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1,2-dichlorobenzene was completely oxidized to CO2, H2O and HCl over 

Ti-doped iron oxides at lower temperature with lower apparent activation 

energy. 
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ABSTRACT 1 

Ti-doped iron oxides with worm-like mesopores were successfully 2 

prepared using CTAB as the structure-directing agent. The as-prepared 3 

catalysts were characterized by XRD, Raman, H2-TPR, XPS, TEM, and 4 

N2 adsorption/desorption. The catalytic properties for oxidation of 5 

1,2-dichlorobenzene (o-DCB) were investigated. The results showed that 6 

Fe18Ti2Ox with 10 mol% Ti-doping shows the best catalytic activity, the 7 

total conversion of o-DCB can be obtained at 350°C. Moreover, 8 

Fe18Ti2Ox exhibits higher stability, CO2 selectivity and lower apparent 9 

activation energy. The high activity of Fe18Ti2Ox could be ascribed to the 10 

combined factors including smaller crystallite size, excellent 11 

low-temperature reducibility, high surface active oxygen concentration 12 

and synergic effect between TiO2 and mixed iron oxide (γ-Fe2O3 and 13 

α-Fe2O3). Acetate and formate species as intermediates were detected 14 

with in situ FTIR spectroscopy. A two-step redox mechanism of o-DCB 15 

decomposition on the surface of Ti-doped iron oxides was proposed. 16 

These results demonstrated that Ti-doped iron oxides could be developed 17 

as environmentally friendly catalysts for the deep oxidation of chlorinated 18 

volatile organic pollutants. 19 

Keywords: Chlorinated volatile organic compounds; 20 

1,2-dichlorobenzene; Catalytic oxidation; Ti-doped Fe2O3; Mechanism. 21 

1. Introduction 22 
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 3

Recently, Chlorinated volatile organic compounds (Cl-VOCs) have 1 

received widespread attention, due to their high toxicity and 2 

environmental persistence.1-3 Catalytic oxidation of Cl-VOCs has been 3 

considered as one of the most promising technologies for the removing of 4 

Cl-VOCs compared with the traditional thermal destruction and 5 

adsorption, due to its lower reaction temperature, higher destruction 6 

efficiency, and lower selectivity to harmful byproducts.4-8 7 

The catalysts for Cl-VOCs catalytic oxidation have been mainly 8 

focused on the two types of materials based on noble metals and 9 

transition metal oxides. Generally, noble metals exhibit higher 10 

low-temperature catalytic activity than transition metal oxides. However, 11 

the disadvantages of noble metal catalysts include: (a) higher costs, (b) 12 

deactivation due to HCl or Cl2 poisoning, (c) chlorination of organic 13 

compounds besides oxidation.9-12 Transition metal oxides can not only 14 

resist the deactivation resulting from the chlorine poisoning, but also 15 

enhance the catalytic performance by modifying composition and 16 

structure of oxides with some doping elements.13-16 Various oxides have 17 

been studied as possible catalysts for Cl-VOCs decomposition: V2O5, 18 

Cr2O3, MoO3, MnO2 and Fe2O3.
17-23 Among them, Fe2O3-based catalysts 19 

have shown good application prospects in the elimination of Cl-VOCs, 20 

due to its advantages of high efficiency, low cost and environmental 21 

friendliness.24,25 Interestingly, Fe2O3 supported on TiO2 exhibited better 22 
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 4

catalytic activity than pure Fe2O3 catalysts.26,27 The enhanced catalytic 1 

performance of TiO2-Fe2O3 composite oxides could be attributed to the 2 

combined effects of high affinity of Ti4+ sites to adsorb Cl-VOCs and 3 

excellent oxidation role of Fe2O3.
26 While further researches have proved 4 

that pure TiO2 has lower activity for the catalytic oxidation of Cl-VOCs,28 5 

suggesting TiO2 is not suitable for acting as main active component in the 6 

TiO2-Fe2O3 catalytic system. 7 

Previous studies reveal the existence of strong interface interaction 8 

between TiO2 and Fe2O3. However, overall and deep insight into this 9 

catalytic system is lack. It is thus necessary to regulate the composition 10 

and structure of the TiO2-Fe2O3 catalyst to develop an efficient 11 

low-temperature catalytic oxidation technology for Cl-VOCs. 12 

This paper presents the study results on the activity of Ti-doped Fe2O3 13 

with worm-like mesopores for the total oxidation of o-DCB, used as a 14 

model compound of Cl-VOCs. The objectives of this study include: (i) 15 

developing an effective, environmentally friendly catalyst for the deep 16 

oxidation of Cl-VOCs, (ii) evaluating the effect of the reaction parameters 17 

such as reaction temperature and atmosphere on the catalytic performance, 18 

(iii) examining the structure-reactivity relationship in the Ti-doped Fe2O3 19 

system, (iv) investigating the stability, reaction kinetics and intermediate 20 

products, (v) understanding the oxidative decomposition mechanism of 21 

Cl-VOCs on the Ti-doped Fe2O3. 22 
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 5

2. Results and discussion 1 

2.1. Characterization of catalysts 2 

In order to investigate the thermal conversion characteristics of the 3 

as-prepared catalyst precursor, TGA of Fe18Ti2Ox was performed and the 4 

corresponding TG curve is presented in Fig.1. It can be seen clearly that 5 

the TGA curve presents a continuous weight loss (39.44%) from room 6 

temperature to 500°C, which attributes to the decomposition of the 7 

catalyst precursor into Fe18Ti2Ox. Considering the weight of catalyst 8 

almost remains constant above 500°C, and avoiding the adverse effect of 9 

high temperature sintering for the catalytic activity, the calcination 10 

temperature of the catalyst is fixed at 500°C. 11 

Fig. 2 shows the XRD patterns of the prepared catalysts with different 12 

composition after calcined at 500°C. The pure TiO2 shows the 13 

characteristic diffraction peaks due to anatase TiO2 (JCPDS 04-0477). 14 

Fe2O3 catalyst presents diffraction peaks at 2θ=30.3，35.6, and 63.0°, 15 

suggesting the existence of γ-Fe2O3 (JCPDS 04-0755). The diffraction 16 

peaks are observed at 2θ of 33.1, 40.9 and 49.5°, suggesting the presence 17 

of hematite α-Fe2O3 (JCPDS 33-0664). The mass percent of crystal phase 18 

of the catalysts is estimated by the normalized reference intensity ratio 19 

(RIR) method. It is noted that the relative content of γ-Fe2O3 varies with 20 

the increase of doping amount of Titanium. The mass ratio of γ-Fe2O3 to 21 

α-Fe2O3 is 66:34, 65:35, 86:14 and 73:27 for Fe2O3, Fe19TiOx, Fe18Ti2Ox 22 
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 6

and Fe17Ti3Ox, respectively. This indicates that the doping of Ti4+ with 1 

appropriate amount (10mol%) improves the formation of γ-Fe2O3, leading 2 

to more γ-Fe2O3 is detected on the surface of Fe18Ti2Ox. The crystallite 3 

size of the catalyst is estimated by the Scherrer’s equation. The average 4 

crystallite size of anatase TiO2 is calculated to be about 22.9nm by using 5 

the peak (101) at 2θ=35.6°, the crystallite sizes of Fe2O3 and Ti-doped 6 

iron oxide are calculated by using the peak (311) of γ-Fe2O3 at 2θ=35.6°. 7 

The Crystallite size of Fe2O3 is 28.3nm. With the increase of doping 8 

concentration of Titanium, the crystallite size of Ti-doped iron oxide 9 

catalysts increases first and then decreases. Crystallite size values of 10 

Ti-doped iron oxide catalysts are 38.1, 14.9 and 26.2nm for Fe19TiOx, 11 

Fe18Ti2Ox and Fe17Ti3Ox, respectively. No diffraction peaks corresponding 12 

to any titanium oxide or iron-titanium oxide species can be distinguished 13 

in the diffractograms of Fe19TiOx, Fe18Ti2Ox and Fe17Ti3Ox. One possible 14 

explanation is that titanium oxide particles are highly dispersed on the 15 

surface of iron oxide with very small particle sizes; another possible 16 

reason is the diffusion of Ti4+ into the lattice of iron oxide, as the radius of 17 

Fe3+ (0.55Å) is quite close to that of Ti4+ (0.60Å).29 18 

To further study the effect of Ti doping on the crystal structure, 19 

Raman spectroscopy investigation was conducted. Fig. 3 shows the 20 

Raman spectra collected on the synthesized catalysts. For the undoped 21 

Fe2O3 catalyst, Raman bands at 220, 290 and 408cm-1 correspond  22 
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 7

respectively to hematite’s A1g, Eg, Eg modes,30 and 342, 504, 667 and 1 

714cm-1 correspond respectively to maghemite’s Eg, T2g, A1g, A1g modes.30 2 

The Raman spectra of TiO2 is characterized by a strong band at 140 cm-1, 3 

three middle intensity bands at 390, 508 and 633cm-1. These peaks can be 4 

attributed to the fundamental vibration modes of anatase TiO2 with the 5 

symmetries of Eg, B1g, A1g and Eg, respectively.31,32 These results are 6 

consistent with the XRD measurements. As can be seen from the Raman 7 

patterns, the intensities of Raman bands of Ti-doped iron oxides are 8 

significantly different from those of iron oxides, which could be ascribed 9 

to the modification of the structure of iron oxides by the Ti doping. It is 10 

noteworthy that, only on the Fe18Ti2Ox surface, the Eg mode (140cm-1) of 11 

anatase TiO2 coexists with the vibration modes of hematite and 12 

maghemite, suggesting that Ti doping with appropriate amount leads to 13 

the coexistence of anatase TiO2, α-Fe2O3 and γ-Fe2O3 on the surface of 14 

the catalyst.  15 

The reducibility of the catalyst is a very important parameter which 16 

can affect the catalytic performance. In Fig. 4, the reducibility of 17 

Fe18Ti2Ox is compared to that of TiO2 and Fe2O3 as reference. H2-TPR of 18 

individual TiO2 shows poorly identified peaks at 570°C, indicating that 19 

TiO2 is difficult to be reduced even at relatively higher temperature. For 20 

Fe2O3, the peak centered at 487°C can be assigned to the reduction of 21 

Fe2O3 to Fe3O4, whereas the peak at 568°C is attributed to the 22 
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 8

transformations of Fe3O4 to FeO, and the third peak at 712°C is assigned 1 

to the reduction of FeO to Fe.25,33,34 With the addition of Ti into Fe2O3, 2 

the reduction peaks of Fe18Ti2Ox are shifted towards higher temperatures. 3 

Obviously, the addition of Ti into Fe2O3 leads to the significant increase 4 

in H2 consumption corresponding to the peak between 325 and 555°C, 5 

suggesting that there is a strong interaction between TiO2 and Fe2O3. The 6 

hydrogen consumption is 7.95×10-6 mmol for TiO2 in the temperature 7 

range of 325-630 °C, 6.44×10-5 mmol for Fe2O3 in the temperature range 8 

of 325-610 °C, 1.08×10-4 mmol for Fe18Ti2Ox in the temperature range 9 

of 325-555 °C. The above results indicate that when temperature is lower 10 

than 630 °C, hydrogen consumption decreased in the order of Fe18Ti2Ox > 11 

Fe2O3 > TiO2. Considering the catalysts show the catalytic activities，even 12 

when temperature is lower than 325 °C (shown in Fig. 8), it is more 13 

meaningful to further compare the low-temperature reducibility of the 14 

TiO2, Fe2O3 and Fe18Ti2Ox, before the occurrence of phase transformation. 15 

For this purpose, initial H2 consumption rate of the first peak of each 16 

sample was calculated,15 as shown in Fig. 4b. It is clear that the initial H2 17 

consumption rate decreases in the following order: Fe18Ti2Ox > Fe2O3 > 18 

TiO2. Compared with the catalytic performances shown in Fig. 8, it could 19 

be deduced that the low-temperature reducibility of prepared catalysts 20 

reflects the catalytic performance of the synthesized counterparts. 21 

The surface chemical components and electronic state of Fe2O3 and 22 
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 9

Fe18Ti2Ox were investigated by X-ray photoelectron spectroscopy (XPS). 1 

As seen in Fig. 5a, the peaks centered at 464.2 and 458.3eV are observed 2 

on the surface of Fe18Ti2Ox catalyst, which can be attributed to Ti 2p1/2 3 

and Ti 2p3/2 of Ti (IV) oxidation state, respectively.35,36 Fig. 5b illustrates 4 

the O 1s XPS spectra of Fe2O3 and Fe18Ti2Ox, as shown in Fig. 5b, the 5 

asymmetrical O 1s signal of the catalysts could be deconvoluted to three 6 

components: lattice oxygen (Olatt) at 529-530eV, surface active oxygen 7 

(Osur) at 531-532 eV and adsorbed oxygen species (Oads) at 533-534eV.11 8 

The calculated Osur/(Olatt+Osur+Oads) molar ratios of Fe2O3 and Fe18Ti2Ox 9 

are 0.32 and 0.48, respectively. It is well known that the high Osur 10 

concentration is beneficial for the activity of catalytic oxidation.15 This 11 

may give another reasonable explanation for the high activity of 12 

Fe18Ti2Ox in the following activity tests. 13 

The typical TEM images of the prepared Fe18Ti2Ox are shown in Fig. 14 

6. From Fig. 6a and b, homogeneous worm-like mesopores resulting from 15 

the intergranular cavities of the sample can be clearly observed.  16 

Previous researches have revealed that when CTAB is introduced into the 17 

synthetic process as a template, a large number of interstices among 18 

catalyst nanoparticles are created, this result can increase the reactive 19 

sites of the catalyst and improve the catalytic activity.23 The 20 

high-resolution TEM (HRTEM) image shown in Fig. 6c reveals the 21 

interplanar spacing of 0.36nm for the (012) plane of α-Fe2O3 22 
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 10

nanoparticles and that of 0.25nm for the (311) plane of γ-Fe2O3. 1 

nanoparticles, demonstrating that the α-Fe2O3 and γ-Fe2O3 coexist in the 2 

catalyst, which are in good agreement with the XRD results. Selected area 3 

electron diffraction analysis (Fig. 6d) shows discrete diffraction spots and 4 

diffraction ring, which indicates the existence of single-crystalline and 5 

polycrystalline phase on the Fe18Ti2Ox surface. 6 

To understand the structure of the synthesized catalysts in detail, 7 

FeCa10 catalyst was taken as representative for further characterization. 8 

Fig. 7 shows the nitrogen adsorption/desorption isotherms and the derived 9 

pore size distributions of the synthesized Fe18Ti2Ox. The specific surface 10 

area, total pore volume and average pore diameter were 65.3m2/g, 11 

0.25cm3/g and 14.8nm, respectively. The isotherm exhibits a type IV 12 

curve with a H1 type hysteresis loop at the relative pressure P/P0 in the 13 

range of 0.6–1.0. This characteristic agrees well with that of mesoporous 14 

material reported in the previous literature.37 15 

2.2. Activity measurements 16 

Fig.8 shows catalytic performance for o-DCB oxidation over different 17 

catalysts. It is noted that the o-DCB conversion over Fe2O3, TiO2 and 18 

Fe17Ti3Ox first increases, then decreases reaching the minimum at 200°C, 19 

and finally starts to increase again. The first increase and decrease of 20 

o-DCB conversion could be mainly attributed to the adsorption and 21 

thermal desorption of o-DCB, respectively. The second increase of 22 
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 11 

o-DCB conversion could be ascribed to the oxidation degradation of 1 

o-DCB. Similar catalytic behavior has also been reported in the catalytic 2 

oxidation of chlorobenzene over MnOx-CeO2 catalysts10. The o-DCB 3 

conversion over Fe19TiOx decreases from 100 to 200°C, corresponding to 4 

the thermal desorption stage. The common characteristics exhibited in the 5 

light-off curves of the above four catalysts are the oxidation degradation 6 

of o-DCB are all initiated at 200°C. It is interesting to note that the 7 

catalytic behavior of Fe18Ti2Ox is significantly different from the other 8 

catalysts, the o-DCB conversion over Fe18Ti2Ox increases continuously 9 

with the rise of temperature. The different catalytic activities of these 10 

catalysts could be related to different nature of various catalysts. It can be 11 

seen from Fig.8 that the catalytic activity of pure Fe2O3 is significantly 12 

higher than that of pure TiO2. At 350°C, o-DCB conversion can reach 13 

99.2%. However, the catalytic activity of pure Fe2O3 is lower in the low 14 

temperature range, the o-DCB conversion is only 29.7% at 250°C. The 15 

doping amount of Ti has an important influence on the catalytic activity 16 

of iron oxide. Compared with other catalysts, Fe18Ti2Ox with 10mol% 17 

Ti-doping shows best catalytic activity for o-DCB conversion. The total 18 

conversion of o-DCB can be obtained at 350°C. In the low temperature (< 19 

350 °C) range, the activity is significantly higher than that of other 20 

catalysts, such as o-DCB conversion is up to 89.6% at 250°C. The 21 

enhanced activity of Fe18Ti2Ox catalyst can be attributed to the following 22 
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 12

two factors: i) the formation of more γ-Fe2O3 with smaller crystallite size 1 

on the surface of the catalyst,38 which has been confirmed by the XRD 2 

and Raman analyses. ii) the synergic interaction between iron oxide and 3 

titanium oxide. In the previous work, it has been proved that γ-Fe2O3 4 

exhibits better low-temperature activity for the oxidation of Cl-VOCs 5 

than α-Fe2O3.
25 In this study, the analytical results of initial H2 6 

consumption rate show that low-temperature reducibility of Fe18Ti2Ox is 7 

higher than pure Fe2O3, which might be related to the formation of more 8 

γ-Fe2O3 due to the doping of proper amount of Titanium. Besides, the 9 

high activity of Fe18Ti2Ox is also associated with smaller crystallite size 10 

of γ-Fe2O3 nanoparticles. Size-dependent catalytic activity has been 11 

reported in the previous studies. Generally, smaller crystallite size leads 12 

to more crystalline defects, more active surface sites and higher catalytic 13 

performance.39 Previous studies have showed that Fe-Ti composite oxides 14 

have excellent catalytic activity for the oxidation of chlorinated 15 

hydrocarbons at relatively low temperatures. Khaleel e al.26 reported that 16 

Fe–Ti-oxide catalyst exhibited high activity and showed a promising 17 

catalytic potential for the complete oxidation of chlorobenzene, which 18 

could be attributed to the synergic interaction between α-Fe2O3 and TiO2 19 

active phases. It is proposed that high affinity of Ti4+ sites to adsorb 20 

chlorobenzene is an important factor that contribute to the enhanced 21 

activity of Fe–Ti-oxide catalyst.26  22 
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 13

2.3. Effect of the dosage of CTAB on the catalytic activity 1 

To discuss the effect of different dosages of CTAB in the 2 

preparation process on the catalytic activities, Ti-doped iron oxides with 3 

a Fe : Ti molar ratio of 18 : 2 were taken as representative catalysts for 4 

further test. The dosage of CTAB in the preparation is 0, 9 and 18mmol, 5 

respectively. As depicted in Fig. 9, the dosage of CTAB has a significant 6 

influence on the catalytic activity of Ti-doped iron oxides. The activity of 7 

the catalyst without adding CTAB is so low that o-DCB conversion is 8 

only 44.8% at 500°C. When 9mmol CTAB is added, the activity of 9 

Fe18Ti2Ox increases dramatically, the complete conversion of o-DCB can 10 

be obtained at 350°C. However, When the dosage of CTAB is further 11 

increased to 18mmol, the activity of the catalyst substantially decreases. 12 

CTAB as template has been used for the synthesis of mesoporous metal 13 

oxides. It is revealed that CTAB plays a key role in controlling the 14 

morphologies of the synthesized oxides. Liu et al.40 reported that 15 

mesoporous NiO synthesized with CTAB showed good thermal stability 16 

and high surface area. In this case, Fe18Ti2Ox with worm-like mesoporous 17 

structure exhibited the highest catalytic activity, which could be related to 18 

the surface modification and morphological control of proper amount of 19 

CTAB. 20 

2.4. Effect of oxygen concentration on o-DCB conversion 21 

The effect of oxygen concentration on the conversion of o-DCB over 22 
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Fe18Ti2Ox catalyst is also investigated, the results are shown in Fig. 10. It 1 

can be seen that the conversion of o-DCB takes place even in the absence 2 

of gas-phase oxygen, indicating that surface lattice oxygen of the catalyst 3 

is likely involved in the o-DCB oxidation. However, o-DCB conversion is 4 

considerably lower than those when oxygen is presence. The value is only 5 

62.7% under oxygen-free condition at 350°C. When 10% O2 is 6 

introduced in the feed, the o-DCB conversion can be significantly 7 

improved, the total conversion rate of o-DCB is reached at 350°C, which 8 

is 37.3% higher than that without O2. This suggests that O2 should play an 9 

important role in the catalytic oxidation of o-DCB. Previous work has 10 

also shown that the presence of gaseous oxygen benefited the 11 

regeneration of catalyst surface and also improved the formation rate of 12 

oxidation products on the catalyst surface.28 The further investigation 13 

discovers that 10% O2 is sufficient for the conversion of o-DCB, when O2 14 

concentration increases to 20%, the change of o-DCB conversion is not 15 

obvious. It can be deduced that O2 molecular mainly takes part in the 16 

reaction through activating or regenerating the active oxygen species 17 

located in the vacancies of the catalyst surfaces, instead of participating 18 

the reaction with o-DCB directly.  19 

2.5. Catalyst stability 20 

From the viewpoint of practical application, it is very important to 21 

evaluate the stability of the catalyst. Previous work has reported that the 22 
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 15

formed HCl or Cl2 may cause the rapid deactivation of catalysts used for 1 

the catalytic decomposition of Cl-VOCs.19 In this study, the experiments 2 

for stability test over Fe18Ti2Ox catalyst were carried out by feeding the 3 

stream containing 100 ppm o-DCB and 10% O2 at 350°C at space 4 

velocity 22,000h-1. As shown in Fig. 11, stable activity over Fe18Ti2Ox is 5 

observed without an obvious decrease in o-DCB conversion. Fe18Ti2Ox 6 

keeps better stability even after continuous reaction for 630 minutes, with 7 

o-DCB conversion being 97.5%. In our previous work, It has been 8 

reported that the catalytic stability of iron oxide can be improved be 9 

doping of metal cations.41 The doped metal cations can improve the Cl- 10 

exchange and regenerate the active sites on the iron oxide, leading to the 11 

higher catalytic stability. 12 

To investigate the change in chemical states of the elements and 13 

adsorbed species on the Fe18Ti2Ox surface after reaction, the used 14 

Fe18Ti2Ox was analyzed by XPS. XPS results, shown in Fig. 12a, indicate 15 

that the binding energies of Fe 2p for Fe18Ti2Ox remain almost unchanged 16 

after the reaction. Considering iron oxide is the main active component of 17 

the Fe18Ti2Ox, it can be deduced that high catalytic stability of Fe18Ti2Ox 18 

is related to the high stability of the chemical states of iron species on the 19 

Fe18Ti2Ox. The C 1s XPS spectra shown in Fig. 12b reveal that, after 20 

reaction, no obvious residual carbonaceous species was detected, which is 21 

undoubtedly beneficial for keeping the long-term and efficient catalytic 22 
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activity. While as shown in Fig. 12c and Fig. 12d, O1s and Cl 2p XPS 1 

spectra of the used Fe18Ti2Ox exhibit different characteristics, compared 2 

with those of the fresh catalyst. It can be seen from Fig. 12c that, after 3 

reaction, XPS peak positions of Osur and Oads remain unchanged, while the 4 

peak of Olatt shifts from 529.8 to 529.9eV. The Osur/(Olatt+Osur+Oads) molar 5 

ratio of Fe18Ti2Ox decreases from 0.48 to 014, suggesting that surface 6 

active oxygen species participates in the catalytic oxidation of o-DCB and 7 

is consumed after a long-time reaction. A weak Cl 2p3/2 peak at 198.6eV 8 

is observed in on the XPS spectrum of the used Fe18Ti2Ox catalyst (Fig. 9 

12d), indicating the presence of residual chlorine species on the used 10 

Fe18Ti2Ox catalyst. According to the analytical results of Fig. 12c and Fig. 11 

12d, the conclusion can be drawn that the decrease of Osur concentration 12 

and the Cl- residues might be the main factors leading to the slight 13 

deactivation of the catalyst. On the other hand, the appearance of residual 14 

Cl- also provides the evidence of the mineralization of organic 15 

chlorine into chloride ions. 16 

2.6. Kinetic studies 17 

Due to the fact that Fe18Ti2Ox exhibits higher catalytic activity and 18 

stability, the kinetic study of catalytic oxidation of o-DCB over Fe18Ti2Ox 19 

was carried out in the temperature range of 100–250°C. Considering the 20 

concentration of O2 is far above that of o-DCB and supposing the 21 

catalytic oxidation of o-DCB is first-order reaction, yields the following 22 
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kinetic expression: 1 

ln[1/(1-X)]=kapτ                                          (2) 2 

where X is o-DCB conversion, kap is the apparent rate constant of the 3 

reaction,τis the space time (s), and is defined as the reciprocal of the 4 

space velocity. Fig. 13 shows the plot of ln[1/(1-X)] versusτ for the 5 

catalytic oxidation of o-DCB over Fe18Ti2Ox catalyst with the correlation 6 

coefficient (R2) of 0.986 and 0.999 at 100 and 250°C, respectively. The 7 

results indicate a straight-line relationship between ln[1/(1-X)] andτ, 8 

validating the assumption that catalytic oxidation of o-DCB follows a 9 

first-order rate law. A straight line plot of ln[1/(1-X)] versusτ yields the 10 

slope of kap. The apparent rate constants of o-DCB conversion at 373K 11 

and 523K are kap1=0.01447s-1 and kap2=0.08677s-1, respectively. The  12 

apparent  activation  energy  of  the  catalytic oxidation of o-DCB 13 

over Fe18Ti2Ox  was  calculated based on  the  Arrhenius  equation  14 

(Eq. (3)). The calculated value is about 19.37kJ/mol. 15 

)
11

(ln
122

1

TTR

E

k

k
a

ap

ap
−=                                                     (3) 16 

where kap1 and kap2 are the apparent rate constants at 373K and 523K, 17 

respectively, s-1; Ea is the apparent activation energy, kJ/mol; and T1 and 18 

T2 are the reaction temperatures, K. The apparent activation energy in this 19 

study is significantly lower than the value in the catalytic oxidation of 20 

o-DCB over V2O5/TiO2-based catalysts (29-37kJ/mol),42 and those in the 21 

catalytic oxidation of o-DCB over V2O5/TiO2 and V2O5/MoO3–TiO2 22 
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 18

(34.4 and 31.5kJ/mol).43 These results suggest an obvious advantage of 1 

kinetics in the catalytic oxidation of Cl-VOCs over Fe18Ti2Ox. 2 

2.7. In situ FTIR studies 3 

In order to obtain deep insights into the reaction mechanism, the process 4 

of dissociative adsorption of o-DCB over Fe18Ti2Ox catalyst was studied 5 

by means of in situ FTIR spectroscopy. FTIR spectra collected at 6 

different time intervals during o-DCB adsorption and oxidation over 7 

Fe18Ti2Ox at 250°C are shown in Fig. 14a. FTIR spectra collected at 8 

different temperatures after 10 min reaction are shown in Fig. 14b. The 9 

band at 1457cm-1 (vCOO- asym), with an adjoining shoulder at 1432cm-1 10 

(vCOO- sym), can be assigned to the carboxylates of the acetate type.44 
11 

The weak peaks at 1578cm-1 (vCOO- sym) indicates the formation of 12 

surface formate species.45 The band at 1649cm-1 can be attributed to 13 

superimposed bands due to v(C=O)-stretching vibrations of formic acid 14 

and δ(HOH) modes of adsorbed water.46 The peaks at 2339 and 2361cm-1 15 

are ascribed to CO2 species.47 The broad bands between 3400-3900cm-1 
16 

can be attributed to formed water on the surface of Fe18Ti2Ox.
23 With the 17 

extension of reaction time and the increase of reaction temperature, it is 18 

clear that the intensities of the bands corresponding to surface 19 

carboxylates decrease, while those of CO2 and H2O increase gradually. 20 

These results indicate that carboxylate species are not the stable species in 21 

the oxidation over Fe18Ti2Ox, they tend to decompose quickly into CO2 22 
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 19

and H2O, which are the final products of deep oxidation of the o-DCB.  1 

2.8. Reaction mechanism of o-DCB oxidation over Ti-doped iron oxide 2 

As seen in Fig. 15, the catalytic oxidation of o-DCB over Fe18Ti2Ox 3 

occurs via a two-step process: in the first step, Cl is abstracted from 4 

o-DCB by the nucleophilic substitution of the surface oxygen species, 5 

forming surface phenolates; in the second step, the remaining aromatic 6 

ring is oxidized, forming partial oxidation intermediates (carboxylates) 7 

which can be further oxidized to form CO2, H2O and HCl. Since no peaks 8 

corresponding to C–Cl vibrations were observed by in situ FTIR spectra, 9 

suggesting the abstraction of the Cl atom may well be a fast step. 10 

3. Experimental 11 

3.1. Catalyst preparation 12 

All chemicals were of analytical grade and used as received without 13 

further purification. In the Ti-doped Fe2O3 synthesis procedure, 14 

cetyltrimethylammonium bromide (CTAB) was dissolved into 300mL 15 

deionized water in required quantities. After stirring for 0.5h, 16 

Fe(NO3)3·9H2O and TiOSO4 were dissolved into the above solution with 17 

suitable ratios under magnetic stirring. Then 0.2mol/L of NaOH aqueous 18 

solution was gradually added to reach the pH to around 10 and continued 19 

stirring for 12h. The suspended solution was put into water bath at 80°C, 20 

until the water was completely vaporized, and then washed with 21 

deionized water and ethanol in sequence, dried at 80°C for 6h, then 22 
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 20

calcined at 500°C for 3h to produce Ti-doped Fe2O3. The catalysts with 1 

Fe/Ti molar ratio of 19:1, 18:2 and 17:3 were denoted as Fe19TiOx, 2 

Fe18Ti2Ox and Fe17Ti3Ox. For comparison, pure Fe2O3 and TiO2 have also 3 

been synthesized with the same procedure. 4 

3.2. Catalyst characterization 5 

The powder X-ray diffraction patterns (XRD) were recorded on a 6 

Rigaku D/max-2500 powder diffractometer using Cu Ka radiation (40kV 7 

and 100mA). Crystal phases were identified by referring the diffraction 8 

peaks to those of standard compounds reported in the JCPDS Data File. 9 

The Raman spectra were obtained with a Renishaw inVia spectrometer 10 

using laser excitation at 514.5nm. Hydrogen temperature-programmed 11 

reduction (H2-TPR) experiments were carried out in the RT-900°C range 12 

on a Thermo-Finnigan TPDRO 1100 instrument with a heating rate of 13 

10°C/min and a flow rate of 5vol% H2/Ar (40mL/min). Hydrogen 14 

consumption was monitored by a thermal conductivity detector. X-ray 15 

photoelectron spectra (XPS) were performed with a Kratos Axis Ultra 16 

DLD spectrometer employing a monochromated Al-Kα X-ray source 17 

(hν=1,486.6eV), 150W, hybrid (magnetic/electrostatic) optics, 18 

multi-channel plate and delay line detector. The recorded XPS spectra 19 

were charge corrected with respect to the C1s peak at 284.6eV. 20 

Transmission electron microscopy (TEM) and high-resolution 21 

transmission electron microscopy (HRTEM) images were conducted on a 22 
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TECNAI G2 F20 microscope operated at an accelerating voltage of 1 

200kV. The sample was dispersed in ethanol and treated with ultrasound 2 

for 5min, and then deposited on a copper grid coated with preformed 3 

holey carbon film. Specific surface area and pore volume measurements 4 

were measured by N2 physisorption at 77K using a Quantachrome NOVA 5 

2000e sorption analyzer. Prior to N2 physisorption, the samples were 6 

outgassed in vacuum during 6h at 200°C 7 

3.3. Catalytic test 8 

Catalytic tests were performed in a continuous-flow fixed-bed 9 

microreactor operating at atmospheric pressure. Each run used 10 

approximately 200mg of catalyst with 120–180 mesh particles. The gas 11 

stream was composed of 100ppm of o-DCB, 10 vol.% of O2 and helium 12 

as diluting gas to obtain 60mL/min. A typical gas hourly space velocity 13 

(GHSV) was 22,000h-1. Catalytic tests were run from 100 to 500°C. After 14 

30min reaction, the reactants and products were analyzed on-line by a 15 

GC1100 gas chromatograph equipped with a flame ionization detector 16 

(FID) and a 3.0m stainless steel column packed with GDX103 (60/80 17 

mesh). The activity was expressed as the conversion of o-DCB, 18 

calculated by the following equation: 19 

                                            (1) 20 

Where Cin is the initial concentration of o-DCB before reaction, Cout is the 21 

final concentration of o-DCB after reaction.  22 

%100)1((%) ×−=

in

out

C

C
X
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3.4. Kinetic studies 1 

Each o-DCB catalytic oxidation test conducted in this study was 2 

under isothermal operation. The effect of the concentrations of the 3 

reactants on the rate of o-DCB oxidation was investigated in the range of 4 

100–250°C. The mass of the catalyst was fixed at 200mg, the total flow 5 

rate of the gaseous mixture flowing through the catalytic reactor was 60 6 

mL/min, the concentration of o-DCB was varied by changing o-DCB 7 

flow rate from 0.5 to 2.5mL/min. 8 

3.5. In-situ FTIR studies 9 

In-situ FTIR spectra were recorded using a PerkinElmer 2000 FT-IR 10 

spectrophotometer with a resolution of 2cm-1. The catalysts were in the 11 

form of self-supporting thin discs of about 25mg/cm2 and 0.1mm thick. 12 

The samples were placed in a holder and kept in the middle of the IR cell. 13 

Before each experiment, catalyst samples were pretreated in vacuum at 14 

350°C for 1h and then cooled to room temperature or desired temperature, 15 

and spectra of the clean catalyst were collected and utilized as the 16 

background. In order to investigate the dissociative adsorption of o-DCB 17 

on the surface of the catalyst, o-DCB vapor was introduced into the cell 18 

in a mixture of 10% O2/N2. In-situ FTIR spectra were collected at 19 

different time intervals until a steady state was reached. 20 

4. Conclusions 21 

Ti-doped iron oxides were prepared and tested as catalysts for the 22 
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oxidation of o-DCB. Fe18Ti2Ox with 10mol% Ti-doping shows the best 1 

catalytic activity, higher stability and CO2 selectivity, and lower apparent 2 

activation energy. The high activity of Fe18Ti2Ox could be attributed to 3 

the small crystallite size, high surface active oxygen concentration, good 4 

low-temperature reducibility and synergic effect between TiO2 and mixed 5 

iron oxide, in which γ-Fe2O3 predominates. In situ FTIR studies indicate 6 

the acetate and formate species are intermediates of the oxidation process. 7 

The decomposition of o-DCB on the surface of Fe18Ti2Ox involves a 8 

two-step redox process. These experimental results have shown that 9 

Ti-doped iron oxides can be potentially applied as low-cost and 10 

environmentally friendly catalysts for the deep oxidation of Cl-VOCs. 11 
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Captions of the Figures: 

Fig. 1. TGA curve of the as-prepared Fe18Ti2Ox precursor. 1 

Fig. 2. XRD diffraction patterns of the synthesized catalysts with 2 

different components: (■) peaks due to TiO2-anatase; (●) peaks due to 3 

α-Fe2O3; (★) peaks due to γ-Fe2O3. 4 

Fig. 3. Raman spectra of the synthesized catalysts with different 5 

components.  6 

Fig. 4. (a) H2-TPR profiles and (b) initial H2 consumption rates of TiO2, 7 

Fe2O3 and Fe18Ti2Ox. 8 

Fig. 5. (a) Ti 2p XPS spectra and (b) O1s XPS spectra of prepared Fe2O3 9 

and Fe18Ti2Ox. 10 

Fig. 6. (a and b) Typical TEM images, (c) HRTEM image of Fe18Ti2Ox, 11 

and (d) selected area electron diffraction pattern of the Fe18Ti2Ox. 12 

Fig. 7. (a) Nitrogen adsorption/desorption isotherms and (b) pore size 13 

distribution curve of Fe18Ti2Ox. 14 

Fig. 8. Light-off curves for the oxidation of o-DCB over catalysts with 15 

different composition (100 ppm o-DCB, 10% O2, balance N2; 16 

GHSV=22,000 h-1). 17 

Fig. 9. Effect of different dosage of CTAB on the catalytic activity (100 18 

ppm o-DCB, 10% O2, balance N2; GHSV=22,000 h-1). 19 

Fig. 10. The effect of oxygen concentration on the activity of Fe18Ti2Ox 20 

(100 ppm o-DCB, 10% O2, balance N2; GHSV=22,000 h-1). 21 
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Fig. 11. The stability tests of Fe18Ti2Ox at 350°C (100 ppm o-DCB, 10% 1 

O2, balance N2; GHSV=22,000 h-1). 2 

Fig. 12. (a) Fe 2p, (b) C1s, (c) O1s and (d) Cl 2p XPS spectra of of the 

fresh and used Fe18Ti2Ox (100 ppm o-DCB, 10% O2, balance N2; 

GHSV=22,000 h-1). 

Fig. 13. Plots of ln[1/(1-x)] vs. space time (τ) at different temperatures 3 

using Fe18Ti2Ox (100 ppm o-DCB, 10% O2, balance N2; GHSV=22,000 4 

h-1). 5 

Fig. 14. (a) In situ FTIR spectra of Fe18Ti2Ox collected at 250°C after 1, 5, 6 

10, 20 and 30min reaction and (b) at 200, 250 and 300°C after 10min 7 

reaction. 8 

Fig. 15. Reaction mechanism for the oxidation of o-DCB over Fe18Ti2Ox 9 

catalyst. 10 
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Fig. 1. TGA curve of the as-prepared Fe18Ti2Ox precursor. 
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Fig. 2. XRD diffraction patterns of the catalysts with different 

components: (■) peaks due to TiO2-anatase ; (●) peaks due to α-Fe2O3 ; 

(★) peaks due to γ-Fe2O3. 
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Fig. 3. Raman spectra of the synthesized catalysts with different 

components. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 33 of 46 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 33

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. (a) H2-TPR profiles and (b) initial H2 consumption rates of TiO2, 

Fe2O3 and Fe18Ti2Ox. 
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Fig. 5. (a) Ti 2p XPS spectra and (b) O1s XPS spectra of prepared Fe2O3 

and Fe18Ti2Ox. 
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Fig. 6. (a and b) Typical TEM images, (c) HRTEM image of Fe18Ti2Ox, 

and (d) selected area electron diffraction pattern of the Fe18Ti2Ox. 
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Fig. 7. (a) Nitrogen adsorption/desorption isotherms and (b) pore size 

distribution curve of Fe18Ti2Ox. 
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Fig. 8. Light-off curves for the oxidation of o-DCB over catalysts with 

different composition (100 ppm o-DCB, 10% O2, balance N2; 

GHSV=22,000 h-1). 
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Fig. 9. Effect of different dosage of CTAB on the catalytic activity (100 

ppm o-DCB, 10% O2, balance N2; GHSV=22,000 h-1). 
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Fig. 10. The effect of oxygen concentration on the activity of Fe18Ti2Ox 

(100 ppm o-DCB, 10% O2, balance N2; GHSV=22,000 h-1). 
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Fig. 11. The stability tests of Fe18Ti2Ox at 350°C (100 ppm o-DCB, 10% 

O2, balance N2; GHSV=22,000 h-1). 
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Fig. 12. (a) Fe 2p, (b) C1s, (c) O1s and (d) Cl 2p XPS spectra of of the 

fresh and used Fe18Ti2Ox (100 ppm o-DCB, 10% O2, balance N2; 

GHSV=22,000 h-1). 
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Fig. 13. Plots of ln[1/(1-x)] vs. space time (τ) at different temperatures 

using Fe18Ti2Ox (100 ppm o-DCB, 10% O2, balance N2; GHSV=22,000 

h-1). 
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Fig. 14. (a) In situ FTIR spectra of Fe18Ti2Ox collected at 250°C after 1, 5, 

10, 20 and 30 min reaction and (b) at 200, 250 and 300°C after 10 min 

reaction. 
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Fig. 15. Reaction mechanism for the oxidation of o-DCB over Fe18Ti2Ox 

catalyst. 
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