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 Iron-doped catalysts were synthesized using Carbon and Titanium Dioxide (TiO2) as 

supports, and tested in the photocatalytic removal of the pollutant Orange II under UV 

radiation. Orange II is one of the most common contaminants found in residual waters 

of textile industries. Plasma torch treatment was used as a novel methodology to 
generate materials with diverse synergic interactions between the iron and the support 

due to the ultra-high temperatures reached in few seconds. Carbon and TiO2 plasma-

treated catalysts show an intense influence in the phases of the catalysts treated. In all 
cases the iron shown a uniform distribution over the support either the formation of a 

high homogeneous phase or a well distribution of iron nanoparticles. The changes in the 

morphology significantly influenced the surface area of the catalysts, which seems to be 
a prominent factor in the Orange II removal process. Additionally, plasma treated 

catalysts show different chemical species than those obtained to the same catalysts 
treated by conventional heat treatment, fact that also affects their catalytic performance. 
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INTRODUCTION 

 

 The presence of azo-dyes in water effluents is a 

problem of significant environmental impact, this 

type of dyes is produced in large quantities due to the 

variety of applications for which these materials can 

be used [Lachheb et al, 2002]. The stability of dyes 

derives from the low reactivity of the azo linkage 

makes them difficult to degrade [Aleboyeh et al, 

2005, Vinodgopal et al, 1996]. Particularly, Orange 

II is one of the most common azo dyes used in the 

textile industry, its carcinogenic effect has been 

reported previously [Daneshvar et al, 2003, Guo  et 

al, 2004, Boeninger, 1980, Hueper, 1969, Qian, 

1988, Robens et al. 1980-9]. 

 Many investigations were performed in the past, 

in order to remove dye coloration from wastewater 

[Dojlido et al., 1995, Spacek et al., 1995, Gogate et 

al., 2004]. Nevertheless, in many of these treatments 

(filtration, adsorption over granulated active carbon, 

ion exchange or chemical coagulation) the pollutant 

molecule is basically transfer from one phase to 

another without being chemically degraded, which 

leads to inefficient and costly processes [Vinodgopal 

et al, 1996, Dutta et al., 2001]. Remarkable results 

have been obtained for wastewater treatment by 

means of advanced oxidation processes (AOP) 

[Pignatello et al., 2006, Li et al., 2007] which are 

based on the generation of hydroxyl radicals, well-

known as good oxidizers of water pollutants. UV 

impact radiation over heterogeneous catalysts has 

been proposed as a favorable way to generate these 

radicals [Tryba et al., 2009, Ramirez et al., 2007, 

Litter et al., 2005] . 

 In this sense, TiO2 and carbon are the most 

common supports utilized in the heterogeneous 

catalyst preparation of these materials, due to the 

good photocatalytic performance of TiO2 [Lachheb et 

al., 2002, Mu et al., 2004, Sauer et al., 2002, Rao et 

al., 2003] and the high surface area of carbon 

[Radovic et al., 1997, Ramirez et al., 2007, Zea et 

al., 2004] Additionally, iron (Fe) is the metal most 

commonly used in this type of catalysts, [Tryba et 

al., 2009] because of its good performance as Fenton 

reagent [Ramirez et al., 2007] and its role as TiO2 

dopant to reduce its bandgap energy [Ranjit et al., 

1997-Ambrus et al., 2008]. 

 The use of Plasma torch for the synthesis of 

catalysts emerged as an attractive technique due to 

several advantages such as lower costs, lower time of 

treatment, higher doping homogeneity and higher 

energy efficiency, as compared to the traditional 

calcination method [Zea et al., 2004, Navio et al., 

1991, Navio et al., 1992, Ambrus et al., 2008, 
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Chang, 2001]. It is also known that the use of a 

Plasma torch as a post-treatment process during 

catalysts synthesis, provides novel morphology to 

materials, which can be beneficial for the required 

application as well as different interactions between 

support and the doping metal [Phillips et al., 2001, 

Shim et al., 1999]. However, few reports are found 

of plasma torch treated photocatalysts for wastewater 

remediation [Chang et al., 2001, Phillips, 1999]. The 

following study investigates the effect of Plasma 

torch treatment in two different iron-doped supported 

catalysts (TiO2 and carbon) in the photocatalytic 

degradation of the pollutant Orange II. 

 

1. Methodology: 

Synthesis of Catalysts:  

 Catalysts were prepared using either commercial 

activated carbon or commercial TiO2 Degussa P-25 

as supports. Incipient wet impregnation was used to 

load catalysts with iron in all the catalysts prepared, 

using iron nitrate as precursor salt. The impregnation 

process consisted on the elaboration of an aqueous 

solution of iron nitrate with the specific 

concentration to impregnate carbon with 5,5% Fe wt. 

and TiO2 with 0,5% Fe wt., which are the common 

Fe loadings used in these types of catalysts The 

corresponding iron nitrate solution was added to the 

support, and then stirred and heated up to 45°C 

during two days.  

 Two different thermal treatments were 

performed to the impregnated samples: Oven 

treatment in nitrogen (denominated carbon oven 

catalysts – CO and TiO2 oven catalysts – TO) and 

Plasma Torch (denominated carbon plasma catalysts 

– CP and TiO2 plasma catalysts - TP). The oven 

treatment in nitrogen consisted in the loading of 1 g 

of the previously impregnated sample on an alumina 

boat under nitrogen flow (10,529 SCCM) at 550°C 

for 8 hours. The plasma torch treatment involved the 

feeding of the impregnated sample along an argon 

carrier stream as an aerosol through vertically 

positioned plasma. The aerosol system and the 

plasma torch are described in detail elsewhere 

[Phillips et al., 2001, Shim et al., 1999, Phillips, 

1999]. The plasma torch pressure was approximately 

657 torr and the supplied power was 900 W. In all 

cases, the carrier gas (Argon) with a flow of 0.2882 

L/min formed an aerosol when mixed with the 

precursor powder and traveled, through an alumina 

tube, directing the aerosol to the center of the coupler 

region of the plasma. In the same manner, the plasma 

gas (Argon) with a flow of 2.3048 L/min mixes with 

the aerosol gas just in the center of the coupler zone 

where the plasma is probably above 3000 K [Chun 

and Jonathan, 2002]. Particles passage through the 

discharge zone last for only fractions of seconds 

while encountering temperatures in the order of 

2273-3273 K. The catalyst particles are collected in a 

paper filter downstream. Nitrate groups of the 

precursor salt are decomposed in this process, due to 

the high temperature of the plasma. The rapid 

passage of particles allows the iron atoms to be 

adsorbed into the support surface with a high 

velocity of diffusion [Zea et al., 2004]. 

 

Characterization of Catalysts: 

 Surface area of the supports and all the catalysts 

prepared was measured in an Accelerated Surface 

Area and Porosimetry (ASAP) 2010 system. The 

adsorption–desorption isotherm was obtained at 77 K 

in Nitrogen. Scanning electron microscopy (SEM, 

HITACHI S-800) was used to evaluate the 

morphology of all the catalysts; Digital Micrograph 

Software (Gatan Inc.) was used to obtain information 

about the particle size of iron in every sample. 

Additionally, Energy Dispersive X-ray spectroscopy 

(EDS) was used to corroborate the chemical identity 

of the elements existing in the catalysts. Catalysts 

were analyzed by X-ray diffraction (XRD), using a 

Scintag Pad V diffractometer with DataScan 3.1 

software (from MDI, Inc.) for system automation and 

data collection. Ni-filtered Cu K_ radiation (40 kV, 

35 mA) was used with a Bicron Scintillation detector 

(with curved graphite-crystal monochromator). Data 

were analyzed with Jade 5 Software (from MDI, 

Inc.) using the ICDD PDF2 database for phase 

identification. 

 

Activity of the catalysts: 

 Catalysts were tested in the Orange II 

degradation using UV radiation.  The reactor setup 

consisted on an annular chamber Pyrex batch reactor, 

covered with metal foil, with a central positioned 

light source (UV-A lamp with ƛ=361nm) and 

assisted with a stirring mechanism. The experiment 

consisted in the addition of 20mg of catalyst and the 

exposure to UV in a reactor containing 200 mL of a 

0.1 mM Orange II solution, previously acidified to 

pH 3. The reaction was run at 25°C and atmospheric 

pressure.  Samples from the reaction solution were 

taken along time and absorbance was evaluated for 

them as an indirect measure of the Orange II 

concentration, using a UV-Vis Spectrophotometer 

(Perkin Elmer Lambda 35 UV/Vis). Experiments 

were performed in triplicate. 

 

RESULTS AND DISCUSSION 

 

 This experimental report investigates the effect 

of Plasma Torch treatment in two different iron-

doped catalysts supported on TiO2 and carbon. 

Several features were identified as significant 

differences between plasma treated catalysts and the 

catalysts treated by conventional thermal treatment 

(oven). First, a significant difference was found in 

the morphology of the catalysts prepared (Fig. 1). 

For TO catalyst SEM pictures revealed an 

amorphous shape (Fig.1a) while TP catalyst 

exhibited the formation of homogeneous spherical 

particles with size in the order of microns (Fig.1b), in 
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contrast to the original size of the Degussa P-25 

untreated support (average diameter 27 nm). In this 

sense, Plasma Torch treatment in the TP catalyst 

generates an aggregation between TiO2 and Iron that 

increase the homogeneity of the phase but produce 

bigger particles than the original support (Fig.1b). 

This higher homogeneity between the metal dopant 

and the support in TP samples is one of the 

advantages previously reported for plasma treated 

catalysts [Zea et al., 2004, Chang et al., 2001].  

 

 
 

Fig. 1:SEM pictures of catalysts synthesized.  a. 0.5% Fe TO; b. 0.5% Fe TP; c. 5.5% Fe CO; d. 5.5% Fe CP. 

 

 CO catalysts show the superficial deposition of 

iron microparticles on the carbon surface (Fig.1c), 

while CP catalyst show the well distributed 

deposition of iron agglomerated nanoparticles on the 

carbon surface (Fig.1d). This behavior is in 

agreement with previous reports that demonstrates 

that plasma torch treatment is capable of generate 

high distributed metal nanoparticles [Zea et al., 2004, 

Phillips, 1999, Shim  et al., 1999]. 

 The different behavior in the morphology 

between TP and CP catalysts relies in the fact that 

iron requires less energy to disperse after passing 

through the plasma torch than TiO2 and carbon due 

to the big difference in their melting points. Since 

carbon has the highest melting point the effect of 

plasma treatment on its structure is less dramatic than 

for TiO2 and Fe. On the carbon, iron is dispersed 

having very little chemical interaction with the 

surface, generating iron nanoparticles (Fig.1d). In 

contrast, TiO2 reached temperatures that melted the 

nanoparticles allowing their intimate contact with the 

also melted Fe particles forming a homogeneous 

mixture that aggregates into micro particles during 

the cooling process (Fig.1b)  [Phillips et al., 2008]. 

 The effect of the plasma treatment is not only 

evident in the morphological changes experienced by 

the treated catalysts but also affected the total surface 

area of the materials, as it reported in Table 1. 

Specifically, plasma torch catalysts presented less 

surface total area than those treated by conventional 

oven treatment. In the case of TP catalyst this surface 

area reduction is due to the formation of particles 

with higher size diameter than the ones present in the 

original Degussa P-25 support; a similar sintering 

effect is observed when the TiO2 supported catalyst 

is treated in the oven, although the temperature 

reached during the oven treatment is not as high as in 

the plasma treatment, it is well known that 

nanoparticles show considerable reduced melting and 

sintering temperatures; the reduction in surface area 

of the TiO2 catalyst is above 80% of its original 

value. In the case of carbon supported catalyst there 

is a significant difference between the plasma and 

oven treated samples, while in the oven treated 

catalyst the reduction is in the order of 10 % of its 

original value, in the plasma torch treated sample the 

reduction is in the order of 45%. 

 
Table 1:  Surface Area of the Catalysts Prepared. 

Sample Thermal Treatment Iron Loading (% wt) Surface area (m2/g) 

C - - 600.0 

CO Oven 5.5 538.0 

CP Plasma 5.5 322.4 

T - - 41.06 

TO Oven 0.5 9.245 

TP Plasma 0.5 7.312 

 

 It was found as well that this area effect 

considerably reduces the photocatalytic activity of 

the catalyst when they were tested under UV 

radiation to degrade Orange II (Fig. 2). For TiO2 

catalysts it is evident in Fig. 2 that TiO2 performed 

much better than TO catalyst and TP catalyst 

respectively. This behavior correlates with the 

surface areas reported in Table 1 showing that the 

photocatalytic performance of catalysts is highly 

dependent of total surface area, even though iron 

doping was expected to improve their performance. 
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Fig. 2: Catalysts Performance under UV radiation. 

 

 Carbon-supported catalysts demonstrate a 

similar behavior, since neat carbon performed better 

than CP and CO catalysts as is shown in Fig.2. 

Although, the differences were not that significant 

compared to those of the TiO2-supported catalysts.  

 Another significant effect of the treatment was 

found in the XRD analyses (Fig. 3). For TiO2-

supported catalysts Fig.3A shows that TiO2 itself has 

primary anatase phase, which has been recognized as 

the most photoactive phase of TiO2. In contrast TO 

(Fig. 3B) and TP (Fig. 3C) catalysts show the 

characteristics peaks of rutile phase in their profiles, 

which is a less photoactive phase of TiO2.  

Additionally, TO (Fig. 3B) and TP (Fig. 3C) profiles 

do not show any characteristics peaks of iron species, 

fact that could be associated to the low percentage of 

iron doping, and the homogeneity generated in the 

plasma torch treatment for the TP catalyst. This TP 

catalyst show as well less phase definition (Fig. 3C) 

compared to TO catalyst (Fig.3B). It might be a 

combination of higher surface area and greater 

proportion of anatase phase the reason why the TiO2 

performed better than the doped catalysts. 

 Carbon-supported catalysts demonstrate as well 

significant differences in the XRD profiles (Fig.3). 

Particularly, CO catalyst show the characteristics 

peaks of magnetite (Fig.3D) while CP catalyst show 

iron as a metal in its profile (Fig.3E). This result is in 

agreement with previous studies that demonstrate 

that plasma treatment generates metal particles with 

zero oxidation state because the rapid passage of iron 

salts through the plasma torch does not allow the 

metal to form other species. Additionally, magnetite 

phase present in CO catalyst is a mixture of iron in 

2+ and 3+ oxidation states, which are the ones 

reported in many Fenton and Photo Fenton studies 

[Ramirez et al., 2007, Ramirez et al., 2007]. 

 

 
 

Fig. 3:   XRD profiles of catalysts synthesized. A. Commercial TiO2 Degussa P-25; B. 0.5% Fe TO; C. 0.5% Fe 

TP; D. 5.5% Fe CO; d. 5.5% Fe CP. (In figure A: Anatase and R: Rutile). 

 

 The oxidation states reveled by XRD in the iron 

supported species could be the responsible of the 

slightly improvement in the photocatalytic 

performance of CO catalyst compared to CP catalyst 

(Fig.2). However, Fig.2 shows that carbon without 

doping performed better in the removal of Orange II, 

than the doped catalysts, fact that suggests that high 

surface area is a main factor in this kind of catalysts. 
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4. Conclusion: 

 Plasma torch catalysts reveal different 

morphology as compared to catalysts treated by 

conventional heat treatment: TiO2-supported iron 

catalyst demonstrated the formation of a 

homogeneous phase between the doping metal and 

the support, while carbon-supported iron catalyst 

showed the distribution of iron nanoparticles over the 

carbon support. Due to these significant changes in 

morphology, the surface area of plasma treated 

catalysts was reduced in comparison to oven treated 

catalysts and the supports by themselves, fact that 

directly influenced the performance of the catalysts 

in the photocatalytic removal of Orange II. 

Furthermore, TiO2-supported iron catalysts show the 

characteristic XRD peaks of rutile phase and a 

reduced photocatalytic activity as compared to TiO2 

without any doping. The same behavior was 

observed in carbon-supported iron catalysts since 

neat carbon performed better that the iron-doped 

catalysts, which also presented different chemical 

species according to XRD analyses. In this sense, 

plasma treated catalyst showed the existence of 

metallic iron while oven treated catalysts showed the 

characteristic peaks of magnetite.  
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