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Chapter 1 

Introduction 

1.1 Background 

With the rapid and tremendous development of industries in the past few decades, several 

hazardous contaminants and pollutants were discharged into aquatic streams. Because of 

anthropogenic activities, for instance, burning of fossil fuels, mining and smelting of 

metalliferous ores, fertilizer industries, tanneries, battery manufacture, paper industries and 

pesticides, wastewaters containing heavy metal ions have been excessively released into the 

environment directly or indirectly, especially in developing countries[1]. In addition, the 

natural processes such as geochemical reactions, volcanic deposits and weathering of heavy 

metal containing minerals, also induce release of heavy metal ions into surface and ground 

waters[2]. Heavy metals are elements having atomic weights between 63.5 and 200.6, and a 

specific gravity greater than 5.0 g/cm3[3], which includes iron, zinc, copper, mercury, lead, 

chromium, arsenic, selenium, et al[4, 5].  

Unlike organic contaminants, heavy metals are not biodegradable and are prone to 

accumulate in living organisms, and many heavy metal ions are known to be toxic, teratogenic 

or carcinogenic[6]. Excess consumption of heavy metal ions, such as Cd, Cu, Pb, Fe, As and 

Se in aquatic and terrestrial ecosystems[7] can cause detrimental and harmful health problems 

such as depression, lethargy and neurological signs[8].  

Excessive ingestion of zinc has considerable effect on human health, such as stomach 

cramps, skin irritations, vomiting, nausea and anemia[4, 9]. Large amount of copper also brings 

about severe toxicological health problems such as vomiting, cramps, convulsions, or even 

death[10]. 
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The presence of iron brings influence an aesthetic quality and organoleptic nature of water 

(for instance, metallic taste, odor, turbidity and discoloration) at low concentrations and cause 

contaminations at high concentrations[11-13], although iron is an important micronutrient and 

not hazardous for humans’ health. Moreover, the generation of iron oxides in reservoirs could 

promote the proliferation of micro-organisms in water[14]. The oxygen from air induces its 

rapid oxidation to form ferric hydroxide or oxyhydroxide precipitates for pH > 6, which can 

generate toxic derivatives and develop infections such as neoplasia, cardiomyopathy, and 

arthropathy[15].  

Drinking arsenic-contaminated water chronically can cause severe health problems for 

human, such as skin lesion, cardiovascular and peripheral vascular disease, diabetes, muscular 

weakness, loss of appetite, and nausea and cancer of brain, liver, kidney and stomach[16, 17]. 

The selenium concentration range between nutritional sufficiency and toxicity is extremely 

narrow[18, 19]. Selenium and its compounds, especially selenite and selenate, are toxic, 

carcinogenic and teratogenic at high concentrations[20, 21]. The lethal dose of sodium selenite 

is only 1 g for humans[22]. Long-term exposure to sodium selenate can cause severe lung, 

kidney, and liver damage[23].  

Considering humans’ health, the guideline levels of heavy metal ions in drinking water 

were recommended by the World Health Organization (WHO)[8]. Hence, the heavy metal ions 

beyond their permissible limits should be removed from the wastewater before discharge. The 

removal of heavy metal ions from contaminated water, that can protect environment, improve 

the equality of water and eliminate the detrimental impact on humans, has attracted worldwide 

attention of scientists. A brief summarize of treatment technologies will be introduced in the 

following.  
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1.2 Removal of heavy metal ions 

To date, various treatment methods, including adsorption, ion-exchange, membrane 

separation, chemical precipitation, photo-chemical, electro-chemical and biological treatment 

technologies, have been applied to the removal of heavy metal ions. 

 

1.2.1 Adsorption 

Adsorption is a process that uses solids for the removals of substances from either gaseous 

or liquid solutions. Adsorption operations employing solids such as activated carbon and metal 

hydrides are widely used in industrial applications and are expected as an effective and 

economic method for purification of waters and wastewaters. Additionally, adsorbents could 

be used repeatedly after regeneration by suitable desorption process because adsorption 

process is reversible in some cases[4].  

 

1.2.1.1 Activated carbon adsorbents 

Due to high surface areas derived from its lots of micropore and mesopore, activated carbon 

adsorbents are widely applied to the treatment of heavy metal contaminants in wastewater. 

There are a large number of literatures with regard to the use of activated carbon for the 

recovery of heavy metals[24-26].  

The modified activated carbon by copper-impregnation[27], alginate[28], magnesium[29], 

surfactants[30] also are effective adsorbents for removing heavy metals, which was due to the 

existence of functional groups in modified activated carbon. A. Üçer and A. Uyanik et al[31] 

used tannic acid immobilized activated carbon for removal of heavy metal ions, including 

Cu(II), Cd(II), Zn(II), Mn(II) and Fe(III). It was proven that these heavy metal ions were more 

readily adsorbed on tannic acid immobilized on activated carbon than plain activated carbon.  
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1.2.1.2 Carbon nanotubes 

Carbon nanotubes (CNTs), discovered by Iijima[32], are categorized into single-walled 

nanotubes (SWCNTs) and multi-walled nanotubes (MWCNTs). The mechanisms by which 

the metal ions are sorbed onto CNTs are very complicated because of many interactions 

between the metal ions and the surface functional groups of CNTs.[4] 

In recent years, the application of CNTs to water purification and wastewater treatment 

have been studied[33, 34]. K. Pillay et al[35] investigated the adsorption capabilities of both 

functionalised MWCNTs and unfunctionalised MWCNTs for the hexavalent chromium. Both 

two adsorbents showed an outstanding adsorption capability. The desorption of Cr(VI) from 

the MWCNTs surface could be achieved readily at high pH, which makes them potentially 

useful in application of removal of chromium repeatedly. Atieh et al[36] also studied the 

modified and unmodified MWCNTs for the removal of chromium trivalent from water. The 

modified MWCNTs possessed a superior adsorption capability to that of unmodified 

MWCNTs.  

 

1.2.1.3 Metal oxides 

Metal oxides, such as manganese oxide[37, 38], zirconia[39], iron oxide[40], alumina[41, 42] and 

titania[17], have been widely used as adsorbents to removal of contaminants from wastewater.  

The adsorption capacities of iron oxide for the removal of arsenite and arsenate were 

investigated by V. Lenoble et al[43]. Amorphous iron oxyhydroxide, goethite had the 

outstanding adsorption capacities both towards arsenate and arsenite. The maximal adsorption 

capacities of goethite for arsenite and arsenate were 22 and 4 mg/g adsorbent, respectively.  

The binary oxide mixture, such as the mixture of Al-oxides and SiO2 or Fe-oxides and 

SiO2
[44] was also used in the removal of selenium oxyanions. The adsorption capacities of 

Al(III)/SiO2 for selenite and selenate were 30 and 13 mg/g-adsorbents, respectively. The 
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adsorption capacities of Fe(III)/SiO2 were 18 and 2.5 mg/g-adsorbent. The adsorption capacity 

of selenite and selenate on Al(III)/SiO2 is greater than on Fe(III)/SiO2 under the same 

conditions.  

 

1.2.1.4 Low-cost adsorbents 

Considering the cost of treatment process, many scientists focus their attention on searching 

for low-cost and easily available adsorbents to remove heavy metal ions and to purify water. 

To date, natural substances, agricultural wastes and industrial by-products have been studied 

as adsorbents for heavy metal wastewater treatment.  

The adsorption of heavy metal ions on natural substances, like kaolinite and 

montmorillonite, was reviewed by Bhattacharyya and Gupta[45]. The removal of Fe(II) from 

the wastewater by adsorption onto bentonite clay was also conducted by S. S. Tahir and N. 

Rauf[46]. V. Lenoble et al[43] studied the removal of arsenite and arsenate by pillared 

montmorillonite.  

Agricultural wastes like hazelnut shells, orange peels, maize cobs, peanut shell and rice 

straw, were used as potential adsorbents for the removal of heavy metal ions (including 

chromium, lead, cadmium, nickel, etc) from wastewater[47]. To elevate the adsorption 

capacities, the agricultural wastes were chemically modified. The removal of heavy metal ions 

by modified plant wastes was reviewed by W. Ngah and Hanafiah[48]. S.R. Shukla et al[49] also 

demonstrated that oxidized coir fibres have superior adsorption capacities for nickel, zinc and 

iron ions to that of plain coir fibres.  

Researchers investigated industrial by-products such as lignin, diatomite, aragonite shells, 

etc.[4] 
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1.2.2 Ion-exchange 

Ion-exchange processes have been widely used to remove heavy metals from wastewater 

due to their many advantages, such as high treatment capacity, high removal efficiency and 

fast kinetics.[50] There are a large numbers of publications concerned about the removal of 

heavy metal ions by ion-exchange, including synthetic ion-exchange resin[51, 52] and natural 

solid resin[53, 54].  

Synthetic resins are commonly preferred because of their high efficiency of the removal of 

heavy metal ions from the aqueous solution[55]. The synthesized ion-exchange resins are 

effective for the removal of hazardous wastes from industrial effluents.  

The ion-exchange capacity of a synthesized novel terpolymer containing various functional 

groups for the removal of heavy metal ions (iron, cobalt, nickel, copper, zinc and lead) have 

been measured by R. S. Azarudeen et al[56]. Since the presence of donor groups like −C=O, 

−OH, −NH2 and −NH linkages, the capacity of the synthesized ion-exchange resin, 5.02 

mmol/g, is higher than that of some phenolic and polystyrene ion-exchangers.  

The uptake capacity of heavy metal ions by ion-exchange resins is affected by electrolytes 

concentration, pH, and contact time, which is consistent with the results reported by Gode and 

Pehlivan[57]. At higher concentrations of the electrolytes the order of metal ion removal by the 

resin is Cu2+>Fe3+>Ni2+, and at lower concentration, the order is Zn2+>Co2+>Pb2+. Gode and 

Pehlivan[57] also indicated that the uptake capacity of Cr3+ was slightly affected by temperature 

due to the exothermic ion-exchange reactions of Cr3+ ion with resins.  

Ionic charge, namely, metal selectivity of the resin is another important influence factor 

during ion-exchange process[50]. Cr3+ ions competitively replaced Co2+ and Ni2+ ions that 

results in the desorption of these metals into the solution. Abo-Farha et al[58] also found that 
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the metal ions adsorption sequence can be given as Ce4+ > Fe3+ > Pb2+ on cation-exchange 

resin purolite C100.  

To lower the cost of ion-exchange process, natural solid resins such as zeolites[59, 60], instead 

of synthetic ion-exchange resins, have been widely used for  removal of heavy metal ions 

from aqueous solution.  

As the most frequent study on natural zeolites, clinoptilolite[53] has received extensive 

attention because of its high selectivity for heavy metal ions. In addition, its uptake capacity 

for heavy metal ions can be significantly improved by loading with amorphous Fe-oxide 

species on the surface[54].  

 

1.2.3 Membrane separation 

Membrane filtration is a pressure-driven process that separates substances by a thin layer 

of semi-permeable material. Membrane filtration technologies with different types of 

membranes are increasingly used for removal of bacteria, microorganisms, particulates and 

heavy metal for their high efficiency, easy operation and space saving. The common 

membrane processes used to remove metals from the wastewater are ultrafiltration, 

nanofiltration, reverse osmosis and electrodialysis. 

 

1.2.3.1 Ultrafiltration 

Ultrafiltration is a membrane technique working at low transmembrane pressures for the 

removal of emulsified oils, metal hydroxides, colloids, emulsions, dispersed material, 

suspended solids, and other large molecular weight materials from water.  

The removal efficiency of heavy metal ions from aqueous solution by ultrafiltration was 

low, since the pore sizes of ultrafiltration membranes are larger than dissolved metal ions in 

the form of hydrated ions or as low molecular weight complexes which results in that ions 
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could pass easily through ultrafiltration membranes. To obtain high removal efficiency of 

metal ions, the micellar enhanced ultrafiltration[61,62] and polymer enhanced ultrafiltration[63, 

64] was proposed.  

The micellar enhanced ultrafiltration technique is a surfactant-based separation process. 

The surfactant aggregates and forms micelles at a concentration higher than its critical micellar 

concentration when it is added into polluted aqueous solutions. Heavy metal ions bind to the 

surface of negatively charged micelles to form large metal-surfactant structures. Then they can 

be retained by an ultrafiltration membrane with pore sizes smaller than micelle sizes.[61]  

During polymer enhanced ultrafiltration process, the metal ions are firstly bound to 

polymers to form macromolecular complex and rejected by membrane, whereas unbound 

metal ions pass through the membrane[65]. Cellulose acetate and polycarbonate[63], dextrin, 

polyethylene glycol 5000 and diethylaminoethyl cellulose[66], maleic acid and acrylic acid[67], 

etc., have been applied to the selective separation and recovery of heavy metals with low 

energy requirements. The polymer type, the ratio of metal to polymer, pH and the presence of 

other ions in solution also could affect the removal efficiency of heavy metal ions by polymer 

enhanced ultrafiltration. Camarillo[64] has removed Cu(II) ions from aqueous effluents by 

polymer enhanced ultrafiltration at laboratory scale.  

Copolymer enhanced ultrafiltration process was also applied into the removal of heavy 

metal ions from aqueous solution. Qiu et al[67] adopted polyvinyl butyral hollow fiber 

ultrafiltration membrane combined with maleic acid and acrylic acid to remove heavy metal 

ions. Both of the rejection rate and permeate flux were influenced by the mass ratio of 

copolymer to metal and pH of the solution. The binding ability of heavy metal ion to 

copolymer is another important factor for the selective separation in the future.  

 



9 

1.2.3.2 Nanofiltration 

Nanofiltration is generally targeted to remove only divalent and larger ions. Most 

commercial nanofiltration membranes are thin-film composites made of synthetic polymers 

containing charged groups which can make them effective in the separation of charged metals 

from water.[68] Nanofiltration is a promising technology for the removal of heavy metal ions 

such as chromium[69], cobalt and lead[70], and arsenic[71] from wastewater.  

The feed cross flow velocity, pH of solution, transmembrane pressure, temperature and 

feed concentration could affect the removal efficiency of heavy metal ions by nanofiltration.  

Figoli et al[71] indicated that an increase in pH, a decrease in operating temperature, and As 

feed concentration led to higher efficiency of As removal by two commercial nanofiltration 

membranes (N30F and NF90). The removal efficiency was also affected by transmembrane 

pressure and feed concentration of solution. Gherasim and PetrMikulášek[72] also investigated 

the influence of operating variables on the removal of Pb(II) ions from aqueous solutions by 

a commercially available nanofiltration membrane (AFC 80). The maximum removal 

efficiency of lead ions could be up to 98% even for very concentrated feed solutions. The 

increases of the flow velocity and pressure facilitate to the increase of rejection of lead ions, 

whereas the increases of the feed concentration and pH of solution lead to the decrease of 

rejection of lead ions. The removal of cadmium and nickel[73] by a commercial nanofiltration 

membrane could be up to 82.69% and  98.94%, respectively, with an initial feed 

concentration of 5 ppm. The operating conditions, such as applied pressure, initial 

concentration, flow rate and pH of solution also affected the removal efficiency of both 

cadmium and nickel.  

Generally, nanofiltration is an highly effective for the removal of heavy metal ions because 

of its high efficiency.  
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1.2.3.3 Reverse osmosis  

The filtration process using membranes with the smallest pores is reverse osmosis, which 

involves reversal of the osmotic process of a solution in order to drive water away from 

dissolved molecules. Compared with traditional cellulose acetate membranes, reverse osmosis 

membranes are better rejection of dissolved solids and organics, increased productivity at 

lower operating pressures, great structural stability, the two or three times higher output per 

unit area, and low-cost.[74] Reverse osmosis is one of the techniques which can remove a wide 

range of dissolved species such as arsenic, antimony, copper and nickel[75-78] from water.  

The removal efficiency could be affected by operating pressure, pH of solution, membrane 

type.  

Çimen[74] investigated the removal of chromium from wastewaters using four types of 

membranes (SWHR, AG, SE, and SG) under different pH. It is found that the rejection 

efficiency depending on the membranes followed the order: AG > SWHR > SG > SE. The 

removal efficiency of chromium achieved the maximum when the pH of solution was 3.  

Ning[76] also indicated that the As(III) species could be removed from water by the reverse 

osmosis at sufficiently high pH.  

Two important influence factors, namely operating pressure and ionic size can affect the 

removal efficiency of heavy metal ions during the treatment process. The suitable chelating 

agent could increase the sizes of ions and thereby their rejection efficiency[78].  

 

1.2.3.4 Electrodialysis  

Electrodialysis which requires electrical energy as a driving force is another membrane 

process for the separation of ions crossing from one solution to another through charged 

membranes. Electrodialysis is a technology that is suitable for pollution prevention and 

environment protection.[79] It is widely applied for separating ionic chemicals and 
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concentrating the separated chemicals to treat industrial effluents and produce drinking 

water.[79] Ion-exchange membranes, including cation-exchange and anion-exchange 

membranes, are used in most electrodialysis processes.  

Nataraj et al[80] investigated the removal of hexavalent chromium ions using an 

electrodialysis pilot plant comprising a set of ion-exchange membranes. It was significant that 

the residual concentration of chromium satisfied the maximum permission contamination level 

of 0.1 mg/L when the initial concentration of chromium was less than 10 ppm. It was found 

that the operating parameters, such as applied potential, flow rate, pH and initial concentration 

of solution, can affect the removal efficiency of heavy metals.  

Gherasim et al[81] successfully removed Pb(II) from model aqueous solution using 

electrodialysis method. He also indicated other two important influence factors, temperature 

and the current efficiency.  

The removal efficiency could achieve the maximum under the optimization of operating 

parameters during the separation process, and thereby the concentration of residual ions could 

meet the limit for the discharging water. It is proved that the electrodialysis process is an 

effective treatment and has prospective application for the removal of heavy metal ions 

because of its high efficiency and no generation of toxic by-products during the process.  

 

1.2.4 Chemical treatment 

1.2.4.1 Precipitation 

Chemical precipitation, which requires chemicals called precipitant, is an effective and the 

most widely used process in industry because of the relatively simple and inexpensive 

operation. During precipitation processes, heavy metal ions react with precipitant and then 

form insoluble precipitates. The formed precipitates can be separated from the water by 
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sedimentation or filtration. The conventional chemical precipitants include hydroxide, sulfide, 

et al.  

Due to its relative simplicity of operation, low cost and ease of pH adjustment, hydroxide 

precipitation has been widely applied in the removal of heavy metal ions from wastewater. 

Mirbagheri and Hosseini[82] has evaluated the removal of Cu(II) and Cr(VI) ions from 

wastewater by hydroxide precipitation process using Ca(OH)2 and NaOH. According to the 

form of heavy metal ions, the pH of solution was adjusted. Under the optimized pH, the 

concentrations of copper and chromium were reduced from 48.51 and 30 mg/L to 0.694 and 

0.01 mg/L, respectively.   

Compared with hydroxide precipitation, sulfide precipitation is another effective process 

for the treatment of heavy metal ions, which can achieve a high efficiency of metal removal 

in a broad range of pH, owing to the lower solubility of metal sulfide than metal hydroxide.[83] 

Besides, lime is one of the most common precipitant in removing heavy metals from 

industrial wastewater due to its comparatively low cost. The concentrations of chromium, 

copper, lead and zinc in effluents were reduced to 0.08, 0.14, 0.03 and 0.45 mg/L, respectively, 

by lime precipitation combined with fly ash, reported by Chen et al[84].  

The arsenate was successfully removed from drinking water by precipitation-

coprecipitation process using aluminum sulfate by Baskan and Pala[85]. The removal efficiency 

reached the maximum in the pH range of 6–8. In addition, the removal efficiency was 

influenced by initial arsenate concentration, and the dose of aluminum sulfate and/or 

polyelectrolyte.  

 

1.2.4.2 Treatment using strong oxidant or reductant 

Treatment using typical oxidant or reductant is the most common chemical method for the 

removal of heavy metal ions from wastewater.  
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The typical oxidant, such as ozone, oxygen, chlorine, hydrogen peroxide and permanganate, 

is widely applied in the treatment of toxic ions. Kim and Nriagu[86] investigated the oxidation 

of As(III) with ozone in groundwater. The oxidation of As(III) to As(V) by air with promotion 

of KMnO4 in alkaline solution was studied by Li et al[87]. The mole ratio of Mn/As, the initial 

pH, reaction temperature and air flow rate significantly affected on the oxidation behavior of 

As(III).  

The common reductants include zero valent iron, iron sulfide, ferrous iron and copper et al. 

Kantar and Bulbul[88] used pyrite for the reduction of hexavalent chromium (Cr(VI)). The 

solution pH is an important parameter for the reduction reaction. The removal of Cr(VI) 

decreased with increasing solution pH. The application of bimetallic iron-silver nanoparticles 

in the reduction of Cr(VI) was also studied as a function of temperature, solution pH, initial 

concentration of Cr(VI), and dose of bimetallic reductant.[2] The optimum values of the 

variables were found to be 65.7 mg/l for the initial Cr(VI) concentration; 2 for initial pH of 

the solution; 43 °C for reactor temperature; and 0.4 g/l for the bimetallic particles dose for the 

predicted chromium reduction capacity of 55.96 mg/g.  

Generally speaking, the efficient removal of heavy metal ions could be achieved by 

chemical treatment under the suitable operation conditions, including pH, initial feed 

concentration, temperature and the dose of additional reagents.  

 

1.2.5 Photo-chemical treatment  

Heterogeneous photocatalysis treatment, assisted by semiconductor[89] or ferrihydrite[90] et 

al, is an efficient and interesting way to promote the removal of heavy metal ions from 

contaminated water.[91] The reduction of Pb(II) ions to zero valent Pb was successfully 

achieved by photocatalytic removal over TiO2 (Degussa P-25) in the existence of electron 

donors such as formic acid under nitrogen[92]. The Cu(II) and Cr(VI) ions were reduced by 
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photocatalytic process in presence of combustion synthesized nano-TiO2 by Aarthi and 

Madras[93]. They demonstrated that the photocatalytic rate of Cu(II) and Cr(VI) was affected 

by pH.  

Kabra[94] also investigated the effect of solution pH on the removal of metal ions from 

wastewater by photocatalytic treatment. Under UV irradiation, photo-reductive deposition of 

Cu(II), Ni(II), Pb(II) and Zn(II) ions has been investigated at different pH values of solution. 

It was found that the removal efficiency of metal ions could be affected by pH of the solution. 

The most suitable pH value for Cu(II) was neutral, whereas the most suitable condition was 

found to be higher pH for Ni(II) and Zn(II) ions.  

However, photocatalytic treatment by TiO2 has its own disadvantages, such as the higher 

recombination of photo-induced electrons and holes. To enhance photocatalytic activity of 

TiO2, the noble metal (especially Pt)[95], metal oxide[96] and reduced graphene oxide[97] were 

applied to modify TiO2. Moon et al[97] demonstrated that the oxidation efficiency of arsenite 

can be significantly enhanced when using platinum (Pt) and the reduced graphene oxide (rGO) 

under UV irradiation.  

 

1.2.6 Electro-chemical removal 

Electro-chemical treatment, which involves the plating-out of metal ions on a cathode 

surface and can recover metals in the elemental metal state, is a simple, efficient and promising 

method without addition of any chemicals.[98] Electrochemical technologies have employed in 

the treatment of heavy metal ions[99, 100] during the past two decades, although it involves great 

demand of capital investment and electricity supply.  

The removal of chromium with six valence was successfully achieved by Bhatti et al[101] 

through a electrocoagulation system using Al-Al electrodes in a laboratory scale. The removal 

efficiency depended on the operation variables, including pH of solution, initial metal 
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concentration, voltage and treatment time, which is consistent with the results reported by 

Heidmann[102]. The reduction efficiency of Cr(VI) could be up to 90.4% at pH of 5, voltage of 

24 V and 24 min treatment time with the initial Cr(VI) concentration of 100 mg/L.  

Electrocoagulation technique was also applied by Ghosh et al[100] to the treatment of the 

synthetic solutions containing Fe(II) of concentration 5-25 mg/L. It was proved that the current 

density and the inter electrode distance are important factors affecting greatly the removal 

efficiency of Fe(II). The removal efficiency was up to approximately 99.2% with the initial 

Fe(II) concentration of 25 mg/L under the suitable operation parameters. They indicated that 

it is adaptable for the electrocoagulation process in household use.  

Gomes et al[98] also applied electrocoagulation technique to remove arsenic. The arsenic 

removal of larger than 95% was obtained after 1 h residence time and the initial pH 6 was 

found to be the optimum pH for maximum arsenic removal.  

 

1.2.7 Biological treatment 

Biological treatment has been demonstrated to be a useful alternative to conventional 

treatment systems for the removal of toxic metals from dilute aqueous solution. 

Microorganisms can mediate the formation of minerals by a biomineralization process. In 

comparison with inorganically produced minerals, biominerals often have their own specific 

properties including unique size, crystallinity, isotopic and trace element compositions.[103]  

Jong and Parry[104] removed acidic metal (Cu, Zn, Ni, Fe, Al and Mg), arsenic and sulfate 

from contaminated waters at room temperature employing a mixed population of sulfate-

reducing bacteria (SRB). The pH of the contaminated water influenced the activity of SRB 

and thereby affected the removal efficiency of toxic ions. More than 97.5% of the initial 

concentrations of Cu, Zn and Ni, and more than 77.5% and 82% of As and Fe, respectively, 

were successfully removed.  
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The removal of nickel, copper, lead, cobalt, zinc and cadmium, using biomineralization 

process by six metal-resistant bacterial strains, were investigated by Li et al[103]. The soluble 

heavy metal ions converted to their carbonates, which is attributed to the carbonate produced 

by the enzymatic reaction of the bacteria and the increase of soil pH.  

Biological treatment by bacteria has its challenges, although it could remove heavy metal 

ions from contaminated water. This treatment requires long time durations, for instance, over 

14 days[104]. On the other hand, this process is not easily controlled because of the high 

sensitivity of the bacteria to temperature, acidity, and atmosphere.  

 

1.3 Motivation and scope 

As stated in the previous section, each process involves its own disadvantages and 

challenges. Physical treatments merely concentrate the compounds, hence toxic ions are still 

present and harmful to humans. Chemical treatments, photo-chemical and electric-chemical 

treatments require long time durations and involve high costs, owing to the inferior 

recyclability of reagents and the large demand of extra energy, such as ultraviolet illumination 

or electric energy. Biological removal methods are not easily controlled because of the high 

sensitivity of the bacteria to temperature, acidity, and atmosphere, and are only suitable for 

solutions containing low levels of poisonous ions. Hence, it is of great importance to search 

an effective and efficient process for the removal of hazardous heavy metal ions from 

wastewater.  

It is well known that the noble metal particles supported on oxides or carbon as catalysts, 

especially Pt nanoparticles, have been widely applied to the removal of contaminants, such as 

glycerol[105] and CO[106], due to its high catalytic activity, selectivity, chemical stability and 

resistance to high temperature. Pt nanoparticles also have wide application on the enhancement 

of photocatalytic activity of photocatalyst, such as TiO2.  
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The application of Pt catalysts is becoming popular in the field of photocatalyst and 

oxidation of harmful gas and organic solution in the past few decades, because of high 

recyclability of Pt catalyst. However, to the best of our knowledge, there is little information 

in literatures with respect to the application of heterogeneous Pt catalyst in the treatment of 

detrimental inorganic ions from wastewater without any extra energy supply.  

The objective of the present study is to develop an effective, efficient and rapid process for 

the removal of toxic ions from wastewater. The Pt catalysts supported on metal oxides, which 

is environmentally friendly and recyclable, were prepared by a conventional impregnation 

method and applied to the removal of arsenite and selenate ions from wastewater under non-

irradiation and non-electricity conditions. It is noteworthy that Pt catalyst has a promising 

application in the removal of toxic ions due to its high catalytic activity and reusability. Based 

on the above objectives, this dissertation consists of the following five chapters.  

Chapter 1 introduces the detrimental effect of heavy metal ions to humans and the common 

treatment methods for the removal of toxic ions from wastewater, including physical, chemical 

and biological processes.  

Chapter 2 describes the feasibility of application of heterogeneous Pt catalyst on the 

removal of Fe(II) ions. The catalytic performance of Pt/ZrO2 for oxidation of Fe(II) by oxygen 

is quantitatively evaluated. The role of Pt catalyst in the oxidation reaction is elucidated from 

kinetic analysis. The oxidation product is examined by XRD analysis.  

Based on the results of chapter 2, Pt catalyst is effective on the oxidation of Fe(II) by 

oxygen, which means that it is possible to apply Pt heterogeneous catalyst to the removal of 

detrimental ions under no extra energy supply.  

Hence, in chapter 3, the Pt heterogeneous catalyst is applied to the oxidation of detrimental 

As(III) ions by oxygen. The reaction conditions, including reaction temperature and oxygen 
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flow rate, are optimized for the As(III) oxidation. The influences of catalyst supports, Pt 

loading and Pt particle size on the catalytic performance of Pt catalyst are examined. The 

reaction rate equation and activation energy of the As(III) oxidation are obtained based on the 

reactions carried out under different reaction temperatures.  

In chapter 4, Pt heterogeneous catalyst is applied to the reduction of Se(VI) with hydrazine 

hydrate under no UV irradiation. The influences of catalyst supports and pH of the reaction 

solution are investigated. The reusability of Pt/TiO2 catalyst is also examined after 

regeneration process. The Pt catalyst is effective on the reduction of selenate, but lost activity 

within a short time. The underlying reason for deactivation of Pt/TiO2 is illustrated. The 

hypothetical scheme of the reaction is proposed. The catalytic activity and durability are 

significantly enhanced by incorporating with carbon nanotubes (CNTs).  

The experimental results and discussions with regard to chapter 2, 3 and 4 are summarized 

in chapter 5.  
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Chapter 2 

Oxidation of Fe(II) by Oxygen over Pt/ZrO2 Catalyst 

2.1 Introduction  

As one of the most abundant elements of the earth’s crust, iron could be released to 

environment naturally and anthropogenically (mining, iron and steel industry, etc)[1]. In 

worldwide groundwater, iron often occurs in soluble form as the ferrous iron (Fe(II)) or 

complexed form as the ferric iron (Fe(III)) or bacterial form[1, 2]. The common concentration 

of iron in groundwater is up to 3–4 mg/L, whereas it can reach 15 mg/L in some cases[2, 3]. The 

presence of iron influence the taste and aesthetic quality of water (for instance, metallic taste, 

odor, turbidity and discoloration) at low concentrations and cause contaminations at high 

concentrations[4-8]. Moreover, the generation of iron oxides in reservoirs could promote the 

proliferation of micro-organisms in water[9]. Hence, the guideline levels of maximum iron 

concentration are 0.3 and 0.2 mg/L in drinking water, recommended by World Health 

Organization and European Union[7], respectively, although iron is an essential mineral and is 

not considered to be toxic for human beings. It is of significant importance to remove the iron 

from groundwater that is major source of potable water.  

The removal of iron from iron-rich water has been attracted much concern in recent decades 

in developing countries[9]. To date, several treatment methods, including ion exchange[10], 

water softening[11], electrocoagulation technique[1], precipitation[2], adsorption[6, 12, 13], 

bioremediation[14, 15], supercritical fluid extraction[16] and combination of oxidation by 

oxidants and filtration[3], are available for the removal of soluble iron to improve the quality 

of water. Combination of oxidation and filtration is the most commonly and efficiently used 

method for the removal of soluble iron from groundwater[3]. The oxidation process is more 
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critical stage due to it could achieve the transformation from soluble Fe(II) to insoluble Fe(III) 

form that could be removed by filtration. The most common chemical oxidants for the 

oxidation of Fe(II) are chlorine, potassium permanganate and ozone[17]. However, this 

procedure is highly costly due to the inferior reusability of oxidants. In addition, the dose of 

strong oxidants must be carefully controlled, otherwise it will induce secondary pollution of 

groundwater. Oxygen is a low-cost oxidant and benign to the environment due to no generation 

of toxic or undesirable by-products. Therefore, oxygen or air is usually recommended for the 

oxidation of ferrous iron. W. Stumm and G. F. Lee[18] reported the oxidation of Fe(II) with 

low concentration by oxygen was strongly dependent on the pH value of solution. B. Morgan 

and O. Lahav[19] also studied the influence of pH on the kinetics of Fe(II) oxidation by oxygen. 

They elucidated that the oxidation of Fe(II) to Fe(III) by oxygen is complicated due to the 

generation of meta-stable oxidized intermediate species, like green rust that is difficult to be 

settled or filtered[19]. The metal ions (such as Cu2+ or Co2+) as efficient catalysts were used to 

enhance the oxidation rate of Fe(II) by oxygen[18]. To our knowledge, there is little information 

available about the catalytic effect of platinum particles that could be used repeatedly on the 

oxidation of dissolved ferrous form.  

To determine the feasibility of application of Pt heterogeneous catalyst in the treatment of 

Fe(II), in the present study, ZrO2 supported Pt catalyst was prepared and used in the oxidation 

of Fe(II) with high concentrations of approximately 20 ppm by oxygen in laboratory scale. 

The different parameters involved in this study were optimized. It is proved that Pt catalyst is 

effective and efficient to enhance the oxidation of Fe(II) by oxygen in water. Furthermore, Pt 

catalyst showed an excellent recyclability. It is turned out that Pt catalysts would be potentially 

applied to develop a simple, rapid and highly efficient method for the purification of water 

containing heavy metal ions as well as ferrous ions beyond their permissible limits. 
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2.2 Experimental  

2.2.1 Preparation and characterization of catalysts  

All the reagents were of analytical grade and were used without further purification. ZrO2 

(Japan Reference Catalyst, JRC-ZRO-3) with different Pt loadings (denoted by x wt%-Pt/ZrO2) 

were prepared via a conventional impregnation method. Pristine ZrO2 powder was 

impregnated in an aqueous solution containing Pt(NH3)2(NO2)2 (Tanaka Kikinzoku Kogyo K. 

K.) as Pt precursor. The turbid solution was stirred at 80 °C. After the solvent was evaporated, 

the solid product was reduced with hydrogen (P = 10.0 kPa, diluted with N2) at 350 °C for 2 

h.  

To change Pt size of the Pt/ZrO2 catalyst with Pt loading of 1.0 wt%, the catalysts were 

calcined at 350, 450, 550 and 650 °C in H2+N2 atmosphere for 2 h, respectively. 

 

2.2.2 Characterization 

X-ray diffraction (XRD) patterns of the catalysts were measured using a Rigaku RINT2000 

diffractometer, with a Cu Kα source (λ = 1.5141 Å). The scanning velocity of the 

diffractometer was 0.5 deg∙min-1.  

The exposed surface areas and diameters of Pt particles in catalysts were measured by CO 

chemisorption (BELCAT-B, BEL. Japan. Inc) at 50 °C. The catalysts were pre-treated with 

hydrogen at 250 °C for 1 h.  

The morphology of catalysts was observed using transmission electron microscopy (TEM; 

JEOL-2000EX). The catalyst was ultrasonically dispersed in isopropanol solvent at room 

temperature. This solution was dropped on the grid for the TEM measurement. 
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2.2.3 Oxidation of Fe(II)  

The Fe(II) solution (20 ppm) was prepared by dissolving iron sulfate heptahydrate 

(FeSO4·7H2O, 99%, Kanto Chemical CO. INC.) in distilled water. The Fe(II) solution was 

purged with oxygen and then heated up to the desired temperature under stirring with magnetic 

rod for ensuring homogeneity. The temperature was kept at a constant by using oil bath during 

the reaction. After 30 min, 5 mL of the solution was sampled with syringe. After that, the 

catalyst was added into solution. And then, 5 mL of solution was sampled by disposable 

syringe and filtered through a disposable membrane filter unit of PTFE non-sterile (pore size 

0.20 μm, Toyo Roshi Kaisha, Ltd.) at desirable time.  

After the reaction the Pt/ZrO2 catalyst was recycled by filtration and then reused to the 

oxidation of fresh Fe(II) solution. This procedure was repeated for 4 times.  

The concentration of Fe(II) in the solution was determined by the 1,10-phenanthroline 

method[20]. One milliliter of the withdrawn sample solution was added to a conical tube 

containing 9 mL of distilled water. Then, the 1, 10-phenanthroline hydrate (reagent grade, 

Ishizu Pharmaceutical CO., Ltd.) as a color reagent was added into diluted sample. The sample 

solution was mixed with color reagent vigorously before the analysis. The absorbance of the 

solution at 520 nm was then measured using a UV/visible spectrophotometer (UV-2400, 

Shimazu Co.).  

 

2.3 Results and discussion 

2.3.1 Influence of Pt loading 

Figure 2-1 gives the changes in concentration of Fe(II) as reaction time over Pt/ZrO2 

catalysts with Pt loadings of 0.1 and 1.0 wt% at 80 °C. The flow rate of oxygen was 160 

ml/min. The amount of catalyst was 30 mg. The reactions without any catalyst and pristine 
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ZrO2 were also carried out for comparison under the same conditions. For the reaction without 

any catalyst, the concentration of Fe(II) decreased slightly, demonstrating the oxidation of 

Fe(II) by oxygen was proceeded. In case of using pristine ZrO2, the obvious reduction of Fe(II) 

concentration was observed, compared with that of reaction without any catalyst in the initial 

10 min. After 10 min, the slope of Fe(II) concentration curve was comparable to that in case 

of without any catalyst. The obvious reduction of Fe(II) concentration of pristine ZrO2 might 

be due to the adsorption of Fe(II) on ZrO2 surface. For the reactions using Pt/ZrO2 catalyst, 

the Fe(II) concentration decreased rapidly compared with the reactions without any catalyst 

and pristine ZrO2. The pseudo first order rate constants for the reactions without any catalyst 

and using 1.0 wt%-Pt/ZrO2 were 1.1×10−3 min−1 and 9.1×10−2 min−1, respectively. With the 

1.0 wt%-Pt/ZrO2 catalyst, the oxidation rate of Fe(II) was observed to be near two orders of 

magnitude faster than oxidation without any catalyst. This result demonstrated Pt catalyst is 

effective on promoting the oxidation of Fe(II) by oxygen. The reduction rate of Fe(II) 

concentration increased as increasing Pt loading. The time for complete oxidation of Fe(II) 

sharply shortened as increasing the Pt loading from 0.1 to 1.0 wt%. In addition, the color of 

catalyst changed from light grey to dark red. This result also illustrated that Pt catalyst 

significantly promoted the oxidation of Fe(II) by oxygen and the Fe(II) was converted to Fe(III) 

precipitate.  
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Figure 2-1 Changes in Fe(II) concentration with reaction time. Initial [Fe(II)] ≈20 ppm; 

amount of catalyst=30 mg; oxygen flow rate=160 ml/min; temperature=80 °C. 

 

2.3.2 Effect of flow rate of oxygen 

Figure 2-2 presents the influence of flow rate of oxygen on the oxidation of Fe(II) promoted 

by 30 mg of 1.0 wt%-Pt/ZrO2 catalyst at 80 °C. It can be seen that the total oxidation of Fe(II) 

spent about 90 min even though there was no oxygen flowed into reaction solution. This could 

be due to the presence of enough amount of dissolved oxygen in reaction solution. The time 

for complete oxidation of Fe(II) significantly shortened with increasing the flow rate of oxygen 

from 0 to 120 ml/min, beyond which only a slight change was observed. This phenomenon 

demonstrates the oxidation rate of Fe(II) increased with increasing the flow rate of oxygen. 

Therefore, the oxygen flow rate of 160 ml/min was chosen as an optimal value for further 

experiments. 
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Figure 2-2 Effect of oxygen flow rate on the oxidation of Fe(II) over 1.0 wt%-Pt/ZrO2. 

Initial [Fe(II)] ≈20 ppm; 1.0 wt%-Pt/ZrO2=30 mg; temperature=80 °C. 

 

2.3.3 Influence of calcination temperature of catalyst 

To determine the influence of Pt particle size on the Fe(II) oxidation rate by oxygen, the 

1.0 wt%-Pt/ZrO2 catalyst was chosen and reduced with hydrogen at 350 °C, 450 °C, 550 °C 

and 650 °C, respectively.  

The 1.0 wt%-Pt/ZrO2 catalysts calcined at different temperature were used in the Fe(II) 

oxidation reactions at 80 °C, and the results were given in Figure 2-3. In these experiments, 

the O2 flow rate was 160 ml/min, and the amount of catalyst was 30 mg. As observed in Figure 

2-3, the calcination temperature of Pt/ZrO2 catalyst significantly affected the oxidation rate of 

Fe(II). When the 1.0 wt%-Pt/ZrO2 catalyst was calcined at 350 °C, the Fe(II) concentration 

increased sharply in 60 min, and turned to be 0 after 60 min of reaction time, demonstrating 

the Fe(II) was totally oxidized within 60 min. Nonetheless, when the calcination temperature 

of 1.0 wt%-Pt/ZrO2 catalyst increased up to 650 °C, the Fe(II) remained in solution till 90 min, 

the time for complete oxidation of Fe(II) extended. The depletion rate of Fe(II) at the same 
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time decreased gradually when the calcination temperature of 1.0 wt%-Pt/ZrO2 catalyst 

increased from 350 to 650 °C.  

 

 

Figure 2-3 Effect of calcination temperature of 1.0 wt%-Pt/ZrO2 on the oxidation of Fe(II). 

Initial [Fe(II)] ≈20 ppm; 1.0 wt%-Pt/ZrO2=30 mg; oxygen flow rate=160 ml/min; 

temperature=80 °C. 

 

The XRD patterns of 1.0 wt%-Pt/ZrO2 catalysts calcined at different temperatures are 

presented in Figure 2-4. The XRD patterns for all the samples were very similar, and ZrO2 

support in the 1.0 wt%-Pt/ZrO2 existed as monoclinic ZrO2 (PDF#07-0343). The diffraction 

peak at around 40° which is corresponding to the Pt metal appeared when the calcination 

temperature was increased up to 650 °C. The strengthened intensity of diffraction peak at 40° 

as increasing calcination temperature indicates the increase of Pt particle size.  
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Figure 2-4 XRD patterns of 1.0 wt%-Pt/ZrO2 calcined at different temperatures.  

 

Figure 2-5 shows TEM images of fresh 1.0 wt%-Pt/ZrO2 catalysts calcined at different 

temperatures. Spherical Pt particles were supported on ZrO2 and had a diameter of 1-2 nm 

with a very narrow size distribution. TEM images revealed an increase in the average size of 

Pt particles with the rise of calcination temperature. The average diameters of Pt particles 

estimated by TEM images were listed in Table 2-1.  

The exposed Pt surface areas and Pt particle diameters in 1.0 wt%-Pt/ZrO2 catalysts 

calcined at different temperatures were estimated by CO chemisorption and also given in Table 

2-1. The exposed Pt surface area decreased with increasing calcination temperature. Thus, the 

Pt particle diameters increased gradually with the increase of calcination temperature, which 

matches well with the result obtained by XRD pattern. The average diameters of Pt particles 

determined by TEM images were smaller than that estimated by CO chemisorption of the 

corresponding samples, which might be due to the local observation limited by TEM 
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measurement. The changes in Pt sizes determined by TEM is consistent with that determined 

based on CO chemisorption.  

 

 

Figure 2-5 TEM images of 1.0 wt%-Pt/ZrO2 calcined at different temperatures: 350 °C (a), 

450 °C (b), 550 °C (c) and 650 °C (d).  

 

Table 2-1 Exposed Pt surface area and Pt particle size, and initial turnover frequency 

(TOF) value 

Calcination 

temperature / °C 

d (TEM)a / 

nm 

S (CO)b / 

m2∙g-Pt-1 

d (CO)c / 

nm 

Initial TOFd / 

mol·(mol·min)-1 

350 0.9±0.2 105.9 2.6 5.4 

450 1.2±0.3 90.6 3.1 5.5 

550 1.6±0.2 60.7 4.6 6.6 

650 2.0±0.4 41.3 6.8 6.6 
a an average Pt size estimated by TEM images. 
b exposed surface area determined by CO chemisorption. 
c an average Pt size estimated by CO chemisorption. 
d TOF value at reaction time of 10 min.  



34 

 

Figure 2-6 Changes in TOF values as Pt particle size 

 

As seen in Figure 2-3, the depletion rate of Fe(II) decreased with increasing the calcination 

temperature of 1.0 wt%-Pt/ZrO2 catalyst. The initial turnover frequency values (TOF) in the 

Fe(II) oxidation corresponding to Figure 2-3 were calculated. The changes in initial TOF 

values as function of average Pt particle size (shown in Table 2-1) were given in Figure 2-6. 

The TOF values were calculated by using CO uptake. The initial TOFs exhibit a slight increase 

with increasing Pt particle size from 2.6 to 4.6 nm, and remain constant with further increase 

in Pt particle size. The Pt particle size is an important parameter which could influence the 

catalytic activity by the interplay of surface geometric and electronic factors[21]. The number 

of Pt atoms on (100) and (111) crystal facets, which could provide more appropriate sites for 

reaction than those at edges and corners, increases with increasing Pt particle size. Thus, the 

light increase in TOFs might be due to the increased number of Pt atoms on (100) and (111) 

crystal facets. But, the TOFs distributed in a quite narrow range of 5.4–6.6 min-1, 

demonstrating that the oxidation of Fe(II) is structure-insensitive in Pt nanoparticle. Thus, the 

catalyst with smaller Pt particle size is better for the industrial application because smaller Pt 

size offers higher surface area and achieves maximum utilization.  
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Figure 2-7 The cyclic catalytic performance of 1.0 wt%-Pt/ZrO2 for the oxidation of Fe(II). 

Initial [Fe(II)] ≈20 ppm; 1.0 wt%-Pt/ZrO2=30 mg; oxygen flow rate=160 ml/min; 

temperature=80 °C. 

 

2.3.4 Stability of Pt/ZrO2 catalyst 

With the aim to confirm the stability of Pt/ZrO2 catalyst, the catalytic performance of the 

1.0 wt%-Pt/ZrO2 catalyst calcined at 350 °C with 30 mg was investigated for four cycles under 

reaction temperature of 80 °C and oxygen flow rate of 160 ml/min, and the results are shown 

in Figure 2-7. For the first cycle, the Fe(II) concentration declined rapidly and there was no 

Fe(II) residue in solution after 60 min. This result showed the Fe(II) was totally converted to 

ferric sediment in 60 min for the first cycle. The depletion rate of Fe(II) of recycled catalyst 

decreased compared with the fresh catalyst, which might be due to the deposition of ferric 

precipitant on the surface of catalyst. It is worthy to note that the complete oxidation of Fe(II) 

could be achieved in 120 min by the catalyst after being used four times. Thus the Pt catalyst 
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possesses an excellent activity after being used four times, suggesting the Pt particles have 

firmly attached to ZrO2 surface and are difficult to be exfoliated by mechanically stirred.  

 

2.3.5 Analysis of oxidation product  

After the oxidation reaction of Fe(II), the color of Pt/ZrO2 catalyst changed from light grey 

to dark red. The change in color was attributed to the deposition of oxidation product, namely 

ferric precipitate. To confirm the crystalline structure of oxidation products, the XRD patterns 

of the 1.0 wt%-Pt/ZrO2 used for 1 and 4 cycles were recorded and the result were shown in 

Figure 2-8. The XRD pattern of the fresh 1.0 wt%-Pt/ZrO2 catalyst was also given. It can be 

seen that the XRD patterns of used catalysts were much rougher than that of the fresh catalyst. 

The diffraction peaks that marked by red arrow appeared or strengthened in the used catalyst 

for 4 cycles compared with the fresh catalyst. These diffraction peaks are corresponding to the 

goethite FeOOH (PDF#03-0249) and ferric oxide Fe2O3 (PDF#33-0664) crystals. This result 

is consistent well with that iron ion is precipitated as ferric oxide (Fe2O3) from neutral water 

and as goethite (FeOOH) from mild alkaline water in the presence of sufficient oxygen[22]. 

The XRD pattern of the used catalyst for 4 cycles also demonstrated the existence of ferrous 

sediments on the surface of catalyst, which lead to the gradual decrease in catalytic activity 

during the stability test.  
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Figure 2-8 Comparison of XRD patterns of fresh and used for 1 and 4 cycles of 1.0 wt%-

Pt/ZrO2. 

 

2.3.6 Kinetic analysis 

The experiments under different reaction temperatures were carried out from 20 °C to 80 °C 

at intervals of 20 °C. As seen from Figure 2-9, the Fe(II) concentration at the same reaction 

time decreased sharply when the temperature increased from 20 °C to 80 °C. The Fe(II) 

concentration continuously decreased until 120 min of reaction time under temperatures lower 

than 80 °C, demonstrating the oxidation of Fe(II) was incomplete at 120 min. When 

temperature increased up to 80 °C, the Fe(II) concentration was found to be 0 at 60 min of 

reaction time, indicating the Fe(II) was completely oxidized to ferric sediment in 60 min. The 

time of complete oxidation of Fe(II) sharply shortened to 60 min when temperature increased 

up to 80 °C. This result indicates the oxidation of Fe(II) was significantly accelerated by 

elevating reaction temperature.  
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Figure 2-9 Effect of temperature on the oxidation of Fe(II) over 1.0 wt%-Pt/ZrO2. Initial 

[Fe(II)] ≈20 ppm; 1.0 wt%-Pt/ZrO2=30 mg; oxygen flow rate=160 ml/min.  

 

To better understand the kinetics of this reaction, the experimental data in Figure 2-9 were 

converted from Fe(II) depletion as a function of time to reaction rate versus Fe(II) 

concentration. Since there was no residual Fe(II) after 60 min, the experimental data after 60 

min for the reaction at 80 °C were removed.  

The reaction rate for oxidation of Fe(II) by oxygen is expressed as:  

-
d[Fe(II)]

dt
=k[O2]

a
[Fe(II)]

b
 

where the exponents a and b are the partial reaction orders in oxygen and Fe(II) 

respectively. 

Since the oxygen flow rate of 160 ml/min was high enough during the full oxidation 

reaction of Fe(II), the concentration of dissolved oxygen was assumed to be constant during 

the calculation. Hence, the reaction rate equation can be written as:  

-
d[Fe(II)]

dt
=k

'
[Fe(II)]

b
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where k’ is defined as apparent reaction rate constant, and equals to k[O2]
a.  

As shown in Figure 2-10, the values of ln[Fe(II)] as a function of time gave a straight line 

at different temperatures. The reaction rate equations at different temperatures were also given 

in Table 2-2. It can be seen that all correlation coefficients were larger than 0.9, implying that 

the Fe(II) oxidation with oxygen accelerated by the Pt/ZrO2 catalyst obeys the pseudo first-

order kinetic model very well, which means exponent b equal to 1. The apparent reaction rate 

constant k’ at different reaction temperatures increased approximately 30-fold with increasing 

temperature from 20 °C to 80 °C.  

As we know, the oxidation of Fe(II) by oxygen is very complicated. The mechanism of 

Fe(II) could be affected by operation parameters, such as initial concentration, temperature, 

reaction media, partial pressure of oxygen, etc. Different reaction mechanisms are in 

accordance with different reaction kinetics models. The reaction order of Fe(II) ions was 

second-order with respect to Fe(II), with the high initial concentration of Fe(II) at high 

temperature.[23, 24] Conversely, with low initial concentration of Fe(II) at room temperature, 

the reaction order was reported as first-order for Fe(II) by Stumm and Lee[18]. In this study, 

the Fe(II) oxidation follows first-order reaction kinetics at neutral pH with low initial 

concentration, which is in good agreement with the results reported by Stumm and Lee[18].  

It is well known that oxygen could be activated on Pt surface. Thus, the oxidation of Fe(II) 

by oxygen could be divided into two steps. First is formation of activated oxygen radicals, 

which could be expressed as:  

O2+2σ
k1, k1

'

↔  2Oσ 

which reaction rate is r1=k1[O2]σ2-k1
'
[Oσ]

2
.  

The second step is oxidation of ferrous ion by activated oxygen species, which could be 

written as: 
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Fe(II)+Oσ
k2
→ Fe(III)+…  

which reaction rate is r2=k2[Fe(II)][Oσ].  

It is assumed that the first step is the rate-determining step (RDS), the total reaction rate 

(denoted as rtotal) is the reaction rate r1 of first step, which means the rtotal is independent of 

concentration of Fe(II). This result is not consistent with the first-order kinetic respect to Fe(II) 

calculated previously.  

Thus, the RDS for oxidation of Fe(II) by oxygen is the second step. The reaction rate could 

be expressed as follow: 

rtotal=r2=k2[Fe(II)][Oσ]=
k2√k1[O2]

√k1[O2]+1
[Fe(II)] 

If the value of √k1[O2] is much larger than or equal to 1, rtotal=k2[Fe(II)] or 
1

2
k

2
[Fe(II)], 

which means the reaction rate is independent of concentration of oxygen. This result is against 

with the previous result that the reaction rate is affected by oxygen flow rate (Figure 2-2).  

Hence, the value of √k1[O2] should be much smaller than 1. Thus, the reaction rate could 

be written as: 

r2=k2√k1[O2][Fe(II)]=k[O2]
1

2⁄ [Fe(II)] 

Where k is reaction rate constant, and equals to k2√k1. 

In this case, the oxidation of Fe(II) by oxygen proceeds with an order of 0.5 with respect to 

oxygen. As we know, the concentration of dissolved oxygen in water is strongly dependent on 

temperature and the solubility of oxygen in solution decreased rapidly as the temperature 

increased[25]. To obtain the reaction rate constant k at different temperature, the apparent 

reaction rate constant k’ were divided by the square root of solubility of oxygen corresponding 

to certain temperature (shown in Table 2-2).  
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The reaction rate constant k at different temperatures is plotted on an Arrhenius plot in 

Figure 2-11. The first-order reaction rate constant k increased 57-fold with increasing 

temperature from 20 °C to 80 °C. A straight line was fitted well with a correlation coefficient 

larger than 0.9. The activation energy calculated from Figure 2-11 is about 55.5 kJ/mol, with 

an initial solution of 20 ppm Fe(II) and an oxygen flow rate of 160 ml/min under neutral 

conditions.  

The activation energies of Fe(II) oxidation by oxygen changed as the reaction mechanisms 

changed, and distributed in the range of 35-150 kJ/mol[23, 24, 26, 27]. Ruiz[26] reported the 

oxidation of Fe(II) by oxygen could be achieved with activation energy of 78.0 kJ/mol at high 

temperature and pressure in solution containing sulfuric acid. In this study, Fe(II) could be 

rapidly oxidized by oxygen with lower activation energy of 55.5 kJ/mol at low temperature in 

neutral solution with simple operation. The application of Pt catalyst lowered the activation 

energy of Fe(II) oxidation by oxygen.  

The activation energy could be considered as the barrier of energy that has to be overcome 

to ensure the occurrence of the reaction. Without the activation energy, a reaction could not 

occur. The pre-exponential factor is the probability of the collision between two (or more) 

molecules in a correct orientation. Based on the activation energy and pre-exponential factor, 

the reaction rate could be calculated at any time and any temperature. Both parameters are 

extremely important and can certainly be used in the treatment of Fe(II), simulation of reactor, 

and optimization of treatment process. 

Thus, during the Fe(II) oxidation process, the oxygen molecule should be activated on the 

Pt surface, and the activated oxygen species were generated. Then, the Fe(II) ion was oxidized 

to Fe(III) by the activated oxygen radicals. The Fe(III) precipitate formed.  
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Figure 2-10 Data analysis based on first-order kinetics model.  

 

Table 2-2 Effect of temperature on apparent reaction rate constant k’ 

Temperature 

/ °C 

Saturated O2 concentration 

in water / ×10-3 mg·100 g
-1

 
Rate equations  

Correlation 

coefficient, R
2

 
k’ / min

-1

 

20 4.38 y=-0.0028x-0.0592 0.9415 0.0028 

40 3.08 y=-0.0063x-0.1162 0.9499 0.0063 

60 2.25 y=-0.0155x-0.1703 0.9832 0.0155 

80 1.38 y=-0.0856x+0.0521 0.9963 0.0856 

 

 

Figure 2-11 Arrhenius plot for Fe(II) oxidation over 1.0 wt%-Pt/ZrO2 catalyst.  
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2.4 Conclusion  

Pt catalysts supported on ZrO2 was prepared by a conventional impregnation method and 

their catalytic activity for the oxidation of Fe(II) by oxygen was investigated. Pt/ZrO2 catalysts 

effectively promoted the Fe(II) oxidation by oxygen under neutral conditions. The activity of 

Pt catalyst decreased gradually with increasing of Pt particle size. The oxidation rate of Fe(II) 

increased sharply with rising of reaction temperature. The Fe(II) was converted to goethite 

FeOOH and ferric oxide Fe2O3. The catalytic oxidation of Fe(II) over Pt/ZrO2 was found to 

obey first-order kinetics, and the apparent activation energy was about 63.6 kJ/mol with 

oxygen flow rate of 160 ml/min under neutral conditions. The Pt/ZrO2 catalyst possesses an 

excellent stability and can be used repeatedly with the high catalytic property. It has been 

proven that the Pt heterogeneous catalyst can be applied to oxidation treatment of Fe(II)-rich 

water due to its outstanding catalytic performance and its high stability over time under mild 

conditions. This results are of great significance for the application of Pt heterogeneous 

catalyst to the treatment of detrimental ions in wastewater without any extra energy in the 

future.  
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Chapter 3 

Oxidation of As(III) by Oxygen over Pt Catalyst under 

Mild Condition 

3.1 Introduction  

In recent decades, arsenic contamination in natural water, as a serious worldwide problem[1], 

has attracted more and more attention due to its fatal toxicity. Drinking arsenic-contaminated 

water chronically can cause severe health problems for human, such as skin lesion, 

cardiovascular and peripheral vascular disease, diabetes, and cancer of brain, liver, kidney and 

stomach[1-3]. In 1993, the guideline for arsenic in drinking water was set in the range of 0.05 

to 0.01 mg/L by the World Health Organization[4]. Nowadays, the permissible limit of arsenic 

level in drinking water is set to 10 μg/L or lower in many countries[4].  

The arsenic is released to environment directly by two approaches: natural processes 

(geochemical reactions, volcanic deposits and weathering of arsenic containing minerals) and 

anthropogenic activities (metallurgical industries, wood preservatives agents and arsenical 

pesticides)[1, 4, 5].  

Arsenic occurs in environment in four different oxidation states: As(-III), As(0), As(III) 

and As(V). In natural waters, arsenic exists principally in inorganic forms, predominantly as 

trivalent arsenite (As(III)) and pentavalent arsenate (As(V))[6]. The distributions of As(III) and 

As(V) in water depend strongly on pH and redox potential[7, 8]. The As(III) species are 

predominant form at lower redox potentials and under most acid and neutral conditions, 

whereas at high redox potential, the arsenic exists dominantly as As(V) species[9]. As(III) is 

thermodynamically stable and is presented as non-ionic form of H3AsO3 under neutral 
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condition[10]. Furthermore, due to its low affinity with a variety of absorbents, As(III) is more 

toxic and mobile than As(V) in water[11-13].  

Hence, various treatment technologies, including coagulation[14], adsorption[2, 15], 

membrane filtration[16] and so on, have been applied to eliminate the hazardous impact of 

arsenic, especially As(III) in environment. The conventional and effective approach for the 

removal of As(III) is pre-oxidation firstly, followed by the adsorption or co-precipitation of 

As(V)[11]. However, the As(III) is not readily to be oxidized to As(V) owing to its stability 

under neutral condition. It is necessary to explore a feasible method for the As(III) oxidation 

in water. 

So far, the chemical oxidation, photocatalytic oxidation and biological oxidation have been 

employed for the oxidation of arsenite. The chemical oxidation, using traditional oxidants, 

such as oxygen, ozone,[17] hydrogen peroxide[18], permangnate[19, 20], and chlorine[21], is costly 

due to the demand of large amount of oxidants[17], although it could achieve oxidation of 

arsenite with high efficiency. The photocatalytic oxidation procedure, assisted by TiO2
[22], Pt 

modified TiO2
[11] or reduced graphene oxide deposited on TiO2

[23], requires an extra energy, 

such as ultraviolet illumination. The biological oxidation process is only suitable for solutions 

containing low levels of arsenic.[19, 24] Additionally, the oxidation of arsenite that published by 

previous literatures was long-term under neutral condition[25, 26] or was achieved under 

extremely severe reaction conditions (strong acidic or alkaline)[19, 23, 27, 28].  

In Chapter 2, it is proven that Pt heterogeneous catalyst can be applied to remove Fe(II) 

ions from contaminated water. Hence, it is possible to apply Pt catalyst in the removal of 

detrimental As(III) ions.  

The application of Pt catalysts supported on oxides or carbon to the removal of 

contaminants, such as oxidation of methanol[29], glycerol[30], CO and NO[31], is very popular, 
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due to its high catalytic activity, selectivity, chemical stability and resistance to high 

temperature. Pt nanoparticles also have been applied to modify the photocatalyst, such as TiO2, 

to improve the photocatalytic activity. And Pt modified TiO2
[32, 33] photocatalyst was applied 

to promote the oxidation of As(III) by oxygen under UV irradiation.  

However, to the best of our knowledge, there is little information in literatures with respect 

to the application of heterogeneous Pt catalyst in the pre-oxidation of As(III) to As(V) using 

oxygen without any extra energy under mild conditions.  

The aim of this work was to investigate the catalytic performance of Pt catalyst on the 

As(III) oxidation using oxygen, which has no generation of toxic or undesirable by-products 

and is benign to the environment. It is proved that Pt catalyst is effective and efficient to 

improve the oxidation of arsenite using oxygen in water at low temperature. Furthermore, Pt 

catalyst showed an excellent recyclability. It is turned out that Pt catalysts would have potential 

application to develop a rapid and highly efficient method for the industrial treatment of 

soluble arsenite. 

3.2 Experimental  

3.2.1 Preparation and characterization of catalysts  

All the reagents were of analytical grade and were used without further purification. TiO2 

(Japan Aerosil, Evoke P25), Al2O3 (Wako Pure Chemical Industries, Ltd., α-Al2O3), ZrO2 

(Japan Reference Catalyst, JRC-ZRO-3) and SiO2 (Fuji-davison Chemical Ltd., Cariact-50) 

supported Pt catalysts with different Pt loadings (denoted by x wt%-Pt/metal-oxide) were 

prepared via a conventional impregnation method. Pristine ZrO2 powder was impregnated in 

an aqueous solution containing Pt(NH3)2(NO2)2 (Tanaka Kikinzoku Kogyo K. K.) as Pt 

precursor. The turbid solution was stirred at 80 °C. After the solvent had evaporated, the solid 

product was reduced with hydrogen (P = 10.0 kPa, diluted with N2) at 350 °C for 2 h.  
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For the Pt/ZrO2 catalyst with Pt loading of 1.0 wt%, the solid products were calcined at 350, 

450, 550 and 650 °C in H2+N2 atmosphere for 2 h, respectively.  

 

3.2.2 Characterization 

X-ray diffraction (XRD) patterns of the catalysts were measured using a Rigaku RINT2000 

diffractometer, with a Cu Kα source (λ = 1.5141 Å). The scanning velocity of the 

diffractometer was 0.5 deg∙min-1.  

The exposed surface areas of Pt particles and Pt particles diameters in catalysts were 

measured by CO chemisorption (BELCAT-B, BEL. Japan. Inc) at 50 °C. The catalysts were 

pre-treated with hydrogen at 250 °C for 1 h.  

The morphology of catalysts was observed using transmission electron microscopy (TEM; 

JEOL-2000EX). The catalyst was ultrasonically dispersed in isopropanol solvent at room 

temperature. This solution was dropped on the grid for the TEM measurement. 

 

3.2.3 Oxidation of arsenite  

The As(III) solution (20 ppm) was prepared by dissolving sodium arsenite (NaAsO2, 99%, 

Aldrich) in distilled water. The As(III) solution was purged with oxygen and then heated up 

to the desired temperature under stirring with magnetic rod for ensuring homogeneity. The 

temperature was kept at a constant by using oil bath during the reaction. After 30 min, 5 mL 

of the solution was sampled with syringe. After that, the catalyst was added into solution. And 

then, 5 mL of solution was sampled by disposable syringe and filtered through a disposable 

membrane filter unit of PTFE non-sterile (pore size 0.20 μm, Toyo Roshi Kaisha, Ltd.) at 

desirable time.  

After the reaction the Pt/ZrO2 catalyst was recycled by filtration and then reused to the 

oxidation of fresh As(III) solution. This procedure was repeated for 4 times.  
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The total arsenic concentration in the solution was analyzed by inductively coupled plasma 

optical emission spectrometer (ICPE-9820, Shimazu Access Co.).  

The concentration of As(V) in the solution was determined spectrophotometrically at 850 

nm using molybdenum blue method[34]. One milliliter of the withdrawn sample solution was 

added to a conical tube containing 8.8 mL of distilled water and 0.2 mL of molybdate color 

reagent. The sample solution was mixed with color reagent vigorously and heated by boiling 

water bath for 10 min before the analysis. The absorbance of the solution was then measured 

using a UV/visible spectrophotometer (UV-2400, Shimazu Co.). The standard solution of 

As(V) was prepared by dissolving disodium hydrogenarsenate heptahydrate 

(Na2HAsO4·7H2O, ≥99%, Wako Pure Chemical Industries, Ltd) 

For the analysis of As(III) concentration, the withdrawn sample was diluted for 10 times, 

and then around 3 ml diluted sample was passed through a silica-based strong anion exchange 

cartridge (Supelclean LC-SAX SPE Tube, 3 ml), which retains only As(V) and allows residual 

As(III) to elute. The filtration was collected and then measured the As(III) concentration using 

ICP-OES. 

 

3.3 Results and discussion 

3.3.1 Adsorption of As(III) and As(V) on ZrO2 

The adsorption of As(III) and As(V) on the surface of ZrO2 was carried out at room 

temperature under neutral pH, and the results are shown in Figure 3-1. It can be seen that the 

concentrations of both As(III) and As(V) decreased rapidly in the first 5 min, followed by a 

constant, demonstrating that the uptakes of As(III) and As(V) on ZrO2 reached adsorption 

equilibrium within 5 min at the initial concentration of 20 ppm. The uptakes of As(III) and 
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As(V) on the surface of ZrO2 are nearly identical. It could be concluded that the adsorption 

behaviors of As(III) and As(V) on ZrO2 are the same.  

 

 

Figure 3-1 Change in the concentrations of As(III) and As(V) with time in solution at room 

temperature. Initial [As(III)]=20 ppm; ZrO2=30 mg.  

 

3.3.2 Effect of flow rate of oxygen 

To determine the influence of flow rate of oxygen on the oxidation of As(III), a series of 

experiments were carried out using by 30 mg of 1.0 wt%-Pt/ZrO2 catalyst at 80 °C, and the 

result were shown in Figure 3-2. For all the reactions, the As(V) concentration increased and 

the As(III) concentration decreased with the reaction time, demonstrating that the As(III) was 

successfully oxidized to As(V) during the reaction. The total aqueous arsenic concentration 

decreased in the initial 10 min and then stayed constant up to 120 min of the reaction time. 

The sharp decrease in total arsenic concentration in the initial 10 min is attributed to the 

adsorption of arsenic on the ZrO2 surface.  

It is obvious that As(V) concentration increased and As(III) decreased continuously until 

120 min, even though there was no oxygen flowing into the reaction solution. As(III) was 
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oxidized without oxygen flow, and the residual As(III) was only 2 ppm at 120 min of reaction 

time. This could be due to the presence of dissolved oxygen in the reaction solution. In flowing 

oxygen with a flow rate of 40 ml/min, the oxidation of As(III) was nearly completed at 120 

min, i.e., slightly faster than that without oxygen flow. The time for complete oxidation of 

As(III) significantly shortened when the flow rate of oxygen was increased from 40 up to 160 

ml/min, beyond which almost no change was observed. This phenomenon demonstrates that 

the oxidation rate of As(III) increased with the increasing flow rate of oxygen. With an 

increase in oxygen flow rate from 160 to 200 ml/min, the oxidation rate hardly changed, 

confirming that the oxygen flow rate of 160 ml/min was good enough for the oxidation of 

As(III) accelerated by 30 mg of 1.0 wt%-Pt/ZrO2 catalyst at 80 °C. Therefore, an oxygen flow 

rate of 160 ml/min was chosen as an optimal value for further experiments.  

 

 

Figure 3-2 Effect of oxygen flow rate on the oxidation of As(III) over 1.0 wt%-Pt/ZrO2. 

Initial [As(III)]=20 ppm; 1.0 wt%-Pt/ZrO2=30 mg; temperature=80 °C. 
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Figure 3-3 Effect of initial concentration of As(III) solution. 1.0 wt%-Pt/ZrO2=30 mg; 

oxygen flow rate=160 ml/min; temperature=80 °C.  

 

3.3.3 Effect of initial concentration of As(III) 

The oxidation of As(III) by oxygen using 30 mg of 1.0 wt%-Pt/ZrO2 was investigated at 

various initial As(III) concentrations at 80 °C, and the results are shown in Figure 3-3. It was 

observed that the total arsenic concentration decreased drastically in first 10 min because of 

adsorption, followed by a constant. For all initial As(III) concentrations, the As(V) 

concentration increased fast and As(III) concentration decreased rapidly. When the initial 

As(III) concentrations were 10 and 20 ppm, the As(V) concentrations climbed to the summit, 

and the As(III) concentrations became 0 at 30 and 60 min. The As(III) could be completely 

oxidized to As(V) within 30 and 60 min with the initial concentrations of 10 and 20 ppm, 

respectively. When the initial As(III) concentration increased up to 40 ppm, the As(V) 
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concentration increased and the As(III) concentration decreased continuously until 240 min of 

the reaction time. The existence of residual As(III) at 240 min implied that the complete 

oxidation of As(III) did not achieve at 240 min. It is obvious that the oxidation rate of As(III) 

gradually decreased as the initial As(III) concentration increased. The As(III) initial 

concentration of 20 ppm was chosen in the following tests.  

 

3.3.4 Effect of supports 

The results shown in Figure 3-4 revealed the effect of supports (including TiO2, Al2O3, 

ZrO2 and SiO2) on the oxidation of As(III) with oxygen at 80 °C. The Pt loading of all catalysts 

in these experiments was 5.0 wt%, and the flow rate of oxygen was 160 ml/min. The amount 

of catalysts for experiments in left and right column in the Figure 3-4 were 50 and 200 mg, 

respectively. For all the experiments, the As(III) concentration decreased sharply and As(V) 

concentration increased rapidly, demonstrating that As(III) was oxidized to As(V) with 

oxygen at 80 °C under neutral conditions. This result is in contrast with that the As(III) is 

hardly to be oxidized to As(V) with air or oxygen reported by other studies[17]. It will be shown 

later that the oxidation rate was extremely low without Pt catalyst (Figure 3-5). The reason for 

the rapid oxidation of As(III) by oxygen in this experiment might be attributed to the catalytic 

effect of Pt. Compared with the experiments using catalysts of 50 mg, the time of complete 

oxidation of As(III) sharply shortened in case of using the corresponding catalysts of 200 mg. 

This result also demonstrated that Pt catalyst is effective for promoting the reaction between 

As(III) and oxygen.  

For the reactions using the same amount of Pt catalysts with different supports, the changes 

in total arsenic concentration are due to the adsorption of As(III) on catalyst surface. The 

adsorption-desorption reached equilibrium in the first 10 min. Under neutral condition, the 

Pt/ZrO2 catalyst had the highest adsorption capacity toward arsenic, while the Pt/Al2O3 and 
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Pt/SiO2 catalysts had hardly any adsorption. For all the reactions, the As(V) concentration 

rapidly increased, and then kept a constant. The As(III) concentration was turned out to be 0 

while As(V) concentration kept a constant. This phenomenon demonstrated the As(III) was 

completely oxidized to As(V) by oxygen. For all the reactions, the total As(III) was converted 

to As(V) in 10 min in case of using 200 mg of Pt catalyst except for the Pt/Al2O3 catalyst. In 

case of using 50 mg of Pt/TiO2 catalyst, the time for complete oxidation was 30 min, which 

was almost identical with that of Pt/SiO2 catalyst. The time of complete oxidation using 50 

mg of Pt/Al2O3 was 90 min, while it sharply shortened to 10 min in case of same amount of 

Pt/ZrO2 catalyst.  

Hence, in this study, Pt/ZrO2 catalyst showed the best performance on As(III) oxidation by 

oxygen. The Pt particle size was regarded as possible important parameter for activity in 

catalysts. The average diameter of Pt particles is smallest compared with those in Pt/TiO2, 

Pt/Al2O3 and Pt/SiO2 catalysts, which might be the main reason for its best performance on 

As(III) oxidation. On the contrary, in Pt/Al2O3 catalyst, the dispersion of Pt was much lower 

and average Pt particle size was much larger than those in Pt/TiO2, Pt/ZrO2 and Pt/SiO2 

catalysts with the same Pt loadings determined by CO chemisorption (shown in Table 3-1). 

The Pt particles in Pt/Al2O3 catalyst showed severe agglomeration compared with Pt/TiO2 and 

Pt/ZrO2 catalysts with the same Pt contents (shown later in Figure 4-2). The worst catalytic 

performance of Pt/Al2O3 catalyst was attributed to the lowest surface area of Pt.  

Pt/SiO2 catalyst showed better performance than Pt/TiO2 catalyst, although the average Pt 

particle size was higher than that in Pt/TiO2 catalyst. It is well known that strong interaction 

between Pt particles and TiO2 support exists in Pt/TiO2 catalyst[35]. Ti4+ could be partially 

reduced to Ti3+, and TiOx could form subsequently during the reduction process. The migration 

of TiOx onto the Pt surface leads to the decrease of Pt surface area, which results in lower 
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catalytic activity. The interaction between noble metal and support induced by the support 

composition[36, 37] is another important factor that can affected the catalytic activity of the 

noble metal nanoparticles.  

 

Table 3-1 Dispersions and average particle sizes of Pt estimated by CO chemisorption 

in catalysts with 5 wt% Pt loading. 

Catalyst D / % d / nm 

Pt/TiO2 23.4 4.8 

Pt/Al2O3 13.8 8.2 

Pt/ZrO2 41.1 2.8 

Pt/SiO2 20.5 5.5 
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Figure 3-4 As(III) oxidation with oxygen over Pt catalysts with different supports. Initial 

[As(III)]=20 ppm; oxygen flow rate=160 ml/min; temperature=80 °C, catalyst, Pt 

loading=5.0 wt%; amount: left column 50 mg, right column 200 mg.  
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3.3.5 Influence of Pt loading 

Figure 3-5 illustrates the changes in concentrations of As(V) yield, the As(III) evolution 

and the total aqueous arsenic with reaction time adopting Pt/ZrO2 catalysts under 80 °C. The 

reaction using pristine ZrO2 powder of 60 mg was also carried out for comparison under the 

same conditions. In this series of experiments, the O2 flow rate was 160 ml/min, and the net 

amount of Pt metal in each test was maintained constant of 0.3 mg except that using pristine 

ZrO2. In case of using pristine ZrO2 powder, the total arsenic decreased in the initial 10 min, 

and then kept a constant up to 120 min of reaction time. Only a slight increase of As(V) as 

reaction time was observed until reaction time up to 120 min. The As(III) decreased apparently 

in the initial 10 min, but slightly after 10 min of reaction time. The sharp decrease of As(III) 

and total arsenic in the initial 10 min could derive from the adsorption of arsenic on ZrO2 

surface. Only 10 % of As(III) converted to As(V) at 120 min of reaction time. This result 

agrees fairly well with that the As(III) is hardly to be oxidized by oxygen under neutral 

conditions even though the oxygen flow rate was up to 0.4-0.6 l/min[17]. Compared with the 

reaction using pristine ZrO2, the As(V) concentrations using Pt/ZrO2 catalysts increased as 

rapidly as the depletion of As(III). This result also demonstrated that Pt catalyst significantly 

accelerated the oxidation rate of As(III) with oxygen under neutral condition. A few papers[32, 

33], concerning the pre-oxidation of As(III) by photocatalytic process assisted by Pt/TiO2, 

reported that As(III) could be oxidized even in dark condition due to the catalytic effect of 

platinum itself and O2 activation on Pt particles. For all the reactions using Pt/ZrO2 catalysts 

with different Pt loadings, the As(V) generation rates in 30 min are almost identical. The As(V) 

concentration increased significantly in 90 min of reaction time, beyond which no further 

increase was observed, indicating that total As(III) was completely oxidized to As(V) in 90 

min. The total arsenic concentration after 10 min increased with decreased amount of Pt/ZrO2 
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catalyst, which was attributed to the decreased adsorption of arsenic on the catalyst surface. 

Compared with As(III) oxidation reaction using pristine ZrO2, the time of complete oxidation 

of As(III) using Pt/ZrO2 catalyst sharply shortened, illustrating that Pt/ZrO2 catalyst 

effectively promoted the oxidation of As(III) by oxygen. In the initial 10 min, the generation 

rates of As(V) were almost identical for the reactions using Pt/ZrO2 catalyst. The underlying 

cause of the identical generation rates of As(V) was investigated by XRD, TEM and CO 

chemisorption.  

 

 

Figure 3-5 Oxidation of As(III) over naked ZrO2 and Pt/ZrO2 catalysts. Initial [As(III)]=20 

ppm; net Pt amount=0.3 mg; oxygen flow rate=160 ml/min; temperature=80 °C.  
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Figure 3-6 XRD patterns of Pt/ZrO2 catalysts with different Pt loadings. 

 

Figure 3-6 shows the XRD patterns of Pt/ZrO2 catalysts with different Pt loadings. The 

XRD patterns for all the samples were very similar, and ZrO2 support in the Pt/ZrO2 catalysts 

existed as monoclinic ZrO2 (PDF#07-0343). In all of catalysts, the absence of Pt diffraction 

peaks is attributed to the small Pt particle size or highly dispersed Pt in the composite[38].  

In TEM images (Figure 3-7), spherical Pt particles were observed and had a diameter of 

approximately 1 nm with a very narrow size distribution. The amount of Pt particles increased 

as increasing Pt loading. The differences in Pt particle size (listed in Table 3-2) in Pt/ZrO2 

catalysts with different Pt loadings is not clear. The average diameters of Pt particles 

determined by CO chemisorption, listed in Table 3-2, were almost identical in the four 

catalysts. The average Pt particle sizes estimated by TEM images were smaller than that 

estimated by CO chemisorption of the corresponding samples, which might be due to the local 

observation limited by TEM measurement. The turnover frequency (TOF) values in initial 10 

min corresponding to Figure 3-5 were given in Table 3-2. For the reactions using Pt/ZrO2 
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catalysts with different Pt loadings, the initial TOF values were identical, which is attributed 

to the almost identical Pt particle size. This result suggests that the Pt particle size is one of 

the most important influences on the As(III) oxidation by oxygen.  

 

 

Figure 3-7 TEM images of Pt/ZrO2 catalysts with different Pt loadings: 0.5 wt% (a), 1.0 

wt% (b), 3.0 wt% (c) and 5.0 wt% (d). 

 

Table 3-2 Initial turnover frequency (TOF) and average Pt particle size estimated by 

CO chemisorption and TEM images. 

Pt loading 

/ wt% 
da (TEM) / nm db (CO) / nm 

Initial TOFc / 

mol·(mol·min)−1  

0.5 1.0±0.3 2.6 2.0 

1.0 0.9±0.4 2.6 2.1 

3.0 1.1±0.3 2.8 2.1 

5.0 1.1±0.4 2.8 2.1 
a an average Pt size estimated by TEM images. 
b an average Pt size estimated by CO chemisorption. 
c TOF value at reaction time of 10 min.  
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3.3.6 Influence of Pt particle size 

To determine the influence of Pt particle size on the As(III) oxidation rate by oxygen, the 

1.0 wt%-Pt/ZrO2 catalyst was chosen and reduced with hydrogen at 350 °C, 450 °C, 550 °C 

and 650 °C, respectively.  

The 1.0 wt%-Pt/ZrO2 catalysts calcined at different temperature were used in the As(III) 

oxidation reactions at 80 °C, and the result were given in Figure 3-8. In these experiments, the 

O2 flow rate was 160 ml/min, and the amount of catalyst was 30 mg. As observed in Figure 3-

8, the calcination temperature of Pt/ZrO2 catalyst significantly affected the oxidation rate of 

As(III). When the 1.0 wt%-Pt/ZrO2 catalyst was calcined at 350 °C, the As(V) concentration 

increased sharply in 60 min, and kept constant after 60 min of reaction time, demonstrating 

the As(III) was totally oxidized within 60 min. Nonetheless, when the calcination temperature 

of 1.0 wt%-Pt/ZrO2 catalyst increased up to 650 °C, the As(V) generation continuously 

increased till 120 min, the time for complete oxidation of As(III) extended up to 120 min. The 

generation rate of As(V) at the same time decreased gradually when the calcination 

temperature of 1.0 wt%-Pt/ZrO2 catalyst increased from 350 to 650 °C. The variation of As(III) 

concentration as a function of the reaction time was in good accordance with that of As(V), 

validating the oxidation rate of As(III) by oxygen declined with increasing calcination 

temperature of Pt/ZrO2 catalyst.  
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Figure 3-8 Effect of calcination temperature of 1.0 wt%-Pt/ZrO2 on the oxidation of As(III). 

Initial [As(III)]=20 ppm; 1.0 wt%-Pt/ZrO2=30 mg; oxygen flow rate=160 ml/min; 

temperature=80 °C.  

 

 

Figure 3-9 Changes in TOF values as Pt particle size 
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As seen in Figure 3-8, the oxidation rate of As(III) decreased with increasing the calcination 

temperature of 1.0 wt%-Pt/ZrO2 catalyst. The initial turnover frequency values (TOF) in the 

As(III) oxidation corresponding to Figure 3-8 were calculated, and the changes in initial TOF 

values as function of average Pt particle size (shown in Table 2-1) were given in Figure 3-9. 

The calculation of TOF values used the date determined by CO chemisorption. The TOFs 

distributed in a quite narrow range of 2.2–2.5 min-1, which could be recognized as a constant, 

demonstrating that the oxidation of As(III) is structure-insensitive in Pt nanoparticle. Thus, 

the catalyst with smaller Pt particle size is better for the industrial application because smaller 

Pt size offers higher surface area and achieves maximum utilization.  

 

 

Figure 3-10 The cyclic catalytic performance of 1.0 wt%-Pt/ZrO2 for the oxidation of 

As(III). Initial [As(III)]=20 ppm; 1.0 wt%-Pt/ZrO2=30 mg; oxygen flow rate=160 ml/min; 

temperature=80 °C. 
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3.3.7 Stability of Pt/ZrO2 catalyst 

With the aim to confirm the stability of Pt/ZrO2 catalyst, the catalytic performance of the 

1.0 wt%-Pt/ZrO2 catalyst calcined at 350 °C with 30 mg was investigated for four cycles under 

reaction temperature of 80 °C and oxygen flow rate of 160 ml/min, and the results are shown 

in Figure 3-10. For the first cycle, the concentration of As(V) increased sharply and was kept 

a constant after 60 min. The As(III) concentration declined rapidly and there was no As(III) 

residue in solution after 60 min. This result showed the As(III) was totally converted to As(V) 

in 60 min for the first cycle. For the recycled catalyst, the concentrations of both As(V) and 

total aqueous arsenic were higher than that of the first cycle, which is attributed to the saturated 

adsorption of arsenic on the catalyst surface during the first cycle. The As(III) was completely 

oxidized to As(V) in 60 min for the second cycle. For the third and fourth cycles, the total 

As(III) was completely oxidized to As(V) in 90 min, although the generation rates of As(V) 

and degradation rates of As(III) slightly decreased compared with those of the second cycle. 

Thus, the Pt catalyst possesses an excellent catalytic activity after being used four times, 

suggesting the Pt particles had firmly attached to the ZrO2 surface and were resistant to 

detachment by the mechanically stirred. 

 

3.3.8 Kinetic analysis  

The experiments under different reaction temperatures were carried out from 20 °C to 80 °C 

at intervals of 20 °C. As seen from Figure 3-11, at the same reaction time, the As(V) 

concentration rapidly increased, and the As(III) concentration sharply decreased when the 

temperature was increased from 20 °C to 80 °C. The As(V) concentration increased 

continuously until 120 min of reaction time under temperatures of 20 °C and 40 °C, 

demonstrating the oxidation of As(III) was incomplete at 120 min. When temperature was 
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increased up to 60 °C, the As(V) concentration climbed to the summit and As(III) 

concentration was found to be 0 at 120 min, demonstrating the As(III) was completely 

oxidized to As(V) in 120 min. The time for complete oxidation of As(III) sharply shortened 

to 60 min when temperature increased up to 80 °C. This result indicates that oxidation of 

As(III) was significantly accelerated by elevating reaction temperature. 

 

 

Figure 3-11 Effect of temperature on the oxidation of As(III) over 1.0 wt%-Pt/ZrO2. Initial 

[As(III)]=20 ppm; 1.0 wt%-Pt/ZrO2=30 mg; oxygen flow rate=160 ml/min.  

 

To better understand the kinetics of this reaction, the experimental data in Figure 3-11 were 

converted from As(V) generation as a function of time to reaction rate versus As(III) 

concentration. Since there was no residual As(III) after 60 min, the experimental data after 60 

min for the reaction at 80 °C were removed.  
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The reaction rate for oxidation of As(III) by oxygen is expressed as:  

d[As(V)]

dt
= -

d[As(III)]

dt
=k[O2]

a
[As(III)]

b
 

where the exponents a and b are the partial reaction orders in oxygen and As(III) 

respectively. 

Since the oxygen flow rate of 160 ml/min was high enough during the full oxidation 

reaction of As(III), the concentration of dissolved oxygen was assumed to be constant during 

the calculation. Hence, the reaction rate equation can be written as:  

d[As(V)]

dt
= -

d[As(III)]

dt
=k

'
[As(III)]

b
 

where k’ is defined as apparent reaction rate constant, and equals to k[O2]
a.  

As shown in Figure 3-12, the values of ln[As(III)] as a function of time gave a straight line 

at different temperatures. The reaction rate equations at different temperatures were also given 

in Table 3-3. It can be seen that all correlation coefficients were larger than 0.99, implying 

that the As(III) oxidation with oxygen accelerated by the Pt/ZrO2 catalyst obeys the pseudo 

first-order kinetic model very well, which means exponent b equal to 1. The apparent reaction 

rate constant k’ at different reaction temperatures increased approximately 4-fold with 

increasing temperature from 20 °C to 80 °C.  

We use the same analytical method for the Fe(II) oxidation process, the oxidation of Fe(II) 

by oxygen proceeds with an order of 0.5 with respect to oxygen. To obtain the reaction rate 

constant k at different temperature, the apparent reaction rate constant k’ were divided by the 

square root of solubility of oxygen corresponding to certain temperature, due to the 

concentration of dissolved oxygen in water is strongly dependent on temperature and the 

solubility of oxygen in solution decreased rapidly as the temperature increased[19]. The reaction 

rate constant k at different temperatures is plotted on an Arrhenius plot in Figure 3-13. The 
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first-order reaction rate constant k increased 7-fold with increasing temperature from 20 °C to 

80 °C. A straight line was fitted well with a correlation coefficient larger than 0.99. The 

activation energy calculated from Figure 3-13 is about 31.1 kJ/mol, with an initial solution of 

20 ppm As(III) and an oxygen flow rate of 160 ml/min under neutral conditions. This 

comparatively low activation energy of 31.1 kJ/mol demonstrates the effectiveness of Pt 

catalyst on the oxidation of As(III) by oxygen. As we know, As(III) is highly chemically stable 

and extremely difficult to be oxidized by oxygen at room temperature. Hence, the activation 

energy for As(III) oxidation is very high. The activation energies of 15 kJ/mol for As(III) 

oxidation by oxygen promoted by KMnO4 under extremely alkaline condition (pH=13) was 

reported by Li et al[19]. Unlike with the results reported by Li et al, in this study, As(III) could 

be rapidly and efficiently oxidized by oxygen at low temperature in neutral solution, although 

the activation energy of 31.1 kJ/mol was slightly higher than that of 15 kJ/mol. This result 

shows Pt catalyst promotes the oxidation of As(III) under neutral condition, which is a 

significant improvement in pre-treatment of As(III). Based on the activation energy and pre-

exponential factor, the reaction rate could be calculated at any time and any temperature. Both 

parameters are extremely important and can certainly be used in treatment of As(III), 

simulation of reactor, and optimization of treatment process. 

 As previously discussed in Chapter 2, the activation energy of oxidation of Fe(II) by 

oxygen is 55 kJ/mol. Fe(II) ions could be oxidized by oxygen spontaneously at room 

temperature and atmosphere pressure, whereas As(III) is chemically stable under the same 

conditions. Hence, the Fe(II) is more easily to be oxidized than As(III), indicating the As(III) 

oxidation need to overcome higher energy barrier than Fe(II) oxidation at room temperature 

and atmosphere pressure. But in case of using Pt catalyst, the activation energy of As(III) was 

lower than that of Fe(II) under the same conditions, implying the As(III) is more readily to be 
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oxidized than Fe(II) over Pt catalyst. Undoubtedly, during both Fe(II) and As(III) oxidation 

process, the oxygen molecules were activated on Pt surface. The lower activation energy of 

As(III) oxidation demonstrated that the As(III) was more easily to be oxidized by activation 

oxygen species than Fe(II). It is might be attributed to the generation of intermediate. Lee and 

Choi[39] reported that the As(IV) generated during the photocatalytic oxidation. The generation 

of intermediate As(IV) lowered the activation energy.  

Thus, the oxidation of As(III) by oxygen could be represented by three steps: (1) O2 

molecule was activated, and activated oxygen species were generated on Pt particles; (2) 

As(III) was oxidized to intermediate As(IV) by activated oxygen radicals; (3) the intermediate 

As(IV) was converted to As(V) by oxygen or activated oxygen.  

 

 

Figure 3-12 Data analysis based on first-order kinetics model corresponding to Figure 3-11.  
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Table 3-3 Effect of temperature on apparent reaction rate constant k’ 

Temperature / °C Rate equations  Correlation coefficient, R
2
 k’ / min

-1
 

20 y=-0.0061x-0.0297 0.9959 0.0061 

40 y=-0.0120x-0.0172 0.9958 0.0120 

60 y=-0.0228x+0.0070 0.9929 0.0228 

80 y=-0.0289x-0.0440 0.9982 0.0289 

 

 

Figure 3-13 Arrhenius plot for As(III) oxidation over 1.0 wt%-Pt/ZrO2 catalyst.  

 

3.4 Conclusion  

Metal-oxides (including TiO2, Al2O3, ZrO2 and SiO2) supported Pt catalysts was prepared 

by a conventional impregnation method followed by reduction with hydrogen. The catalytic 

activity for the oxidation of As(III) by oxygen was investigated. Pt catalyst effectively 

promoted the As(III) oxidation by oxygen under neutral conditions without extra energy 

irradiation. Pt/ZrO2 catalyst had the optimum performance on promoting As(III) oxidation.  

The As(III) oxidized by oxygen was accelerated significantly by Pt/ZrO2 catalyst at neutral 

pH, whereas As(III) oxidation using oxygen can be negligible in case of using ZrO2 under the 
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same conditions. The activity of Pt catalyst decreased gradually with the increasing of Pt 

particle size. The Pt/ZrO2 catalyst possesses an excellent stability and can be used repeatedly 

with the high catalytic performance. The catalytic oxidation of As(III) over Pt/ZrO2 was found 

to obey first-order kinetics. The apparent activation energy was about 39.2 kJ/mol with initial 

solution of 20 ppm As(III) and oxygen flow rate of 160 ml/min under neutral conditions. In 

this study, the more rapid and more efficient oxidation of As(III) promoted by Pt catalyst 

demonstrated that Pt catalysts can be applied for peroxidation treatment of As(III) in 

contaminated water.  
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Chapter 4 

Reduction of Selenate with Hydrazine Hydrate over Pt 

Catalysts in Aqueous Solution 

4.1 Introduction 

Selenium (Se) is an essential micronutrient for humans at low concentrations. The 

suggested daily nutritional requirements for women and men are about 50 and 70 µg, 

respectively[1]. Selenium deficiency increases the probability of heart and liver disease, and 

may be associated with an increased risk of cancer[1]. Selenium and its compounds are widely 

applied in industry and agriculture, such as in the production of glass, xerography, 

photoelectric batteries, corrosion-resistant stainless steel, and supplements in fertilizers and 

prepared pesticides[2]. 

However, selenium and its compounds are toxic, carcinogenic and teratogenic at high 

concentrations[3-5]. The maximum contaminant level for Se in the United States is only 0.01 

mg/L (USEPA 1976)[6]. The selenium concentration range between nutritional sufficiency and 

toxicity is extremely narrow[4, 6]. The lethal dose of sodium selenite is only 1 g for humans[2]. 

Chronic exposure to sodium selenate can cause severe lung, kidney, and liver damage[7]. 

Selenium possesses four common oxidation states: VI, IV, 0 and ‒II. Selenate (SeO4
2–), 

selenite (SeO3
2–) and their protonated anions (HSeO4

–, HSeO3
–) are the predominant species 

in aqueous solution. They are soluble and mobile, while elemental selenium and selenide (Se2–) 

are relatively immobile because of the low solubility of their solid phases[8]. Hence, selenate 

and selenite are more harmful than elemental Se and selenide because of their high solubility 
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and mobility. Selenate ions have attracted particular concern compared with selenite as they 

are not readily reduced because of their higher chemical stability[9, 10]. 

Various physical, chemical, photochemical, and biological treatment technologies have 

been employed to remove selenate from wastewater, although each involves challenges. 

Physical removal techniques such as adsorption[11] and filtration[12] merely concentrate the 

compounds, hence toxic selenate is still present. Chemical removal processes usually employ 

Fe(II) compounds[4, 5] or zero valent iron particles[8, 13]. These require long time durations and 

involve high costs, owing to the inferior recyclability of iron and its compounds. The selenate 

removal efficiency of photoreduction[1, 9] assisted by TiO2 is low. Biological removal 

methods[14, 15] are not easily controlled because of the high sensitivity of the bacteria to 

temperature, acidity, and atmosphere. Therefore, a process that eliminates the harmful impact 

of selenate contaminants is required to enhance the reduction of selenate to selenium. 

In this study, we found that Pt catalysts exhibited high activity for the reduction of selenate 

with hydrazine hydrate, which has not yet been reported. Hydrazine is well known as a strong 

reductant because of two lone pairs of electrons on its nitrogen atoms which can be donated. 

But hydrazine is dangerously unstable, toxic and difficult to be handled. Hydrazine hydrate, 

being a powerful reducing agent, can be easy to handle and available commercially. Thus, 

instead of anhydrous hydrazine, hydrazine hydrate could be applied in many chemical 

reactions, such as the production of metallic nanoparticles[16], elimination of detrimental metal 

ions from environment[17] and recovery of precious metals from wastewater[18].  

Metal oxide-supported Pt catalysts (including zirconia, alumina and titania) are 

environmentally friendly and recyclable, and were prepared by a conventional impregnation 

method. The Pt/TiO2 catalyst exhibited higher performance in the reduction of selenate, 
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compared with the Pt/ZrO2 and Pt/Al2O3 catalysts. However, the Pt catalysts deactivated 

because of the coverage of Pt particles by deposited Se metal during the reaction. 

To improve the activity and durability of the Pt/TiO2 catalyst, a TiO2/carbon nanotube-

supported Pt (Pt/TiO2/CNT) catalyst was prepared. Incorporating carbon nanotubes (CNTs) 

significantly enhanced the catalytic activity and durability for selenate reduction. This finding 

is an effective approach for removing selenate from aqueous solutions, by the catalytic 

reduction of selenate with hydrazine hydrate over heterogeneous catalysts. 

4.2 Experimental 

4.2.1 Preparation of catalysts    

All reagents were of analytical grade and were used without further purification. Pt catalysts 

supported on metal-oxides, including TiO2 (Japan Aerosil, Evoke P25), ZrO2 (Japan Reference 

Catalyst, JRC-ZRO-3) and Al2O3 (Wako Pure Chemical Industries, Ltd., α-Al2O3) with 

different Pt contents (denoted by x wt%-Pt/metal-oxide), were prepared via a conventional 

impregnation method. Metal-oxide powder was impregnated in an aqueous solution 

containing Pt(NH3)2(NO2)2 (Tanaka Kikinzoku Kogyo K. K.) as a Pt precursor. The turbid 

solution was stirred at 80 °C. After the solvent had evaporated, the solid product was calcined 

at 500 °C for 2 h in air. 

Multi-walled CNTs were pre-treated before use. The CNTs were washed with aqueous HCl 

(3.6 M) at 80 °C, to remove metal impurities. The resulting CNTs were immersed and 

ultrasonicated in a solution of concentrated HNO3 (68 wt%) and H2SO4 (96 wt%) at 55 °C for 

4 h. The CNTs were then thoroughly washed with distilled water, and dried in a vacuum oven. 

The Pt/CNT catalysts were prepared by the same method as the Pt/metal-oxide catalysts, and 

were reduced with hydrogen (P = 10.0 kPa, diluted with N2) at 350 °C for 2 h. 
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For the preparation of the TiO2/CNT catalysts, we used a previously reported method[19, 20]. 

Tetraethyl orthotitanate (1.5 mL) was diluted with 2-propanol (285 mL), and then 15 mL of 

3.6 M HCl was added to the solution. CNTs (0.3 g) were ultrasonically dispersed in this 

solution at room temperature. Urea (0.6 g) was added, and the solution was heated at 50 °C in 

air for 2 h under magnetic stirring. The solid material was collected by filtration, and was 

calcined at 330 °C in air. The TiO2 loading in the composite was determined to be about 63 

wt% by thermogravimetric analysis in air. The Pt/TiO2/CNT catalysts were prepared by the 

same procedure as the Pt/metal-oxide catalysts, and reduced with hydrogen (P = 10.0 kPa, 

diluted with N2) at 350 °C for 2 h. Here, the Pt loading is defined as the mass ratio of Pt to 

(Pt+TiO2+CNT). 

 

4.2.2 Characterization of catalysts 

X-ray diffraction (XRD) patterns of the catalysts were measured using a Rigaku RINT2000 

diffractometer, with a Cu Kα source (λ = 1.5141 Å). The scanning velocity of the 

diffractometer was 0.5 deg∙min-1. 

The exposed surface areas of Pt particles in fresh and used catalysts were measured by CO 

chemisorption (BELCAT-B, BEL. Japan. Inc.) at 50 °C. Fresh and used catalysts were pre-

treated with hydrogen at 250 °C and 50 °C for 1 h, respectively.  

The morphology of fresh and used catalysts was observed using transmission electron 

microscopy (TEM; JEOL-2000EX). Scanning transmission electron microscopy (STEM) and 

line-scanning and elemental mapping analyses were carried out using aberration correction 

scanning/transmission electron microscopy (JEM-ARM200F). 

The chemical binding states of constitute elements were characterized by X-ray 

photoelectron spectroscopy (XPS; ULVAC-PHI, ESCA5800), using monochromatic Al Kα 

radiation (hυ = 1486.6 eV) as an X-ray source after pre-sputtering. The energies of all spectra 
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were calibrated, by normalizing the C 1s peak at 284.5 eV. The Pt 4f spectral region was 

decomposed by a Shirley-type background subtraction and subsequent Gaussian-Lorentzian 

fitting, which were determined by deconvolution using the XPS Peak 41 software. 

 

4.2.3  Selenate reduction with hydrazine hydrate 

Sodium selenate (95%) and hydrazine hydrate (98%) were purchased from Kanto chemical 

Co., and were used without further purification. The catalyst (300 mg) was added to an 

aqueous solution of sodium selenate (Na2SeO4, 100 mg∙L-1) and sulfuric acid. The solution 

was subsequently purged with nitrogen to eliminate dissolved oxygen, and then heated to 

80 °C under magnetic stirring to ensure homogeneity. The temperature was kept constant 

during the reaction using an oil bath. After 30 min, the adsorption-desorption equilibrium 

between SeO4
2- and the catalyst was established[21, 22], and 5 mL of solution was removed with 

a syringe and filtered through a disposable membrane filter unit (polytetrafluoroethylene, non-

sterile, pore size 0.20 µm, Toyo Roshi Kaisha, Ltd.). Then hydrazine hydrate (N2H4∙H2O) was 

added to the solution to achieve a molar hydrazine hydrate to selenate ratio of 10. Five mL of 

solution was then sampled at hourly intervals. The pH of all sampling solutions was 

immediately adjusted to approximately 7 with sodium bicarbonate (NaHCO3), to prohibit 

further reaction of SeO4
2- and hydrazine hydrate. After reaction, the catalyst was separated by 

filtration, and washed 2‒3 times with distilled water. 

The selenate concentrations of all sampled solutions were determined by inductively 

coupled plasma optical emission spectrometry (ICP-OES; Perkin Elmer Optima 8300), with 

the detector adjusted to wavelengths of 196.03 and 203.99 nm. 
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4.3 Results and discussion 

4.3.1 Effect of metal-oxide supports on selenate reduction 

Figure 4-1 shows the conversion of selenate as a function of reaction time, using Pt catalysts 

with different supports, including TiO2, ZrO2 and Al2O3. The Pt loadings were 0.8 (a), 5 (b), 

and 10 (c) wt%. The reaction without any catalyst was also carried out under the same 

conditions for comparison. In all cases, the selenate conversion increased with reaction time, 

indicating that the selenate reduction with hydrazine hydrate was proceeding. Compared with 

the reaction without a catalyst, the selenate conversion when using the Pt catalyst was 

enhanced significantly, and increased with increased Pt loading. This demonstrated that the Pt 

catalyst was effective for promoting the reduction of selenate with hydrazine hydrate.  

For the 0.8 wt%-Pt catalysts (Figure 4-1a), the selenate conversion increased apparently in 

the initial 1 h. After 1 h, the selenate conversion increased continuously for the Pt/TiO2 catalyst, 

whereas conversions using the Pt/ZrO2 and Pt/Al2O3 catalysts were largely constant. The 

selenate conversion using the 0.8 wt%-Pt/TiO2 catalyst was about three times as high as those 

using the 0.8 wt%-Pt/ZrO2 and Pt/Al2O3 catalysts for reaction times of up to 4 h. When the Pt 

loading was 5 wt% (Figure 4-1b), the variation of selenate conversion was comparable with 

that of the 0.8 wt%-Pt catalyst of the same support. The selenate conversion when using the 

Pt/TiO2 catalyst was also much higher than those of the Pt/ZrO2 and Pt/Al2O3 catalysts. The 

selenate conversion using the 10 wt%-Pt/TiO2 catalyst (Figure 4-1c) was about twice as high 

as those of the 10 wt%-Pt/ZrO2 and Pt/Al2O3 catalysts, when the reaction proceeded for 4 h. 

Thus, the Pt/TiO2 catalyst exhibited higher activity than the Pt/ZrO2 and Pt/Al2O3 catalysts of 

the same Pt loading, with respect to the reduction of selenate with hydrazine hydrate. 

TEM images (Figure 4-2) of the fresh Pt/Al2O3 (a), Pt/ZrO2 (b), and Pt/TiO2 (c) catalysts 

with 10 wt% of Pt loading showed Pt particle diameters of 10.3, 2.7, and 1.8 nm, respectively. 
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The Pt particles were severely aggregated in the 10 wt%-Pt/Al2O3 catalyst, which resulted in 

its lowest selenate conversion observed in Figure 4-1c. The smallest Pt particle size observed 

for the Pt/TiO2 catalyst may have resulted in its higher activity than the Pt/Al2O3 and Pt/ZrO2 

catalysts. In addition, the strong interaction between Pt particles and TiO2
[23] might play an 

important role in reduction of selenate with hydrazine hydrate. Hence, the Pt/TiO2 catalyst 

was selected as an optimal catalyst in subsequent investigations. 
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Figure 4-1 Conversion of selenate as a function of reaction time, by using Pt catalysts with 

different supports. 
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Figure 4-2 TEM images of fresh catalysts with a Pt loading of 10 wt%: Pt/Al2O3 (a), 

Pt/ZrO2 (b), Pt/TiO2 (c). 

 

Figure 4-3 Effect of H2SO4 concentration on the reduction of selenate with hydrazine 

hydrate. 

4.3.2 Influence of H2SO4 concentration on selenate reduction 

Figure 4-3 shows the effect of H2SO4 concentration on the reduction of selenate with 

hydrazine hydrate, in the presence of the 10 wt%-Pt/TiO2 catalyst. The reduction of selenate 

with hydrazine hydrate did not appreciably proceed when the H2SO4 concentration was 0.001 

M, even when the 10 wt%-Pt/TiO2 catalyst was used. When the H2SO4 concentration was 
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increased to 0.01 M or higher, the selenate conversion was noticeably promoted. The catalytic 

behaviors of the 10 wt%-Pt/TiO2 catalyst were similar at H2SO4 concentrations of 0.01 and 

0.1 M. This result was consistent with selenate being more readily reduced under acidic 

conditions than neutral conditions, according to Eqs. 1 and 2[2, 24]:  

SeO4

2-

+8H++6e-→Se(0)+4H2O  Eϴ=0.88 V   (1) 

SeO4

2-

+H2O+2e-→SeO3

2-

+2OH
-
  Eϴ=0.03 V   (2) 

However, the selenate conversion decreased when the H2SO4 concentration was increased to 

0.5 M. According to Eq. 3[25], the concentration of the hydrazinium cation (N2H5
+) increases 

with increasing proton concentration: 

N2H4+H2O→N2H5
++OH

-
   k=8.5×10-7   (3) 

Hence, when the H2SO4 concentration was 0.5 M, most hydrazine existed as the hydrazinium 

cation. Eqs. 4 and 5[25] show that the hydrazinium cation is a much weaker reductant than 

hydrazine: 

N2H4+4OH
-
→N2+4H2O+4e-  E=1.16 V   (4) 

N2H5
+→N2+5H++4e-   E=0.23 V   (5) 

Hence, when the H2SO4 concentration was increased to 0.5 M, the higher hydrazinium cation 

concentration resulted in a lower selenate conversion. In other words, an appropriate acidity 

was found to enhance the reduction of selenate with hydrazine hydrate. Hereafter, the H2SO4 

concentration of the reaction solution was selected to be 0.1 M. 

 

4.3.3 Selenate reduction with hydrazine hydrate over Pt/TiO2 catalyst 

Figure 4-4 shows that the selenate conversion varied with reaction time over the Pt/TiO2 

catalysts with different Pt loadings. The reaction with pristine TiO2 powder was also carried 

out under the same conditions for comparison. For the reaction using the Pt/TiO2 catalysts, the 
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selenate conversion was significantly enhanced in 1 h of reaction time, and increased with 

increased Pt loading, compared with that of pristine TiO2. In case of using 20 wt%-Pt/TiO2 

catalyst, the selenate conversion at 4 h of reaction time was 6 times of the corresponding value 

using pristine TiO2. This result also demonstrated that the Pt catalyst contributed to the 

reduction of selenate with hydrazine hydrate. However, the slopes of all plots noticeably 

declined after 1 h of reaction time, especially that of the 20 wt%-Pt/TiO2 catalyst. The selenate 

conversion was constant after 1 h for the reaction using the 20 wt%-Pt/TiO2 catalyst. This 

result showed that the Pt catalyst lost its catalytic activity. 

 

 

Figure 4-4 Conversion of selenate using Pt/TiO2 catalysts with different Pt loadings. 

 

The initial reaction rate and apparent turnover frequency (TOF) during 1 h of reaction time 

(corresponding to Figure 4-4) are shown in Table 4-1. The apparent TOF was calculated using 

CO chemisorption data. The Pt particle diameters were estimated by CO chemisorption and 

TEM images (Figure 4-7a–d), and increased with increasing Pt loading. The small difference 

in Pt sizes determined by CO chemisorption and TEM could have resulted from the strong 
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metal–support interaction between the Pt and TiO2
[26-28]. Both the initial reaction rate and 

apparent TOF decreased with increasing Pt particle size. This result showed that smaller Pt 

particle size exhibited higher catalytic activity in the reduction of selenate with hydrazine 

hydrate. 

As mentioned above, in Figure 4-4, it is evident that the slopes of the conversion plots are 

decreased after 1 h in all cases, especially in the case of the catalyst with a high Pt loading of 

20 wt%. The cause of this deactivation was subsequently examined using XRD, SEM and 

TEM along with EDS analyses. 

 

Table 4-1 Reaction rates, apparent turnover frequencies (TOFs) in 1 h, Pt particle sizes, and 

exposed Pt surface areas (S). 

Pt loading 
/ wt% 

r / mol·(mol-
Pt·h)−1 

Apparent TOF 
/ h−1 

Average particle size / nm 
 

S (m2∙g-Pt-1) 

CO chemisorption TEM fresh used 

0.8 0.51 1.9 4.4 –  64.1 8.5 

5 0.22 1.0 5.0 1.4  56.1 6.0 

10 0.19 0.9 5.3 1.8  52.4 4.9 

20 0.13 0.8 6.6 2.5  42.0 0.3 

r: reaction rate in 1 h  

 

The XRD patterns of fresh Pt/TiO2 catalysts and pristine TiO2 are presented in Figure 4-5a. 

All the diffraction peaks are assignable to anatase TiO2 (PDF#21-1272) and rutile TiO2 

(PDF#21-1276), although no Pt diffraction peaks were observed in any of the catalysts. This 

result is consistent with the presence of extremely small Pt particles, in agreement with the 

data in Table 4-1. In Figure 4-5b, the XRD patterns of used Pt/TiO2 catalysts after 4 h of 

reaction time are shown. The appearance of two diffraction peaks might be attributed to the 

increased Pt particle size or the existence of Se metal on the catalyst during the reaction. Here, 

two diffraction peaks appeared at around 40° and 46°, which may correspond to the (111) and 
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(200) crystal planes of Pt metal (PDF#04-0802) or the (101) and (110) crystal planes of Se 

metal (PDF#47-1514), respectively. The intensities of both peaks were strengthened with 

increasing Pt loading, correlating to the increase in Pt particle size or selenate conversion at 4 

h observed in Figure 4-4. Here, the Pt size of the used catalysts could not be determined by 

TEM observation, because Pt particles could not be distinguished from deposited Se species 

(shown in Figure 4-7). But, at least, large particles were not observed in the used catalysts. 

To confirm the existence of Se on the used catalyst further, a sample of the used 10 wt%-

Pt/TiO2 catalyst was analyzed by SEM with energy-dispersive spectroscopy (EDS). As shown 

in Figure 4-6, the elemental mapping clearly indicates the presence of Se on the used catalyst. 

Both XRD and SEM results strongly suggest that the Se species is deposited on the catalyst 

surface during the reaction. The textural pattern of the Se was also similar to that of the Pt. 

These results suggest that Se species might be deposited on Pt particles of the catalyst during 

the reaction, possibly leading to deactivation of the catalyst. 

Furthermore, the exposed Pt surface area was much lower in the used catalysts, compared 

with the fresh catalysts, as shown in Table 4-1. This was especially so for the used 20 wt%-

Pt/TiO2 catalyst, which exhibited an exposed Pt surface area of only 0.3 m2∙g-1. Two factors 

may have caused this decrease in Pt surface area: an increase in Pt particle size after reaction 

or the coverage of the Pt particles by the Se species. 
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Figure 4-5 XRD patterns of fresh (a) and used (b) Pt/TiO2 catalysts. 
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Figure 4-6 SEM image (a) of the used 10 wt%-Pt/TiO2 and elemental mapping for Ti (b), Pt 

(c) and Se (d) atoms. 

 

Figure 4-7 presents TEM images of fresh (a–d) and used (e–h) Pt/TiO2 catalysts after 4 h 

of reaction time. In the case of the fresh catalysts (Figure 4-7a–d), TiO2 consists of anatase 

and rutile phases, which matches well with the XRD result. Spherical Pt particles were 

observed, and their diameters are seen to increase with increasing Pt loading. TEM images of 

the used catalysts (Figure 4-7e–h) appeared to show an increased Pt particle size compared 

with that of the fresh catalysts (Figure 4-7 (a–d)). It can be seen that worm-like particles were 

observed in TEM images of the used catalysts, but not in TEM images of the corresponding 

fresh catalysts. The worm-like particles appeared to cover the Pt particles, especially in the 

used 10 wt%-Pt/TiO2 and 20 wt%-Pt/TiO2 catalysts. Hence, the lower exposed Pt surface area 

was attributed largely to coverage of the Pt particles by the worm-like particles, rather than an 

increased Pt particle size.  
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Figure 4-7 TEM images of fresh (a–d) and used (e–h) Pt/TiO2 catalysts: 0.8 wt% (a and e), 5 

wt% (b and f), 10 wt% (c and g), 20 wt% (d and h). 
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Figure 4-8 DF-STEM (a) and elemental mapping for Ti (b), Pt (c), and Se (d). BF-STEM 

(e), DF-STEM (f) and the corresponding profile of EDS line-scanning along the red line 

marked in (f) for the used 20 wt%-Pt/TiO2 catalyst. 

 

To confirm the composition of the worm-like particles, dark field (DF)-STEM images 

(Figure 4-8a) and energy-dispersive spectroscopy (EDS) maps were recorded for the used 20 

wt%-Pt/TiO2 catalyst. EDS mapping (Figure 4-8b–d) indicated the existence of Ti (b), Pt (c), 

and Se (d). Eq. 1 shows that selenate can be reduced to selenium metal, which could have 

induced the deposition of selenium on the catalyst. Bright field (BF)-STEM and DF-STEM 

images of the used 20 wt%-Pt/TiO2 catalyst with higher magnification are shown in Figure 4-

8e and f, respectively. The corresponding profile of the EDS scan along the red line marked 

in Figure 4-8f was examined. This showed that these worm-like particles consisted of Pt and 

Se. The similar peak positions of Se and Pt suggested that their elemental distributions were 

similar. The EDS result demonstrated that the selenium species deposited on the Pt particles 

during the reaction. This was consistent with the sharp decrease in exposed Pt surface area, as 
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determined by CO chemisorption (Table 4-1). Considering the high solubility of SeO2 in the 

acidic solution, the solid Se species deposited on catalyst surface should be Se metal. Hence, 

in this reaction, selenate was reduced to Se metal, and then deposited on Pt particles. The 

coverage of Pt particles by Se metal resulted in the deactivation of the Pt catalysts, as shown 

in Figure 4-4. 

As mentioned above, the Pt/TiO2 catalysts exhibited excellent catalytic activity for 

promoting the reduction of selenate with hydrazine hydrate in aqueous solution. During this 

reaction, selenate was reduced to Se metal. The Pt catalysts were deactivated because of the 

deposition of Se metal on the Pt particles. 

 

 

Figure 4-9 Hypothetical mechanism of the reduction of selenate over the Pt/TiO2 catalyst. 

 

A hypothetical schematic model for the Pt/TiO2 catalysts in the selenate reduction reaction 

is proposed. Figure 4-9 shows that selenate ions were initially adsorbed on TiO2 and Pt 

particles. Selenate was consequently reduced to Se metal, which was then deposited on the Pt 

particles. During the reaction, a produced Se metal species could transfer from the Pt to the 
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TiO2 surface. Se metal particles grew into worm-like particles, until the Pt particles were 

covered. 

To examine the reusability of the Pt/TiO2, a sample of used 10 wt%-Pt/TiO2 catalyst was 

calcined at 500 °C for 2 h in air and then reused in a reductive reaction of selenate with 

hydrazine hydrate. The comparison of selenate conversion between the regenerated and fresh 

10 wt%-Pt/TiO2 catalysts was shown in Figure 4-10. It is noteworthy that the regenerated 10 

wt%-Pt/TiO2 catalyst exhibited almost the same catalytic behavior as the fresh catalyst. The 

slight decrease in activity of the regenerated catalyst compared with that of the fresh catalyst 

might result from an increase in Pt particle size from 2.5 to 5.7 nm (Figure 4-11) during the 

calcination process. Figure 4-11 also shows that the calcination treatment removed the worm-

like particles observed in Figure 4-7g. Deposited Se metal could be removed by the air 

calcination due to Se metal can be oxidized to SeOx which is volatile at a high temperature. 

Thus, these Pt/TiO2 catalysts show an excellent reusability in the reductive reaction of selenate 

with hydrazine hydrate. However, the improvement of catalytic life is more important than the 

catalyst recyclability.  

 

Figure 4-10 Selenate conversions over fresh and regenerated 10 wt%-Pt/TiO2. 
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Figure 4-11 TEM images of fresh (a) and regenerated (b) 10 wt%-Pt/TiO2. 

 

4.3.4 Improvement of Pt/TiO2 catalyst by incorporating with CNT 

To improve the catalytic activity and durability of the Pt/TiO2 catalyst in this study, carbon 

nanotubes (CNTs) were selected. CNT is allotropes of carbon with a cylindrical nanostructure. 

Due to its unusual properties, such as high specific surface area and extraordinary electrical 

properties, CNT has wide application in nanotechnology, electronics, and other fields of 

materials science and technology. I focused on the extremely large surface area and wonderful 

electrical properties. The specific surface area of TiO2 could be greatly increased by the 

addition of CNT. In addition, the interaction might exist between TiO2 and CNT. Both 

increased specific surface area and existence of interaction might facilitate the improvement 

of catalytic activity and durability of Pt catalyst.  

The CNTs coated with TiO2 (TiO2/CNT) were prepared using the alkoxide method and then 

used as a support. Pt catalysts supported on TiO2/CNT (denoted as Pt/TiO2/CNT) with Pt 

loadings of 5 wt% and 20 wt% were prepared by the impregnation method.  

XRD patterns of the fresh Pt/TiO2/CNT catalysts were recorded to confirm the phase of 

TiO2 (Figure 4-12). XRD patterns of TiO2/CNT and 5 wt%-Pt/CNT are also shown. TiO2 in 
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the TiO2/CNT and Pt/TiO2/CNT composites existed as anatase TiO2 (PDF#21-1272). For the 

5 wt%-Pt/TiO2/CNT catalyst, the absence of Pt diffraction peaks was attributed to the highly 

dispersed Pt in the composite[28]. 

 

 

Figure 4-12 XRD patterns of fresh TiO2/CNT, Pt/CNT, and Pt/TiO2/CNT catalysts. 

 

Table 4-2. Pt particle size in fresh catalysts determined by CO chemisorption and TEM, and 

exposed Pt surface area (S) in fresh and used Pt/TiO2, Pt/CNT and Pt/TiO2/CNT catalysts, 

determined by CO chemisorption. 

Sample 
Average particle size / nm  S (m2∙g-Pt-1) 

CO chemisorption TEM fresh used 

5 wt%-Pt/TiO2 5.0 1.4  56.1 0 

5 wt%-Pt/CNT 2.8 1.8  98.4 81.1 

20 wt%-Pt/CNT 5.7 2.5  48.8 14.9 

5 wt%-Pt/TiO2/CNT 3.2 1.6  88.2 2.0 

20 wt%-Pt/TiO2/CNT 6.2 2.7  45.3 6.9 
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Table 4-2 shows the average Pt particle sizes estimated by CO chemisorption measurements 

and TEM images (Figure 4-16a–e). The Pt particle sizes obtained from CO chemisorption 

were inconsistent with those obtained from TEM images in three of the catalysts. This may 

have reflected the different chemical states of Pt in these three catalysts, or the strong metal–

support interaction between the TiO2 and Pt. 

XPS spectra were collected to confirm the chemical state of Pt in the catalysts (Figure 4-

13). The Pt 4f spectral region consisted of a doublet of the Pt 4f7/2 and Pt 4f5/2 states, which 

were separated by 3.3 eV. The binding energies of the Pt 4f7/2 peak in both the 20 wt%-Pt/TiO2 

(Figure 4-13a) and 20 wt%-Pt/CNT (Figure 4-13b) catalysts were 71.6 eV. For the 20 wt%-

Pt/TiO2/CNT (Figure 4-13c) catalyst, the Pt 4f7/2 peak was located at 71.9 eV. All Pt peaks 

were assignable to metallic Pt (standard value; 71.2 eV)[29]. The positive shift in the Pt 4f7/2 

peaks of the catalyst was due to the small Pt particle size[30]. 
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Figure 4-13 XPS spectra of the Pt 4f region in fresh 20 wt%-Pt/TiO2 (a),  

20 wt%-Pt/CNT (b), and 20 wt%-Pt/TiO2/CNT (c) catalysts. 

 

Figure 4-14 shows the selenate conversion as a function of time in the presence of different 

catalysts including Pt/TiO2, Pt/CNT and Pt/TiO2/CNT. The reaction with TiO2/CNT was also 

carried out under the same conditions for comparison. The much higher selenate conversion 

over the Pt catalyst compared with the TiO2/CNT catalyst also implied the excellent 

performance of the Pt catalyst in promoting the reduction of selenate.  

For the reaction using the 5 wt%-Pt/CNT catalyst, the selenate conversion increased 

continuously with prolonged reaction time. The 5 wt%-Pt/CNT catalyst exhibited no loss in 

activity during reaction for up to 8 h, but exhibited low activity in the reduction of selenate 
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with hydrazine hydrate. The selenate conversion increased distinctly when the Pt loading was 

increased to 20 wt%. However, the selenate conversion over the Pt/CNT catalyst was much 

lower than that over the Pt/TiO2 catalyst of the same Pt loading. Hence, the Pt/TiO2 catalyst 

exhibited better performance than the Pt/CNT catalyst of the same Pt loading. TiO2 clearly 

played an important role in the reduction of selenate by the Pt/TiO2 catalysts. 

The initial reaction rate over the Pt/TiO2/CNT catalyst up to 1 h was comparable with that 

of the Pt/TiO2 catalyst of the same Pt content. However, the slope of the curves of the 

Pt/TiO2/CNT catalyst after 1 h of reaction time was larger than that of the Pt/TiO2 catalyst of 

the same Pt content, and the selenate conversion continued to increase for up to 8 h of reaction 

time when using the Pt/TiO2/CNT catalyst. In addition, the selenate conversion over the 

Pt/TiO2/CNT catalyst was much higher than that over the Pt/TiO2 catalyst of the same Pt 

content. The highest conversion of selenate (up to 70%) was observed over the 20 wt%-

Pt/TiO2/CNT catalyst, and was almost twice that observed over the 20 wt%-Pt/TiO2 catalyst. 

 

 

Figure 4-14 Conversion of selenate as a function of time, over different types of catalysts. 
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The reduction of selenate per mol of Pt (Figure 4-15) corresponding to Figure 4-14 followed 

the order: Pt/TiO2/CNT > Pt/TiO2 > Pt/CNT, under the same Pt loading. For the reaction when 

using the same type of catalyst but different Pt loadings, the order of the reduction of selenate 

per mol of Pt was 5 wt% > 20 wt%. This may have reflected the smaller Pt particle size in the 

5 wt% Pt catalyst (Table 4-2). For the Pt/TiO2/CNT catalyst, the catalytic activity and 

durability were higher than those of the Pt/TiO2 catalyst of the same Pt content. The cause of 

the enhanced catalytic activity and durability of the Pt/TiO2/CNT catalyst was investigated by 

CO chemisorption measurements, TEM and EDS analyses. 

 

 

Figure 4-15 Reduction of selenate per mol of Pt, corresponding to Figure 4-14. 

 

Table 4-2 also shows the exposed Pt surface area of the fresh and used catalysts, as 

determined by CO chemisorption. The exposed Pt surface area in the used 5 wt%-Pt/TiO2 

catalyst was 0, which was consistent with the 0 m2∙g-1 area in the used 20 wt%-Pt/TiO2 catalyst. 

The exposed Pt surface area in the used Pt/CNT catalyst was much higher than that in the used 

Pt/TiO2 catalyst. This was due to the lower selenate conversion after 8 h over the Pt/CNT 

catalysts. Although the selenate conversion over the Pt/TiO2/CNT catalyst was much higher 
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than that over the Pt/TiO2 catalyst of the same Pt loading, some Pt surface remained exposed 

in the used Pt/TiO2/CNT catalysts. The exposed area was higher than that of the used Pt/TiO2 

catalyst, especially for the used 20 wt%-Pt/TiO2/CNT catalyst. The CO chemisorption results 

provide strong evidence for the excellent durability of the Pt/TiO2/CNT catalyst, compared 

with the Pt/TiO2 catalyst in Figure 4-14. 

Figure 4-16 shows TEM images of the fresh (a–e) catalysts, including 5 wt%-Pt/TiO2, 5 

wt%-Pt/CNT, 20 wt%-Pt/CNT, 5 wt%-Pt/TiO2/CNT, and 20 wt%-Pt/TiO2/CNT, and the used 

(f–h) catalysts after the reduction of selenate for 8 h. Worm-like particles were apparent in the 

image of the used 5 wt%-Pt/TiO2 catalyst (Figure 4-16f). In the fresh 5 wt%-Pt/CNT (Figure 

4-16b) and 20 wt%-Pt/CNT (Figure 4-16c) catalysts, the diameters of the spherical Pt particles 

increased with increasing Pt loading. No worm-like particles were observed in the used 5 wt%-

Pt/CNT (Figure 4-16g) and 20 wt%-Pt/CNT (Figure 4-16h) catalysts. In the fresh 5 wt%-

Pt/TiO2/CNT (Figure 4-16d) and 20 wt%-Pt/TiO2/CNT (Figure 4-16e) catalysts, TiO2 layers 

appeared to cover the outer surface of the CNTs. In the used 5 wt%-Pt/TiO2/CNT (Figure 4-

16i) and 20 wt%-Pt/TiO2/CNT (Figure 4-16j) catalysts, worm-like particles were not observed. 
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Figure 4-16 TEM images of fresh (a–e) and used (f–j) catalysts: 5 wt%-Pt/TiO2 (a and f), 5 

wt%-Pt/CNT (b and g), 20 wt%-Pt/CNT (c and h), 5 wt%-Pt/TiO2/CNT (d and i), 20 wt%-

Pt/TiO2/CNT (e and j). 
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Figure 4-17 DF-STEM and elemental mapping for Pt and Se in the used 5 wt%-Pt/TiO2 (a), 

20 wt%-Pt/CNT (b), and 20 wt%-Pt/TiO2/CNT (c) catalysts. 

 

The DF-STEM image (Figure 4-17a1) and elemental maps for Pt (Figure 4-17a2) and Se 

(Figure 4-17a3) in the used 5 wt%-Pt/TiO2 catalyst indicated that the distributions of Se and 

Pt were comparable. This also supported the conclusion that metallic Se covered the Pt 

particles. In the used 20 wt%-Pt/CNT catalyst, the elemental maps for Pt (Figure 4-17b2) and 

Se (Figure 4-17b3) exhibited similar patterns. This result supported the deposition of Se metal 
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on Pt particles in the used Pt/CNT catalyst. Compared with the used Pt/TiO2 and Pt/CNT 

catalysts, the Se pattern (Figure 4-17c3) was similar, but not identical, to the Pt pattern (Figure 

4-17c2) of the used 20 wt%-Pt/TiO2/CNT catalyst. This indicated that most, but not all, Se 

metal was concentrated around the Pt particles. The remaining Se may have been distributed 

over the TiO2 surface.  

In the used Pt/TiO2 catalyst, the formation of worm-like particle composed of Se strongly 

suggests the spill-over of reaction product, Se metal. The worm-like particles are like a bridge 

between two Pt particles. For the formation of such structure, the worm-like particle should 

grow at the tip. If the worm-like particle grow at the bottom near Pt surface, the bridge 

structure is hardly formed. At the tip of the worm-like particles, however, the reaction does 

not occur. If the reaction could occur at the tip of the worm-like particles, the catalyst will not 

be deactivated. Accordingly, it is speculated that the reaction product, Se species is produced 

on the Pt surface, and that the species can move and attach to the tip of the worm-like particle 

until the Pt particles were connected. Such formation mechanism might indicate the spill-over 

of Se metal. But the formation of worm-like particles does not facilitate to the durability of 

catalyst. 

We speculate that incorporating CNTs increased the support surface area because of the 

high specific surface area of the CNTs. Such a high surface area may have contributed to the 

frequent spill-over of Se species from Pt particles to the support surface. Se spill-over may 

have reduced the coverage of Pt particles by the deposited Se metal. 

Because Se metal is easily oxidized to SeO2 of which the sublimation point is 315 °C, the 

used 20 wt%-Pt/TiO2/CNT was calcined at 330 °C for 2 h in air, and then reused in a reaction 

experiment. The result was shown in Figure 4-18. It is noteworthy that the regenerated 20 

wt%-Pt/TiO2/CNT catalyst exhibited catalytic activity on the reduction of selenate, and its 
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catalytic behavior was almost same with the fresh one. However, the selenate conversion of 

regenerated 20 wt%-Pt/TiO2/CNT was half of that of fresh material, which might be due to 

the increase in Pt particle size during the calcination process[31]. Because of the deposition of 

selenium metal on Pt particles, Pt catalysts have poor reusability. It difficult to satisfy the 

demands in industrial application for Pt catalysts. The reusability of Pt catalyst should be 

improved in future.  

 

 

Figure 4-18 Selenate conversion over fresh and regenerated 20 wt%-Pt/TiO2/CNT 

catalyst. 

 

4.4 Conclusion 

Pt catalysts supported on TiO2, ZrO2 and Al2O3 were prepared by a conventional 

impregnation method, with subsequent calcination at 500 °C for 2 h in air. All catalysts 

effectively promoted the reduction of selenate with hydrazine hydrate in aqueous solution. The 

Pt/TiO2 catalysts exhibited higher performance in the reduction of selenate with hydrazine 

hydrate compared with the Pt/ZrO2 and Pt/Al2O3 catalysts. The catalytic activity of Pt 

decreased with increasing Pt particle size. Selenate was reduced to elemental Se during this 
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reaction, and the Pt/TiO2 catalysts became deactivated because of the coverage of Pt particles 

by Se metal. Pt/TiO2 catalyst showed an outstanding recyclability after the regeneration 

process.  

Pt/TiO2/CNT catalysts were also prepared. The selenate conversion of the Pt/TiO2/CNT 

catalyst was significantly improved compared with that of the Pt/TiO2 catalyst of the same Pt 

loading. The Pt/TiO2/CNT catalysts exhibited an excellent durability compared with Pt/TiO2 

catalyst. Incorporating the CNTs significantly improved the catalytic activity and durability 

of the Pt catalyst, perhaps because of frequent Se spill-over.  
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Chapter 5 

Conclusions 

In this thesis, the common conventional treatment processes for the removal of harmful 

ions from wastewater are reviewed, and the drawbacks of these processes are indicated. 

Considering these shortcomings of the traditional removal methods and aiming to find an 

effective, efficient and rapid process, the catalytic activity of metal oxides supported Pt 

catalysts on the removal of toxic heavy metal ions was investigated for the first time without 

extra energy such as ultra-violet irradiation and electric energy. The essential points of each 

chapter are summarized as follows:  

1) Oxidation of Fe(II) and As(III) by oxygen 

The Fe(II) and As(III) ions could be adsorbed on Pt catalyst, and the adsorption reached 

saturation quickly.  

The oxidation reactions of Fe(II) and As(III) with oxygen adopted Pt catalyst were carried 

out to evaluate the catalytic activity of Pt catalyst. It was found that the oxides supported Pt 

catalyst is highly effective on the oxidation of Fe(II) and As(III) by oxygen under neutral pH 

conditions. The oxidation products of Fe(II) were determined to be goethite FeOOH and ferric 

oxide Fe2O3, and the As(III) was converted to As(V) during the reaction.  

To study the relationship between Pt particle size and its activity, the Pt catalysts were 

calcined at different temperatures and were applied on the oxidation reaction of Fe(II) and 

As(III). It was demonstrated that the catalytic activity of Pt catalyst was significantly 

influenced by the Pt particle size. The smaller Pt particle size exhibited higher catalytic activity 

during the reaction.  
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The oxidation rates of both Fe(II) and As(III) are increased sharply with the rising of 

reaction temperature. It was found that the catalytic oxidations of both Fe(II) and As(III) 

promoted by Pt catalyst obey first-order kinetics. The apparent activation energies of Fe(II) 

and As(III) with initial concentration of 20 ppm were 55.5 and 31.1 kJ/mol, respectively, with 

the oxygen flow rate of 160 ml/min under neutral conditions.  

In addition, the stability and reusability of Pt catalyst on the oxidation of Fe(II) and As(III) 

were evaluated. It was demonstrated that the Pt catalyst possesses an excellent stability and 

can be used repeatedly with the high catalytic performance.  

2) Reduction of Se(VI) by hydrazine hydrate 

The support effect of Pt catalyst, including TiO2, ZrO2 and Al2O3, on the reduction of 

selenate was investigated. It was found that all the catalysts effectively promoted the reduction 

of selenate with hydrazine hydrate in aqueous solution. The Pt/TiO2 catalysts exhibited higher 

performance in the reduction of selenate with hydrazine hydrate compared with the Pt/ZrO2 

and Pt/Al2O3 catalysts.  

On the basis of the analysis, it was proved that the selenate was successfully reduced to 

elemental Se during the reaction. The coverage of Se on Pt surface caused the deactivation of 

Pt catalyst.  

After the calcination process of the used Pt/TiO2 catalyst under 500 °C, the reusability of 

regenerated Pt/TiO2 catalyst was examined. It is noteworthy that the regenerated Pt/TiO2 

catalyst exhibited almost the same catalytic behavior as the fresh catalyst. The increased Pt 

particle size during the calcination process resulted in the decrease in catalytic activity.  

To improve the durability of Pt/TiO2 catalyst, TiO2 coating on CNT (TiO2/CNT) was 

prepared and used as support. The activity and durability of Pt/TiO2/CNT were evaluated on 

the reduction of selenate under the same reaction conditions of which the reaction using 
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Pt/TiO2. It was proved that Pt/TiO2/CNT catalyst exhibited more excellent activity and 

durability than Pt/TiO2 catalyst of the same Pt loading. Incorporating the CNTs significantly 

improved the catalytic activity and durability of the Pt catalyst, perhaps because of Se spill-

over effect.  

In summary, Pt catalyst has a splendid prospective application on the removal of 

detrimental ions from contaminated water due to its outstanding catalytic performance, high 

chemical stability and recyclability.  
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