163 

photocatalytic reactions. The initial concentration of As(III) in solution was fixed at 10 mg L−1. 164 

Prior and during the photocatalytic runs, the solution was aerated (air flow rate of 0.1 L min−1) 165 

and magnetically homogenized (750 rpm). Aliquots were taken at selected times for the 166 

measurement of arsenic concentration. For the irradiation, a medium-pressure mercury lamp 167 

(Heraeus TQ-150) was placed concentrically within the borosilicate glass hollow cylinder with 168 

the immobilized TiO2, and the whole set was axially immersed into the aqueous solution.   169 

The colorimetric determination of the concentration of As(III) and As(V) in the range 1 to 170 

10 mgꞏL−1 was performed on a Jenway 7300 spectrometer, following the formation of a complex 171 

between arsenic and molybdate as described elsewhere (López-Muñoz et al., 2015). For arsenic 172 

concentrations lower than 1 mg L−1 an atomic fluorescence spectrometer working by hydride 173 

generation (HG-AFS) (PSA 10.055 Millenium Excalibur) was employed. The separation of 174 

As(III) and As(V) species was attained by HPLC (SpectraSYSTEM P1000) using a strong anion 175 

exchange column (Hamilton PRP-X100). Error analysis was carried out by propagation of 176 

uncertainty estimating the instrumental error for each arsenic concentration. Error bars are 177 

included in the kinetic profiles. To assess the reproducibility of the experimental results, the 178 

reactions were repeated three times. In agreement with the instrumental error, the values of 179 

relative standard deviation (RSD) of the arsenic concentration in the aqueous solution were 180 

smaller than 10% in all cases. 181 
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3. Results and discussion 182 

3.1. TiO2 immobilization for As(III) oxidation 183 

The influence of the immobilization method (i.e. DC, RC, and SC procedures) on the 184 

morphological properties of the layer of TiO2 deposited on the glass cylinder was initially 185 

evaluated. With dip coating and rotational methods uniform and smooth coating layers were 186 

obtained. On the contrary, when the immobilization was attained by the sponge method the 187 

resulting layer presented small catalyst clusters regularly spread on the surface. As the number of 188 

coatings increased the surface of immobilized TiO2 became slightly rougher, mainly in the 189 

rotational and sponge methods. 190 

Table 1 summarizes the amount and average thickness of TiO2 immobilized on the surface of the 191 

glass support determined for each procedure after consecutive coating cycles. Significant 192 

differences were observed depending on the method employed. After the first coating, the higher 193 

amount of immobilized TiO2 was attained by using the SC method followed by rotational and 194 

vertical immersions, with 0.569, 0.512, and 0.272 mg of TiO2 cm-2, respectively. A similar trend 195 

was also observed for the subsequent coating cycles. In the case of the sponge method, the 196 

presence of small agglomerations over the continuous thin layer of immobilized TiO2 might be 197 

responsible of the higher amount of supported catalyst as compared to the immersion methods. 198 

On the other hand, the larger amount of titania immobilized by the RC method in comparison to 199 

the DC method might be related to the experimental procedure used in each case. In the RC 200 

method the glass cylinder was partially immersed into the titania suspension while it was rotating, 201 

alternating immersion with exposure to air for 2 min. This should favor the ongoing deposition 202 

of a new thin layer of titania over that attained in the previous rotation thus leading to a higher 203 

amount of immobilized titania than obtained in the DC method.  204 
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Table 1. Mass and film thickness of TiO2 immobilized after consecutive coating cycles 205 

 Dip coating Rotational coating Sponge coating 

Number 
of coating 

cycles 

Mass of TiO2 
(mg cm-2) 

Average 
thickness 

(µm) 

Mass of TiO2 
(mg cm-2) 

Average 
thickness 

(µm) 

Mass of TiO2 
(mg cm-2) 

Average 
thickness 

(µm) 

1 0.272 0.735 0.512 1.384 0.569 1.538 

2 0.507 1.370 0.827 2.235 1.045 2.824 
3 0.680 1.130 1.130 3.054 1.460 3.946 

 206 

As seen in Table 1, the average thickness of TiO2 immobilized significantly increased after each 207 

coating cycle for the three methods following the order: dip coating < rotational coating < sponge 208 

coating. Nevertheless, as the number of coatings increases a further away from a linear growth of 209 

the mass of TiO2 is observed. The additional amount of TiO2 deposited after each coating steadily 210 

diminished with the number of coating cycles. As compared to the first coating, the mass of 211 

catalyst immobilized in the second and third cycles increased by 1.9 and 2.5-fold for the dip 212 

coating; 1.6 and 2.2-fold for the horizontal rotational coating; and 1.8 and 2.6-fold for the sponge 213 

coating, respectively.  214 

3.1.1. Photocatalytic efficiency of immobilized TiO2 215 

The photocatalytic activity of TiO2 immobilized by the three procedures was evaluated by the 216 

oxidation of 10 mgꞏL-1 As(III) in aqueous solution at pH 9 (natural pH of the solution). Figure 1 217 

displays the relative concentration of As(III) and As(V) species in the aqueous solution as a 218 

function of the irradiation time.  219 

As it can be seen, the removal of As(III) was achieved in all cases within 90 and 180 min of 220 

irradiation. The best photocatalytic performance was detected for titania immobilized after the 221 

first and second coating cycles by dip coating, completing the whole oxidation of As(III) to As(V) 222 

after 90 min. The activity decreased, however, after the third coating cycle being necessary 120 223 

min to accomplish the oxidation of As(III). Also 120 min were steadily required by the catalyst 224 

immobilized by rotational coating to attain the complete oxidation of As(III) despite the similar 225 

amount of titania deposited in comparison to that obtained after the second cycle with dip coating. 226 
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The sponge method of TiO2 immobilization exhibited the worst efficiency in the oxidation since 227 

180 min were necessary to reach the complete elimination of As(III). In general terms, the 228 

concentration profiles displayed in Figure 1 show that the activity of immobilized titania tapered 229 

off in the order dip coating> rotational coating> sponge coating. 230 

The differences found must be related to the distribution of titania particles and thickness of the 231 

TiO2 layer immobilized by each procedure. Previous studies have reported that the overall 232 

photocatalytic reaction rate in fixed-film reactors is influenced by the thickness of the catalyst 233 

film in a different way depending on the illumination configuration (Manassero et al., 2017). If 234 

the immobilized photocatalyst is irradiated from the solution-side in contact with the 235 

semiconductor, the reaction rate will increase with the thickness of photocatalyst until reaching a 236 

limit above which no further increase of photons absorption can take place. If that thickness is 237 

exceeded no enhancement of the photocatalytic reaction rate will occur with the increase of 238 

catalyst mass since the innermost layers will receive no radiation.  239 
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 240 
Figure 1. Photocatalytic oxidation of 10 mg L-1 As(III) to As(V) at pH = 9 using TiO2 catalyst 241 

supported on glass by (a) dip coating; (b) rotational coating; and (c) sponge coating. Filled 242 

symbols: As(III); hollow symbols: As(V). 243 
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On the other hand, if the irradiation is performed from the glass support side, as it occurs in the 244 

reactor used in the present work, an optimum film thickness value will exist above which the 245 

observed pollutant conversion will decrease (Chen et al., 2001; Vezzoli et al., 2013). The given 246 

explanation is that in the latter configuration the maximum concentration of photogenerated 247 

charges and hydroxyl radicals will be close to the glass–titania interface whereas the maximum 248 

pollutant concentration-will occur at the liquid-titania interface. Therefore, above an optimum 249 

titania film thickness the reaction rate will decrease due to internal mass transfer limitations which 250 

will prevent the access of pollutants to photogenerated charge carriers (Chen et al., 2001; Vezzoli 251 

et al., 2013).  252 

Accordingly, the diminution of the photocatalytic activity observed for titania immobilized by 253 

RC and SC methods can be explained by means of the thicker titania layers and agglomerates 254 

formed per coating cycle in each case in comparison to the dip coating procedure, preventing an 255 

optimal interaction between photogenerated charges and As(III) species from solution. Hence, as 256 

shown in Fig 1 one single TiO2 impregnation by dip coating allowed to attain the best 257 

photocatalytic activity using the least amount of immobilized catalyst. 258 

In all reactions As(V) was detected, confirming the photocatalytic oxidation of As(III) with the 259 

immobilized TiO2. The mass balance of arsenic in solution was only achieved in the reactions 260 

performed with TiO2 immobilized by DC method. In the reactions performed with TiO2 deposited 261 

by RC and SC procedures, the final concentration of As(V) was 4% to 12% lower than the initial 262 

concentration of arsenic in solution, thus indicating the adsorption of As(V) generated species on 263 

the immobilized titania. The differences observed are in agreement with the higher amount of 264 

catalyst and the greater roughness observed for TiO2 deposited by RC and SC methods, which 265 

provide a higher surface area for As(V) adsorption in comparison to that obtained with the DC 266 

method. However, when the amount of TiO2 immobilized was highly increased after the third 267 

coating by the SC method, the As(V) adsorption decreased probably because some inner 268 

adsorption sites remained inaccessible.  269 
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To evaluate the mechanical stability of titania coatings attained by the three procedures, the glass 270 

cylinders were thoroughly dried after the reactions and weighted. No substantial changes were 271 

detected in the mass compared to that of the supports before reaction, thus indicating no 272 

significant detachment of catalyst during the reactions.  273 

3.1.2. Reuse of immobilized TiO2 274 

Once the photocatalytic performance for the oxidation of As(III) in aqueous solution was proved 275 

for titania immobilized by DC, RC and SC, subsequent reaction cycles were carried out to 276 

evaluate the stability of the photocatalytic activity. Up to five consecutive reactions were 277 

performed with the catalyst immobilized by DC, and three uses were evaluated for TiO2 278 

immobilized by RC and SC. The reactions were carried out with one catalyst coating, using a 279 

fresh As(III) solution for each reaction cycle. As displayed in Figure 2, the photocatalytic activity 280 

of immobilized titania was maintained after the consecutive uses. In addition, a high 281 

reproducibility of the kinetics of As(III) removal rate was observed, especially noticeable in the 282 

reaction system with TiO2 immobilized by DC. Moreover, no TiO2 was detached during the 283 

reactions, so confirming the high stability of the immobilized catalyst. In the coating by the 284 

sponge method, it was observed that the extent of adsorption of As(V) formed on the catalyst 285 

decreased throughout the consecutive reuse cycles. The initial 12% percentage of As(V) adsorbed 286 

after the first use was reduced to 6% and to less than 1% after the second and third use, 287 

respectively. Nevertheless, despite this progressive deactivation of active sites for As(V) 288 

adsorption the photocatalytic activity for As(III) oxidation was preserved during the following 289 

runs. Therefore, the reuse of TiO2 immobilized by any of the three methods (dip, rotational or 290 

sponge methods) was viable and effective. In addition, no requirement of cleaning between 291 

consecutive reaction runs was needed, thus pointing out that the procedures followed for the 292 

immobilization of titania can be taken into account for a plausible application at pilot scale 293 

operation, including continuous or semi-continuous flow processes. 294 

 295 
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Figure 2. Reuse of single coating TiO2 immobilized by (a) dip coating; (b) rotational coating; and 297 

(c) sponge coating. Filled symbols: As(III); hollow symbols: As(V). 298 
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3.2. Effect of the addition of zero-valent iron to the immobilized TiO2 system 299 

In order to enhance the photocatalytic efficiency of the TiO2 immobilized and also to achieve the 300 

complete removal of arsenic from the aqueous solution, the addition of zero-valent iron to the 301 

reaction medium was evaluated, since metallic iron was proven to have a beneficial effect in TiO2 302 

slurries (López-Muñoz et al., 2017; Li et al., 2010). The influence of the iron particle size was 303 

investigated by using two alternative metallic iron materials, i.e. commercial micro-scale and 304 

synthetized nano-scale zero-valent iron, denoted as ZVI and nZVI, respectively.  305 

3.2.1. Characterization of ZVI and nZVI materials 306 

Figure 3 shows TEM micrographs of nZVI material. It can be observed that the sample is 307 

composed of spherical nano-particles with an average diameter size of 55 nm (Figure 3b), which 308 

are interconnected forming a network of filaments (Figure 3a), as previously reported (Sun et al., 309 

2006; Yan et al., 2010). This morphology is attributed to the magnetic properties of the nZVI 310 

particles (Li et al., 2010). Individual nZVI particles displayed a core-shell structure with an 311 

external surface layer (3.4 nm of average thickness) surrounding an internal core (Figure 3b). The 312 

EDX analysis revealed that the core consists of pure metallic iron which represents ca. 90% 313 

content whereas iron and oxygen were detected in the shell, which fits with the presence of iron 314 

oxides and hydroxides (Yan et al., 2010; Martin et al., 2008). On the other hand, the commercial 315 

ZVI material consists of irregular particles of metallic iron, with average size of around 45 µm, 316 

as described elsewhere (López-Muñoz et al, 2017). The BET specific surface area of synthesized 317 

nZVI, determined from N2 sorption isotherms at 77 K was 67 m2ꞏg-1, value significantly large in 318 

comparison to ZVI particles (around 10 m2 g-1).  319 
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 320 

Figure 3. TEM micrographs of synthesized nZVI 321 

The crystalline structure of the iron materials was analyzed by XRD (Figure 4). The microscale 322 

ZVI displayed three peaks with 2θ positions centered at 44.8, 65.0 and 82.3, attributed to the 323 

(110), (200), and (211) diffraction planes of metallic iron, α-Fe (JCPDS, No. 01-085-1410). Same 324 

diffractions were also present in the nZVI material although with broader profiles, as expected in 325 

nano-particles. An additional very small and broad reflection centered at 35.5 could be detected, 326 

probably related to the formation of iron oxides such as maghemite (-Fe2O3), wüstite (FeO), or 327 

magnetite (Fe3O4) whose main diffraction peaks appear at 2θ = 35.68, 35.68, and 35.45, 328 

respectively, although its precise nature could not be determined from the XRD patterns. 329 
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Figure 4. X-ray diffractograms of ZVI and nZVI (normalized) 331 
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Temperature programmed reduction (TPR) analysis of ZVI material did not show any reduction 332 

process confirming that the sample contains only metallic iron, in accordance to the XRD pattern. 333 

Conversely, a complex reduction profile was obtained for nZVI (Figure 5). The profile was split 334 

into three individual peaks centered at around 325 C, 530 C, and 730 C, that can be related to 335 

the H2 consumption corresponding to the stepwise reduction of iron oxides, typically γ-Fe2O3 336 

(maghemite), Fe3O4 (magnetite), and FeO (wüstite), respectively, to yield Fe0 (metallic iron) (Ryu 337 

et al., 2008; Bychko, 2012). Since the intensity of each reduction peak is significantly different, 338 

it can be inferred the presence of mainly magnetite with wüstite to a lesser extent and a small 339 

amount of maghemite all of which, according to the TEM micrographs, would be located on the 340 

external surface of nZVI.  341 
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Figure 5. TPR profile of synthesized nZVI.  343 

3.2.2. Photocatalytic reactions with titania and metallic iron 344 

Different attempts to achieve the simultaneous immobilization of titania and iron particles on the 345 

glass support by the dip coating procedure were evaluated, with no success. The direct addition 346 

of metallic iron to the TiO2 acid solution where the glass support should be immersed was not 347 

practicable, because the iron particles were easily oxidized at the low pH value of the titania 348 

solution. As an alternative procedure, nZVI material was sprinkled over the wet layer of fresh 349 

immobilized TiO2 followed by subsequent drying and calcination. The nZVI particles deposited 350 

in this way exhibited no sign of oxidation, but most of the immobilized nZVI was detached from 351 
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the catalytic support after reaction, hence this option was also discarded. Therefore, as zero-valent 352 

iron can be magnetically removed from the aqueous system, ZVI and nZVI were used under slurry 353 

operation in combination with DC immobilized TiO2. Based on previous results, the amount of 354 

added zero-valent iron was fixed at 0.1 g L-1.  355 

Figure 6 displays the kinetic profiles for arsenic species in solution during the photocatalytic 356 

reactions carried out at three different pH values (5, 7, and 9). The addition of ZVI micro-particles 357 

to the immobilized TiO2 system yielded As(III) kinetic removal profiles (Figure 6a) similar to the 358 

photocatalytic reaction carried out at pH = 9 in the absence of iron (Figure 1a). No significant 359 

differences in the photocatalytic rate of As(III) uptake were observed within the pH range 360 

evaluated. The As(V) concentration profile throughout the reaction shows that the mass balance 361 

for arsenic was achieved only at pH 9 whereas at lower pH values As(V) final concentration 362 

accounted for ca. 80% As(III) initially added (Figure 6 b). This difference can be attributed to the 363 

arsenate adsorption on iron oxides and hydroxides species whose formation on the ZVI micro-364 

particles would be promoted by corrosion of the iron surface as pH decreases. Nevertheless, TiO2 365 

could also contribute to the removal of As(V) since the adsorption of arsenate species on the 366 

titania surface is also improved as pH decreases (López-Muñoz et al., 2017).  367 



19 
 

0 15 30 45 60 75 90 105 120
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0 15 30 45 60 75 90 105 120
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0 15 30 45 60 75 90 105 120
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0 15 30 45 60 75 90 105 120
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

 pH = 9
 pH = 7
 pH = 5

 

 

 
 [

A
s(

III
)]

/[A
s]

0

Time (min)

 pH = 9
 pH = 7
 pH = 5

 [
A

s(
V

)]
/[A

s]
0

 

Time (min)

 pH = 9
 pH = 7
 pH = 5

 [
A

s(
III

)]
/[A

s]
0

 

Time (min)

b)a)

d)

 pH = 9
 pH = 7
 pH = 5

 [
A

s(
V

)]
/[

A
s]

0
 

Time (min)

c)

 368 

Figure 2. Influence of solution pH on 10 mg L-1 As(III) removal and As(V) production under 369 

UVA irradiation using immobilized TiO2 in the presence of: commercial ZVI (a, b) and 370 

synthetized nZVI (c, d). Filled symbols: As(III); hollow symbols: As(V)  371 

By contrast to iron microparticles, the addition of nZVI to the immobilized titania system greatly 372 

enhanced the overall uptake of arsenic from the aqueous solution (Nguyen et al., 2008). On one 373 

hand, much faster As(III) depletion kinetics were observed since the removal of As(III) was 374 

achieved within a time interval below 30 min (Figure 6.c), i.e. three times lesser than required for 375 

bare immobilized TiO2 (Figure 1a). On the other hand, in the presence of nZVI particles a very 376 

low As(V) concentration remained in the aqueous solution after the reaction (Figure 6 d). At pH 377 

9, the As(V) concentration firstly increased up to a 20% of the initial As(III) and then decreased 378 

to 4 µg L-1 after 60 min of photoreaction. At pH 7 and 5, the As(V) concentrations detected 379 

throughout the process were lower than 5 µg L-1, thus indicating the positive effect of the 380 

combined system to attain in the aqueous solution a total arsenic concentration below that 381 

established by the WHO in drinking water (10 µg L-1) (WHO, 2017; WHO, 2001; Jomova et. al., 382 

2011).  383 
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Removal of pollutants by zero valent iron can proceed through four different mechanisms: 384 

reductive degradation, oxidative degradation, precipitation and adsorption (Li et al., 2006; Crane 385 

et al., 2006;). On this basis, to further investigate the role of ZVI and nZVI in the whole arsenic 386 

removal process with immobilized TiO2, some adsorption experiments were carried out in 387 

absence of irradiation for 10 mg L-1 As(III) and 0.1 g L-1 ZVI or nZVI, as a function of time. 388 

While no adsorption of As(III) on micro-ZVI was detected at pH = 9, ca. 85% of the initial As(III) 389 

concentration was reduced after 30 min in the presence of nZVI. The decrease of pH to 5 led to 390 

some arsenite adsorption on ZVI although significantly less than obtained with nZVI, achieving 391 

after 30 min ca. 8% and 85% of As(III) removal, respectively.  392 

The effect of pH on arsenic adsorption is governed by both the arsenic species in solution and the 393 

surface charge of the adsorbent. In aqueous solution, the predominant As(III) species at pH < 9.2 394 

is the neutral H3AsO3 (H3AsO3  H2AsO3
- + H+, pKa1 = 9.2). Regarding the charge of adsorbent 395 

surface, the point of zero charge (pzc) of n-ZVI has been previously reported in the 7.5-8.3 range 396 

(Kanel et al., 2005; Wu et al., 2018). Therefore, as the pH decreases from 9 to 5 the surface 397 

changes from slightly negative to positive charged. This change does not significantly affect the 398 

arsenite adsorption on nZVI since the neutral character of arsenious acid makes that electrostatic 399 

forces do not play a significant role in the interaction with the iron surface. For ZVI, the increase 400 

of As(III) adsorption by decreasing the pH from 9 to 5 can be attributed to the associated corrosion 401 

of iron particles. Indeed, the adsorption of As(III) on ZVI has been explained through the 402 

formation of complexes with the hydroxylated active groups of iron oxides (Crane et al., 2006; 403 

Kanel et al., 2005; Wu et al., 2018). In comparison to micro-ZVI, the much higher adsorption 404 

detected at any pH for n-ZVI might be attributed to the intrinsic iron oxides/hydroxides on the 405 

external surface of its particles. Moreover, due to the smaller size of nZVI particles (roughly 55 406 

nm) and hence, their higher specific surface area, more active sites for adsorption might be 407 

available in comparison to micro ZVI.  408 

From the above considerations, it can be inferred that adsorption must be the main process 409 

responsible for the overall diminution of As(III) concentration detected with nZVI (Fig.6c). 410 
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Nevertheless, as the irradiation of ZVI or nZVI particles could also promote the formation of 411 

oxidizing species, the significance of the oxidative As(III) removal was further investigated.  412 

Figure 7 displays the percentage of total arsenic and the speciation in As(III) and As(V) remaining 413 

in solution after irradiation of 10 mg L-1 As(III) solutions for 30 and 60 min at pH = 9 with just 414 

ZVI or nZVI particles, and each one brought together with immobilized TiO2.  415 

0

20

40

60

80

100

%
 A

s 
in

 s
ol

u
tio

n

 As(III)
 As(V)
 As(TOT)

ZVI + h TiO
2
+ZVI+h TiO

2
+nZVI+hnZVI + h

ZVI + h TiO
2
+ZVI+h nZVI + h TiO

2
+nZVI+h

0

20

40

60

80

100

Time: 60 min

Time: 30 min

%
 A

s 
in

 s
o

lu
tio

n

 As(III)
 As(V)
 As(TOT)

0

 416 

Figure 7. Percentage of As(III), As(V), and total As remaining in solution after irradiation for: 417 

a) 30 min; and b) 60 min, in the presence of ZVI, nZVI, [ZVI+ TiO2] and [nZVI+ TiO2]  418 

As it can be observed in Fig. 7, unlike the null depletion of As(III) by adsorption on ZVI at pH 9, 419 

the irradiation for 30 and 60 min brought about the oxidation of a small fraction of As(III) to 420 
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As(V), ca. 5% and 12%, respectively. The achievement of mass balance for arsenic in the solution 421 

allows to discard the generation of new adsorption sites for arsenic species but points out the 422 

production under UV irradiation of oxidant species in ZVI which would be responsible for As(III) 423 

to As(V) oxidation.  Regarding the nature of oxidant species formed with ZVI systems, some 424 

authors have proposed the formation of highly reactive hydroxyl radicals at low pH values 425 

whereas, above pH 5 less oxidizing intermediates such as Fe(IV) species might prevail 426 

(Katsoyannis et al., 2008). Therefore, considering the effective production of ROS under UV 427 

irradiation of TiO2 in the pH range 5 to 9, the contribution of ZVI to As(III) oxidation should be 428 

quite scarce, in agreement with the results obtained with the [TiO2+ZVI] system (Fig. 6 and 7). 429 

By contrast to ZVI, a much higher decrease of As(III) concentration was detected with nZVI after 430 

30 and 60 min of irradiation (Fig. 7), ca. 87 and 92 %, respectively, values slightly higher than 431 

obtained by adsorption in the dark (85%). Moreover, the mass balance of arsenic in the aqueous 432 

solution was not attained with nZVI. These results could be related to both an enhancement of 433 

As(III) oxidation by UV-generated oxidant species and/or the improvement of As(III) and As(V) 434 

adsorption due to the increase of the external layer of iron oxides/hydroxides species formed by 435 

the UV-induced corrosion of the nZVI surface (Morgada et al., 20115; López-Muñoz et al., 2017; 436 

Ramos Guivar et al., 2018).  437 

Compared to the individual system, a greater removal of As(III) (> 99.9%) was attained after 30 438 

min of irradiation with the [TiO2+nZVI] system. In addition, with nZVI most arsenic remaining 439 

in solution after irradiation was present as As(III) while only As(V) was detected with the 440 

[TiO2+nZVI] system, thus clearly indicating the much better efficiency of titania to achieve the 441 

oxidation of As(III) under UV-irradiation. Moreover, it should be noticed that the uptake of total 442 

arsenic, i.e. As(III)+As(V), to a concentration in solution below the detection limit could only be 443 

accomplished with the [TiO2+nZVI] system, after 60 min of irradiation. 444 

Regarding the concentration profile of As(V) species (Figures 6d and 7), it can be inferred that 445 

the affinity of the iron surface for As(V) increased as pH decreased. In addition, the extent of 446 

As(V) adsorption is much greater on nZVI compared to ZVI. The results prove that once As(III) 447 
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is oxidized to As(V) in the photocatalytic reaction, arsenate species could be immediately 448 

removed by adsorption on nZVI with increasing efficiency as pH decreases. Acid dissociation 449 

constants of H3AsO4 are 2.23, 6.94 and 11.50, therefore in the 9-5 pH range the main arsenate 450 

species in solution are the anionic H2AsO4
- and HAsO4

2- which are better adsorbed as pH 451 

decreases due to the increasing positive charge of the iron surface. Likewise, according to its 452 

isoelectric point (6.8), TiO2 would also contribute to the As(V) adsorption as pH decreases (Singh 453 

et al., 2013; Shan et al., 2010).  454 

Finally, the spent nZVI was analyzed by TEM microscopy to evaluate the modifications in the 455 

structure induced throughout the reactions. The micrographs of nZVI recovered after the reaction 456 

with immobilized TiO2 at pH 7 showed a broadening of the iron oxides/hydroxides shell around 457 

the metallic iron core, with the formation of disordered agglomeration of particles (Figure 8). 458 

According to the electron diffraction analysis of these particles, they mainly consisted of wustite 459 

(FeO) (inset in Figure 8 b). Besides the Fe and O content (ca. 75% and 20% wt., respectively) 460 

consistent with the presence of metallic iron and iron oxides/hydroxides, the EDX analysis 461 

revealed the presence of arsenic, ca. 8% by weight of the composition of the particles, which 462 

confirms the removal of arsenic from the solution by adsorption on nZVI.  463 

 464 

Figure 8. TEM micrographs of the nZVI material recovered after the photocatalytic reaction with 465 

immobilized TiO2 + 0.1 g L-1 nZVI at pH 9. Inset in b) displays the electron diffraction analysis 466 

of the selected zone. 467 
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4. Conclusions 468 

Photocatalytic oxidation of As(III) to As(V) in aqueous solution could successfully accomplished 469 

by titania immobilized on a glass support. The three immobilization procedures investigated 470 

allowed to attain the complete As(III) oxidation (initial concentration of 10 mg L-1) but dip coating 471 

procedure was the most effective as it showed the faster kinetics.  The stability of immobilized 472 

titania was proven as no loss photocatalytic activity for aqueous As(III) oxidation was detected 473 

for the three settings along consecutive cycles, up to five.  474 

The addition of microscale ZVI to the photocatalytic TiO2 system did not bring about significant 475 

changes in the kinetics for As(III) oxidation at the three pH values investigated, i.e., 5, 7 and 9 476 

what can be explained considering a limited corrosion of the iron surface that, on one side leads 477 

to the production of less oxidant species that TiO2 and on the other, does not provide a great 478 

number of sites for As(V) adsorption. On the contrary, the addition of nZVI to the immobilized 479 

titania setting greatly enhanced the kinetics for As(III) depletion and also the removal of As(V) 480 

from the solution to concentrations below 10 g L-1. This result could be related to the increase 481 

of the external layer of oxides and hydroxides of iron particles which provides available sites for 482 

As(III) and As(V) adsorption and also, the formation of additional ROS species under UV 483 

irradiation. The [nZVI+immobilized-TiO2] system can be then a suitable option for the treatment 484 

of arsenic polluted water. 485 
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