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ABSTRACT 

 

 The dissertation herein reports heterogeneous catalysis studies conducted on two 

different projects, (1) Hydrodechlorination of trichloroethylene and (2) Ethanol steam 

reforming. The former is associated with the process for trichloroethylene waste treatment 

and groundwater remediation technology whereas the latter pertains to hydrogen 

production. The presented work involves not only investigations on the catalytic activity, 

but also fundamental studies to understand how and why a catalyst works for a particular 

reaction. This dissertation is composed of two major parts. 

 (1) Part I (Chapter 1-4): Trichloroethylene (TCE) is a chlorinated hydrocarbon 

solvent which has been widely used as a vapor degreaser for metal cleaning. TCE contains 

high level of toxicity, also known as a carcinogen. Recently, contamination of groundwater 

due to untreated TCE is a rapidly rising environmental issue, affecting the drinking water 

quality. The current waste treatment process for removal of TCE are mostly based on 

adsorption and extraction techniques. However, these processes do not provide a complete 

destruction of the TCE chemical structure; hence, it requires an additional incinerator to 

convert TCE into non harmful products.  

 Hydrodechlorination (HDC) of TCE is a catalytic chemical reaction where TCE is 

converted to ethane and hydrochloric acid using hydrogen as a reducing agent. The 

treatment is a single step process, also can be performed in situ in groundwater. The most



  iii 
 

extensively used catalysts for this reaction are based on Pd metal. The main purpose of this 

study is to investigate the catalytic activity and stability of Pd supported on swellable 

organically modified silica (SOMS) for HDC of TCE. SOMS is a highly hydrophobic and 

adsorptive material. The material was recently developed and was reported in the literature. 

An interesting characteristic of SOMS is “swelling”, i.e., the volume of SOMS expands 

while adsorbing organics. The expansion of SOMS leads to generation of new pores 

thereby increasing its pore volume and surface area. When SOMS is treated with heat, 

contraction of SOMS occurs resulting a decrease in volume to its original size. Another 

important characteristic is its high hydrophobicity.   

 It was deduced that Pd/SOMS showed promising catalytic activity compared to 

commercial Pd/Al2O3 in liquid phase HDC of TCE. This was attributed to the adsorptive 

and swelling properties of Pd/SOMS and its hydrophobicity, which helped to concentrate 

the TCE reactants in the vicinity of the active Pd sites. The increase in concentration near 

the active sites resulted in better kinetics for HDC reaction obtaining high TCE conversion. 

Furthermore, the strong hydrophobicity of SOMS helped to secure the Pd sites from ionic 

poisons such as sulfur and chlorine containing groups without losing its catalytic activity, 

e.g., when Pd/SOMS and Pd/Al2O3 was treated with 1 M HCl, Pd/SOMS retained its 

catalytic performance whereas Pd/Al2O3 was completely degraded because of Pd leaching 

under HDC of TCE conditions.  

 On the other hand, better catalytic activity was observed over Pd/Al2O3 compared 

to Pd/SOMS for gas phase HDC of TCE. It was found that the swelling of SOMS in gas 

phase, in other words, the expansion of the catalyst due to TCE vapors was not enough so 

that most of the embedded Pd sites were not accessible to the TCE reactants. To resolve 
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this issue, Pd was impregnated on a pre-calcined SOMS which was treated under inert 

condition at high temperatures (H-SOMS). With respect to Pd/H-SOMS, the Pd 

accessibility in gas phase to the TCE molecules were improved drastically. A significant 

increase in Pd dispersion as well as decreased in Pd particle size was observed. When tested 

for HDC of TCE activities, higher TCE conversions were obtained over Pd/H-SOMS 

catalyst compared to Pd/SOMS.      

(1) Part II (Chapter 5-10): Hydrogen has been considered as the next alternative 

and renewable energy carrier that can be utilized for many industrial applications. The 

production of energy from hydrogen is typically conducted through a fuel cell, which only 

generates water as a product. Among many other hydrogen production processes, ethanol 

steam reforming (ESR), a catalytic chemical reaction, has gained a lot of attention since it 

provides a closed carbon loop cycle when ethanol is derived from environmentally friendly 

sources such as bio-mass. With respect to catalysts, noble metals such as Pt, Pd, Rh and 

Ru have been tested under ESR conditions and have shown excellent catalytic activities 

obtaining high hydrogen yield and ethanol conversion. However, noble metals are 

expensive thereby increase the overall operating cost.  

In this dissertation, the catalytic performance and stability of non-noble metals such 

as Co supported on CeO2 (cerium oxide) was investigated. According to the results 

obtained in our laboratory during the past decade, Co/CeO2 with 10 wt % cobalt loading, 

had significant activity for ESR at relatively lower temperatures, around 350 to 600 °C. 

Some of the findings include 1) high oxygen mobility of CeO2 reduces carbon deposition, 

2) transition of Co3O4 to CoO and metallic Co was observed during steam reforming, 3) 
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reducibility of Co and surface activity, morphology and particle size of CeO2 significantly 

influence the catalytic activity of Co/CeO2 for ESR.  

Herein, a detailed kinetic analysis to acquire activation energies of reduction and 

re-oxidation processes of cobalt was conducted. Moreover, reducibility of CeO2 was 

studied in two different particle sizes where nano-sized CeO2 contained more Ce3+ reduced 

sites compared to micro-sized CeO2 both in bulk and surface of the catalyst under ESR 

conditions. The difference in extent of reduction of CeO2 led to a more basic surface for 

nano-sized CeO2 resulting better catalytic activity for ESR. When cobalt was present on 

the catalyst surface (Co/CeO2), the oxidation state of Ce was lower in comparison to a bare 

CeO2 support under same reaction conditions. This was attributed to the reduction of cobalt 

taking precedence over the reduction of CeO2. Lastly, the effect of microgravity on 

synthesis of CeO2 was studied. It was found that CeO2 prepared in microgravity consists 

lower surface area and pore volume compared to the CeO2 prepared in normal-gravity. A 

significant difference in particle shape was observed where microgravity-CeO2 was more 

like rods whereas normal-gravity-CeO2 contained polyhedral particles.  
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CHAPTER 1 

 

 INTRODUCTION  

 

1.1 Chlorinated Hydrocarbons (CHCs) 

Chlorinated organic substances have been widely used for various industrial 

applications in the Unites States. For example, chlorofluorocarbons (CFCs), which were 

banned in 1970s, were heavily used as refrigerants until researchers found that it causes 

ozone depletion. Another example can be chlorinated hydrocarbons (CHCs) such as 

polychlorinated biphenyls (PCBs) that were used as heat transfer fluids and dielectric fluids. 

The utilization of PCBs was also prohibited in the United States because of its deleterious 

impact on environment and health. Other CHCs such as tetrachloroethylene (TTCE/PCE), 

trichloroethylene (TCE), 1,1,1-trichloroethane (TCA), tetrachloride (CTC), chloroform 

(CLF), dichloromethane (DCM) are still being used primarily as metal degreasers, either 

in liquid or vapor phase, under stringent regulations stipulated by the U. S. Environmental 

Protection Agency (EPA). 

Chlorinated compounds were used initially as dry-cleaning agents in early 1900s.1 

In those times, the industry of synthetic organic chemistry had not been established well in 

the United States, thus all chemicals were imported from European countries.1 However, 

throughout World War I, the difficulty in importing the chemicals and raw materials from
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Europe had risen, therefore the government recognized the significance of having chemical 

production facilities in the United States.1 Although the outcome of World War I affected 

the appearance of major producers of chlorinated compounds, the supply of these 

chemicals were still in deficiency because of the high domestic demand.1 Moreover, during 

World War II, chlorinated solvents such as TTCE, TCE and ethylene dichloride was 

assigned as first priority for military uses by the priorities of the United States Office of 

Production Management.1 For these reasons, major manufacturers such as Dow Chemical, 

dupont, and Warner-Klipstein chemical companies increased their production of 

chlorinated solvents continuously and substantially.1 

 Currently, the reason for rigorously enforced regulations on the production and 

utilization of chlorinated compounds is that most of them are carcinogens. For instance, 

the recent toxicological review for TCE by the U.S. EPA states that TCE may cause kidney 

and liver cancer.2 Likewise, the human exposure to TTCE and DCM is likely associated 

with bladder cancer, and kidney and lung cancer, respectively.3 Most of the aforementioned 

chlorinated compounds are highly active as carcinogens. In addition to that, the 

contribution of gas phase CHCs to smog formation and global warming has been reported.4 

Therefore, an appropriate CHC waste treatment system is essential and important to protect 

the environment and public health.  

 CHCs typically have low boiling points and high vapor pressures. Although CHCs 

mainly exist as liquids at room temperature, they are still very volatile. Moreover, the 

solubility of CHCs in water is fairly low. Therefore, when considering these chlorinated 

organic wastes, emitted from industrial facilities such as vapor degreasing, metal finishing 
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and textile cleaning sites, the treatment of waste CHCs should be considered in both liquid 

and gas phase.  

 The conventional technique to treat chlorinated effluent gases at industrial plants is 

absorption using activated carbon followed by a thermal incineration at very high 

temperatures.5 Since chlorinated compounds are molecularly stable, thermal destruction of 

CHCs requires temperatures above 1000 °C, which significantly increases the overall 

operating cost.6 Additional cost to regenerate the used activated carbons at temperatures 

above 700 °C, is another factor that makes the process economically unfeasible. Also, 

incomplete combustion of CHCs in the incinerator leads to toxic by-products such as 

dioxins and PCBs.7  

Alternative treatment processes such as catalytic oxidation and steam reforming of 

CHCs have been investigated.7-8 However, it was reported that the partial oxidation of 

CHCs generated hazardous by-products such as COCl2 and Cl2. For steam reforming 

process, high reaction temperature is desired to convert CHCs into hydrogen and carbon 

dioxide. Other methods such as bio-filtration and membrane-filtration are not effective.9 

 With respect to chlorinated solvents in liquid phase, the general waste treatment 

methods are somewhat similar to gas phase in which an incinerator is utilized. The 

chlorinated waste solvents require more careful control due to the direct influence on 

human health issues through groundwater contamination. In the past, before the U.S. EPA 

was founded, these greatly concentrated CHC liquid wastes were not handled properly. 

Some of them were just spilled on the ground or illegally disposed to the rivers. Also 

incidents such as leaking storage tanks and sewer pipelines were a part of the 

environmental release of hazardous CHCs. Eventually, these untreated CHC solvents 
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infiltrated deeper into the groundwater level and contaminated the most useful drinking 

water source in the United States. The groundwater contamination due to chlorinated 

compounds is regarded as a long-term environmental issue due to its high volatility, e.g., 

CHC vapors which are vaporized from groundwater remain in the unsaturated zone.10 

Surprisingly, although it has been almost 30 years since the U.S. EPA regulated CHC 

emissions as well as the production rate, ground water contamination due to chlorinated 

compounds is an on-going environmental issue even now. For example, according to the 

U. S. geological survey,11 among 51 volatile organic compounds (VOCs) detected in 

ground and drinking water, chlorinated solvents were the most frequently found 

contaminants at high concentrations. 

 A variety of groundwater remediation techniques are being employed nowadays. 

Although most methods lead to promising results, different remedial approaches have their 

own benefits and drawbacks. In here, four of the most popular pilot-scale groundwater 

treatment technologies are discussed:12 (1) air stripping, (2) soil venting, (3) in-well 

aeration, (4) bioremediation.  

Air stripping is a method in which a continuous flow of air is used to evaporate a 

particular liquid component from a solvent mixture.12 The principle behind is closely 

related to the low water-solubility and high vapor pressure of CHCs. However, the 

exhausted air from this process contains toxic CHC vapors, thus, further treatment is 

needed before releasing the vapor mixture to the atmosphere. This can be done in 

combination with activated carbon (AC) adsorption after air stripping,13 which is widely 

used in the industry. The process is cost effective and an appropriate way to remove 

contaminants from groundwater, especially for CHCs that are quite insoluble in water.  
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A similar approach is soil venting. Soil vapor extraction is an in situ air stripping 

process to remove large amounts of CHCs in the underground unsaturated zone.12 As 

mentioned before, the vaporized CHCs exist in the subsurface soil above the groundwater 

level (unsaturated zone). When a pressurized air stream is injected to this area, the CHC 

vapors are collected by several extraction wells located underground, and delivered to a 

secondary vapor treatment system. One disadvantage of this technique is that the 

permeability of soil to air may drastically hinder the performance. 

In-well aeration falls into the same category with the methods explained above.14 

However, a difference is that the vertical well is located in between the upper unsaturated 

zone and the lower saturated zone where groundwater is present. As air is injected into the 

vertical well, the aerated groundwater is circulated with oxygen, thus, volatile 

contaminants start to arise as vapors, whereas water is forced back into the saturated zone. 

The process is repeated continuously using a hydraulic circulation system resulting a rapid 

minimization of contaminant concentration.  

As all three examples are more associated with extraction and absorption, 

bioremediation is a biological method where microorganisms are used to destroy 

contaminants in groundwater and degrade CHCs into nontoxic species. More importantly, 

the feasibility of complete transformation of CHCs into CO2, water and other harmless 

microscopic organisms, is very attractive.12 However, the efficiency and reaction rate of 

bioremediation strongly depends on how fast the microorganisms grow and how effectively 

they can react with various contaminants in groundwater.15 Moreover, undesired products 

such as chlorine-based compounds might exist after treatment. Therefore, more research is 

needed in this area. 
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Until now, air stripping is known as the most cost-effective and efficient process.12 

However, in any case, further treatment on the collected CHC vapors is necessary; which 

is predominantly incineration today. Hence, alternative remediation method is strongly 

recommended. The process ought to be: (1) environmentally clean - minimal production 

of toxins, (2) economically viable - fast reaction rate at low temperature and pressure and 

(3) efficient - complete destruction of the reactants with high conversion and selectivity. 

Herein, the proposed technique is catalytic hydrodechlorination (HDC), which has been 

known as a popular methodology to eliminate chlorinated compounds in both liquid and 

gas phase. This process involves hydrogen and metal-based catalysts which significantly 

increase the reaction rate and reduce toxic by-products by lowering the activation energy. 

Moreover, it leads to a complete destruction of chlorinated compounds so that no further 

treatment is needed.  

 

1.2 Swellable Organically-Modified Silica (SOMS) 

 The motivation of this study is to use a highly hydrophobic support, thereby 

enhancing the resistance to catalyst deactivation. The proposed material has never been 

studied or characterized as a catalyst scaffold. There have been only four publications in 

the literature with respect to the material but mostly on its chemical properties. It is our 

intention to use this material as an alternative support for metal-based catalysts thereby 

obtaining better catalytic stability and activity for HDC reactions. The technical name of 

the material is “swellable organically modified silica (SOMS)”, which is commercialized 
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by ABS material Inc. The company was co-founded by Professor. Edmiston in Wooster 

College, OH. The commercialized name for SOMS is called “Osorb”. 

 SOMS is basically synthesized by a sol-gel synthesis method.16 A detailed synthesis 

procedure is provided in Chapter 3.2.1 and Appendix D. The special characteristics of 

SOMS can be divided into three. First, SOMS is a very hydrophobic and adsorptive 

material. It adsorbs all kinds of organic molecules but repels water. In a recent study from 

Edmiston’s group,17 it was shown that the SOMS adsorbs both polar and non-polar 

organics, whereas activated carbon, which is the most widely used adsorbent, tends to 

adsorb only non-polar molecules. The adsorbing capacity of SOMS was investigated on 

various organic solvents such as PCE, TCE, toluene, methyl t-butyl ether (MTBE), acetone, 

naphthalene, and 1- butanol, dissolved in water. The results showed that SOMS was 

capable of adsorbing all the samples in the range of extraction percentages between 20-

99%. Almost complete removal of PCE and toluene and a 92 % of TCE extraction were 

achieved using 120 ppm solution.17 

 Another interesting aspect of SOMS is that while it adsorbs organic molecules, the 

volume of SOMS expands more than 6 times of its original size.18 In other words, SOMS 

physically takes the organics into its structure, as a consequence, the material mechanically 

expands. It is found that the swelling phenomena creates extra surface areas and pores 

thereby increasing the adsorption capacity as well as the pore volumes. Besides, the 

swelling generates forces more than 100 N/g.18 Figure 1 shows the swelling process when 

acetone was added drop-wise to SOMS. 
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Figure 1. Swelling process of Osorb17 (cited from “Edmiston, P. L.; Underwood, L. A., 

Absorption of dissolved organic species from water using organically modified silica that 

swells. Sep. Purif. Technol. 2009, 66, 532-540.”) 

Lastly, the adsorbed molecules can be easily removed through evaporation. This 

aspect is significantly advantageous compared to activated carbon which requires 

temperature above 700 °C for regeneration. Also, interestingly, the swelling is reversible, 

therefore releasing of the adsorbed organics from SOMS leads to a decrease in volume 

returning to its original size.  

 Due to its exceptional characteristics, the utilization of SOMS can be applicable in 

many different industries. Today, ABS materials Inc. is predominantly using SOMS as an 

adsorbent for drinking water and waste water treatment systems. For example, bio-

modified SOMS is installed near the sewer drain thereby removing the toxins before they 

enter the sewer system. The bio-related functionality is there to accelerate plant growth 

regardless of the amount of pollutants passing through it. This material can be incorporated 

with rain gardens especially in the cities. Not only as an adsorbent, but also SOMS was 

tested for in situ groundwater treatment. The type of SOMS employed for this application 
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is Iron-SOMS where a trace amount of Pd was mixed with nano-scale zerovalent iron (ZVI) 

and placed on the SOMS support.19 Edmiston and coworkers transported Iron-SOMS using 

an injection drill all the way down to at least 20 feet from the ground. The results indicated 

that Iron-SOMS was effective to treat TCE contaminant in groundwater for more than 120 

days. However, partially dechlorinated products were observed which is likely attributed 

to the slow kinetics of the HDC reaction.  

  

 

* Information in this chapter was partially reproduced/adapted from “ Sohn, H.; Celik, G.; 

Gunduz, S.; Dean, S. L.; Painting, E.; Edmiston, P.; Ozkan, U. S., Hydrodechlorination of 

Trichloroethylene over Swellable Organically-Modified Silica (SOMS). Submitted to 

Applied Catalysis B: Environmental” 
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CHAPTER 2 

 

 LITERATURE REVIEW  

 

2.1 Pd-Based Catalysts  

Hydrodechlorination (HDC) of chlorinated compounds using catalysts has been 

gaining a lot of attention from many different journals since the late 1970s. The process 

involves hydrogen as a reducing agent and mostly heterogeneous metal-based catalysts to 

accelerate the dechlorination reaction at moderate temperatures and pressures. The reaction 

has been found to be slightly exothermic. Lots of chlorinated compounds such as TTCE, 

TCE, CTC, TCA and PCBs have been extensively studied for their implications on HDC 

reaction either in liquid or gas phase. In this study, the literature review was done mostly 

focusing on trichloroethylene (TCE) that has been extensively studied. Figure 2 describes 

the chemical structure of TCE and its corresponding HDC reaction. As it can be seen, the 

reaction produces hydrogen chloride and ethane as major products. Hydrogen chloride 

could be easily removed after reaction by neutralization using NaOH. However, 

intermediate products such as 1,1 dichloroethylene (DCE), 1,2 cis-DCE, 1,2 trans-DCE 

and vinyl chloride (VC) can also be detected in notable amounts due to partial 

dechlorination. Among various precious metals, a consensus has been reached in the 

literature that Pd metal-based catalysts have exhibited promising catalytic activity for HDC 
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Figure 2. Hydrodechlorination of Trichloroethylene (TCE) 

of TCE.20 Commonly, palladium metal (Pd) is known as a good hydrogenation initiator 

where its catalyst surface favors dissociation of hydrogen molecules into chemisorbed 

surface hydrogen atoms. Since the catalytic HDC is a surface-mediated reaction, the 

surface hydrogen participates in cleavage of C-Cl bond of chlorinated compounds by 

substituting Cl to H atom. For this reason, Pd supported catalysts have also been frequently 

employed for removal of C-F, C-Br and C-I bonds as hydrodehalogenation catalysts.21 

First of all, Ordóñez and Diez’s group in University of Oviedo (Spain) have 

conducted quite a lot of work on exploring the catalytic activity and stability of Pd 

supported on Al2O3 on HDC of chlorinated compounds.20, 22-28 In one of their early studies 

in 2000, eight different commercial catalysts including noble metals such as Pd, Pt, Rh and 

Ru impregnated on either alumina or activated carbon were tested for their catalyst activity 

on HDC of TTCE and TCE. The reaction was carried out in gas phase at 50 bar and 

300 °C.23 The conclusion was that both Pt and Pd catalyst similarly showed high conversion 

of more than 90%. Later on, the authors performed a follow-up study on Pt and Pd 

supported on activated carbon with a 0.5% metal loading for HDC of TTCE in a continuous 

fixed bed reactor under reaction conditions of 250 °C and 5 bar.25 Results indicated that 
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the Pd catalyst demonstrated better catalytic activity and stability due to high resistance 

from catalyst deactivation such as coking when compared to the Pt based catalyst.  

Reinhard and colleagues in Stanford University have proposed similar works on Pd 

based catalysts for HDC of chlorinated hydrocarbons such as TCE, TTCE and DCEs in 

aqueous phase.29-33 For example, two commercially available catalysts, 1% Pd/Al2O3 and 

Pd black powder were tested for TCE HDC. 97% TCE conversion was obtained over 

Pd/Al2O3 while ethane and HCl were detected as the only products. The reaction was 

performed at ambient temperature and pressure with much diluted TCE.29 In another recent 

study of theirs in 2008,33 authors presented an ex-situ catalytic reductive dechlorination 

(CRD) system which was tested in a real contaminated site located in the Edwards air force 

base in Southern California. The CRD system consisted of a pilot-scale fixed bed reactor 

combined with a hydrogen feed and catalyst regeneration system. The contaminated 

groundwater was pumped above ground, rinsed and bleached, then introduced to the 

reactor where Pd catalyst bed was located. Results indicate that more than 99% of TCE 

was removed constantly during 100 days of operation time.  

Reducing the metal particle size to nanometer range has been considered as a 

suitable way to enhance the catalyst performance. The increase in catalytic activity has 

been attributed to: (1) increase in metal surface area (2) higher dispersion of metal particles 

which increases the exposed surface active sites (3) less mass transfer limitation to the 

catalyst pores. However, catalyst sintering is problematic because metal nanoparticles tend 

to agglomerate to larger size particles under actual reaction conditions, especially in 

groundwater. Therefore, Pd capping agents that allow immobilization of Pd nanoparticles 

on the catalyst surface such as sodium carboxymethyl cellulose (CMC) has been 
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investigated.34-37 Liu et al.34 performed a comparative study for 0.15 wt.% CMC stabilized 

Pd nanoparticles, 0.15 wt.% glucose capped Pd, and neat Pd black nanoparticles on liquid 

phase TCE HDC. The addition of CMC stabilizer to Pd nanoparticles indicated high 

catalytic activity towards TCE conversion due to increase in Pd metal dispersion on the 

catalyst surface. Another study from Zhang et al.35 also showed that 0.33 wt. % CMC-Pd 

nanoparticles over Al2O3 support was 7.3 times active than the commercial Pd/Al2O3 for 

liquid phase HDC of TCE. 

To the best of our knowledge, Pd supported on gold (Au) nanoparticles has 

exhibited the highest reaction rate on TCE dechlorination in the literature. Nutt and 

coworkers were the first group who impregnated Pd on Au nanoparticles in different Pd 

metal loadings from 1% to 35%.38-39 A comparison was mainly made between Pd black 

powders, Pd/Al2O3, Pd nanoparticles and Pd/Au nanoparticles, but other forms such as 

Au/Al2O3, Au/Pd/Al2O3 and Pd/Au/Al2O3 were also examined for their overall catalytic 

activity. The results exhibited that Pd/Au nanoparticles were significantly more active than 

any other catalysts under aqueous phase HDC of TCE at atmospheric pressure and 

temperature. The rate constant obtained from the experiment was more than 70 times 

higher than the commercially available Pd/Al2O3 catalysts. They explained that this is 

probably due to a combination of electronic and geometric effect of Pd and Au 

nanoparticles. Since then, the utilization of Pd/Au NP for HDC of TCE has been 

acknowledged in the literature, and more studies on Pd/Au nanoparticles in terms of DFT 

calculation,40 bio-modification41 and activity comparison to other catalysts42 have been 

conducted. 
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There are three major limitations that make catalytic hydrodechlorination process 

less practical for pilot-scale ground water remediation as well as chlorinated waste 

treatment applications. First, the cost of Pd metal is very expensive. Using 1 wt. % Pd metal 

loading seems reasonable for bench scale experiments; however, when it is scaled-up to 

industrial size which uses several kilograms of Pd metal, the operating cost increases 

tremendously. Secondly, storage and transportation of hydrogen is difficult for some 

contaminated sites. Safety issue can be a huge concern due to high flammability of 

hydrogen, which may lead to explosions under careless maintenance. Lastly and most 

importantly, the extent of catalyst deactivation is severe which degrades the activity 

significantly. This is due to several causes such as chlorine and sulfur poisoning and 

catalyst coking.20  

To reduce the operational cost, non-noble metals have been tested for their 

implications on catalyst activity under HDC TCE conditions. This is to either substitute Pd 

metal or for use as a reducing agent to replace hydrogen. For example, studies on zero 

valent iron (ZVI) has been well documented for in situ groundwater remediation as it can 

act as electron donor to produce hydrogen from water.43-44 The overall dechlorination 

reaction is described in the following equations where R is alkyl group.   

Fe0 + 2H2O → Fe2+ + H2 + 2OH-  

R-Cl + Fe0 + H+ → RH + Fe2+ + Cl- 

However, it has been reported that ZVI itself is not very effective for HDC TCE 

showing very slow reaction rates. Thus to enhance the reaction kinetics, a trace amount of 

Pd was utilized as the second dopant metal which increased the overall catalytic activity.45 
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For example, Lin et al. tested iron supported noble metals such as Pd, Ru, Pt and Au for 

TCE HDC.46 The reaction was in aqueous phase in absence of hydrogen gas at room 

temperature and pressure. 1000 mg/L of TCE was completely removed from the solution 

using 0.25% Pd/Fe within 20 minutes of reaction. Pd/Fe has been also extensively studied 

for hydrodechorination of PCBs,47 dichlorophenol,48 chlorobenzens49 and chlorinated 

methane50 in aqueous phase. Another non-noble metal that has been well investigated for 

ZVI based catalysts is Nickel (Ni). Similar to Pd metal, Ni is also known as a good 

hydrogenation metal which is capable of dissociating hydrogen into chemisorbed surface 

hydrogen.51 In the literature, a consensus has been reached that Ni and Pd act as catalyst 

whereas Fe and Zn are employed as reducing agents.52-53 Thus, Ni/Fe has been extensively 

studied as alternative catalysts to replace Pd/Fe for ground water remediation process. 

Several researches have been proposed that Ni/Fe have shown reasonable catalytic activity 

for liquid phase TCE HDC.53-55  

The implementation of a bimetallic catalytic system often changes the mechanism 

due to modification of electronic inter-relation between two metals and catalyst surface 

structure. Therefore, including ethane, the unique characteristic of bimetallic catalysts is 

that they can also create hydrocarbons such as propane, butane, hexane and octane resulting 

from HDC of TCE over Pd/Fe and Ni/Fe catalysts.52, 56 Schrick et al.52 studied Ni/Fe 

catalysts for HDC of TCE and found out that hydrocarbon products with even number of 

carbons were formed during reaction along with ethane. The production of hydrocarbons 

can be due to the formation of methyl and ethyl radicals resulting from C-C bond scission 

on Pd catalyst. These radicals then float around on the catalyst surface and likely bind to 

excess surface hydrogen generating C2-C4 alkanes.57 Not only can the formation of 
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hydrocarbons, but also valuable olefins such as ethylene be produced. Pt/Cu,58 Pt/Sn,59 

Pd/Ag,60 Pd/NiMgAl,61 PdCu alloy62 and Pt and Pd contacting Cu-hydrotalcite63 have 

shown selectivity towards ethylene under HDC of TCE reaction conditions. Meshesha and 

coworkers have observed close to 100% ethylene selectivity which was obtained at 300 °C 

using PdCu alloy nanoparticles supported over Al2O3.
62 

Several additional techniques have been implemented to make the HDC process 

more economical. The latest employed method could be microwave heating that has been 

presented as an alternative way to heat the reactor up to desired reaction temperature of 

TCE HDC.64-66 This technology is environmentally clean and involves less operational 

costs compared to other heating sources. In addition, alternative organic hydrogen donors 

have been explored such as 2-propanol,67 humic acid68 and formic acid69-70 in liquid phase 

HDC reactions. These organic solvents not only provide a hydrogen source, but also 

slightly enhance the kinetic rate of HDC. Moreover, cathodic hydrogen produced using 

electrolytic cell has been stated in the literature.71  

 

2.2 Catalyst Deactivation 

The catalyst deactivation is a crucial aspect to be taken into account for HDC 

processes. This is because the degradation of catalyst is directly related to the catalytic 

activity, stability and durability. Regarding the HDC reactions, there have been four major 

deactivation sources found for Pd metal-based catalysts. These are as follow: (i) chloride 

poisoning (ii) catalyst coking (carbon deposition) (iii) sulfide poisoning and (iv) 

bicarbonate poisoning.  
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Chloride poisoning and catalyst coking is unavoidable since it is driven from the 

HDC reaction itself. Through the C-Cl and C-C bond cleavage of the chlorinated reactants, 

it generates carbons and chloride radicals on the catalyst surface, which predominantly 

interacts with Pd active sites. Deposited carbons can cause physical fouling due to blockage 

of active sites which decrease the accessibility of the Pd metal to the reactants. Likewise, 

hydrogen chloride and chloride ions could cause significant degradation of the catalysts 

activity and stability. Numerous papers have indicated the inhibition effect of chloride 

poisoning during HDC reactions.15, 20, 27, 51, 63, 72 This can be attributed to the stabilization 

of Pd+2 species on the catalyst surface by chlorine ions, which is not a preferred oxidation 

state for high catalytic activity for HDC reactions. It should be noted that metal phase Pd0 

is more active than its oxidized form of Pd+2 for TCE HDC reaction. Ordóñez and 

coworkers performed a XPS analysis on fresh and used Pd based catalysts and compared 

the Pd+2/Pd ratio between the two.20 The results indicate that this ratio was increased from 

0.3 to 0.75 after the catalysts were used for HDC of TCE in liquid phase. The oxidation of 

Pd0 to Pd+2 is not thermodynamically favorable under rich hydrogen environment, thus the 

conclusion was that released chloride ions stabilize initial Pd+2 by forming PdCl3- and 

PdCl4
2- and stimulates the oxidation by surface protons.20  

With respect to in situ HDC in groundwater, deactivation sources vary a lot because 

of different impurities dissolved in water. Among them, sulfur-containing groups such as 

sulfates have expressed significant effect on the deactivation of the catalyst.22, 26, 33, 71 This 

can occur through a reduction of sulfate species to hydrogen sulfide by sulfate-reducing 

bacteria.33 Hydrogen sulfide and even bisulfide that are often dissolved in water form a thin 

layer on the Pd sites and inhibit the reaction.32  
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SO4
2- + 4H2 → HS- + OH- + 3H2O 

 Pd + HS- + H2O → Pd-S + H2 + bOH- (b is constant) 

Pd + H2S → Pd-S + H2  

Another ionic molecule that degrades the catalyst performance is bicarbonate.30 

This is because conversion of bicarbonate to formates is feasible over Pd catalysts with 

hydrogen. The reaction is shown in equation. Therefore, the reaction competes with HDC 

and eventually slows down the HDC reaction rate.  

HCO3
- + H2 → HCO3

- + H2O 

To overcome all the obstacles mentioned above, using different supports is a good 

methodology in general. For example, the interaction between metal and support oxides 

can make the active sites more resistant to coking. This is attributed to the abundance of 

oxygen on the catalyst surface, which diffuses from the support through oxygen vacancies. 

Yuan and Keane have shown that Pd supported on Al2O3 was more coke resistant than 

supported on activated carbon for HDC of 2,4-dichlorophenol.73 Barrabés et al. 

investigated Pt/CeO2, which is another well-known support for its high oxygen mobility, 

for HDC of TCE.74-75 Interestingly, the results express higher selectivity towards ethylene 

than ethane. Authors established that this is probably because of oxygen vacancies that 

showed activity for scission of C-Cl bond by forming Ce-O-Cl phase.  

Modification of support acidity and basicity are known to alleviate deactivation 

from chloride poisoning. Ordóñez et al. suggested that the more acidic the support is, the 

more the affinity towards chloride ions.20 Having more surface chlorides lead to high 

chance of forming Pd-Cl bonds, which eventually oxidizes Pd0 to Pd+2, thus decreases the 
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catalyst performance drastically. Their results indicated that Al2O3, which is more acidic, 

showed faster deactivation than activated carbon for TCE HDC.  

In order to minimize the contact between Pd metal and poisons such as chloride 

and sulfide-containing species, coating materials such as poly dimethylsiloxane (PDMS) 

have been developed.76-77 This is to enhance the hydrophobicity of the catalysts thereby 

repelling ionic poisons dissolved in groundwater. However, an associated issue is that 

hydrogen chloride produced from the HDC reaction degrades the polymers.   

Finally, regarding the mechanism of TCE HDC, it follows a Langnuir-Hinshelwood 

mechanism where a series of chlorine atoms are eliminated by addition of hydrogen.40, 78 

The dechlorination rate is proportional to the number of chlorine atoms present in the 

compound, thus the reaction rate for less chlorinated compounds such as DCE and VC is 

slower than TCE. The rate-limiting step for HDC of TCE is still disputed. One assertion is 

that the addition of hydrogen to double bond is the rate-limiting step and C-Cl cleavage 

occurs later.40 Another argument is that cleavage of the first C-Cl bond by Pd is the rate-

determining step.79 The most reasonable statement is that the rate-limiting step is the 

electron transfer to the adsorbed reactants. This explains the slow dechlorination rate for 

more chlorinated species such as TCE, which is a weak electron acceptor.52  

Figure 3 shows the well-accepted mechanism for TCE HDC. As can be seen, TCE 

is dechlorinated to DCE products which then again lose one more chlorine resulting in the 

formation of VC molecule. After that, through another dechlorination process, finally 

ethane is obtained as product. The other route is acetylene pathway where acetylene exists 

as surface intermediate product. As mentioned earlier cleaved surface carbon and hydrogen 

interacts with acetylene producing alkanes.  
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Figure 3. Proposed Mechanism for HDC of Trichloroethylene (TCE)80 (cited from 

“Reinhard, M.; Semadeni, M.; Sharma, P. K.; Haag, W. R., Dehalogenation of 

haloaliphatic hydrocarbon compounds in the aquatic and terrestrial environment. 

Bioremediation of Contaminated Soils 1999, 133-174.”) 

 

 

 

* Information in this chapter was partially reproduced/adapted from “ Sohn, H.; Celik, G.; 

Gunduz, S.; Dean, S. L.; Painting, E.; Edmiston, P.; Ozkan, U. S., Hydrodechlorination of 

Trichloroethylene over Swellable Organically-Modified Silica (SOMS). Submitted to 

Applied Catalysis B: Environmental” 
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CHAPTER 3 

 

HYDRODECHLORINATION OF TRICHLOROETHYLENE OVER PD SUPPORTED  

ON SWELLABLE ORGANICALLY-MODIFIED SILICA (SOMS) 

 

3.1 Summary of Chapter 3 

 The catalytic activity and resistance to poisoning of Pd catalysts supported on 

swellable organically-modified silica (SOMS) were investigated for hydrodechlorination 

(HDC) of trichloroethylene (TCE). The promising catalytic activity of 1% Pd/SOMS 

sample was attributed to the high affinity of SOMS for organics and its remarkably high 

hydrophobicity. While latter characteristic repels water, the adsorptive capacity for 

organics allows TCE dissolved in aqueous media to concentrate inside the pores, in the 

vicinity of the active sites, thus helping the kinetics. In the liquid phase, using a continuous 

flow reactor, higher TCE conversion was obtained over the 1% Pd/SOMS compared to the 

commercial 1% Pd/Al2O3 catalyst. When the pores of 1% Pd/SOMS sample were fully 

opened by pre-treating it with ethanol prior to the reaction, HDC activity significantly 

increased. In the gas phase, the extent of adsorption was less, reducing the concentration 

of reactants near the active sites. To determine their resistance to poisoning, 1% Pd/SOMS 

and 1% Pd/Al2O3 catalysts were poisoned ex-situ with Li2S. The ex-situ poisoned 

Pd/SOMS sample maintained its catalytic activity for HDC of TCE. However, a significant 
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loss in catalytic activity of the Pd/Al2O3 catalyst was observed after poisoning. Protection 

from aqueous phase sulfide poisoning was attributed to the hydrophobicity of the 

Pd/SOMS, which would exclude anionic species from the embedded Pd particles. The XPS, 

STEM and ICP-OES results indicated that when Pd/Al2O3 and Pd/SOMS were treated with 

1 M HCl, most of the Pd metal was leached from the Pd/Al2O3 catalyst in contrast to 

Pd/SOMS, which had negligible leaching. Overall, due to hydrophobicity and high affinity 

for organics, SOMS has potential to be used as a catalyst scaffold for different reactions in 

groundwater remediation applications. 

 

3.2 Experimental Section  

3.2.1 Catalyst Preparation 

The synthesis procedure for SOMS was reported previously by Edmiston and co-

workers.16-18, 81-82 In brief, it involves a sol-gel synthesis consisting of polycondensation of 

an aromatically bridged silane precursor (monomer) with flexible linkages between the aryl 

group and the silicon centers (e.g., [bis(trimethoxysilylethyl) benzene (BTEB) shown in 

Figure 4), followed by hydrolysis and condensation reactions initiated by fluoride ion (e.g., 

tetrabutyl ammonium fluoride) as a catalyst (leading to Si-O-Si bond formation). 

Organization of the polycondensed BTEB is aided by - stacking interactions of the aryl 

rings and assembling of particles into generally amorphous, but flexibly crosslinked 

clusters that interlink to form a continuous colloidal gel through kinetic control. After aging 

the gel for 6 days, residual silanol groups are derivatized by end-capping them with organic 

functional groups (e.g., chlorosilane (R-Si(CH3)2Cl)) which prevents Si-O-Si bond 
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formation during drying, preserving flexibility in the matrix. The crucial step in the 

synthesis is the choice of the monomer since swelling behavior is observed only when 

flexible linkages between the aryl group and the silicon centers exist.  

1% wt. Pd/SOMS was prepared using Pd(II) acetate (Sigma-Aldrich 98%) through 

incipient wetness impregnation (IWI) technique. The Pd acetate was first dissolved in 

acetone and stirred rigorously to obtain a homogenous Pd precursor solution. The mixture 

was then added to the SOMS support drop-wise using a micropipette at which point the 

volume of SOMS expanded (swelled) about 2.5x. Once the expansion was reached to a 

maximum state, SOMS was dried at 25°C with constant agitation. The swelling and drying 

process was repeated until all the precursor solution was added to the SOMS support. Pd2+ 

was reduced by swelling the material with a saturated solution of NaBH4 in 95% ethanol. 

The Pd/SOMS particles were then filtered and extensively rinsed with ethanol and then 

with deionized water, and dried at 60°C. The particle size was of the Pd/SOMS was ~150 

m. 

Commercial 1% Pd/Al2O3 was purchased from Sigma-Aldrich. The 1% Pd/Al2O3 

was reduced using 5% H2/He gas at 400 °C for 1 h. The reduction was carried out either 

ex-situ or in situ for liquid phase and gas phase reactions, respectively. To desorb any 

species that may be adsorbed from the atmosphere, the sample was first treated with helium 

at 450 °C for 30 min.  
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Figure 4. Bis(trimethoxysilylethyl)benzene (BTEB) 
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3.2.2 Catalyst Characterization   

3.2.2.1 Raman and Infrared (IR) spectroscopy 

Raman spectra were collected with a Renishaw-Smiths Detection Combined 

Raman-IR Microprobe equipped with Leica and CCD detector (400 X 576). SOMS 

material was placed on a stainless steel sample holder where a helium-neon laser (633 nm) 

beam was focused on a particular spot (x20 objective). The spectra were collected using an 

exposure time of 50 s-1 in the 300-4000 cm-1 range. FT-IR-ATR spectra were measured 

using a Thermo Nicolet 6700 FTIR Spectrometer with a diamond attenuated total 

reflectance accessory.   

 

3.2.2.2 Temperature Programmed Oxidation (TPO) 

SOMS was placed in a 4 mm-ID quartz reactor, which was then loaded into a 

Carbolite MTF 10/15/130 furnace. A gas mixture of 5% O2/He was introduced to the 

reactor at 30ml/min at RT and the outlet stream was connected to a mass spectrometer 

(MKS-Cirrus II) operated in scanning ion mode. The signals from m/z=2 to 60 were all 

monitored in order to detect various products. TPO was performed using a 10 °C/min 

temperature ramp rate at which the temperature was increased from RT to 800 °C.  

3.2.2.3 Surface Area, Pore Size and Pore Volume 

Micromeritics ASAP 2020 (accelerated surface area and porosimetry) instrument 

was used to obtain nitrogen adsorption/desorption isotherms of the SOMS, 1% Pd/SOMS 

and 1% Pd/Al2O3 catalysts. First, the sample was degassed for 12 h at 130 °C under 2 µm 
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Hg of vacuum in order to remove any gas molecules captured inside the pores and 

impurities on the surface. The degassed sample was then transferred to the analysis port 

where the nitrogen adsorption took place at liquid nitrogen temperature. The collected 

isotherms were used to calculate the Brunauer-Emmett-Teller (BET) surface area and 

Brunauer-Joyner-Helena (BJH) pore volumes of the samples. The pore size distribution 

was obtained from the desorption curve of the isotherm.  

 

3.2.2.4 High angle annular dark field (HAADF) scanning transmission electron 

microscopy (STEM) and Energy-Dispersive X-ray Analysis (EDAX) 

HADDF-STEM images were taken by FEI Tecnai F20 instrument equipped with a 

high brightness field emission electron gun (FEG) operated at 200 kV and a HADDF 

detector. Prior to the imaging, the Pd/SOMS and Pd/Al2O3 samples were suspended in 

ethanol and sonicated for 5 min. After obtaining a homogeneous mixture a drop of it was 

added on a Tedpella, Inc. 200 mesh copper grid sample holder, which was coated with 

lacey carbon. For identification of Pd particles, EDAX spectra were collected over all the 

samples. 

 

3.2.2.5 Static Vapor-Phase Adsorption 

Static vapor equilibrium adsorption at 25 °C was measured over time using Pyris 1 

Perkin-Elmer thermo-gravimetric analyzer. A mass of sample was placed on the balance 

and a neat liquid or solid was added to the sealed analysis chamber to yield a static 

condition of saturated vapor. Mass was measured every 6 s until equilibrium was reached.   
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3.2.2.6 X-ray photoelectron spectroscopy (XPS) 

XPS spectra were collected over the Pd/SOMS and Pd/Al2O3 catalysts by using a 

Kratos AXIS Ultra X-ray photoelectron spectrometer with a monochromatized Al Kα X-

ray source operated at 13 kV and 10 mA. The sample was loaded in the chamber using 

carbon tape and was evacuated overnight. For each sample, a survey scan was taken in 

order to identify all the elements present on the catalyst surface. After the survey scan, 

spectra for the specific C 1s, O 1s, Cl 2p, Pd 3d and Si 2p regions were collected. Prior to 

the data analysis, the charging effect was corrected based on the C 1s binding energy of 

284.5 eV. The background subtraction, normalization and peak fitting of the data were 

performed in CasaXPS software.  

 

3.2.2.7 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

To examine leaching characteristics of the active metal in pre-reduced 1% Pd/Al2O3 

and 1% Pd/SOMS, samples 1 M HCl poisoning was conducted by stirring each of the two 

samples in  40 ml of of 0, 0.1 and 1 M HCl solutions for 20 min at RT. The resulting 

mixture was then filtered to remove all the residual solids. The elemental analysis of Pd in 

the HCl solution was conducted utilizing a Perkin-Elmer Optima 4300DV ICP-OES.  

 

3.2.3 Catalyst Activity Testing 

3.2.3.1 HDC of TCE in the Liquid Phase 

A continuous flow, fixed bed reactor was constructed using a LCC-500 fast flow 

liquid chromatography system (Pharmacia). All the experiments were based on equal liquid 
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hour space velocity (LHSV = reactant flow rate/reactor volume). The liquid feed consisted 

of water, TCE, H2 and methanol. Deionized water was saturated with H2 by continuously 

sparging the 4 L source water reservoir. TCE was dissolved in methanol (5.18 mg/mL), to 

allow rapid dissolution, introduced by a syringe pump. TCE solution feed rates were either 

2.4 mL/hr when TCE was limiting or 9.6 mL/hr when the dissolved H2 was the limiting 

reagent. A 50-60 Hz mixer upstream of the catalyst bed ensured a homogenous solution. 

Catalyst was added to a 15 mm diameter water-jacketed chromatography column (GE-

Pharmacia) so that the bed thickness remained constant at 4 mm which required 2.0 g of 

Pd/Al2O3, 0.40 g of Pd/SOMS, and 0.27 g of pre-swollen Pd/SOMS. Catalyst bed was 

maintained at 30 °C. Flow rate was 20 mL/min (~40 bed volumes per min).  

Reaction progress was monitored by measuring the conductivity of the water in the 

effluent of the catalytic bed (HCl production) using a Pharmacia Biotech 18-1500 

conductivity monitor with 1 Hz data acquisition. In addition, a sampling port was used to 

collect water samples for analysis of chlorinated solvents by headspace gas 

chromatography-mass spectrometry (GC-MS) using an 6980/5973 instrument (Agilent).   

 

3.2.3.2 HDC of TCE in the Gas Phase 

The catalytic activity of the 1% Pd/SOMS and 1% Pd/Al2O3 in the gas phase for 

HDC of TCE was measured using a bench-scale fixed-bed flow reactor system. The 

catalyst was first placed inside a 4 mm-ID quartz reactor using quartz wool plugs to support 

the catalyst bed. The reactor was then positioned in the center of a furnace (Carbolite, MTF 

10/15/130) whose temperature was adjusted by an Omega CSC232 PID temperature 
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controller. The outlet of the reactor was connected to an online gas chromatographer 

(Shimadzu Scientific 2010) equipped with a Q-bond column and a flame ionization 

detector (FID) for separation, identification, and quantification of all the products. The inlet 

stream to the reactor contained 0.7% TCE, excess hydrogen (1:30, TCE-to-hydrogen molar 

ratio), and nitrogen as the balance gas. The TCE vapors were generated by using a stainless-

steel bubbler, which contained pure TCE and which was held at 35 °C using nitrogen as a 

carrier gas. The effluent gas mixture from the bubbler was then mixed with additional 

nitrogen and excess hydrogen to obtain 0.7% TCE in feed stream. In order to investigate 

the effect of water on the catalytic activity of the samples, water was added to the reactant 

stream. Similar to the TCE, a water bubbler, which was maintained at 35 °C, was to 

generate water vapor. The total water concentration used in the feed stream was 4%.  

All the gas lines (Swagelok) were held at temperatures above 200 °C to prevent any 

condensation of the reactants and products. Prior to the HDC reaction experiment, the 1% 

Pd/Al2O3 was pre-reduced in situ by using 5% H2/He at 400°C for 1 h. The Pd/SOMS was 

chemically reduced using NaBH4. The quantification of the products and reactants was 

done based on calibration curves that were obtained periodically. The catalytic activity 

comparison between the two samples was based on equal gas hour space velocity (GHSV).  
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3.3 Results and Discussion 

3.3.1 Structure of SOMS 

SOMS is synthesized using a bis(trimethoxysilylethyl)benzene (BTEB) silane 

monomer precursor which contains a benzene ring directly connected to silicon (Figure 4). 

The poly-condensation of BTEB during sol-gel synthesis creates a highly cross-linked 

polymer matrix including covalent linkages between the aryl group and silicon. In a recent 

study, Edmiston and co-workers16, 18 have examined the effect of various parameters such 

as the choice of precursor, solvent, catalysts, aging time and silane concentration to 

investigate the principle behind the swelling behavior. Interestingly, the swelling behavior 

of SOMS was only obtained by the two precursors that included a covalent bond between 

the aryl groups connected to the silicon center. Thus, the flexibility of SOMS is possibly 

correlated to the Si-C-aryl bonds. To obtain a better understanding of the chemical structure 

of SOMS, two different spectroscopy techniques were used. 

 

3.3.1.1 Raman Spectroscopy 

Raman spectrum was collected over the bare SOMS support. Figure 5 (a) shows 

the spectrum region of 300-1800 cm-1. The band with the strongest intensity at 1000 cm-1 

is attributed to mono, 1,3 and 1,3,5 substituted benzenes.83 This indicates that the aromatic 

ring originating from the BTEB precursor was stable throughout the synthesis process. The 

Si-O-Si asymmetric stretching84-85 was observed as a sharp feature at 1079 cm-1 whereas 

the Si-O-Si symmetric stretching86-87 was assigned to a peak at 640 cm-1. Several other 

peaks appeared around the lower wavelength region below 1000 cm-1. The bands at 484 
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and 603 cm-1 are possibly related to three- or four-membered rings of the Si-O-Si 

symmetric stretching mode, which are typically found in silica Raman spectra.88-89 

However, the intensity of these peaks were much lower. The features for Si-CH3 appear as 

a sharp peak at 1240 cm-1 ascribed to the CH3 symmetric deformation.85 Peaks at 812 and 

842 cm-1 were associated to two methyl groups in Si-(CH3)2 binding to the silicon center 

and the band at 1412 cm-1 was attributed to the asymmetric stretching of the CH3 species.85 

It is likely that Si-CH2-R bonds are present in the structure. The 692 and 743 cm-1 bands 

were assigned to the rocking vibration of CH2.
85 Si-O-CH3 bonds were also identified as a 

strong peak at 1181 cm-1.85 The CH3 symmetric stretching in C-CH3 group were also seen 

at 1334 cm-1.85 The higher wavenumber range above 1400 cm-1 are mostly due to 

adsorption of aromatic groups. The 1452, 1588 and 1606 cm-1 peaks are due to aromatic 

rings with different substituents.85, 90    

The high wavenumber-region of the spectrum led to similar observations as seen in 

Figure 5 (b). The adsorption due to C-H stretching in aromatic rings were observed at 3004 

and 3057 cm-1.85, 90 The peaks at 2956, 2901 and 2876 cm-1 are attributed to C-H vibration 

in CH3 or CH2 groups of aliphatic compounds,85, 90 or Si-O-CH3 groups.91   
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Figure 5. Raman spectra of SOMS, a) 300 - 1800 cm-1 and b) 1800 - 4000 cm-1 
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3.3.1.2 IR Spectroscopy 

The structural characteristics of the SOMS materials were also examined using IR 

spectroscopy (Figure 6). The two overlapping peaks at 1034 and 1093 cm-1 indicate Si-O-

Si stretching.92 The shoulder of Si-O-Si band is characteristic of SOMS and due to 

longitudinal-optic (LO)-transverse-optical (TO) splitting of the vibrational modes.  LO-TO 

splitting has been attributed to long range coupling of Coulomb interactions.93-95 

Specifically, the antisymmetric stretching LO3 (1188)-TO3 (1093) cm-1 bands observed in 

SOMS are likely explained as scattering in larger pore structures.96  

The Si-OH groups were not observed, i.e. showing no notable peaks around the 

3000-3600 cm-1 or 950 cm-1 regions.92 This is due to the Si-OH groups being capped by 

treatment with chlorotrimethysilane in the synthesis of SOMS16 leading to O-Si-(CH3)3 

groups which were detected by Raman and observed in the IR by three distinctive peaks at 

764, 845 and 1252 cm-1.92 Multiple bands associated with the aromatic ring were shown in 

the spectrum. Two strong peaks at 688 and 754 cm-1 exhibit features that correspond to 

out-of-plane C-H bending or wagging vibrations of mono and meta substituted benzenes.92, 

97 The in-plane C-H bending was observed around 1400-1700 cm-1 region. The five peaks 

at 1406, 1448, 1489, 1512, and 1606 cm-1 can be related to a combination of mono, ortho, 

meta and para substituted benzenes of the SOMS structure.97  
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Figure 6. IR spectra of SOMS (Data was collected by ABS Materials) 
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3.3.2 Thermal Stability of SOMS 

SOMS is an organosilicates-based material which consists of a crosslinked network. 

It is expected that under extreme thermal treatment, the structure of SOMS collapses due 

to decomposition of the organic groups, resulting in the loss of the swelling capability and 

hydrophobicity. Hence, a TPO experiment was conducted to determine an accurate 

decomposition temperature of the SOMS material. As shown in Figure 7, a significant 

oxygen consumption feature was observed around 500 °C, simultaneously producing a 

large amount of CO2. This clearly shows that the decomposition of SOMS with C-C bond 

cleavage. Some amount of H2O and CH4 was also detected as products. Interestingly, the 

swelling property and hydrophobicity in the post-TPO SOMS sample was still present (data 

not shown). However, the degree of physical volume expansion was significantly reduced 

compared to the fresh SOMS support. The weak thermal stability of the SOMS support 

limited its utilization in the H2 pre-reduction process, which requires high temperatures. 

Thus, for this study, all of the Pd/SOMS samples were pre-reduced using NaBH4 at room 

temperature.  
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Figure 7. Temperature-programmed oxidation (TPO) profiles showing decomposition of 

SOMS at high temperatures (> 450 °C)  
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3.3.3 Surface Area, Pore Size and Pore Volume 

The nitrogen isotherms of the samples were collected using an ASAP 2020 

instrument to obtain BET surface area, BJH pore volume and averaged pore diameter. The 

calculated values are shown in Table 1. The impregnation of Pd on the SOMS support 

showed reduction in surface area, pore volume and averaged pore diameter. This is likely 

attributed to the filling/blockage of the pores of the SOMS support by Pd particles. The 

surface area of 1% Pd/SOMS was higher than that of the 1% Pd/Al2O3 commercial catalyst.  

However, 1% Pd/Al2O3 exhibited a higher pore volume and a higher average pore. The 

BJH pore size distributions are shown in Figure 8. As it can be seen, a significant decrease 

in number of pores of 50-200 Å  over the SOMS support was observed after the Pd 

impregnation process. For Pd/SOMS sample, most of the pores detected were close to 50 

Å  (mesopores) whereas a wide pore size distribution in the range of 50-400 Å  was obtained 

for Pd/Al2O3.  

All the SOMS and 1% Pd/SOMS samples tested here were in their closed state, i.e., 

before any physical expansion of the material has taken place. The open-state of these 

samples were not subjected for the analysis due to the degassing and analysis conditions. 

However, it should be noted that the surface area and pore volume of the open-SOMS and 

open-1% Pd/SOMS are expected to be significantly greater compared to the closed state of 

the two samples. This is attributed to the generation of the inner surface area during 

swelling of the samples, hence, the actual surface area, pore volume and pore size would 

be higher under reaction conditions.    
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Table 1. BET Surface area, pore volume and average pore diameter of SOMS, 1% 

Pd/SOMS and 1% Pd/Al2O3 catalysts 

 
 

 

 

 

Figure 8. BJH Pore size distribution of SOMS, 1% Pd/SOMS and 1% Pd/Al2O3 
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3.3.4 Hydrophobicity and Adsorption Capacity of 1% Pd/SOMS vs 1% Pd/Al2O3 

Adsorption capacity of SOMS for different organics (acetone, heptane, methanol, 

TCE, and benzene) was measured at room temperature using the static vapor adsorption 

technique and compared to that for water vapor. The term adsorption here refers to 

physisorption and involves pore filling.  The mass intake profiles for these organics and 

for water are shown in Figure 9. The results indicate SOMS had adsorptive capacity for 

organic vapors between 60-100% w/w. Capacity after 120 min exposure time was generally 

non-selective across all organic vapors.  In contrast, water vapor adsorption was <7% w/w, 

verifying the high hydrophobicity of SOMS. 

In an earlier study by Edmiston and co-workers,17 SOMS was shown to be capable 

of adsorbing both polar and non-polar organic substances dissolved in aqueous phase. The 

study reported adsorption capacity for several organics, including PCE, TCE, toluene, 

methyl t-butyl ether (MTBE), acetone, naphthalene, and 1-butanol. Especially several 

compounds that are very relevant to water contamination problem such as PCE, TCE and 

toluene were adsorbed from water by SOMS at extraction levels of 92% or above.17  

Figure 9 (b) shows a comparison of 1% Pd/SOMS and 1% Pd/Al2O3 catalysts and their 

adsorption uptake capacities for acetone and water. The adsorption selectivity of acetone 

to water, i.e., ratio of the weight of acetone adsorbed to that of water adsorbed, was seen 

to be much higher for Pd/SOMS than it was for Pd/Al2O3 as seen in the inset. It also shows 

that SOMS is much more hydrophobic than Al2O3 and the Pd impregnation of the reduction 

step with NaBH4 does not change the hydrophobic nature of this material.  
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Figure 9. a) Adsorption of different organic groups on 1% Pd/SOMS, b) Adsorption of 

water and acetone on 1% Pd/SOMS and 1% Pd/Al2O3 catalysts (Data was collected by 

ABS Materials) 
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3.3.5 HDC of TCE in Liquid Phase 

3.3.5.1 Pd/SOMS vs. Pd/Al2O3   

The catalytic activity of Pd/SOMS and Pd/Al2O3 was investigated in liquid phase 

for HDC of TCE using a continuous flow reactor system where the aqueous phase reactant 

mixture (TCE + water), was introduced into a fixed catalyst bed. A thin bed of supported 

catalyst was used to give a short residence time to better assess the kinetics of the HDC 

reaction. The effluent stream from the reactor was monitored by a conductivity detector, 

where the concentration of HCl was directly correlated to hydrodechlorination activity of 

the catalyst. These experiments were conducted in three parts: (i) with 180 M TCE (24 

ppm) in the feed, i.e., TCE is the limiting reactant; (ii) with 320 M TCE (42 ppm) in the 

feed, i.e., H2 is the limiting reactant; (iii) ending with TCE-free feed. In all three parts of 

the experiment, H2 concentration in the feed was kept constant at 775 M.  

Figure 10 (a) shows the liquid-phase hydrodechlorination of TCE over 1% 

Pd/Al2O3 at three different TCE concentrations. The green bar at the top of each section 

indicates the theoretical HCl concentration when complete hydrodechlorination of TCE is 

achieved. When 180 M of TCE was introduced to the reactor, after a transient period of 

290 s, a steady-state percent hydrodechlorination (HDC) of around 35% was obtained over 

the 1% Pd/Al2O3 catalyst. Here %HDC is defined as 100 x (moles of HCl produced) / (3 x 

moles of TCE fed). The %HDC slightly increased to 40% as TCE concentration was 

increased to 320 M. As expected, when there was no TCE in the reactor feed, as shown 

in the third section of the graph, the HCl concentration in the effluent quickly dropped to 

0 M. Water collected during the steady-state period (t = 1,200 s) was tested for the 
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presence of chlorinated solvents by GC-MS. At steady state, TCE (Cout/Cin = 0.25), and a 

range of partially dechlorinated compounds including dichloroethylene, and vinyl chloride 

were detected in the effluent, supporting incomplete HDC reaction as included by sub-

stoichiometric HCl production.  

Pd/SOMS catalyst showed a different performance from Pd/Al2O3 (Figure 10 (b)). 

For Pd/SOMS, the transient period was much longer (850 s) as the HCl concentration 

gradually rose to the steady-state value. The hydrodechlorination activity was higher than 

that of Pd/Al2O3, with 63 and 79% HDC conversion levels, for 180 M and 320 M of 

TCE inlet concentrations, respectively. It should be noted that the Pd/SOMS initially 

loaded into the bed was in the closed (unswollen) state. In other words, the catalyst was 

not pre-treated with an organic solvent, which would swell the pores prior to the reaction. 

The collapsed initial pore architecture may account for the slow approach to steady-state 

and the long transient period, during which the pores of the SOMS support are expected to 

be filled by TCE adsorption. In other words, during this period TCE would be 

concentrating inside the pores. Another interesting observation from these experiments is 

that HCl formation continued for an extended time (1500 s) after discontinuing TCE 

addition to the deionized feed water. Continued HCl production can be explained by the 

reaction continuing from the reservoir of adsorbed TCE. The amount of chlorinated 

solvents in the reactor effluent was measured at t = 1000, 2500, 5000 s ([TCE]in = 180, 320, 

and 0 M, respectively). At all-time points the amount of TCE in the reactor effluent water 

was undetectable by GC-MS. An amount of vinyl chloride approximately 10% of the TCE 

effluent concentration was detected when TCE was in stoichiometric excess of H2 (t = 2500 

s). Ethane was detected at all-time points, but was not quantified.  
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The result shown for Pd/SOMS is surprising and significant as it was deduced that the 

SOMS support itself has a large adsorptive capacity for TCE, resulting in a high 

concentration of the reactant inside the pores and the ability to “buffer” TCE input loads. 

An amount of vinyl chloride likely escapes during the elevated TCE input since the vinyl 

chloride is more soluble in water and likely builds up in the pores due to H2 starvation. The 

high storage capacity is a unique feature which is facilitated by the swelling and adsorptive 

characteristics of SOMS. The hydrophobic nature of SOMS, which repels water, but allows 

adsorption of organics inside the pores appears to improve the kinetics, since local 

concentration of TCE inside the pores, i.e., in the vicinity of the active sites would be much 

higher than in the bulk of the liquid.  

To examine the effect of volumetrically expanding the pores, Pd/SOMS was first 

pretreated with ethanol in order to reach its maximum swollen state to make the catalyst 

pores fully opened prior to reaction. The Pd/SOMS-open was then tested for HDC of TCE 

(Figure 10 (c)). When the pores are volumetrically expanded by ethanol pre-treatment, a 

significant increase in the HDC conversion was obtained over the 1% Pd/SOMS-open 

compared to 1% Pd/SOMS-closed and 1% Pd/Al2O3 catalysts in both TCE feed 

concentrations. The HCl concentration obtained with 180 M TCE feed reached a 

maximum value at 94% of HDC conversion. This is 31% greater compared to Pd/SOMS-

closed sample. In the second region where 42 ppm of TCE feed was utilized, %HDC 

reached 84%. An important observation is that the approach to steady-state i.e., transient 

period was much shorter (420 s) for the Pd/SOMS-open sample since the pores were 

already fully opened when the feed was introduced and the TCE could concentrate inside 

the pores much faster. Similarly, the production of HCl was continued for a shorter time 
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(900 s) after addition of TCE to reactant stream was stopped, compared to the Pd/SOMS-

closed. This is likely due to the higher conversion rate of the reactant, which results in a 

faster depletion rate of the TCE “stored” in the pores. Chlorinated solvent concentrations 

in the effluent were measured at t = 1800, 3000, 4500 s. TCE and all partially dechlorinated 

compounds were undetectable at 1800 s ([TCE]in= 180 M) and 4500 s ([TCE]in= 0 M, 

post addition). When TCE was in excess (t = 3000 s) a small amount of TCE (Cout/Cin = 

0.02) and vinyl chloride were detected, however, the open state-SOMS has capability of 

adsorbing and TCE was still adsorbed by the SOMS.  

The faster kinetics due to concentration of TCE inside the pores is seen more clearly 

when the results obtained over Pd/Al2O3 and Pd/SOMS (both open and closed) are 

compared. In these experiments, the feed flow rate and concentration were kept constant, 

but the amount of Pd/Al2O3 in the reactor was more than 5and 7 times that of the Pd/SOMS 

and Pd/SOMS-open, respectively. This result shows that the high hydrodechlorination rates 

obtained over Pd/SOMS (both open and closed) cannot be explained by their higher surface 

areas. 
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Figure 10. Catalytic activity data for a) 1% Pd/Al2O3, b) 1% Pd/SOMS-closed and c) 

Pd/SOMS-open for HDC of TCE in continuous flow liquid-phase reactor (Data was 

collected by ABS Materials) 
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3.3.5.2 Catalytic activity of Li2S poisoned Pd/SOMS and Pd/Al2O3 

Another advantageous aspect of SOMS material is the hydrophobicity which makes 

the Pd/SOMS catalyst considerably resistant to ionic poisons. Various ionic poisons, which 

exist in groundwater, decrease the performance of the catalyst. Among them, several 

studies have shown that sulfur containing groups have a significant impact on the stability 

of Pd-based catalysts used for HDC of TCE. In this study, lithium sulfide (Li2S) was used 

as a model poison compound in order to investigate the effectiveness of the hydrophobic 

SOMS support in protecting the Pd active sites from poisoning.  

HDC activity was measured for 1% Pd/SOMS was poisoned ex-situ by soaking in 

a solution containing 5 ppm of Li2S and 1 ppm Na2CO3 for 1 hr. As a comparison, 1% 

Pd/Al2O3 was also poisoned using Li2S under the same conditions. Figure 11 (a) and (b) 

show the catalytic activity data collected over the two Li2S-poisoned-samples for HDC of 

TCE. It is clear that a complete deactivation was observed for the Pd/Al2O3 catalyst after 

poisoning whereas Pd/SOMS remained partially active. 

As previously mentioned, the observed initial time lag over Pd/SOMS catalyst was 

ascribed to the adsorption time of TCE into the pores of the support. However, compared 

to the fresh 1% Pd/SOMS-closed, the approach to steady state was slower (850 s vs 4100 

s), i.e., more time was required to reach to the same conversion at steady-state for the 

poisoned sample. The vapor phase adsorption of TCE to Pd/Al2O3 and Pd/SOMS before 

and after poisoning was measured (Figure 12). Similar to other organic vapors, Pd/SOMS 

has a high adsorption capacity for TCE, 125% w/w, which is 10x more that the amount of 

TCE adsorbed by Pd/Al2O3. Exposure of Pd/SOMS to Li2S had no deleterious effect on 
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the TCE adsorption, indicating that the slower activity is due to changes in catalyst activity 

and not the affinity of the sorbent support. The slower rise time is likely due to poisoning 

of Pd particles near the surface of the SOMS support whereas particles deeper in the 

hydrophobic matrix appear to be protected from sulfide. TCE must adsorb further into the 

pores to reach active catalyst. A longer time-lag was also seen when the TCE flow was 

stopped in which more than 50 min was spent to release all the adsorbed TCE molecules. 

These data indicate that the SOMS matrix can exclude anionic poisons, especially if the 

particles are embedded in the matrix where aqueous solutions cannot penetrate.  
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Figure 11. Catalytic activity data for a) Li2S-poisoned 1% Pd/Al2O3 and b) Li2S-poisoned 

1% Pd/SOMS-closed for HDC of TCE in continuous flow liquid-phase reactor (Data was 

collected by ABS Materials) 
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Figure 12. TCE adsorption profile for fresh and Li2S-poisoned 1% Pd/SOMS-closed and 

fresh 1% Pd/Al2O3 catalysts (Data was collected by ABS Materials) 
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3.3.6 Pd leaching with HCl 

Catalyst deactivation due to HCl was investigated since HCl is a potential inhibitory 

product of the HDC of TCE reaction. The chloride ions interact with Pd active sites, they 

may affect the oxidation state of Pd, or facilitate the carbon deposition on the catalyst 

surface.20, 61 Besides, Pd leaching has been reported due to decrease in pH during 

hydrodechlorination reactions.73, 76 Similar to the previous sulfur poisoning studies, it was 

expected that the hydrophobicity of the Pd/SOMS catalyst provide some protection by 

repelling the Cl- ions. However, it is possible that the resistance to chlorides may decay 

when high concentration of HCl is used. To allow comparison, both Pd/SOMS and 

Pd/Al2O3 were treated ex-situ using 1 M HCl and characterized using XPS, STEM/EDAX 

and ICP-OES techniques.     

   

3.3.6.1 XPS Results 

Figure 13 (a) shows the Cl 2p spectra collected over the HCl-treated Pd/SOMS and 

Pd/Al2O3 samples. The high intensity of the peak validates that Cl ions were adsorbed on 

the Pd/Al2O3 catalyst surface in contrast to Pd/SOMS sample where no Cl signal was 

detected. Regarding the Si 2p spectra, no oxidation state change of the Si was observed. 

The peak at 102.5 eV indicates that Si species consist lower oxidation state (1+ and 2+) 

including features of SiC peak.98-100 The spectra for Pd 3d for Pd/Al2O3 in Figure 13 (c) 

were deconvoluted in order to perform quantification of the oxidation state of Pd particles 

and to understand the change in oxidation states due to HCl treatment. The peak 

assignments for Pd0 and Pd2+ were determined based on the literature.101-103 The constraints 
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used in fitting the spectra were that the ratio of the intensities of 3d3/2 and 3d5/2 was 2:3 and 

the two peaks were 5.26 eV apart from each other. Since the majority of the Pd particles 

were located inside the SOMS structure, no Pd was observed for Pd/SOMS (data not 

shown). However, using the same Pd loading, two distinctive peaks were found in the Pd 

3d spectra over the pre-reduced Pd/Al2O3 catalyst. These results demonstrate that the Pd is 

embedded in the SOMS support. The effect of HCl treatment on the oxidation state of Pd 

on the Al2O3 support was apparent where a significant decrease in Pd signal intensity was 

observed due to Pd leaching. Furthermore, the oxidation state of Pd was increased from 

0.12 (pre-reduced) to 1.98 after HCl treatment. This may be attributed to the formation of 

PdCl3- and PdCl4
2- complexes, which indirectly affect the change of oxidation state from 

Pd0 to Pd2+ by stabilizing Pd in the higher oxidation state.20  
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Figure 13. XPS spectra collected over fresh and HCl-treated 1% Pd/Al2O3 and 1% 

Pd/SOMS catalysts: a) Cl 2p, b) Si 2p and c) Pd 3d 
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3.3.6.2 STEM/EDAX and ICP-OES Results 

STEM and TEM images were taken to observe the particle size and Pd dispersion 

on SOMS and Al2O3 supports. Figure 14 (a) presents STEM images of the fresh 1% 

Pd/SOMS where white dots represent Pd metals. The Pd metal particles are not 

homogeneously dispersed on the SOMS support. The particles size varies from in the 5-30 

nm range. In some areas, Pd particles were seen to agglomerate forming aggregates. 

Heterogeneity may be due to non-uniform Pd distribution post-drying and/or the chemical 

reduction process where BH4
- must penetrate the pores to reduce Pd2+. In contrast to 

Pd/SOMS, the fresh 1% Pd/Al2O3 catalyst (Figure 14 (b)), exhibits a uniform dispersion of 

Pd metal with a very narrow particle size range of 2-5 nm.  

STEM images and EDAX spectra were obtained over the HCl-treated Pd/Al2O3 

catalysts. After the 1 M HCl treatment, most of the Pd particles were leached from the 

Al2O3 support as it is shown in the EDAX spectra which no longer displays a Pd peak 

(Figure 14 (d)). On the other hand, most of the Pd metal was still present in the HCl-treated 

Pd/SOMS sample (Figure 14 (c)). These results show that the hydrophobicity of the SOMS 

support plays an important role in protecting the Pd particles from chloride ions.  

ICP-OES experiment was carried out to quantify the Pd leaching as well as to 

compare the chloride resistance of the Pd/SOMS and Pd/Al2O3 catalysts. The concentration 

of the Pd in the filtered solution (post-treatment) was acquired and compared to the original 

amount of Pd (1%). Based on these measurements, the percentage of Pd leaching was 

calculated and are shown in Table 2. Results from a control experiment where the catalysts 

were soaked in water only are also included to isolate the degradation effect due to HCl. 
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As it can be seen, no Pd leaching was observed using the 0 M HCl (pure water). When the 

HCl concentration was increased to 0.1 M, 74.4% of Pd leached out to the HCl solution 

from the Al2O3 support in contrary to the Pd/SOMS in which only 1.6% of Pd was leached. 

At 1 M HCl concentration, all the Pd particles were removed from the Al2O3 support as 

opposed to 6.4% of Pd/SOMS. These results show that the Pd sites over Pd/SOMS are 

better protected against leaching compared to Pd/Al2O3.  

 

Table 2. ICP-OES results showing percentages of Pd leached from 1% Pd/Al2O3 and 1% 

Pd/SOMS samples after they were exposed to different concentrations of HCl 
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Figure 14. STEM images of fresh and HCl-treated Pd/Al2O3 and Pd/SOMS catalysts 
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3.3.7 HDC of TCE in the Gas Phase 

In the gas phase, the degree of swelling of SOMS is much smaller and slower than 

it is in the liquid phase. Part of this is also due to the higher temperatures used in the gas-

phase experiments. As mentioned earlier, the pore-opening process may play an important 

role for obtaining high catalytic activity since it impacts the accessibility of the Pd active 

sites and facilitates the concentration of the reactant (TCE) near the active sites (and 

potentially allowing HCl egress). Figure 15 shows a comparison of the TCE conversion on 

the Pd/SOMS and Pd/Al2O3 catalysts. In fresh form, 1% Pd/Al2O3 sample exhibited 

significantly higher catalytic performance at all temperatures tested compared to Pd/SOMS 

(fresh). The difference in catalytic activity of the Pd/SOMS between liquid and gas phase 

suggests that opening of the pores in SOMS is a key to its superior catalytic performance 

in the liquid phase HDC of TCE.  The fact that Pd is embedded in SOMS helps the kinetics 

(including protection from anionic poisons), but may lead to a barrier to activity unless 

there is sufficient adsorption of TCE inside the pores.  

The samples treated by 1 M HCl were also tested for gas-phase HDC of TCE. Due 

to strong Pd leaching over the Pd/Al2O3 catalyst, no conversion of TCE was observed. On 

the other hand, although the TCE conversion is low, there was almost no difference in 

terms of the catalytic activity between the fresh and HCl-treated Pd/SOMS. Figure 15 (c) 

shows the percent loss in TCE conversion over the two samples at 50, 100 and 150, 200 °C. 

These results are significant in reiterating the importance of the pore architecture in SOMS 

as well as its ability to protect the Pd sites from leaching.  
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Lastly, the effect of water on the hydrodechlorination activity of Pd/Al2O3 and 

Pd/SOMS was examined, by adding water to the reactant stream. In the presence of water 

(4%), significant decrease in TCE conversions were observed over the Pd/Al2O3 catalyst 

in comparison with the case when the feed was water-free. There appears to be a strong 

inhibition effect with water over Pd/Al2O3.  

In contrast, no decrease in TCE conversions were observed for Pd/SOMS sample 

with water. This indicates that the strong hydrophobicity of the SOMS support plays an 

important role for alleviating the water inhibition effect. Figure 16 (c) indicates the percent 

loss in TCE conversion in the presence of water in the TCE reactant stream. Interestingly, 

when the reaction temperature was increased to 200 °C, Pd/Al2O3 showed better catalytic 

performance compared to Pd/SOMS in the presence of water. This is likely due to a 

decrease in the hydrophobicity of the SOMS at higher temperatures. When the %HDC 

values were compared (not shown), very similar trends were observed in all cases. 
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Figure 15. Catalytic activity data for fresh and HCl-treated of a) 1% Pd/Al2O3 and b) 

1%Pd/SOMS samples for HDC of TCE in continuous flow gas-phase reactor, c) percentage 

loss in TCE conversion due to HCl treatment 
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Figure 16. Catalytic activity data for a) 1% Pd/Al2O3 and b) 1%Pd/SOMS for HDC of TCE 

in the presence/absence of water in continuous flow gas-phase reactor, c) percentage loss 

in TCE conversion due to water in the feed 
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3.4 Conclusion of Chapter 3 

Swellable organically-modified silica was shown to be a promising support for catalysts 

used for catalytic treatment of water contaminated with chlorinated hydrocarbons, 

specifically TCE. Both the swelling capability of SOMS and it high hydrophobicity play a 

role in improving the kinetics of hydrodechlorination of the reaction, by concentrating the 

organic contaminants inside the pores in the close vicinity of the pores. Pd catalysts 

supported on SOMS showed a higher HDC activity in the liquid phase compared to 

Pd/Al2O3 catalysts. Pd/SOMS catalysts were also shown to be more resistant to 

deactivation by sulfur compounds or chloride ions than those supported on alumina. Pd 

species inside the pores of the SOMS support were also shown to be protected against 

poisoning and leaching in lower pHs. This study demonstrates the high potential of these 

materials as catalyst scaffolds in many applications for catalytic water treatment.   

 

 

* Information in this chapter was reproduced/adapted from “ Sohn, H.; Celik, G.; Gunduz, 

S.; Dean, S. L.; Painting, E.; Edmiston, P.; Ozkan, U. S., Hydrodechlorination of 

Trichloroethylene over Swellable Organically-Modified Silica (SOMS). Submitted to 

Applied Catalysis B: Environmental” 
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CHAPTER 4 

 

HIGH-TEMPERATURE-TREATED SWELLABLE ORGANICALLY- 

MODIFIED SILICA (H-SOMS) AND ITS APPLICATION TO GAS-PHASE  

HYDRODECHLORINATION OF TRICHLOROETHYLENE 

 

4.1 Summary of Chapter 4 

 Pd supported on swellable organically-modified silica (SOMS) and high-

temperature-treated swellable organically-modified silica (H-SOMS) were tested for its 

catalytic activities under gas-phase hydrodechlorination (HDC) of trichloroethylene (TCE) 

conditions. High-temperature treatment on SOMS resulted in increase in surface area and 

pore diameter of the SOMS material (H-SOMS). In addition, the dispersion of Pd on H-

SOMS was significantly improved with smaller Pd particle sizes compared to Pd/SOMS 

catalyst. The reduction and re-oxidation of Pd were investigated using XANES technique. 

It was found that the Pd sites in the pores of SOMS was accessible to small molecules such 

as H2 indicating reduction of Pd, whereas oxidation of Pd was limited even at higher 

temperatures when O2 was used. The selective adsorption according to the particle size of 

a molecule was only obtained over Pd/SOMS catalyst. For Pd/H-SOMS, because the pores 

were widely open than Pd/SOMS, both reduction and oxidation of Pd were observed. The 

order of catalytic activity towards gas-phase HDC of TCE was obtained as Pd/H-SOMS >  



  63 
 

Pd/SOMS, but both catalysts were less active compared to Pd/Al2O3. However, when water 

was added to the reactant stream (TCE+H2O), significant water inhibition effect was 

revealed for Pd/Al2O3, leading to a complete degradation of the catalyst. On the other hand, 

Pd/SOMS and Pd/H-SOMS maintained its catalytic performances due to hydrophobic 

property of the supports. When all the samples were treated with 1 M HCl, most of the Pd 

particles were leached out from the Al2O3 support contradictory to Pd/SOMS where no Pd 

leaching was observed. With respect to Pd/H-SOMS, although the support was 

hydrophobic, a fair amount of Pd was removed from the support (Pd/Al2O3 > Pd/H-SOMS 

> Pd/SOMS). 

 

4.2 Experimental Section 

4.2.1 Catalyst Preparation 

A detailed sol-gel synthesis method to prepare SOMS was reported by Edmiston 

and coworkers.16-18, 81-82 First of all, a solution of 0.144 mol of bis(trimethoxysilylethyl) 

benzene (BTEB) was dissolved in 220 ml of acetone. The solution was added to another 

solution which contains 1.5 ml of 1 M tetrabutylammo-nium fluoride in 7.8 ml of water. 

The mixing initiated gelation and the resulting gel was kept at room temperature (RT) for 

6 days. Through evaporation of the solvents, the remaining solids were filtered and rinsed 

with acetone. The solids were then grounded and derivatized using 5 v/v % solution of 

cyanopropyltrimethylsilane in acetonitrile for 24 h. Finally, the solution was filtered and 

the remaining solids were washed with acetone and dried at 110 °C to acquire SOMS with 

a white color.  
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The high-temperature-treated SOMS, referred to as H-SOMS in this paper, was 

prepared by calcining SOMS under inert conditions. The SOMS was first saturated with 

acetone until no more volume expansion was observed (fully swollen). This was to increase 

the surface area and pore volume of the SOMS to its maximum state before the calcination 

was carried out. The saturated SOMS was placed into a sealed horizontal quartz tube which 

was flushed with nitrogen for 5 min to remove oxygen inside. The quartz tube was then 

transferred into the center of a heated furnace at 600 °C while nitrogen was flowing through 

the tube. SOMS was calcined for 2 hr under inert conditions (nitrogen). Afterwards, the 

calcined SOMS, i.e. H-SOMS, was obtained as brown-colored solids. 

Incipient wetness impregnation (IWI) technique was utilized to place Pd particles 

on SOMS support. A known amount of Pd acetate solids were dissolved in acetone solution 

in order to obtain 1% wt Pd. The Pd precursor solution was then added drop-wise until 

SOMS was saturated reaching its maximum expansion state. At this point, the volume of 

SOMS was about 2.5 times compared to its original size. The Pd impregnated SOMS was 

then dried at 25°C with constant agitation to prevent migration of the Pd particle towards 

a certain direction during evaporation (observed only over SOMS). The entire process was 

repeated multiple times to use all the precursor solution. The 1% Pd/SOMS was obtained 

after drying at the end. For H-SOMS, similar preparation steps were employed, except that 

the solids were dried at 100 °C.  

The reduction of Pd (Pd2+ to Pd0) was carried out chemically using a saturated 

solution of NaBH4 in 95% ethanol in the case of 1% Pd/SOMS. After Pd/SOMS was 

soaked in the NaBH4 solution, it was filtered and rinsed with ethanol followed by deionized 

water. The remaining solids were dried at 60 °C. In regards to 1% Pd/H-SOMS, 5% H2/He 
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gas was utilized at which the catalyst was reduced in situ at 400 °C for 1 h. The reduced 

Pd/H-SOMS was then treated with helium at 450 °C for 30 min for surface clean-up. For 

comparison purposes, 1% Pd/Al2O3 was also purchased from Sigma-Aldrich and went 

through the same pre-reduction process as Pd/H-SOMS.  

  

4.2.2 Catalyst Characterization 

4.2.2.1 Temperature Programmed Desorption (TPD) 

TPD experiment was performed using a Carbolite MTF 10/15/130 furnace where a 

4 mm-ID quartz reactor located at the center of the furnace. SOMS was first placed inside 

the quartz reactor supported by quartz wools. A continuous flow of pure helium was then 

introduced to the reactor at 30 ml/min at RT and reached a mass spectrometer (MS - MKS-

Cirrus II) operated in scanning ion mode. Once a stable MS signal of helium was obtained, 

the furnace temperature was increased gradually at a ramp rate of 10 °C/min from RT to 

800 °C and stayed there for few hours. For identification of the products, signals from 

m/z=2 to 60 were collected.  

 

4.2.2.2 29Si Nuclear magnetic resonance (NMR) and Infrared (IR) Spectroscopy 

29Si MAS (Magic Angle Spinning) NMR spectra were collected over Pd/SOMS 

and Pd/H-SOMS samples using Bruker DPX 300 MHz NMR instrument at a resonance 

frequency of 59.6 MHz. A standard of TMS was used as a reference for 0 ppm. SpinWorks 

4.2.3.0 © 2016 software was utilized for line broadening of the spectra. FTIR-ATR spectra 
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of SOMS and H-SOMS were acquired using a Thermo Nicolet 6700 FTIR Spectrometer 

with a diamond attenuated total reflectance accessory.   

 

4.2.2.3 Surface Area, Pore Size and Pore Volume 

(BET) surface area and Brunauer-Joyner-Helena (BJH) pore volumes of SOMS, H-

SOMS, Pd/SOMS, Pd/H-SOMS and Pd/Al2O3 were measured using Micromeritics ASAP 

2020 (accelerated surface area and porosimetry) instrument. The samples were first 

degassed for 12 h at 130 °C under 2 µm Hg of vacuum and transferred to the analysis port 

to obtain nitrogen adsorption/desorption isotherms of the samples. The analysis was 

conducted at liquid nitrogen temperature and the saturation pressure of nitrogen was 

measured frequently to improve accuracy of the relative pressure calculation. The BJH 

pore size distribution was acquired using the desorption branch of the isotherm.  

 

4.2.2.4 High Angle Annular Dark Field (HAADF) Scanning Transmission Electron 

Microscopy (STEM) 

Identification and particle size information of Pd were obtained by taking HADDF-

STEM images. A small amount of Pd/SOMS, Pd/H-SOMS and Pd/Al2O3 was first 

dissolved in ethanol and stirred rigorously for 5 min using a sonicator. The resulted solution 

was then placed drop-wise on a Tedpella, Inc. 200 mesh copper grid coated with lacey 

carbon sample holder. After a drying step at RT for 1 hr, the sample holder was transferred 

to FEI Tecnai F20 instrument equipped with a high brightness field emission electron gun 
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(FEG) operated at 200 kV and a HADDF detector. Multiple images were taken in different 

spots of the TEM grid to ensure uniformity of the Pd particle sizes.  

 

4.2.2.5 Static Vapor-Phase Adsorption 

Pyris 1 Perkin-Elmer thermogravimetric analyzer (TGA) was exploited to obtain 

acetone adsorption profiles of the Pd/SOMS, Pd/H-SOMS and Pd/Al2O3 catalyst. The 

sample was placed inside a seal container in which a saturated acetone vapor was 

introduced. The mass of the sample was first measured at 0 s and collected continuously 

every 6 s until no mass increased was observed. Percentage increase in mass (%) was 

calculated for each sample (increased mass / original mass × 100).   

 

4.2.2.6 CO Chemisorption 

Carbon monoxide (CO) were used as a probe molecule in order to obtain the 

dispersion of Pd particles on SOMS, H-SOMS and Al2O3 supports. A similar reactor 

system used in the TPD experiment was employed with an addition of a 6-port valve which 

allows to send CO gases in pulses. All the samples were first pre-reduced prior to CO 

chemisorption. Pd/SOMS was reduced chemically using NaBH4 solution while the other 

two were pre-reduced in situ under 5% H2/He at 400 °C. The CO chemisorption started at 

RT sending a known amount of CO to the catalyst bed in several pulses until equilibrium 

was reached. The outlet of the reactor was connected to a MS and the amount of CO uptake 

at each pulse was quantified based on the feed (250 µl sample loop) which was calibrated 

before the reaction. The Pd dispersion was calculated as “number of moles of Pd reacted 



  68 
 

with CO / number of moles Pd in the sample”. The calculation was performed assuming 

1:1 ratio of Pd to CO.  

 

4.2.2.7 In Situ X-ray Absorption Near Edge Structure (XANES) Spectroscopy  

In situ XANES spectra were collected at the insertion device (Sector 10-ID) 

beamline of the Materials Research Collaborative Access Team (MRCAT) located at the 

Advanced Photon Source (APS) - Argonne National Laboratory. The measurements were 

performed in transmission mode using a Si (111) monochromator with a harmonic rejection 

mirror covered with Pt and Rh. The 1% Pd/SOMS, 1% Pd/H-SOMS and 1% Pd/Al2O3 

samples were first finely ground with/without addition of silica as a diluent to obtain a 

proper Pd K edge (24.36 KeV) jump. The prepared three samples were then pressed gently 

into a six-well sample holder made of stainless steel which was inserted horizontally to a 

45 cm long quartz tube (2 cm ID). The inlet and outlet of the quartz tube were connected 

to Swagelok gas lines to allow in situ experiments.  

All the samples went through the same treatment conditions as follow: (1) pre-

oxidation at 150 °C, (2) oxidation at 250 °C (3) reduction at 150 and 250 °C, (4) re-

oxidation at 150 and 250 °C. The sample was kept at each temperature for 30 min. The 

gases used for oxidation and reduction were 5 % O2/He and 3.6 % H2/He, respectively. The 

switch between gases was made after the existing gas in the lines was flushed with helium. 

It should be noted that it was not possible to collect the XANES spectra for all three 

samples simultaneously. Since only 15 s was spent to collect XANES spectrum for each 

sample, there is a 15 s time delay between the first and second sample. Likewise, the first 



  69 
 

and third sample has a 30 s time delay. Lastly, the quantification of Pd oxidation states was 

obtained using WinXAS software by linear combination between the spectra of Pd metal 

foil and PdO standard.  

 

4.2.2.8 X-ray photoelectron spectroscopy (XPS) and Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES) 

XPS and ICP-OES techniques were exploited to investigate Pd leaching of 1 M 

HCl-treated Pd/SOMS, Pd/H-SOMS and Pd/Al2O3 catalysts. Samples were first soaked in 

1 M HCl solutions and stirred extensively for 20 min at RT. The sample was then filtered 

and subjected to XPS analysis while the remaining solution was tested for elemental 

analysis for Pd using Perkin-Elmer Optima 4300DV ICP-OES instrument. The XPS 

spectra of the samples in C 1s and Pd 3d region were obtained by a Kratos AXIS Ultra X-

ray photoelectron spectrometer with a monochromatized Al Kα X-ray source operated at 

13 kV and 10 mA. CasaXPS software was utilized to perform peak-fitting and 

quantification of Pd oxidation states of the spectra collected.  

 

4.2.3 Catalyst Activity Testing   

Gas-phase HDC of TCE was performed over 1% Pd/SOMS, 1% Pd/H-SOMS and 

1% Pd/Al2O3 catalysts in a bench-scale fixed bed flow reactor system. TCE vapors were 

generated using a bubbler heated at 35 °C by flushing with nitrogen as a carrier gas. The 

TCE and nitrogen gas compound was then mixed with more nitrogen in order to lower the 

concentration of TCE. Afterwards, hydrogen was added to the mixture resulting reactants 
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of 0.7% TCE in excess hydrogen at 1:30, TCE-to-hydrogen molar ratio. For HDC of TCE 

experiments in the presence of water vapor, the water concentration in the feed was 4%. 

The reactants were then sent to the catalyst bed located inside the 4 mm-ID quartz reactor. 

The gas-phase HDC of reaction was carried out at 100, 150 and 200 °C. The reactor 

temperature was increased/decreased by an Omega CSC232 PID temperature controller 

which adjusts the temperature of the surrounding furnace (Carbolite, MTF 10/15/130). All 

the catalysts were pre-reduced prior to the reaction (Pd/SOMS → NaBH4, Pd/H-SOMS 

and Pd/Al2O3 → in situ H2). For accurate comparison, the catalytic activities of the samples 

were obtained at equal gas hour space velocity (GHSV). The end of the reactor was 

connected to online gas chromatography (Shimadzu Scientific 2010) which constitutes a 

Q-bond column and a flame ionization detector (FID). The oven temperature, injector 

pressure/linear velocity of the He carrier gas were altered to obtain widespread separation 

of the product peaks including TCE, partially dechlorinated compounds, short-chain 

hydrocarbons especially the major product ethane. The carbon contacting product yield and 

TCE conversion were calculated by the following equations.   

 

𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑌𝑖𝑒𝑙𝑑

=
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ×  𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑃𝑟𝑜𝑑𝑢𝑐𝑡

2 ×  𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐶𝐸 𝐹𝑒𝑑 
× 100 

 

𝑇𝐶𝐸 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐶𝐸 𝐹𝑒𝑑 − 𝑈𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐶𝐸

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐶𝐸 𝐹𝑒𝑑
× 100 
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4.3 Results and Discussion 

4.3.1 Calcination of SOMS 

The preparation for H-SOMS involves a calcination process under inert atmosphere 

in which SOMS is instantly calcined at 600 °C for 2 hr. A temperature-programmed 

desorption (TPD) experiment was conducted under helium environment to identify the 

species that were evolved from the SOMS during calcination. Figure 17 shows the spectra 

which follow different mass-to-charge ratio (m/z) intensities of 2 (H2), 15 (CH4), 18 (H2O), 

28 (C2H6), 29 (C3H8), 32(O2) and 44(CO2). The m/z values were selected considering the 

fragmentations of molecular ions of the gases so that there are no contributions in the 

intensities to each other. As it is demonstrated in the TPD results, the decomposition of 

SOMS started around 450 °C releasing short chain hydrocarbons such as methane, ethane 

and propane as well as hydrogen, oxygen and water. The fact that majority of the products 

are methane and ethane indicates the C-C bond cleavages of aromatic rings composing the 

SOMS structure. This resulted in a significant amount of carbon deposition on the SOMS 

surface as the color of the material changed completely black after calcination. After the 

reactor temperature was increased to 800 °C, the temperature was maintained for few more 

hours. By then, most of the gases were liberated from the SOMS material at which the m/z 

signals returned to its original intensities.  

The absence of oxygen in the atmosphere led to trivial amount of CO2 formation, 

although slight increase in CO2 intensity was observed which can be due to remaining 

surface oxygen. It is important to note that the synthesis of H-SOMS is not an oxidation; 

therefore, the carbon-containing organic groups are still present in the SOMS matrix.  
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Figure 17. Desorbed species during calcination of SOMS under helium environment 
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4.3.2 Chemical Structure of H-SOMS 

4.3.2.1 IR results 

IR spectra over SOMS and H-SOMS were obtained to understand the change in 

structural properties of the materials. Figure 18 (a) shows the spectra collected in the range 

of 600 to 1800 cm-1 and (b) from 600 to 3600 cm-1. With respect to SOMS, the two peaks 

located at 1034 and 1093 cm-1 are correlated to eh Si-O-Si stretching.92 The 1093 cm-1 peak 

is assigned to longitudinal-optic (LO)–transverse-optical (TO) splitting with an additional 

peak at 1188 cm-1,96 specifically, indicating LO3-TO3 antisymmetric stretching which was 

reported due to long range coupling of Coulomb interactions.93-95 These bands are not 

present in the H-SOMS spectra. It was found that the antisymmetric stretching LO3 

(1188)–TO3 (1093) cm-1 vibration was related to the swelling capability of the SOMS 

material. Thus, based on the disappearance of the peaks, the data evidently indicates that 

H-SOMS does not involve swelling (expansion and contraction of the material) during 

absorption of organic molecules.  

Near the lower wavelength region of the SOMS spectrum, peaks 688 and 754 cm-1 

were likely to be assigned to out-of-plane C-H bending/wagging vibrations of mono and 

meta substituted benzene compounds.92, 97 Similarly, for 1400 to 1700 cm-1 region, several 

peaks were appeared which were linked to in-plane C-H bending of substituted benzenes.97 

These bands are not visible for H-SOMS which leads to a conclusion that almost all of the 

aromatic rings were decomposed due to high temperature treatment.  

Lastly, IR bands at 764, 845 and 1252 cm-1 of the SOMS spectrum indicates that 

O-Si-(CH3)3 are present in the SOMS material.92 The formation of trimethylsilyl group is 
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likely resulted from the derivatization process during SOMS synthesis 

(chlorotrimethysilane treatment).16 This eliminates the residual Si-OH groups which helps 

to prevent Si-O-Si bond formation as well as to maintain the flexibility of the SOMS 

structure. However, the intensities of 763 and 1252 cm-1 peaks significantly decreases for 

H-SOMS; instead, two peaks of 795 and 1273 cm-1 appear in the spectrum. The shifts of 

763 to 795 cm-1 and 1252 to 1273 cm-1 is relevant to generation of dimethyl groups (O-Si-

(CH3)2-).
92 This shows that the calcination of SOMS under inert conditions causes the 

destruction of the end-capped trimethylsiyl and forms more linkages of the polysiloxane 

network.   
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Figure 18. IR spectra for SOMS and H-SOMS in the range of a) 600 - 1800 cm-1 and b) 

600 - 3600cm-1 (Data was collected by ABS Materials) 
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4.3.2.2 Si29 NMR results  

The structure characteristic of SOMS and H-SOMS were investigated in detail 

using Si29 NMR. Figure 19 expresses the collected spectra over the Pd/SOMS and Pd/H-

SOMS materials. The NMR spectrum of Pd/SOMS consists of three distinctive peaks, one 

at 8 ppm and the other two at -59 ppm and -68 ppm. The first lower region around 8 ppm 

corresponds to the (SiO)-Si*-RR’R” where the center Si* is attached to a SiO group and 

three substituents.104 In this case, all three substituents are methyl groups of (SiO)-Si*-

(CH3)3 which agrees with the IR data.104-106 The peak at -59 and -68 ppm are due to (SiO)2-

Si*-(OCH3)R
106 and (SiO)3-Si*-R107 chemical sites where Si* is bonded to three oxygens 

(O).108 Specifically, it is likely that the substituted benzenes may contribute to the intensity 

of these two peaks.109     

With regards to H-SOMS, the high temperature treatment was revealed to have a 

significant impact on the chemical structure of SOMS. The appearance of peak around -

105 ppm region indicates (SiO)4-Si* at which Si*is linked to four SiO groups.107 The 

formation of additional Si-O bonds was certainly due to decomposition of SOMS releasing 

mostly hydrocarbons in gas phase, not oxygen-containing species. It can be concluded that 

the thermal treatment process under inert condition transferred SOMS into a more silica-

like material (SiO2), however, it should be noted that the peak at around -65 ppm for H-

SOMS still indicates the presence of organic species in the H-SOMS support matrix.  
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Figure 19. NMR spectra for SOMS and H-SOMS 
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4.3.3 Surface Area, Pore Volume and Averaged Pore Diameter   

 Table 3 shows the BET surface area, pore volume and averaged pore diameter of 

the samples used for this study. It was observed that the BET surface area of SOMS was 

increased significantly after high-temperature treatment was performed (493 m2/g → 682 

m2/g). Likewise, the increase in pore volume and averaged pore diameter possibly indicates 

formation of larger pores during calcination process. The increase in these values are not 

common to other materials where a structural contraction is more often observed after 

calcination. The impregnation of Pd particles on SOMS and H-SOMS supports led to a 

decrease in BET surface area, pore volume and averaged pore diameter compared to its 

bare SOMS and H-SOMS supports. This assures that the Pd particles are located inside the 

pores of the catalyst. The BET surface area of 1% Pd/Al2O3 was lower compared to other 

samples whereas the average pore diameter was significantly larger.  

 

4.3.4 Particle Size 

The Pd particle sizes of 1% Pd/H-SOMS and 1% Pd/SOMS samples were measured 

using STEM technique (Figure 20). With respect to Pd/SOMS, Pd particles (shown as 

white dots) on SOMS support are not well distributed compared to Pd/H-SOMS catalyst. 

The average Pd particle size for Pd/SOMS was estimated around 9 nm. Also, larger Pd 

particles above 20 nm were observed (not shown in the figure). The non-homogeneous 

distribution of Pd particles and formation of larger Pd clusters are most likely attributed to 

the expansion/compression of the SOMS matrix during the Pd impregnation, drying and/or 

NaBH4 chemical reduction processes. Especially, while SOMS returns to its tensioned 
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matrix due to evaporation of the organic solvents (acetone/ethanol), it may cause relocation 

and agglomeration of the Pd particles.   

On the other hand, the Pd particles on the H-SOMS support were smaller than on 

SOMS with an average Pd particle size of 4 nm. The Pd particles were more homogenously 

dispersed on H-SOMS with narrower particle size distribution compared to Pd/SOMS 

catalyst.  As it is shown, between Figure 20 (a) and (b), significantly more Pd particles are 

seen in the same scale image. It is worth to note that the process of Pd impregnation on H-

SOMS does not accompany with any physical expansion/compression (swelling) of the 

support matrix; therefore, it can be speculated that the swelling behavior strongly affects 

in determination of the Pd particle size.  

 

Table 3. BET Surface area, pore volume and average pore diameter of SOMS and H-SOMS 
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Figure 20. STEM images of Pd/SOMS and Pd/H-SOMS (white dots represents Pd particles) 
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4.3.5 Acetone Vapor Adsorption in Static Condition 

The adsorption capacity and affinity of 1% Pd/SOMS, 1% Pd/H-SOMS and 

commercial 1% Pd/Al2O3 catalysts to acetone were examined in a static condition. In 

Figure 21, the percentage increase in mass of the three samples are plotted with respect to 

exposure time to the acetone vapor. The highest affinity to acetone was obtained over the 

Pd/SOMS catalyst. At 120 min of adsorption time, the mass of the Pd/SOMS increased 

twice as before the original. The adsorption capacity at this point is roughly 4 times higher 

as opposed to the Pd/Al2O3 sample. With regard to the Pd/H-SOMS sample, the adsorption 

capacity and affinity to acetone is in between that of Pd/SOMS and Pd/Al2O3. As 

mentioned earlier, the calcination of SOMS results in reduction of extent of swelling and 

hydrophobicity. The swelling of the SOMS structure is closely associated with the 

formation of new pores and surface areas which increase the adsorption capacity of the 

material. Therefore, these results are expectable since the degree of swelling for Pd/H-

SOMS are much lesser than Pd/SOMS catalyst. However, the adsorption capacity and 

affinity of Pd/H-SOMS to acetone are still greater compared to the commercial Pd/Al2O3.  

An interesting observation was that the rate of adsorption of acetone is significantly 

higher over the Pd/H-SOMS than other catalysts. In the red dotted region in the figure, a 

rapid rise of the mass of Pd/H-SOMS can be seen which indicates a fast adsorption of the 

acetone vapors. This was also visible by human eye when a drop of acetone solvent (liquid 

phase) was added to all the samples. The adsorption of acetone in liquid phase over the 

Pd/H-SOMS sample was taken place relatively quickly, i.e. the drop was immediately 

adsorbed by the sample, compared to others without leaving any wetted areas of the catalyst.   
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Figure 21. Adsorption of acetone over Pd/SOMS, Pd/H-SOMS and Pd/Al2O3 (Data was 

collected by ABS Materials) 
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4.3.6 Accessibility of Pd to CO, O2 and H2 

4.3.6.1 CO chemisorption results  

CO chemisorption technique has been employed in many studies in order to 

investigate the Pd dispersion on a catalyst surface.110-112 For this study, a known amount of 

CO molecules was continuously introduced to the catalyst bed in pulses. All the catalysts 

were pre-reduced prior to the reaction, either chemically (Pd/SOMS) or thermally using 

hydrogen (Pd/H-SOMS and Pd/Al2O3). Figure 22 indicates the MS intensity for m/z=28 

which is linked to CO. Each peak corresponds to a CO pulse and the number in the 

numerical order signifies the number of pulses made during the experiment. As can be seen, 

all the CO molecules in the first pulse were adsorbed by the 1% Pd/Al2O3, specifically by 

the reduced Pd sites of the catalyst, whereas no consumption of CO was detected for 1% 

Pd/SOMS. This reaches to a conclusion that all the reduced Pd particles are not accessible 

to the incoming CO molecules in case of the Pd/SOMS. In other words, Pd particles were 

entirely protected by the SOMS support thereby resulting no Pd-CO bond formation; CO 

was not able to open up the catalyst pores of the Pd/SOMS. In regards to H-SOMS, the CO 

uptake for the first CO pulse was greater than Pd/SOMS but lesser than Pd/Al2O3. 

Consequently, this undoubtedly explains that the high-temperature treatment on SOMS led 

to an increasing Pd dispersion.  

As the CO pulses were continued, more CO molecules were adsorbed on the 

Pd/Al2O3 surface in contrast to Pd/SOMS and Pd/H-SOMS where the intensity of the CO 

peaks leveled off to the original value of the feed. The third, fourth and fifth CO pulses 

share the same intensity for all samples, hence, reaching to a saturating of CO on the 
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catalyst surface. The dispersion values were calculated based on chemisorption 

stoichiometry of 1:1 ratio of Pd to CO113-114 and are shown in the inset table of Figure 22.  

The 0% Pd dispersion for Pd/SOMS is not a realistic value under reaction 

conditions according to the previous catalytic activity studies for HDC of TCE in liquid-

phase (at least some Pd active sites were available for the reaction to convert TCE). It 

should be remembered that the actual number of Pd metal particles for Pd/SOMS during 

the HDC reaction is certainly higher due to swelling of the SOMS support. The adsorption 

of TCE increases the availability of the Pd metal in the SOMS matrix by opening up the 

catalyst pores while physical expansion of the Pd/SOMS catalyst proceeds. However, for 

gas-phase HDC of TCE, a significantly lower catalyst performance of 1% Pd/SOMS was 

obtained compared to 1% Pd/Al2O3 (section 4.3.7.1). Thus, whether the pores are opened 

enough so that Pd active sites are all available for the HDC reaction is questionable in gas-

phase. In addition, the fact that an opposite trend was obtained in liquid-phase HDC of 

TCE where the 1% Pd/SOMS catalyst was more active than 1% Pd/Al2O3 (data not shown) 

supports the statement that the swelling, i.e. expansion of the volume of SOMS, is 

somewhat limited in gas-phase.   
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Figure 22. Results of CO Chemisorption 
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4.3.6.2 XANES results for oxidation, reduction and re-oxidation  

The oxidation state of Pd was followed by XANES technique while the catalyst 

was under oxidizing and reducing environments. The switches from O2 to H2 and H2 to O2 

were made at 30 min and 90 min, respectively. All the catalyst were pre-oxidized at 150 °C 

under 5% O2/He. The starting oxidation states of Pd after pre-oxidation were converged to 

a similar value of +1 for all samples (Figure 23). When the temperature was increased to 

250 °C under oxidizing environment, a sudden rise in Pd oxidation state in Pd/Al2O3 was 

observed whereas no oxidation of Pd was seen over the Pd/SOMS catalyst. This suggests 

a severe mass transfer limitation for oxygen molecules to enter the catalyst pores in the 

SOMS support structure. In other words, it proves that most of the Pd particles are 

embedded inside the SOMS matrix thereby being not accessible to the incoming molecules 

unless the gas/liquid are organics. With respect to Pd/H-SOMS, a drastic increase in 

oxidation state of Pd was obtained compared to Pd/SOMS. The difference is ascribed to 

the open-pores of the H-SOMS chemical structure where majority of the Pd particles are 

placed on the catalyst surface.  

The reduction was performed subsequently using 3.6% H2 at 150 °C. After 15 min 

of reduction, all the samples were significantly reduced to metallic Pd, although the 

Pd/SOMS catalyst was slightly more oxidized compared to others. Likewise, at 250 °C, the 

extent of reduction of Pd/Al2O3, Pd/H-SOMS and Pd/SOMS were maintained as close to 

Pd0. The reduction of Pd of Pd/SOMS catalyst is interesting, especially considering the fact 

that oxygen was not able to access the Pd sites. Therefore, it is probable that the adsorption 

takes place depending on the size of the molecule, i.e. hydrogen molecule is much smaller 
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than oxygen. The SOMS support acts as a molecular sieve where larger molecules are not 

allowed to pass through to get in contact with the Pd particles located inside the SOMS 

matrix. However, it should be pointed out that this is only valid when swelling of the 

Pd/SOMS does not occur. Regardless of the molecular size, at least a large portion of the 

Pd metal is presumably accessible to the reactants if the SOMS is in the swollen state.  

Re-oxidation of the samples was carried out following the reduction treatment. 

Again, similar to the conclusion made previously, only Pd/SOMS catalyst was not oxidized 

obtained less than +1 oxidation state. With regards to the Pd/H-SOMS sample, the 

approachability of Pd to oxygen improved considerably in contrast to the case of Pd/SOMS. 

The actual XANES spectra collected at 90 min and 150 min are shown in Figure 24.  
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Figure 23. Change in oxidation states of Pd for SOMS, H-SOMS and Al2O3 in reducing 

and oxidizing reaction conditions 
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Figure 24. XANES spectra collected under reducing and oxidizing reaction conditions 
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4.3.7 Gas-Phase HDC of TCE  

4.3.7.1 Catalytic Activity   

The catalytic performances of 1% Pd/SOMS, 1% Pd/H-SOMS and 1% Pd/Al2O3 

were investigated for gas-phase HDC of TCE. The reactants include 0.7% of TCE balanced 

in nitrogen in excess hydrogen condition. The Pd/H-SOMS and Pd/Al2O3 catalyst were 

pre-reduced in situ prior to the HDC reaction while Pd/SOMS was pre-reduced chemically 

using NaBH4 as a reducing agent.  The reaction was performed in a continuous gas-phase 

fixed bed reactor system at reaction temperatures of 100, 150 and 200 °C. The TCE 

conversions obtained over the three samples are exhibited in Figure 25. As expected, 1% 

Pd/SOMS was significantly less active for gas-phase HDC of TCE reaction in the entire 

temperature range compared to the commercial 1% Pd/Al2O3 catalyst. This is attributed to 

the lower degree of swelling in gas-phase, resulting in a decrease in the number of Pd active 

sites available for the HDC of TCE. However, when Pd was impregnated on calcined 

SOMS under inert conditions (Pd/H-SOMS), a significant improvement of the catalytic 

activity was observed compared to regular Pd/SOMS. This is in good agreement with the 

CO chemisorption results where more Pd metallic sites are accessible to the TCE molecules 

thus increasing the conversion levels. At 200 °C, the TCE conversion obtained over the 

Pd/H-SOMS catalyst is almost as similar as that of Pd/Al2O3.  

The main products of HDC of TCE is hydrogen chloride (HCl) and ethane (C2H6). 

As shown in the figure, based on the ethane yields, similar order of activities of the catalysts 

were found (Pd/Al2O3>Pd/H-SOMS>Pd/SOMS). With respect to by-products, partially 

dechlorinated products such as cis-1,2 DCE was predominantly detected compared to 1,1 
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DCE and trans-1,2 DCE, especially when lower TCE conversions were obtained. For 

example, close to 16% yield of cis-1,2 DCE was obtained over Pd/Al2O3 catalyst with 39% 

TCE conversion at 100 °C. Ethylene was acquired in small amounts over the Pd/SOMS 

and Pd/H-SOMS at 200 °C. Also, vinyl chloride was produced although it was in negligible 

amounts. Even number of carbon products such as n-butane and n-hexane were observed.52 

More n-butane was obtained over the Pd/Al2O3 catalyst compared to Pd/SOMS and Pd/H-

SOMS. Also, catalyst coking was observed at a reaction temperature of 200 °C for both 

Pd/Al2O3 and Pd/H-SOMS catalysts. This indicates that Pd metal has both C-Cl and C-C 

bond cleavage capabilities.   
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Figure 25. Gas-phase catalytic activity data of Pd/Al2O3, Pd/H-SOMS and Pd/SOMS for 

HDC of TCE 
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4.3.7.2 Effect of Addition of Water  

The effect of adding water vapors to the reactant stream on catalytic activities of of 

1% Pd/SOMS, 1% Pd/H-SOMS and 1% Pd/Al2O3 were examined. The reactant mixture in 

gas-phase comprised 0.7% of TCE and 4% of water balanced with nitrogen in excess 

hydrogen. It was found that Pd/Al2O3 suffered from significant catalyst degradation in the 

presence of water vapors (Figure 26). Comparing between the cases of with/without water 

addition, the TCE conversions obtained over the Pd/Al2O3 catalyst clearly shows the water 

inhibition effect taking place during hydrodechlorination. On the other hand, the addition 

of water to the reactants did not affect the catalytic performance of the Pd/H-SOMS and 

Pd/SOMS catalysts. At all reaction temperatures, the achieved TCE conversions in the 

absence/presence of water vapors reached to similar values. This is mainly attributed to the 

strong hydrophobicity of SOMS and H-SOMS supports that repels the water molecules 

thereby restricts the adsorption of water on the catalyst surface. Even though, the degree of 

hydrophobicity of the H-SOMS was fairly reduced compared to SOMS, the results still 

indicate that inhibition effect of water on the catalytic activity of Pd/H-SOMS is negligible. 

However, at 200 °C, as observed before, severe carbon deposition on the Pd/H-SOMS 

catalyst was encountered due to extensive coking activities. The experiment had to be 

ceased after 1 hr of reaction because of significant pressure build-up in the reactor.  
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Figure 26. Effect of addition of water in the reactant stream on catalytic activity of 

Pd/Al2O3, Pd/H-SOMS and Pd/SOMS 
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4.3.8 Pd leaching due to 1 M HCl 

4.3.8.1 XPS and ICP-OES results  

Pd leaching has been reported in many studies under hydrodechlorination reaction 

conditions especially in aqueous phase.73, 115-117 This is mostly due to HCl production from 

the reaction itself. To understand how resistant to Pd leaching the Pd/SOMS, Pd/H-SOMS 

and Pd/Al2O3 are, all the catalysts were treated with 0.1M and 1M HCl and stirred 

rigorously for 20 min in an aqueous solution. For a control experiment, all the samples 

were treated with pure water additionally. It should be noted that the intent for using 0.1 

and 1M HCl was to determine how well the Pd particles are protected by the SOMS/H-

SOMS support under severe treatment conditions, thus, for the actual HDC of TCE reaction, 

the concentration of produced HCl would be much lower than 0.1 M.  

Once the experiment was completed, the remaining solutions and dried catalysts 

were used in ICP-OES and XPS analyses, respectively. As can be seen in Table 4, when 

the Pd/SOMS, Pd/H-SOMS and Pd/Al2O3 samples were soaked in water, no Pd was 

leached out from the catalysts indicating 0 % Pd leaching. When the HCl concentration 

was increased to 0.1 M, only 1.6% Pd leached out from Pd/SOMS whereas 74.4 % of Pd 

leaching was observed over the Pd/Al2O3 sample. With 1M HCl treatment, almost all of 

the Pd were removed from the Pd/Al2O3 catalyst which is significantly greater compared 

to Pd/SOMS where only 6.4% of the Pd particles were removed. From these results, it can 

be deduced that the strong hydrophobicity of the Pd/SOMS catalyst certainly helps 

preventing the chloride ions entering the pores. In case of Pd/H-SOMS, because the pores 

were opened leading to higher Pd dispersion compared to Pd/SOMS, the Pd leaching 
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percentage was increased to 43.2% and 61.6% for 0.1 M and 1 M HCl, respectively. 

However, these values are still lower as compared to that of Pd/Al2O3 catalyst.  

The 1M HCl-treated Pd/SOMS, Pd/H-SOMS and Pd/Al2O3 catalysts were analyzed 

using XPS and Pd 3d spectra were collected for quantification of the Pd oxidation state 

was performed (Figure 27). The oxidation state of Pd is important since metallic Pd is the 

desired form to obtain high catalytic activity for HDC of TCE. Unfortunately, Pd signal 

over Pd/SOMS was not detected due Pd particles being inside the pores of the catalyst and 

not on the surface. Since XPS only probes the surface and sub-surface of a catalyst, this 

shows that most of the Pd particles are located inside the SOMS support. With respect to 

Pd/Al2O3, the treatment with 1 M HCl oxidized the Pd particles, exhibiting close to +2 

oxidation state. When compared to pre-reduced Pd/Al2O3, the difference in peak location 

is clearly noticeable. Similarly, for Pd/H-SOMS, Pd was also partially oxidized showing 

+0.85 oxidation state.  

 

 

Table 4. Percentages of Pd leaching using 0 M, 0.1 M and 1 M HCl 
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Figure 27. XPS Pd 3d spectra collected for 1M HCl-treated Pd/Al2O3, Pd/H-SOMS and 

Pd/SOMS 
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4.3.8.2 Catalytic Activity of Fresh and 1M HCl treated samples  

The catalytic activities of 1M HCl-treated Pd/SOMS, Pd/H-SOMS and Pd/Al2O3 

for HDC of TCE were measured and compared to their fresh counterparts (Figure 28). As 

aforementioned, the catalyst performances of the samples increase in the order of Pd/Al2O3 

> Pd/H-SOMS > Pd/SOMS at all temperatures tested. However, interestingly, when treated 

with 1 M HCl an opposite order of Pd/SOMS > Pd/H-SOMS > Pd/Al2O3 was observed. 

This is in good agreement with the results obtained from ICP-OES and XPS analysis where 

most of the Pd particles were remained on the SOMS support thereby leading to higher 

TCE conversions compared to Pd/Al2O3. Again, the strong hydrophobicity was the key 

factor in order to retain the catalyst performance of the Pd/SOMS sample. For 1 M HCl-

treated Pd/H-SOMS, as expected, degradation of the catalytic activity was observed due to 

Pd leaching and oxidation. However, the percentage loss in TCE conversion was lower in 

contrast to Pd/Al2O3 catalyst. This indicates that the hydrophobicity of H-SOMS was not 

able to facilitate the catalyst to maintain its reactivity by repelling 1 M HCl.  
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Figure 28. TCE conversions obtained over fresh and HCl-treated Pd/Al2O3, Pd/H-SOMS 

and Pd/SOMS for HDC reaction 
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4.4 Conclusion of Chapter 4 

The catalytic activities of Pd supported on SOMS and high-temperature treated 

SOMS (H-SOMS) were investigated for gas-phase HDC of TCE. In our previous results, 

it was reported that 1% Pd/SOMS shown significantly better catalytic performance 

compared to 1% Pd/Al2O3 catalyst under liquid-phase HDC of TCE conditions. This was 

attributed to the swelling capability of SOMS which concentrated the TCE reactants in the 

vicinity of the Pd active sites. However, in the gas-phase, the catalyst pores of Pd/SOMS 

were significantly restricted to the adsorption TCE thereby leading to lower catalytic 

activity of Pd/SOMS than Pd/Al2O3. Thus, in this study, a saturated SOMS with acetone 

was calcined under inert conditions at high temperature in order to retain its maximum 

swollen state resulting better pore accessibility. The surface analysis results exhibited 

higher BET surface area, pore volume and averaged pore diameter over the H-SOMS 

material compared to SOMS. After Pd was placed on both supports, the Pd dispersion of 

Pd/H-SOMS was greatly improved than that of Pd/SOMS based on the STEM images. 

Also, the average Pd particle size was smaller for Pd/H-SOMS. XANES results exhibited 

that Pd sites on H-SOMS were accessible to both H2 and O2 leading to reduction and 

oxidation of the Pd particles. However, reduction of Pd was only observed over the 

Pd/SOMS catalyst whereas oxidation of Pd was significantly limited to +1 oxidation state 

even at higher temperatures. The selective adsorption is likely due to the particle size of 

the adsorbate which explains lower extent of adsorption of TCE which is a relatively larger 

molecule. For gas-phase HDC of TCE, higher TCE conversions were achieved over the 

Pd/H-SOMS catalyst compared to Pd/SOMS. However, both Pd/SOMS and Pd/H-SOMS 
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showed lower catalytic activities then Pd/A2O3. In the presence of water in the reactant 

mixture, a complete deactivation of Pd/Al2O3 catalyst was obtained. On the contrary, 

Pd/SOMS and Pd/H-SOMS catalyst retained its catalytic activities which was attributed to 

the hydrophobicity of the supports. All the samples were treated with 1 M HCl to examine 

the quantity of Pd leaching. Almost close to 100% of Pd was leached out from the Al2O3 

support after the treatment whereas only 6.5% Pd leaching was obtained for Pd/SOMS. 

Although Pd/H-SOMS was hydrophobic, with 1 M HCl treatment, 61.6 % of Pd was 

removed from the H-SOMS support.  

 

 

* Information in this chapter was reproduced/adapted from “Sohn, H.; Celik, G.; Gunduz, 

S.; Majumdar, S. S.; Dean, S. L.; Edmiston, P.; Ozkan, U. S., High-temperature-treated 

Swellable Organically-Modified Silica (SOMS) and Its Application to Gas-Phase 

Hydrodechlorination of Trichloroethylene. Manuscript in Preparation” 
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PART II 

 

STEAM REFORMING OF ETHANOL 
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CHAPTER 5 

 

 INTRODUCTION  

 

5.1 Ethanol Steam Reforming (ESR) 

 The rapid increase in the world population and industrialization has led to a 

significant rise in energy consumption demands. Because most of the energy is generated 

by combustion of fossil fuels today, the amount of greenhouse gases and toxic pollutants 

produced continues to rise as well. For these reasons, there have been attempts to use 

alternative and renewable energy sources as the next generation of energy carriers. Among 

many other sources of energy, hydrogen has garnered a lot of attention because of its high 

energy storage capacity (120.7 kJ/mol)118 and environmentally friendly combustion 

process, which generates only water as the product. Especially, use of hydrogen as a 

feedstock for a proton exchange membrane (PEM) fuel cell is an attractive technology, 

which converts chemical energy to electrical energy with higher efficiency without 

producing any pollutants.119 Currently, a large fraction of hydrogen is produced from 

natural gas steam reforming.120 However, natural gas is also a fossil fuel and contributes to 

the carbon dioxide emissions. To have a closed carbon loop cycle, it is essential to use 

reactants originating from renewable sources, such as biomass. In that sense, ethanol, 

which can be obtained through fermentation of biomass, is a good candidate. 
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Although ethanol steam reforming produces carbon dioxide, it can be consumed by 

photosynthesis of plants, which then are used as a feedstock for biomass production, 

potentially completing the carbon loop cycle. Also, its nontoxicity and high solubility in 

water make ethanol an attractive reactant for steam reforming processes.121 

 The chemical reaction for ethanol steam reforming can be represented as follows: 

C2H5OH + 3H2O → 6H2 + 2CO2 (complete reforming of ethanol) 

Ethanol steam reforming is an endothermic process, which requires energy input in the 

form of heat during the reaction (∆H = 348 kJ/mol at 25 °C), with the two major products 

being H2 and CO2. 

A thermodynamic equilibrium analysis of the product distribution for different feed 

conditions is presented in Figure 29. Reaction parameters, such as the temperature, pressure, 

and molar ratio of ethanol/water, are altered, and the resulting hydrogen yield and ethanol 

conversion are shown. With regard to the reaction temperature and pressure, it was found 

that an increase in both parameters improves the hydrogen yield. However, at higher 

temperatures above 500 °C, the formation of hydrogen was limited as a result of reverse 

water-gas shift reaction (H2 + CO2 → CO + H2O). Below 400 °C, methane was the major 

product obtained. This was attributed to the methanation reaction, which was 

thermodynamically favorable at lower temperatures as a result of the exothermicity of the 

reaction. The ethanol/water ratio under equilibrium conditions showed a significant impact 

on the formation of carbon deposits on the catalyst surface. When the ratio was less than 

1:5, no catalyst coking was predicted. 
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Figure 29. Product distribution in ethanol steam reforming in thermodynamic equilibrium: 

(a) conversion and yields [EtOH/H2O = 1:10 (molar), CEtOH = 2.8%] and (b) H2 yield and 

C selectivity at different EtOH/water ratios.122 (cited from “Song, H.; Zhang, L.; Watson, 

R.; Braden, D.; Ozkan, U., Investigation of Bio-Ethanol Steam Reforming over Cobalt-

Based Catalysts. Catal. Today 2007, 129, 346-354.”) 
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Although the ethanol steam reforming reaction appears to be quite simple and, 

under thermodynamic equilibrium conditions, the number of possible products is few, 

when the reaction is governed by kinetics, there are many side and intermediate reactions 

that occur simultaneously, hence decreasing the hydrogen yield and forming many 

byproducts, such as CH4, CO, acetone, acetaldehyde, ethylene, and coke. The following is 

a list of possible reactions that can take place during ethanol steam reforming: 

 

CH3CH2OH → CH4 + CO + H2  (ethanol decomposition)  

CH3CH2OH + H2O → 2CO + 4H2  (incomplete reforming)  

CH3CH2OH → CH3CHO + H2  (dehydrogenation)  

CH3CH2OH → C2H4 + H2O   (dehydration)  

C2H4 → Coke     (coke formation) 

2CH3CH2OH → (C2H5)2O + H2O  (diethyl ether formation)  

CO + 3H2 → CH4 + H2O   (methanation)  

CH4 → C + 2H2    (methane decomposition)  

CH4 + 2H2O → 4H2 + CO2   (methane steam reforming)  

CH3CHO → CH4 + CO   (acetaldehyde decomposition)  

CH3CHO + 3H2O → 2CO2 + 5H2  (acetaldehyde steam reforming) 

2CH3CHO → CH3COCH3 + CO + H2 (acetone formation)  

C2H5OH + H2O → CH3COOH + 2H2  (acetic acid formation) 

CO+H2O  CO2+H2    (water-gas shift and reverse water-gas shift) 

2 CO → CO2 + C    (Boudouard reaction) 
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Ethanol steam reforming involves a complex reaction network. The adsorption of 

ethanol and water on the catalyst surface undergoes multiple side reactions, thereby 

forming different intermediate surface species, which eventually lead to production of 

hydrogen and carbon dioxide. Figure 30 presents a reaction scheme for ethanol steam 

reforming.  

 

Figure 30. Reaction network of ethanol steam reforming123 (cited from “Song, H.; Bao, 

X.; Hadad, C. M.; Ozkan, U. S., Adsorption/Desorption Behavior of Ethanol Steam 

Reforming Reactants and Intermediates over Supported Cobalt Catalysts. Catal. Lett. 

2011, 141, 43-54.”)  
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First of all, (1) the dissociation of water occurs on the catalyst surface forming 

hydroxyl groups (OH*) and H* species. Direct adsorption of water molecules on the 

surface is also possible at lower temperatures. However, most of them leave the surface 

when temperature is increased. (2) The adsorption of ethanol on the catalyst surface 

produces ethoxide species with abstraction of H. The first H radical either combines to O* 

to produce OH or reacts with surface OH* to form H2 resulting surface oxygen. (3) When 

ethanol adsorbs on the surface molecularly, decomposition of ethanol is feasible leading to 

CH4, H2 and CO (ethanol decomposition reaction). (4) The ethoxide species are oxidized 

to acetaldehyde on the surface involving another abstraction of hydrogen. The adsorbed 

acetaldehyde species are important intermediates since it goes through multiple reaction 

pathways. It either decomposes into CH4 and CO or desorbs directly as acetaldehyde into 

gases phase. Another route can be oxidation of acetaldehyde to acetic acid and eventually 

to acetate species. Formation of acetone is possible in two different ways, either by aldol 

condensation of acetaldehyde releasing H2 and CO, or reaction between acetaldehyde and 

produced acetic acid giving H2O and CO.124 Once acetone is formed, it desorbs directly to 

gas phase, or oxidizes to acetate species reacting with OH surface groups. The surface 

acetate species are the main intermediate for ethanol steam reforming. From the acetate 

species to all the way to CO2 production process involves various surface reaction 

mechanisms. First, (7) the decomposition of acetate species release CH4 and CO2 or (5) 

form surface methyl group and CO2. (5) But also, formation of CH4 and carbonate species 

on the catalyst surface is possible. This process involves surface O*, hence, without a 

higher oxygen storage capacity of the support, coke formation due to acetate decomposition 

is significant.125-126 The carbonate species eventually desorbs as CO2 gases. Another 
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pathway is oxidation of methyl groups into formaldehyde which desorb, either as it is, or 

decompose into formate species while producing hydrogen. The decomposition of formate 

species to carbonates again releases hydrogen. The carbonate species undergoes a 

reduction process and converts into CO2 at the end. (7) The released CH4 resulting from 

acetate decomposition can react with H2O producing hydrogen (methane reforming). The 

gas molecules of CO, CO2 and H2O formed during the reaction can be consumed both in 

water gas shift reaction, and reverse water gas shift reaction. (6) When the catalyst contains 

more acidic sites, it facilitates dehydration reaction which produces ethylene. The 

abundance of ethylene on the catalyst surface leads to sever catalyst coking. 

 

 

 

* Information in this chapter is reproduced/adapted from “Sohn, H.; Ozkan, U. S., Cobalt-

Based Catalysts for Ethanol Steam Reforming: An Overview. Energy & Fuels 2016. April-

Published” 
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CHAPTER 6 

 

LITERATURE REVIEW 

 

6.1 Catalysts Used for Ethanol Steam Reforming 

 To obtain high hydrogen yield and ethanol conversion, precious metals, such as Pd, 

Pt, Rh, Ru, Re, and Ir,125-136 have been tested and have shown promising catalytic activity 

for ethanol steam reforming. Especially over a Rh-based catalyst, many studies have 

indicated the superior catalytic performance of Rh compared to other metals.128, 137-140 For 

example, Breen et al. reported the order of catalytic activity to be Rh > Pd > Ni = Pt, 

supported on either ceria or zirconia for ethanol steam reforming.128 Similarly, Aupretre 

and co-workers compared the catalytic activity of Rh, Pt, Ni, Cu, Zn, and Fe and 

demonstrated that Rh is the most active catalyst for ethanol steam reforming.137 Bimetallic 

systems, such as Rh−Pt,141-142 Rh−Pd,131, 143 Rh−Ni,144-145 and Ru−Co,146-147 have been 

widely studied for ethanol steam reforming as well. 

 Although higher activities can be attained with precious metals, the catalyst cost 

limits the feasibility of this technology. Hence, non-precious metals, such as Co, Ni, and 

Cu,138, 148-153 have also been investigated at much higher metal loadings. Among these 

metals, cobalt has emerged as an active metal catalyst for C−C bond scission, which is an   
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important characteristic for ethanol steam reforming.154 Among the earlier studies 

performed regarding ethanol steam reforming, Llorca et al. have published studies on the 

catalytic activity of cobalt metal-based catalysts.148, 155-158 High ethanol conversions over 

Co catalysts supported on different supports have also been reported.159-160 

 The choice of support strongly affects the cobalt dispersion, particle size, and 

reducibility, thereby altering the catalytic activity. Many metal oxide materials have been 

used as catalyst supports for cobalt, including Al2O3,
161 ZrO2,

162-163 SiO2,
164 CeO2,

165-166 

MgO,167, and ZnO.168-169 On the basis of a comparison study by Haga et al.,170 Co supported 

on Al2O3 revealed the highest catalytic activity compared to Co supported on SiO2, MgO, 

ZrO2, and carbon supports. They concluded that the change in support greatly influenced 

the catalytic performance mostly as a result of suppression of methanation and 

decomposition of ethanol reactions. Another study by Llorca and co-workers148 

demonstrated promising catalytic activity of cobalt over ZnO and CeO2 supports with high 

hydrogen selectivity compared to Co supported on MgO, γ-Al2O3, SiO2, TiO2, V2O5, La2O3, 

and Sm2O3. More recently, Moura et al. investigated the effect of support for RhCo on 

Al2O3, MgO, and Mg-Al oxide catalysts. They reported the highest hydrogen yield and low 

ethylene selectivity over the RhCo/Mg-Al oxide catalyst.171 
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6.2 Cerium Oxide (CeO2) 

Over the past few decades, ceria has been used and tested for various catalytic 

applications as a catalyst, catalyst support, or catalyst promoter. The high oxygen storage 

capacity and oxygen mobility of ceria make it an attractive material especially for catalytic 

reactions involving oxygen. For example, in automobile exhaust treatment, where 

simultaneous oxidation and reduction reactions occur, ceria has been widely employed as 

a component of the three-way catalysts.172-173 It has also been reported to enhance the 

activity for the water-gas shift reaction.174-175 Other catalytic applications where ceria is 

used include fluid catalytic cracking,176 fuel cell electrodes,177 oxidation of CO and 

hydrocarbons,178-179 and dry and wet reforming.180-181 Furthermore, ceria has also been 

reported to provide higher stability when used as a support and shows significant catalytic 

activity when used as a catalyst for ethanol steam reforming.182-184 

Among the various metal oxides studied, ceria has exhibited a crucial role in 

reducing coke deposits on the catalyst surface as well as altering/modifying the reaction 

kinetics.153, 182, 185-187 In addition, the strong metal−ceria interaction was found to increase 

the metal dispersion of the catalyst.130 Several studies have shown a promotion effect of 

doping cerium into the catalyst supports such as Al2O3,
188 ZrO2,

182, 189 and Al2O3-La2O3,
190 

leading to a better catalytic activity and stability of the metal catalyst under ethanol steam 

reforming conditions. Even ceria itself has been examined for its catalytic activity for 

ethanol steam reforming. Laosiripojana and Assabumrungrat186 have reported that ceria 

itself with high surface area is active for C−C bond cleavage, showing 90% ethanol 

conversion at 900 °C with 67.5% hydrogen selectivity. Their results indicate that the 
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catalytic activity of ceria in ethanol steam reforming is greater than Ni/Al2O3 but lower 

than Rh/Al2O3 catalyst.186 Regardless of the activity, ceria shows significantly less carbon 

deposition. 

The superior performance of ceria as a support or even as a catalyst is attributed to 

the abundant number of oxygen vacancies and/or the rapid change between Ce3+ and Ce4+ 

oxidation states in redox reactions.191 These properties offer high oxygen mobility and 

storage capacity within its structure. The transportation of the oxygen species from the 

support to the supported metal alleviates carbon deposition and also provides oxygen for 

the surface reaction. Significantly improved activities of catalysts with ceria support have 

been reported in many studies under ethanol steam reforming conditions, including those 

with even higher oxygen mobility of ceria, by doping a lower-valence element into CeO2 

structure.183, 192-193 

A variety of methods to synthesize ceria have been reported until now, including 

precipitation,194 spray pyrolysis,195-196 thermal hydrolysis,197 micro-emulsion,198 

combustion,199 sonochemical,200 hydrothermal,201 solvothermal,202-203 and sol-gel204 

techniques. It is a well-established fact that changing the synthesis parameters, such as 

temperature, pressure, pH, and crystallization time, produces different particle sizes and 

morphologies, which, in turn, alter the physical and chemical properties of ceria, as well as 

the catalytic performance of the ceria-supported catalysts. For example, an increase in 

oxygen vacancies with decreased particle size of ceria has been reported in many 

studies.205-207 Deshpande et al.206 obtained 17% to 44% increase in Ce3+ concentration as 

ceria particles size was reduced from 30 nm to 3 nm, which was prepared by micro-

emulsion. This was attributed to the generation of oxygen vacancies of ceria. Flytzani-



 114 
 

Stephanopoulos and colleagues synthesized nano-polyhedra, rods and cubic ceria particles 

using hydrolysis method and examined its catalytic activity for various reactions.208-212 

They demonstrated that different shapes of ceria nanoparticles exposing different crystal 

planes on the catalyst surface significantly influenced the Au dispersion on the ceria 

support.  

 In our previous studies, two different shapes of ceria supports were prepared using 

the hydrothermal synthesis method.213 The particle sizes for nanorods were 22 ± 6 nm 

(length) and 6 ± 1.3 nm (width). The nanocubes were observed as bigger particles, with 21 

± 7 nm particle sizes. It was found that the morphology of the ceria support significantly 

affected the surface acidity where ceria nanocubes were shown to be more basic compared 

to ceria nanorods. In addition, higher reducibility of cobalt was found in the case of 

Co/CeO2 nanocubes under reducing environment. The significant difference in properties 

of the Co/CeO2 nanocubes compared to the Co/CeO2 nanorods led to a pronounced increase 

in catalytic performance for ethanol steam reforming. Over the Co/CeO2 nanocubes, a 4.5 

times greater hydrogen yield was achieved in comparison to Co/CeO2 nanorods.  

Similar to the morphology study, two different particle sizes of ceria were prepared, 

one in nanosize the other in microsize, to examine the effect of the support particle size on 

the catalytic activity of the Co/CeO2 catalyst.214 The particle sizes of nanoceria were in the 

range of 5−8 nm, whereas the microceria contained 0.1−0.2 μm particles. The Co/CeO2 

nanoceria showed a higher reducibility of in similar reducing environments compared 

Co/CeO2 microceria. Also, catalysts supported on nanoceria was seen to contain a higher 

density of redox sites. As a result, Co/CeO2 nanoceria was shown to lead to a higher H2 
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yield and higher stability. After 13 h of ethanol steam reforming, a significant catalyst 

coking was observed for Co/CeO2 microceria. 

 

 

* Information in this chapter is reproduced/adapted from “(1) Sohn, H.; Ozkan, U. S., 

Cobalt-Based Catalysts for Ethanol Steam Reforming: An Overview. Energy & Fuels 2016. 

April-Published (2) Sohn, H.; Soykal, I. I.; Zhang, S.; Shan, J.; Tao, F.; Miller, J. T.; Ozkan, 

U. S., Effect of Cobalt on Reduction Characteristics of Ceria under Ethanol Steam 

Reforming Conditions: AP-XPS and XANES Studies. The Journal of Physical Chemistry C 

2016. June-Published (3) Soykal, I.; Sohn, H.; Bayram, B.; Gawade, P.; Snyder, M.; Levine, 

S.; Oz, H.; Ozkan, U., Effect of Microgravity on Synthesis of Nano Ceria. Catalysts 2015, 

5 (3), 1306-1320.”
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CHAPTER 7 

 

INVESTIGATION OF THE REDUCTION/OXIDATION BEHAVIOR OF  

COBALT SUPPORTED ON NANO-CERIA 

 

7.1 Summary of Chapter 7 

The oxidation and reduction behavior of cobalt catalysts supported on nano-ceria 

(5-8 nm) was investigated under hydrogen, oxygen and water atmospheres. A novel 

quantitative isothermal reduction (QIR) technique was introduced to analyze the kinetics 

and activation barrier of Co reduction. CoO to Co reduction was found to be of first order 

in the 250-350 °C temperature range. Temperature programmed reduction and oxidation 

experiments were conducted and the Kissinger method was used to obtain apparent 

activation energies for reduction and oxidation with O2. The apparent activation energy for 

CoO reduction was found to agree with that obtained from the QIR technique. Re-oxidation 

of Co metal was found to have a slightly lower activation energy barrier than the reduction. 

The reduction and oxidation behavior was further investigated with in situ XANES where 

the reaction order for reduction was observed to change at 450 °C. The pre-reduced samples 

were seen to re-oxidize under a water atmosphere, where the oxidation followed first order 

kinetics. Re-oxidation by water yielded a higher activation energy when compared to re-

oxidation under oxygen. 
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7.2 Experimental Section  

7.2.1 Catalyst Preparation  

Ceria support with a particle size in the 5-8 nm range was selected and synthesized 

for this study. 1.5 g Ce(NO3)3·6H2O (Sigma Aldrich 99.9 %) was dissolved in 9.4 ml water 

and mixed with 25 ml of 11 wt% NaOH. The suspension was stirred at room temperature 

for 15 min during which Ce(OH)3 particles precipitated. Following an aging period of 24 

h at room temperature, particles were separated by filtration. Approximately 2 L of 

deionized and distilled water were used for washing. The particles were dried in air at 90 °C 

overnight. The dried Ce(OH)3 precursors were calcined at 450 °C for 3 h under air to obtain 

5-8 nm CeO2 support. 

The incipient wetness impregnation (IWI) method was used to place 10 % (wt%) 

cobalt metal on the ceria support. Co(NO3)2 (Aldrich, 99.999 %) dissolved in 200 proof 

ethanol (Decon Labs) was applied onto the support drop by drop by a pipette and dried at 

110 °C overnight in a drying oven. The whole process was repeated five times 

consecutively in order to improve the homogeneity of the resulting catalysts. Following 

the final impregnation and drying step, the catalyst was calcined at 450 °C for 3 h under air 

flow to obtain the supported catalyst, which will be denoted as Co/CeO2 in the text, 

regardless of the oxidation state of Co. 

 

 

 

 



 118 
 

7.2.2 Catalyst Characterization   

7.2.2.1 Surface Area, Pore Size Distribution 

The BET surface area and pore size distribution of the bare support and supported 

catalyst were obtained using a Micromeritics ASAP 2020 (accelerated surface area and 

porosimetry) instrument. Prior to measurement, the catalyst was degassed for 12 h at 

130 °C under a vacuum of better than 2 µm Hg, to remove impurities on the catalyst surface. 

The analysis was performed at liquid nitrogen temperature with nitrogen used as the 

adsorptive gas. The saturation pressure of nitrogen was measured at regular intervals during 

the analysis to acquire nitrogen adsorption/desorption isotherms through which the BET 

surface area was calculated. The desorption isotherm was used to determine the BJH pore 

size distributions.  

 

7.2.2.2 Metal Dispersion 

Metal dispersion of the ceria support was obtained using the N2O chemisorption 

technique described by Jensen et al.215 The measurement was performed using a ¼” fixed 

bed quartz reactor with a quartz frit, which was located inside a fast-response furnace 

(Carbolite, MTF 10/15/130). The catalyst sample was packed in the quartz reactor and 

reduced in situ at 400 °C using 5 % H2 in He for 2 h. The reactor was then cooled down to 

room temperature by flushing it with He. The temperature was again increased to 40 °C to 

conduct N2O chemisorption. 3 % N2O/He was introduced to the reactor while mass of m/z 

12-46 range were monitored via an MKS-Cirrus II on-line mass spectrometer. As surface 

Co sites consumed O atoms from N2O, N2 was formed and desorbed from the sample 
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surface. The amount was quantified to calculate Co sites accessible on the surface. The 

calculation for Co sites was done after the Fickian diffusion correction. The Co:O ratio was 

assumed to be 1:1. Throughout the experiment, N2O and N2 were the only species detected 

in the reactor effluent. To quantify the N2 amount, a 250-µl-sample loop, which was 

connected to an automated six-port valve, was utilized for N2 calibration. For quantification 

of N2, m/z 28 trace was corrected by subtracting the contribution of N2O fragment to the 

m/z 28. The mass spectrometer signal was corrected using instrumental sensitivity factors. 

 

7.2.2.3 Transmission Electron Microscopy (TEM) 

All TEM images were taken from a Phillips Tecnai F20 instrument equipped with 

a field emission gun operated at 200 kV. Samples were sonicated with ethanol for 10 min 

to remove the charging effect as well as to obtain high dispersion. A few drops of the 

suspension were placed on a Tedpella, Inc 200 mesh copper grid coated with lacey carbon. 

TEM images were then interpreted and labeled using image processing software ImageJ. 

 

7.2.2.4 In Situ X-ray Diffraction  

The in situ XRD patterns of Co/CeO2 samples were acquired during reduction using 

a Bruker D8 Advance X-ray diffractometer with monochromatic Cu Ka radiation (k = 

1.5418 Å ) through an X-ray tube operated at 40 kV and 50 mA. The instrument was 

equipped with an Anton Paar HTK1200 controlled-atmosphere chamber. A linear heating 

rate of 7 °C/min was used and the temperature was held constant at each temperature step 

for at least 30 min prior to the collection of the diffraction patterns. The sample was reduced 
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stepwise under 30 cc/min of 5% H2/He starting from room temperature in 50 °C increments 

up to 500 °C. 

 

7.2.2.5 Quantitative Isothermal Reduction (QIR) 

QIR experiments were conducted with an MKS-Cirrus II on-line mass spectrometer. 

The measurement was performed in the same reactor system where N2O dispersion 

experiments were done. The sample was reduced under 5% H2 for 60 min at temperatures 

of 250, 275, 300 and 350 °C and at each temperature a fresh catalyst was used. Throughout 

the analysis, water, which is the only gas-phase product of reduction, was followed by the 

mass spectrometer. The m/z 18 peak was integrated and the change of area with respect to 

time was plotted. 

The integral method was used to calculate reaction rate constant (k) at each 

temperature and, subsequently, the activation energy (Ea) using the Arrhenius equation. 

Hydrogen was fed continuously and therefore assumed to be in excess. For the reduction 

of CoO to Co, a 1st order reaction rate in the CoO content (Cox) was assumed 

−
𝑑𝐶𝑜𝑥

𝑑𝑡
= 𝑘𝐶𝑜𝑥 

Integration with a boundary condition of 𝐶𝑜𝑥 =  𝐶𝑜𝑥,𝑜 𝑎𝑡 𝑡 = 0 gives,  

𝑙𝑛
𝐶𝑜𝑥

𝐶𝑜𝑥,𝑜
= −𝑘𝑡 

Plotting 𝑙𝑛
𝐶𝑜𝑥

𝐶𝑜𝑥,𝑜
 versus  𝑡 allows testing the reaction order assumed, and if a straight line is 

obtained, the observed rate constant k can be calculated from the slope. The procedure was 
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repeated for each temperature step. Activation energy was obtained from the Arrhenius 

equation where ln (k) values were plotted against 1/T to get a straight line, where the slope 

is equal to -Ea/R with R as the universal gas constant. 

 

7.2.2.6 Temperature Programmed Reduction and Re-oxidation: Kissinger Experiments 

The oxidation/reduction characteristics of the samples were examined via 

temperature programmed studies. 100 mg of the sample was packed in a ¼” OD quartz 

tube and loaded into a Carbolite MTF 10/15/130 furnace. For temperature programmed 

reduction, the samples were treated with 5% H2/He and the reactor effluents during 

reduction were monitored via a residual gas analyzer (MKS-Cirrus II) operated in selective 

ion mode. A 100x multiplier detector was used to monitor the m/z signals of 2, 4, 17, 18, 

32 and 44. The gas lines from the reactor outlet to the mass spectrometer were heated to 

prevent condensation in the lines during the procedure. The background mass traces were 

allowed to stabilize at room temperature for 30 min while the sample was kept under a 

helium atmosphere. The sample temperature was ramped using a different heating rate of 

10, 13, 16 and 19 °C/min for each experiment. For temperature programmed reoxidation, 

catalyst went through an in situ temperature-programmed reduction (TPR) procedure with 

5% H2/He until both of the reduction features, that correspond to Co3O4-to-CoO and CoO-

to-Co reduction steps158, 216-219 were observed. Following the reduction step, the samples 

were kept under helium for water removal at the same temperature for 30 min and then 

cooled to room temperature. The catalysts then went through the temperature-programmed 
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oxidation step with 5% O2/He under varying heating rates of 10, 13, 16 and 19 °C/min for 

each experiment. 

Activation energies for cobalt oxide reduction and reoxidation were calculated 

through Kissinger’s experiments. In this technique, when the reductant (H2) or oxidant (O2) 

consumption is plotted as a function of temperature, the deflection point gives the 

temperature Tm at which the reductant or oxidant consumption rate is a maximum. The 

deflection points shift to higher temperatures as the heating rate  increases. The activation 

energy can be calculated by plotting 1/Tm versus ln (/Tm
2) and the slope is equal to -Ea/R, 

where R is the universal gas constant in J/K mol and  stands for the heating rate 

in °C/min.220 

 

7.2.2.7 X-ray Absorption Near Edge Spectroscopy (XANES) 

Reduction and oxidation behavior of Co catalysts under hydrogen and water, 

respectively, were examined using a controlled-atmosphere X-ray absorption fine structure 

(XAFS) technique. 

The experiments were conducted at the bending magnet beamline (5BM-D) of the 

Dow-Northwestern-DuPont Collaborative Access Team (DND-CAT) of the Advanced 

Photon Source, Argonne National Laboratories. Supported Co catalyst sample was first 

mixed with SiO2 at a ratio of 1:4 to optimize XAFS signal, then finely ground (<150 mesh) 

to obtain a homogeneous mixture. 6 mg of sample mixture was then pelletized using a 6-

mm polished steel die and transferred inside a 5 cm-long quartz tube (6.5 mm ID) and 

supported with quartz wool plugs. The X-ray beam was centered as it penetrates the sample 
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in a 45 x 2 cm controlled-atmosphere XAFS chamber that was fitted with Kapton®  

windows. The XAFS chamber was isolated from outside atmosphere and placed into a 

furnace to perform the in situ experiment. The experiment consisted of three continuous 

cycles of reduction and re-oxidation reactions. Each cycle includes hydrogen reduction 

followed by water re-oxidation. The sample was first reduced using 3.6% H2 and then water 

vapor was introduced to the XAFS chamber using a bubbler system. The concentration of 

water was ~4 %. The in situ XANES spectra were collected for the Co K-edge (7709 eV) 

at 350, 400 and 450 °C during each cycle, except the first oxidation cycle at 350 °C, for 

which there was no spectral acquisition. For each temperature step, a fresh catalyst was 

used. The catalyst was maintained for 45 min at each step, and XANES spectra were 

collected at regular time intervals during each of the cycles. The reduction and oxidation 

steps were repeated for 3 times at each temperature. The measurements were made in 

transmission mode with the Si(111) monochromator detuned by 30% to remove the higher 

order harmonics in the beam. The sample thickness was chosen to give an absorption edge 

jump of about 0.3 at the Co K-edge. XANES spectra were analyzed by linear combination 

fitting of the Co3O4, CoO and Co foil to obtain oxidation states.  

 

7.3 Results and Discussion 

7.3.1 Surface Area, Pore Volume and Dispersion 

Surface area and pore volume of bare ceria nanoparticles and Co/CeO2 are shown 

in Table 5. The surface area and pore volume both decreased following Co impregnation. 

Figure 31 shows the distribution of pore size in the ceria support and in the Co/CeO2 
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catalyst. Ceria sample shows a similar pore size distribution to the supported catalyst with 

a highest pore volume around 40 Å  for the support and 65 Å  for Co/CeO2. Our previous 

work on these catalytic systems has shown an average ceria particle size of 5-8 nm.214 The 

pores with larger than 80 Å  in diameter can be explained by the presence of interstitial 

pores between two or more particles. 

Dispersion of metallic cobalt over the Co/CeO2 sample was studied with the 

Jensen’s method215 using N2O as a probe molecule for chemisorption onto the pre-reduced 

surface at 40 °C. A relatively low concentration of N2O (3% in balance helium) was fed to 

the sample following reduction with 5% H2 at 400 °C for 1 h. This created a mildly 

oxidizing atmosphere to minimize the chance of further oxidizing CoO species to Co3O4. 

The metallic cobalt dispersion is calculated as explained in the experimental section and 

was found to be around 24% for the Co/CeO2 sample. 
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Table 5. Surface area and pore volume of the bare support and Co/CeO2 catalyst measured 

using N2 physisorption 

 

 

 

 

 

Figure 31. Pore size distribution of bare ceria support and Co/CeO2 
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7.3.2 Transmission Electron Spectroscopy (TEM) 

Digital micrographs for the bare ceria support and the supported Co/CeO2 catalyst 

are shown in Figure 32. The ceria particle size ranges between ~5 and 8 nm and a particle 

size histogram was reported in our previous work for the nanoparticles.214 Cobalt species 

exist in fully oxidized form and a cobalt particle positioned on ceria in Figure 32 b can be 

identified by lattice fringe identification with 0.29 nm d-spacing associated with the (220) 

plane of Co3O4 (ICDD 42-1467). Cobalt particle size was around 4-5 nm. The ceria 

particles can also be identified with the lattice fringes, using 0.31 nm d-spacing for the 

(111) plane of ceria (ICDD 81-792). 

 

7.3.3 In Situ X-ray Diffraction (XRD) 

Figure 33 shows the in situ XRD patterns taken at 100 and 500 °C during reduction 

with 5% H2/He. The diffraction line at 33° corresponds to the (200) plane of ceria (ICDD 

#34-394) in the face-centered cubic cerianite structure and was the most prominent peak 

during the experiment. Cobalt was in fully oxidized Co3O4 form at 100 °C which can be 

inferred from the diffraction lines at 2θ = 31° and 37°, corresponding to the (220) and (311) 

planes, respectively (ICDD #42-1467). Reduction of cobalt species was observed in situ as 

the temperature is increased during in situ XRD. At 500 °C, a weak CoO peak was observed 

at 2θ = 42.4° signifying the (200) plane of CoO (ICDD #43-1004). Metallic cobalt was also 

present at 500 °C with the peak at 2θ = 44° corresponding to the (111) plane (ICDD #15-

806). This feature is more prominent than the diffraction line that corresponding to CoO. 

Scherrer calculations have shown a ceria particle size around 8.7 nm whereas the particle 
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sizes for the Co3O4 species were found to be around 5 nm. These findings are consistent 

with the observations from TEM images. 

 

 

Figure 32. TEM micrographs a) CeO2 b) Co/CeO2 

 

 

 

 

 

 

 

0.31nm
CeO2 (111) 

0.29nm
Co3O4 (220) 

5 nm 1 nm

a) b)



 128 
 

 

Figure 33. In situ X-ray diffraction patterns of Co/CeO2 taken during reduction 
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7.3.4 Quantitative Isothermal Reduction Experiments 

In order to understand the kinetics of Co reduction, QIR experiments were 

conducted at 250, 275, 300 and 350 °C. Water being the only gas-phase product of 

reduction of the oxide phase, its signal was monitored as a function of time. Cupric oxide 

was used as the calibration standard for quantification of the moles of water produced 

following the reduction of the catalysts. Figure34 illustrates the procedure we used for the 

quantification. The water signal seen in Figure 34 a was integrated (area under the curve) 

and plotted as a function of time (Figure 34 b). Using the calibration standard, the area 

under the curve was converted to the total amount of water produced. The reduction of 

Co3O4 goes through two distinct steps.218 

Co3O4 +  H2  3 CoO +  H2O 1st reduction step 

CoO +  H2   Co + H2O  2nd reduction step 

The first step is much faster than the second one. Therefore, our focus on these 

experiments was on the kinetics of the second reduction step from CoO to Co. To achieve 

this, the amount of water produced during the first step was subtracted and the ‘‘total water 

formation versus time’’ data were converted to the change in CoO content as a function of 

time and presented for each temperature in Figure 35 a. This figure also represents the 

extent of reduction of CoO with respect to time. It should be noted that the experiments 

were designed not to have fully reduced samples for the analysis to have correct kinetic 

interpretation.  
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Figure 34. The calculation method for the quantitative isothermal, reduction: a Raw signal 

for m/z:18 from the mass spectrometer, b The area under the curve calculated from 

numerical integration 
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Figure 35. The results of the quantitative isothermal reduction experiments at temperatures 

250, 275, 300, 350 °C a CoO content with respect to time during reduction with 5% H2, b 

Integral plots for the 1st order kinetics, c Arrhenius plot for determining the activation 

energy of CoO → Co reduction  

0

10

20

30

40

50

60

70

80

90

100

10 20 30 40 50

%
C

o
O

 c
o

n
te

n
t

Time (min)

250 °C

275 °C

300 °C
350 °C

slope: -3.49
R² = 0.965

Ea: 29kJ/mol

-4

-3.5

-3

-2.5

-2

1.5 1.6 1.7 1.8 1.9 2

ln
(k

)

1000/T (K)

slope= -0.026
R² = 0.9999

slope=-0.0365
R² = 0.9999

slope=-0.0402
R² = 0.9991

slope= -0.0787
R² = 0.9994

-3

-2.5

-2

-1.5

-1

-0.5

0

10 20 30 40 50

ln
 (

C
o

x/
C

o
x,

o
)

Time (min)

250 °C

275 °C

300 °C

350 °C

a)

b)

c)



 132 
 

As described in the section 7.2.2.5, a first order kinetics with respect to CoO content 

was assumed. The assumption was tested by plotting ‘‘ln(Cox/Cox,o) versus time’’ data 

(Figure 35 b). When straight lines were obtained, k values for each temperature were 

calculated using the slope. These k values were then used to construct an Arrhenius plot 

(Figure 35 c). The activation energy for CoO to Co reduction was calculated to be ~29 

kJ/mol. 

It should be noted that a possible reduction of bulk or surface ceria was not 

considered for the calculation of activation energy. Reduction of ceria below 350 °C was 

assumed to be negligible for the kinetic studies. 

 

7.3.5 Temperature Programmed Reduction and Re-oxidation: Kissinger Experiments 

The reduction and oxidation behavior of the Co/CeO2 sample was also investigated 

with temperature programmed reduction (TPR) and re-oxidation (TPO) experiments. 

Figure 36 shows the TPR profiles obtained for each heating rate. 5% H2/He was used as 

the reducing gas and the ramp rates used were 10, 13, 16 and 19 °C/min. The reduction of 

Co3O4 to CoO was observed prior to the main reduction peak around 200 °C and shifted 

with the heating rate. The analysis was done for the larger reduction peak which is believed 

to represent the CoO-to-metallic Co reduction. The temperature for the maximum 

hydrogen consumption rate (Tm) was observed to shift from 283 to 330 °C as the heating 

rate was increased. The activation energy for reduction was calculated from the local 

maxima of the hydrogen consumption curve as explained in the experimental section. The 

inset in Figure 36 shows the Arrhenius plot for reduction of Co/CeO2 sample with a slope 
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of -3.44 which corresponds to an apparent activation energy of ~29 kJ/mol. This result 

agrees closely with the Ea calculated from QIR experiments. 

 For the temperature programmed re-oxidation experiments, 5% O2/He was used to 

re-oxidize a sample which was pre-reduced with 5% H2/He for at 400 °C. The profiles 

during pre-reduction were monitored with mass spectrometer until both of the features that 

correspond to of Co3O4 → CoO and CoO → Co reduction steps were observed to ascertain 

complete reduction to metallic cobalt. The ramp rates and the calculation procedure were 

similar to the TPR section. Figure 37 shows a shift in the maximum oxygen consumption 

from 212 to 261 °C which corresponded to an apparent Ea of ~20 kJ/mol. It should be noted 

that re-oxidation of the sample takes place in a single step and it was not possible to 

differentiate between the Co to CoO and CoO to Co3O4 oxidation. The sample was slightly 

easier to oxidize than reduce in the temperature range. 

 

 

 

 

 

 

 

 

 

 

 



 134 
 

 

Figure 36. Temperature-programmed reduction of Co/CeO2 samples at different ramp rates. 

Inset shows calculation of the activation energy of reduction using the Kissinger method 
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Figure 37. Temperature-programmed re-oxidation of pre-reduced Co/CeO2 samples at 

different heating rates. Inset shows calculation of the activation energy re-oxidation using 

the Kissinger method 

100 200 300 400

O
2

Si
gn

al
 (a

.u
.)

Temperature in ( C)

19 °C/min

16 °C/min

13  C/min

10  C/min

y = -2.352x - 5.226
R² = 0.994

-10.20

-10.00

-9.80

-9.60

-9.40

1.80 1.90 2.00 2.10

ln
(b

/T
m

ax
2
)

1000/Tmax (K-1)



 136 
 

7.3.6 In Situ X-ray Adsorption Near Edge Spectroscopy (XANES) Reduction/Oxidation 

The reduction and oxidation behavior of the Co/CeO2 catalyst was also investigated 

via in situ XAFS technique. The samples were reduced under 3.6% H2/He flow and were 

reoxidized with 4% water in balance helium at 350, 400 and 450 °C. Co3O4, CoO and Co 

were used as reference compounds in linear combination fitting of the XANES region. 

Figure 38 shows the normalized XANES spectra where the catalyst was cycled 3 times 

between reduction under hydrogen and re-oxidation under water flow for each temperature. 

Spectra were collected at regular time intervals except for the first oxidation cycle at 350 °C 

during which there was no spectral acquisition. A fresh sample was used at each 

temperature. XANES fitting with the standards provided the Co oxidation state for each 

spectrum. Figure 39 is a summary of the XANES fittings. The y-axis is defined as the 

overall oxidation state where the contribution from Co3O4 and CoO were calculated to be 

2.67 and 2, respectively. Therefore, data points above 2 signify a Co3O4 and CoO mixture 

whereas data points below two indicate CoO and metallic Co presence in the sample. The 

reduction rate increased significantly with increasing temperature, with average oxidation 

state approaching zero at the end of the reduction cycles at 450 °C although at 350 °C the 

average oxidation state was around 1.2, indicating that the metal content at that point in 

time was ~40%. Cobalt species were found to re-oxidize under water. However, the 

reoxidation rate appeared to be lower than the reduction rate. Also, the extent of re-

oxidation dropped at each cycle, although the starting oxidation level was about the same 

in each cycle. The data clearly show that water acts as an oxidant for the nano Co/CeO2 

system and is able to oxidize the partially reduced sample. 
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Figure 38. In situ XANES spectra taken during reduction and re-oxidation cycles at regular 

time intervals for Co/CeO2 at a 350 °C, b 400 °C, c 450 °C 
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Figure 39. A summary of XANES fittings for time-on-stream cyclic reduction and 

reoxidation for Co/CeO2 at a 350 °C, b 400 °C, c 450 °C 
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The XANES data were also used for kinetic analysis (Figure 40). Again a first order 

rate expression with respect to the CoO content was assumed. The H2 content was assumed 

to be constant since there was a constant flow of H2 at all times. Only the data points taken 

after all Co3O4 was reduced to CoO were included for this analysis. Although the plots of 

ln(Cox/Cox,o) versus time agreed with 1st order kinetics assumption for the two lower 

temperatures, the reduction behavior of CoO at 450 °C was quite different. Therefore, an 

activation energy could not be calculated from the reduction portion of in situ XANES. 

The data suggest that, at higher temperatures, the kinetics change, possibly due to mass 

transfer effects becoming more significant. 

Figure 41 a shows the calculation of the rate constants for the re-oxidation portion 

of the spectra with Figure 40 b showing the respective Arrhenius graph in the 350-450 °C 

temperature range. In this analysis, the reactant was assumed to be the metallic Co, and the 

initial metal content at each cycle was assumed to be the level observed at the end of the 

reduction cycle. Similar to reduction experiments, the water concentration was assumed to 

be constant. The re-oxidation behavior was found to follow 1st order kinetics. The apparent 

activation energy for the re-oxidation of Co to CoO calculated from the XANES is ~37 

kJ/mol for re-oxidation of Co/CeO2 with 4% water. It is worthwhile to note that oxidation 

with water had a higher energy barrier when compared to oxidation with 5% O2/He 

calculated from the TPO-Kissinger experiments. 
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Figure 40. Kinetic analysis of the XANES data for the reduction cycles at 350, 400, 450 °C. 

Integral plots were constructed for the reduction rate of CoO assuming 1st order kinetics 
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Figure 41. a Kinetic analysis of the XANES data for the re-oxidation cycles at 350, 400, 

450 °C. Integral plots were constructed for the reoxidation rate of Co assuming 1st order 

kinetics, b Arrhenius plot for determining the activation energy of Co → CoO oxidation 

with water 
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7.4. Conclusion of Chapter 7 

Co supported on 5-8 nm nano-ceria was studied in terms of its reduction and 

oxidation behavior under hydrogen, oxygen and water atmospheres. TPR and oxidation 

studies showed a slightly higher activation barrier for the reduction of the cobalt species 

when compared to oxidation with O2. A novel QIR technique was introduced and used for 

investigating the kinetics of Co reduction, where the reduction of CoO to metallic Co was 

found to be first order in the 250-350 °C temperature range. In situ XANES studies suggest 

a change in reaction order at higher temperatures, possibly due to mass transfer effects 

becoming more significant. In situ XANES studies have also shown that re-oxidation of 

cobalt with water is possible between 350 and 450 °C and follows a first order kinetics. 

The apparent activation energy of oxidation with water was significantly higher than the 

Ea of oxidation with 5% O2. Apparent activation barriers calculated for CoO to Co 

reduction via TPR-Kissinger and QIR techniques were found to be very similar. 

 

 

* Information in this chapter is reproduced/adapted from “Ilgaz Soykal, I.; Sohn, H.; 

Miller, J. T.; Ozkan, U. S., Investigation of the Reduction/Oxidation Behavior of Cobalt 

Supported on Nano-ceria. Topics in Catalysis 2013, 57 (6-9), 785-795.” 
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CHAPTER 8 

 

REDUCTION CHARACTERISTICS OF CERIA UNDER ETHANOL STEAM  

REFORMING CONDITIONS: EFFECT OF THE PARTICLE SIZE 

 

8.1 Summary of Chapter 8 

Reducibility of ceria under steam reforming conditions and the effect of particle 

size on its reducibility was examined using two ceria samples with distinctly different mean 

particle sizes (3.5 nm versus 120 nm), but with similar polyhedral morphologies. The 

degree of reduction from Ce4+ to Ce3+ was characterized by temperature programmed 

reduction (TPR) and in situ X-ray absorption near edge structure spectroscopy (XANES) 

where the nanopolyhedra were observed to reduce much more readily compared to the 

larger particle-size sample. There was also significant reduction of the nanopolyhedra 

under ethanol steam reforming conditions. Ceria nanopolyhedra exhibited significantly 

more Ce3+ sites which contributed to a lower occurrence of surface acidic sites. The 

acidic/basic sites were probed by probe molecules such as pyridine and CO2 through in situ 

diffuse reflectance infrared spectroscopy (DRIFTS). The particle size also showed major 

differences in the steam reforming activity of ceria, with nanopolyhedra with a 3.5-nm 

mean particle size exhibiting significantly higher carbon cleavage and ethanol dehydration 

activity than its counterpart of 120 nm mean particle size. 
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8.2. Experimental Section  

8.2.1 Catalyst Preparation  

Ceria nanopolyhedra (CeO2-NP) were prepared via the solvothermal221 method 

where 2 g of ceriumisopropoxide precursor (Alfa Aesar, Ce 37−45%) is mixed with 20 mL 

of benzyl alcohol (Alfa Aesar, 98%). The mixture was rigorously stirred until the 

ceriumisopropoxide was dissolved. A total of 10 mL of benzyl alcohol was added, and the 

resulting brownish solution was transferred to a 50-mL stainless steel autoclave, which was 

heated at 200 °C for 24 h in an oven. Following the precipitation, the autoclave was cooled 

down to room temperature and the suspension was filtered. The remaining solids were 

washed with water and dried overnight at 90 °C. The dried sample was tested as uncalcined 

ceria. The solids were then calcined at 450 °C for 3 h under air to yield ceria nanopolyhedra 

with a light yellow color (denoted as CeO2-NP). Commercial ceria with a particle size in 

the 0.1 μm range (denoted as CeO2-MP) was prepared by calcining Sigma Aldrich 99.999% 

<5 μm CeO2 at 450 °C for 3 h in the air. 

Ten percent (by weight, metallic) cobalt was impregnated on both samples via the 

incipient wetness impregnation method with Co(NO3)2 (Aldrich, 99.999%) dissolved in 

200 proof ethanol (Decon Labs) and applied onto the ceria in six consecutive steps by 

drying the impregnated catalyst at 110 °C overnight in between each step to improve the 

homogeneity of the resulting catalyst. Following the final impregnation and drying step, 

the catalyst was calcined at 50 °C for 3 h under air flow. 
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8.2.2 Catalyst Characterization 

8.2.2.1 Surface Area, Pore Volume, and X-Ray Diffraction (XRD). 

BET surface area and pore volume were measured by a Micromeritics ASAP 2020 

accelerated surface area analyzer and porosimetry instrument, using nitrogen adsorption 

and desorption isotherms collected at liquid N2 temperature. BJH pore size distribution was 

determined by the desorption branch of the isotherm. Before measurement, the catalyst was 

degassed for 12 h at 130 °C under a vacuum better than 2 μm Hg. A Rigaku Xray 

diffractometer (X-ray source: Cu Kα radiation, λ = 1.5418 Å ) operated at 40 kV and 25 

mA was used to collect the diffraction patterns of the samples. 

 

8.2.2.2 Transmission Electron Microscopy (TEM) 

A Phillips Tecnai F20 instrument equipped with a field emission gun operated at 

200 kV was used for obtaining the CeO2-MP and CeO2-NP TEM images. Samples were 

suspended in 200 proof ethanol (Decon Labs) and were sonicated for 10 min. The resulting 

suspension was deposited on a Tedpella, Inc. 200 mesh copper grid coated with lacey 

carbon. ImageJ processing software is used for the analysis of the TEM digital micrographs. 

 

8.2.2.3 Temperature-Programmed Reduction (TPR) 

The reduction of ceria samples was characterized by TPR. The quantification was 

done using CuO as a reference. A total of 50 mg of CuO was packed in a 1/4″ OD quartz 

tube and loaded into a Carbolite MTF 10/15/130 furnace. The sample was reduced under 

30 cc/min 5% H2/He with a temperature ramp of 10 °C/min. The effluent during reduction 
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was monitored via a residual gas analyzer (MKS-Cirrus II) operated in scanning ion mode. 

A 100x multiplier detector was used to monitor the signals for m/z 2, 4, 17, 18. The peak 

area for m/z 2 was calculated and used as a standard for quantification of hydrogen used 

during reduction. Fifty milligrams of CeO2-MP and CeO2-NP samples was reduced 

similarly, and the extent of reduction was quantified using copper oxide as a standard. 

 

8.2.2.4 X-Ray Adsorption near Edge Spectroscopy 

Catalyst samples were investigated in situ under ethanol steam reforming 

conditions in terms of their cerium coordination environment using the 

controlledatmosphere X-ray absorption fine structure (XAFS) technique. The spectra were 

collected for the Ce LIII-edge at the bending magnetbeamline (5BM-D) of the 

Dow−Northwestern−DuPont Collaborative Access Team (DND-CAT) of the Advanced 

Photon Source, Argonne National Laboratories. The measurements were made in 

transmission mode with the Si(111) monochromator detuned by 30% to eliminate the 

higher order harmonics in the beam. CeO2 samples were mixed with SiO2 at a ratio of 1:8 

and finely ground (<150 mesh) to obtain a homogeneous mixture. Approximately 6 mg of 

the mixture was then pelletized using a 6-mm polished steel die and placed inside a 5-cm-

long quartz tube (6.5 mm ID) and supported with quartz wool plugs. The sample was then 

centered in a 45 x 2 cm controlled atmosphere XAFS chamber that was fitted with Kapton®  

windows. The XAFS reactor setup allowed continuous flow of the reactants as well as the 

isolation of the catalyst sample.  
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The preoxidized catalyst was heated to 400 °C and kept under He for the initial 

spectrum collection. Following that, it was kept under the ethanol steam reforming mixture 

of 0.3% ethanol and 3% water. In situ XANES data on the sample was collected at 400, 

450, and 500 °C. At each temperature step, the catalyst was kept on stream for 60 min and 

the XANES spectra were collected in the presence of the reaction mixture. The prereduced 

sample was reduced in situ at 400 °C with 3.6% H2 in the XAFS reactor for the initial 

spectrum. The gas phase was flushed with He for 1 h, and the in situ XANES data were 

collected following the pretreatment. XANES spectra were obtained by linear combination 

fitting of CeO2 (Sigma Aldrich, <25 nm particle size nanopowder) and Cerium nitrate 

hexahydrate standards for the Ce4+ and Ce3+ phases, respectively. 

 

8.2.2.5 Diffuse Reflectance Infrared Spectroscopy (DRIFTS) 

A Thermo NICOLET 6700 FTIR spectrometer equipped with a liquidnitrogen- 

cooled MCT detector and a KBr beam splitter was used for in situ diffuse reflectance 

Fourier transform infrared spectroscopy (DRIFTS). The samples were loaded into a 

Praying Mantis diffuse reflectance controlled atmosphere chamber with ZnSe windows and 

were pretreated at 400 °C under 30 cm3/min He flow. Samples underwent additional 

treatment with reduction for 1 h in 5% H2/He (30 ccm) at the same temperature and purging 

with He (30 ccm) for 1 h at 450 °C. Following the pretreatment step, temperature was 

lowered to 400 °C under 5% H2 balance He flow, and the background spectra were 

collected every 50 °C, during cooling. CO2 and pyridine were used separately as probes 

for basic and acidic sites, respectively. At room temperature, the selected probe molecule 



 148 
 

was introduced with CO2 in the gas flow and pyridine through bubbling He through liquid 

pyridine. Following 1 h of adsorption, the sample was flushed 1 h with He to remove the 

gas phase. Spectra were collected during the temperature ramp at every 50 °C step up to 

400 °C. 

 

8.2.3 Catalyst Activity Testing 

The steady-state ethanol steam reforming activity data were collected in the 350-

450 °C range using a fixed bed flow reactor system, which consisted of a feed system 

capable of delivering reactant mixtures of desired flow rate and composition, a 4-mm-ID 

quartz reactor with a quartz frit, and an online gas chromatograph. For each run, a 20-150 

mg batch of the CeO2 was packed inside the reactor. The reactor was placed inside a 

resistively heated furnace (Carbolite, MTF 10/15/130), and the temperature was controlled 

by an Omega CSC232 PID temperature controller. Helium was used as the carrier gas, and 

the reactants were introduced to the helium stream using a heated evaporator-syringe pump 

assembly. The reactants, water and ethanol, at a 10-to-1 molar ratio, were fed to an 

evaporator maintained at 230 °C, using pulse-free syringe pumps (Cole-Parmer). The gas 

lines in contact with the reactant gas stream were heated to 130 °C to prevent condensation. 

The steady-state reaction experiments were run in the kinetically controlled regime by 

maintaining the reaction conditions away from equilibrium at all temperatures. The 

reaction experiments were conducted with a feed stream concentration of 1.7% ethanol and 

17% water balance helium. The weight hour space velocities (WHSV) ranged between 

0.19 and 2.88 g EtOH (g cat)−1 h−1 and were varied to allow for equal surface area 
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comparisons. Prereduced catalyst samples were subjected to the reduction pretreatments at 

400 °C as described earlier in the section. 

The reported reactant conversion and product yield values are representative of the 

catalytic activity after a steady state was reached at each temperature. Ethanol conversion, 

hydrogen yield, and selectivity of carbon containing species are defined as follows: 

 

For ethylene steam reforming, all reaction parameters were kept identical except 

feeding 1.7% ethylene instead of 1.7% ethanol. 

The quantitative analysis of the reactor effluents was carried out by online gas 

chromatography (Shimadzu Scientific 2010) equipped with a Carboxen column coupled 

with a pulsed discharge helium ionization detector (PDHID) which was used to separate 

and detect H2, CO, and CO2 and a Q-Bond column with a flame ionization detector (FID) 

to separate and detect the hydrocarbon species. The carbon balances were always better 

than 95%. 
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8.3 Results and Discussion 

8.3.1 Surface Area, Pore Volume, and XRD 

The surface areas, pore volumes, and the average pore diameters of the ceria 

samples, with and without Co loading, are shown in Table 6. The commercial ceria was 

found to have a significantly lower surface area of 10 m2/g compared to the 120 m2/g of 

the nanopolyhedra prepared by the solvothermal method. The average pore volumes of 

both samples were also significantly different with a lower average pore volume and larger 

average pore diameter for the CeO2-MP sample. 

Figure 42 shows the XRD patterns of the ceria samples where the most intense 

diffraction line is seen at a 2θ value of 28.5°, which indicates cerianite in the cubic phase 

(ICDD 81-792). The other diffraction lines at 33°, 47.5°, 56°, 59°, and 69.4° were identified 

as (200), (220), (311), (222), and (400) planes, respectively. Higher intensities and sharper 

peaks observed in the CeO2-MP sample as opposed to the broader peaks in the CeO2-NP 

pattern indicate higher crystallinity in the sample with the larger particle size. Scherrer 

calculations around the (111) peak have shown the particle size to be around 90 nm and 5 

nm for CeO2-MP and CeO2-NP, respectively. The inset of Figure 42 tabulates the peak 

areas of the diffraction pattern, which are then normalized with respect to the (111) peak. 

Both samples show very similar distribution of crystal planes, which indicates similar 

morphologies for the two samples. Both the XRD patterns and the TEM images shown in 

the following section point to similar morphologies and allow us to assume that any 

possible effects of different crystal plane exposures or morphological differences, which 
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are known to affect the catalytic behavior,209, 213-214 are negligible. This, in turn, allows 

isolating the effect of ceria particle size. 

 

Table 6. Surface Area and Pore Volume of CeO2 and Co/CeO2 Samples Measured Using 

N2 Physisorption 
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Figure 42. X-ray diffraction patterns of CeO2-MP and CeO2-NP. The inset shows the peak 

areas normalized with respect to the (111) diffraction line. 
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CeO2 NP 100% 28% 58% 36% 13% 14%

CeO2 MP 100% 28% 54% 41% 13% 16%
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8.3.2 Transmission Electron Microscopy (TEM) 

Figure 43 shows digital micrographs of the CeO2-MP and CeO2-NP particles. Ceria 

particles prepared by the solvothermal method exhibited distinctly smaller particle sizes. 

The polyhedral morphologies of both samples were rather similar. Figure 44 shows the 

particle size distribution of the samples in a histogram where the average sizes were 

calculated to have a mean of 120 nm with a standard deviation of 50 nm (120 ± 50 nm) for 

the CeO2-MP and 3.5 ± 1 nm for the CeO2-NP. Analysis was done over a large sample area 

through multiple histograms to ascertain random sampling. The digital micrographs further 

establish the morphological similarities of both samples, allowing the focus of the study to 

be on the effect of particle size. 
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Figure 43. TEM images of (a, b, c) CeO2-MP and (d, e, f) CeO2-NP. 

a)

b)

c)

d)

e)

f)
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Figure 44. Particle size distribution histograms. (a) CeO2-MP. (b) CeO2-NP 
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8.3.3 Temperature-Programmed Reduction (TPR) 

The ease of reducibility of the ceria samples was investigated using temperature 

programmed reduction. Fifty milligrams of CuO was used as a standard, and hydrogen 

required to reduce the sample was calculated to be 6.3 x 10−4 moles. Figure 45 shows the 

reduction profiles of both CeO2-MP and CeO2-NP. Although no significant reduction was 

observed below ~630 °C for the CeO2-MP sample, the nanopolyhedra with a 3.5 nm 

average size were observed to reduce at much lower temperatures, with the maximum for 

H2 consumption being around 390 °C. Assuming the m/z 2 signal to be linear within the 

detection range, 50 mg of CeO2-NP was observed to react with 3.2 × 10−5 moles of 

hydrogen, which corresponds to a stoichiometry of CeO1.89. Laachir et al.222 report 

approximately 20% Ce3+ and 80% Ce4+ at 700 K with a similar TPR analysis, which is 

consistent with 22% Ce3+ and 78% Ce4+ observed in our measurements. CeO2-MP achieved 

the same degree of reduction at the much higher temperature of 750 °C. CeO2-NP was 

observed to further reduce by reacting with an additional 1.7 × 10−5 moles of hydrogen to 

CeO1.83, which corresponds to 34% Ce3+ and 66% Ce4+ at 700 °C. Ceria with the smaller 

particle size was found to be more readily reducible than the sample with a larger particle 

size. The oxidation state of the Ce is known to affect its acidic characteristics, with Ce3+ 

sites being significantly less acidic223 than Ce4+, thereby changing the surface chemistry. 

Further investigation of the reduction state of the ceria samples was conducted by in situ 

XANES. 

 

 



 157 
 

 

Figure 45. Temperature programmed reduction profiles of (a) CeO2-NP and (b) CeO2-MP. 
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8.3.4 X-Ray Adsorption near Edge Spectroscopy (XANES) 

The transformation of the cerium oxidation state during ethanol steam reforming 

for the preoxidized and prereduced nanopolyhedra was investigated by the XANES 

technique. Ceria samples with particle sizes larger than 25 nm were not observed to reduce 

below 600 °C. In situ XANES data for the CeO2-NP in the 400-500 °C range are presented 

in Figure 46. Reference spectra for Ce3+ and Ce4+ are also included using Ce(NO3)3 and 

CeO2 as standards, respectively. The insets show the 5.722-5.740 keV regions of the 

sample spectra only. The respective results of the linear combination fittings are presented 

in Table 7. 

The oxidized sample was found to be in the form of CeO2, whereas the reduced 

sample has shown 23% Ce3+, which is in agreement with the TPR data presented in the 

previous section as well as the results of Laachir et al.222 for similar reduction parameters. 

Although the starting oxidation states were quite different, both prereduced and 

preoxidized CeO2-NP samples were found to converge to the same oxidation state and have 

a mixture of Ce3+ and Ce4+ oxidation states during steady-state ethanol steam reforming. 

Such behavior was previously reported in cobalt species in the ethanol steam reforming as 

well.185, 218, 224 It should be noted that the reduction of cerium species was probed by 

predominantly bulk characterization techniques, and reported figures represent mainly bulk 

oxide ratios. Studies are underway to quantify the extent of surface reduction. 
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Table 7. Results of Linear Combination Fitting with Reference Compounds 
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Figure 46. Operando XANES spectra for preoxidized (left) and prereduced (right) CeO2-

NP. Spectra for Ce(NO3)3 and CeO2 are included as references for Ce3+ and Ce4+, 

respectively. Insets: Enlarged views of the 5.722-5.740 keV regions for the sample spectra. 
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8.3.5 Diffuse Reflectance Infrared Spectroscopy (DRIFTS) 

DRIFTS studies focused on probing the catalyst surface for surface acidity and 

basicity. For Figures 47 and 48, the same detector gain and aperture sizes were used for 

both samples, which enabled comparison of the relative peak intensities. 

Pyridine, being a basic molecule, was used to probe the acidic sites on CeO2 

samples. Figure 47 shows DRIFT spectra taken during pyridine temperature programmed 

desorption (TPD) in the 25-400 °C temperature range. The National Institute of Standards 

and Technology (NIST) chemistry webbook was used along with references 46-49 for 

identification of the vibrational energies. Upon room-temperature adsorption, bands to due 

molecularly adsorbed pyridine are apparent (C-C bonds at 1038, 1067, 116, 1147, and 1217 

cm−1; N-CH bond at 1284 cm−1).225 The band at 1441 could be due to molecularly adsorbed 

pyridine, but it could also represent a pyridinium species over a Bronsted acid site. Over 

the CeO2-NP sample, the only other major band seen at room temperature is the one at 

1595 cm−1, which can be assigned to H-bonded pyridine. All of the bands grow weaker 

with increasing temperature. Above 200 °C, however, three new bands appear, suggesting 

decomposition of pyridine. The band at 1564 cm−1 could be assigned to possibly acetates, 

and the ones at 1373 and 1354 cm−1 could be due to carbonates.226 The spectra taken over 

this sample suggest a surface with a very low acidity. 

The spectra taken over the CeO2-MP, on the other hand, present a much different 

picture. The bands due to molecular pyridine (1067, 1117, 1217, 1284 cm−1) are also 

present in this sample. There are many more bands in the 1460−1420 range, suggesting 

pyridinium ions. The group of bands that is not well resolved in the 1560-1480 cm−1 region 
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may be due to pyridine adsorbed on Lewis acid sites. A band at 1595 cm−1 indicates the 

presence of H-bonded pyridine. Even at 400 °C, the bands at the Bronsted acid and Lewis 

acid regions are still very strong, although there is evidence of pyridine decomposition and 

conversion to acetates and carbonates as well, as seen through the bands at 1564, 1373, 

1354, and 1313 cm−1. The high intensity of these bands all indicates a highly acidic surface 

where pyridine adsorbs quite strongly. 

CO2, an acidic molecule, was used to probe for the basic sites by acquiring DRIFT 

spectra during CO2 TPD. Figure 48 shows spectra collected for both samples, which have 

some bands in common, but diverge greatly in the relative intensities of the said bands. 

Moreover, the adsorbed species on CeO2-MP do not persist beyond 150-200 °C. The major 

bands observed are at 1639, 1576, 1386, 1296, and 1049 cm−1. The 1386 and 1049 cm−1 

bands can be attributed to surface formates, which reform to carbonates as the temperature 

increases. The large bands around 1576 and 1290 cm−1 indicate νas (OCO) and νs (OCO), 

which can signal the presence of surface carbonates.227-228 The band at 1639 cm−1 is likely 

due to adsorbed water. The CeO2-NP sample has shown strong interaction with the 

adsorbed CO2 throughout the temperature range, which can be explained by the presence 

of relatively more basic Ce3+ sites. The acidic probe persists even at 400 °C with the 

nanopolyhedra, whereas it was absent after 200 °C with the CeO2-MP sample. 
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Figure 47. In situ DRIFT spectra during pyridine TPD. (a) CeO2-MP. (b) CeO2-NP. 

Samples were prereduced with H2 prior to pyridine adsorption. 
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Figure 48. In situ DRIFT spectra during CO2 TPD. (a) CeO2-MP. (b) CeO2-NP. Samples 

were prereduced with H2 prior to CO2 adsorption. 
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8.3.6 Steady-State Catalyst Activity Testing 

Steady-state activity testing over preoxidized (O) and prereduced (R) CeO2-MP and 

CeO2-NP catalysts was performed to investigate the effect of ceria particle size and the 

extent of reduction on steam reforming activity. Blank experiments with the same feed 

conditions showed no ethanol conversion within the temperature range of 350-450 °C, 

which indicated negligible gas phase reforming. The products formed over both samples 

consisted of H2, CO2, CO, CH4, C2H4, and C2H6 and the liquid products CH3CHO and 

CH3COCH3. Equal surface area basis was used for the experiments where the catalyst 

loadings were varied to achieve 1 m2 surface areas. Table 8 presents a comparison for 

ethanol conversion levels of hydrogen and carbon containing product yields between the 

two samples at 350, 400, and 450 °C. For each catalyst, two different pretreatment 

procedures are used. i.e., preoxidation or prereduction, as described earlier. The samples 

are not particularly active at 350 °C. At lower temperatures, the CeO2-NP sample shows 

higher activity if it is prereduced. At 450 °C, the conversion and product distributions over 

this sample become very similar, regardless of the pretreatment used. As shown by the 

XANES data collected under steam reforming conditions (Figure 46), CeO2-NP samples 

converge to the same cerium oxidation state under ethanol steam reforming conditions, 

hence leading to identical performances at higher temperatures. 

 CeO2-MP samples, on the other hand, show very similar performances whether they 

were prereduced or not. These samples are never as active as the prereduced nanopolyhedra. 

This difference can be explained by the higher reducibility of the CeO2-NP, and the higher 

activity of the Ce3+ sites. The sample with the larger particle size does not reduce during 
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H2-prereduction or under ethanol steam reforming conditions. Therefore, the pretreatment 

does not make any difference in the performance, leading to similar product distributions. 

The prereduced CeO2-NP samples outperform CeO2-MP at every temperature. 

The most prominent C-containing product over these catalysts is ethylene, reaching 

selectivity levels of ~50% for CeO2-MP and ~60% for CeO2-NP at 450 °C, suggesting that 

dehydration is a primary reaction pathway over ceria. Compared to ethylene, the other 

products, such as CH4, CO and CH3CHO are observed in much lesser quantities. However, 

over the CeO2-MP sample, acetone is observed in substantial amounts, suggesting that 

ceria in its fully oxidized form can lead C-C bond formation, through ketonization 

reactions.229-230 

Since ethylene was the primary product over these samples, they were further tested 

for ethylene steam reforming with C2H4 and H2O in the reactant stream under the same 

feed conditions. Ceria, without any metal, did not show any catalytic activity for C-C bond 

cleavage. There was no detectable evidence of ethylene reforming or cracking, confirming 

that any ethylene that is formed from the dehydration of ethanol does not go through any 

further transformation over the ceria surfaces and is observed as a major product under 

steady-state conditions. 

. 
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Table 8. Steady State Catalytic Activity Data for Steam Reforming of Ethanol over 

Oxidized and Pre-reduced CeO2-MP CeO2-NP Catalysts 

Products 350 ˚C 
 
 400 ˚C  450 ˚C 

 MP(Ox) MP(Red) NP(Ox) NP(Red) 
 
  MP(Ox) MP(Red) NP(Ox) NP(Red)   MP(Ox) MP(Red) NP(Ox) NP(Red) 

% C
2
H

5
OH 

conversion 1.0 1.2 0.0 1.4 

 

 5.0 5.0 5.1 9.1  40.8 40.3 55.4 55.3 

% H2 Yield 0.4 0.5 0.0 1.0 

 

 2.0 2.2 1.6 2.9  12.0 12.6 15.3 15.3 

% Yield                

CO
2
  0.5 0.6 0.0 1.1 

 
 2.4 2.3 1.8 2.7  12.1 12.8 14.9 15.0 

CO 0.0 0.0 0.0 0.0   0.0 0.0 0.0 0.0  0.3 0.3 0.5 0.5 

CH
4
  0.0 0.0 0.0 0.0 

 
 0.0 0.0 0.1 0.1  0.4 0.4 0.9 1.1 

C
2
H

4
  0.5 0.5 0.0 0.3 

 
 2.5 2.5 2.8 5.7  19.9 20.2 31.8 33.4 

C
2
H

6
  0.0 0.0 0.0 0.0 

 
 0.0 0.0 0.2 0.1  0.1 0.1 1.5 1.5 

CH
3
COCH

3
  0.0 0.0 0.0 0.0 

 
 0.0 0.0 0.0 0.0  6.6 6.7 2.0 3.1 

CH
3
CHO 0.0 0.0 0.0 0.0 

 
 0.0 0.0 0.0 0.0  0.0 0.0 0.8 0.8 

 

CEtOH= 1.7% and H2O:EtOH = 10:1 (molar ratio) 1 m2 total surface area 
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To test this assertion, the same ceria materials were impregnated with Co and used 

as catalysts in ethanol steam reforming, following a prereduction step. As expected, much 

higher conversions and H2 yields were obtained as well as much higher CO2 yields (Table 

9). Some trends that were observed nanopolyhedra with a mean particle size of 3.5 nm 

were found to reduce much more easily both with H2 as well as during steady-state ethanol 

steam reforming, at temperatures as low as 400 °C. The presence of Ce3+ sites led to a less 

acidic surface over the 3.5 nm polyhedral sample. The differences in acidity manifested 

major differences in in situ DRIFTS spectra acquired during temperature-programmed 

desorption of probe molecules. In steady-state reaction experiments, ceria samples showed 

significant ethanol dehydration and steam reforming activity, with the more reduced 

samples exhibiting higher activity. No significant ethylene reforming was observed with 

either sample. Smaller particle size, increased reducibility and a higher surface density of 

the basic sites are thought to lead to higher activity for steam reforming. An important 

finding of the study is that ceria, which is commonly used as a support in many catalyst 

systems, has significant reducibility as well as catalytic activity in its own right and is likely 

to contribute to the observed activities of many catalysts supported on ceria. 
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Table 9. Steady State Catalytic Activity Data for Steam Reforming of Ethanol over 

Oxidized and Pre-reduced Co/CeO2-MP Co/CeO2-NP Catalysts 

Products 350 ˚C  400 ˚C  450 ˚C 

 Co-MP Co-NP   Co-MP Co-NP   Co-MP Co-NP 

% C
2
H

5
OH conversion 16.4 20.9  44.0 40.2  81.3 97.1 

% H2 Yield 6.5 11.2  26.4 35.6  49.2 93.3 

% Yield         

CO
2
  4.6 9.5  21.0 26.7  45.5 81.4 

CO 0.0 0.0  0.3 0.0  0.6 0.0 

CH
4
  0.0 0.5  0.3 1.3  0.5 2.8 

C
2
H

4
  0.2 0.2  2.5 2.1  8.4 4.7 

C
2
H

6
  0.0 0.0  0.0 1.3  0.0 0.1 

CH
3
COCH

3
  0.0 0.0  6.5 1.3  20.1 5.0 

CH
3
CHO 11.5 10.4   13.2 7.9   6.1 3.1 

 

CEtOH= 1.7% and H2O:EtOH = 10:1 (molar ratio) 1 m2 total surface area 
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8.4 Conclusion of Chapter 8 

Ceria samples with similar polyhedral morphologies but different particle sizes 

were investigated for their reducibility, surface acidity/basicity, and performance for 

ethanol and ethylene steam reforming in the absence of another metal or metal oxide. The 

ceria sample with the larger mean particle size of 120 nm had negligible reducibility below 

600 °C. The nanopolyhedra with a mean particle size of 3.5 nm were found to reduce much 

more easily both with H2 as well as during steady-state ethanol steam reforming, at 

temperatures as low as 400 °C. The presence of Ce3+ sites led to a less acidic surface over 

the 3.5 nm polyhedral sample. The differences in acidity manifested major differences in 

in situ DRIFTS spectra acquired during temperature-programmed desorption of probe 

molecules. In steady-state reaction experiments, ceria samples showed significant ethanol 

dehydration and steam reforming activity, with the more reduced samples exhibiting higher 

activity. No significant ethylene reforming was observed with either sample. Smaller 

particle size, increased reducibility and a higher surface density of the basic sites are 

thought to lead to higher activity for steam reforming. An important finding of the study is 

that ceria, which is commonly used as a support in many catalyst systems, has significant 

reducibility as well as catalytic activity in its own right and is likely to contribute to the 

observed activities of many catalysts supported on ceria. 

 

* Information in this chapter is reproduced/adapted from “Soykal, I. I.; Sohn, H.; Singh, 

D.; Miller, J. T.; Ozkan, U. S., Reduction Characteristics of Ceria under Ethanol Steam 

Reforming Conditions: Effect of the Particle Size. ACS Catalysis 2014, 4 (2), 585-592.” 
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CHAPTER 9 

 

EFFECT OF COBALT ON REDUCTION CHARACTERISTICS OF CERIA UNDER 

ETHANOL STEAM REFORMING CONDITIONS: 

AP-XPS AND XANES STUDIES 

 

9.1 Summary of Chapter 9 

The surface and bulk reduction characteristics of bare ceria and ceria with 

supported cobalt nanoparticles were investigated under ethanol steam reforming conditions 

using AP-XPS and XANES techniques. Ceria particles were prepared in two different 

particle sizes, one in nano and the other in micro size (termed CeO2-NP and CeO2-MP), 

with average particle sizes of 4 and 120 nm, respectively. It was found that particle size 

affects surface reducibility of ceria particles; smaller particle size leads to a higher extent 

of surface reduction. Supported cobalt nanoparticles have a significant effect on the surface 

reducibility of both CeO2-NP and CeO2-MP. Compared to bare ceria particles, the presence 

of fully oxidized cobalt nanoparticles on the surface of ceria support retards surface 

reducibility of ceria since reduction of the cobalt oxide phases (Co3O4 and CoO) takes 

precedence over that of ceria. The degree of reduction of the cobalt phase during ethanol 

steam reforming determines the effect of cobalt on the reduction process of ceria, i.e., 

whether it retards or facilitates the reduction of ceria support. AP-XPS studies show 
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that the surface of cobalt nanoparticles consists of both metallic Co and CoOx. The 

reduction of the surface region of CoOx to metallic Co forms a metallic Co-based shell and 

CoOx-based core. The anchor of metallic Co on CoOx make metallic Co shell well 

dispersed on CeO2 without sintering. In addition, the reforming reaction takes place 

primarily at the interface of metallic Co and CeO2. The much larger difference between 

Co/CeO2-NP and Co/CeO2-MP than the difference between CeO2-NP and CeO2-MP 

suggests the significance of metallic Co in catalyzing the reforming reaction, although bare 

ceria support shows some dehydration activity in its own right.  

 

9.2 Experimental Section 

9.2.1 Catalyst Preparation 

Two different particle sizes of ceria samples were used for this study. The ceria in 

the nano-sized sample was synthesized using the solvothermal protocol where 2 g of 

cerium isopropoxide (Alfa Aesar, Ce 37-45%) and 20 mL of benzyl alcohol (Alfa Aesar, 

98%) were mixed rigorously until a homogeneous solution was obtained. A detailed 

synthesis procedure has been reported earlier.231 The nano-sized ceria is referred to as 

CeO2-NP throughout the text. The micro-sized ceria sample was purchased from Sigma-

Aldrich (99.999%, <5 µm). The as-received sample was treated at identical calcination 

conditions as those used for CeO2-NP. The resulting solids were considered as 

microparticles and denoted as CeO2-MP.  

The 10 wt % cobalt supported on ceria samples were prepared using incipient 

wetness impregnation method with an organic solvent, as reported before.217 After the 
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impregnation step, the samples were dried and calcined at 450 °C for 3 h under air flow to 

acquire a fully oxidized catalyst (10% Co/CeO2-NP and 10% Co/CeO2-MP). 

 

9.2.2 Catalyst Characterization 

9.2.2.1 Surface Analysis 

A Micromeritics accelerated surface area analyzer and porosimetry instrument 

(ASAP 2020) was used to measure the Brunauer, Emmett, and Teller (BET) surface area, 

pore diameter, and pore volume. The average pore diameter and pore volume were obtained 

by Barrett-Joyner-Halenda (BJH) analysis using the desorption branch of the isotherm. 

 

9.2.2.2 Transmission Electron Microscopy (TEM) 

 FEI Image Corrected Titan3 G2 60-300 S/TEM with a high brightness field 

emission electron gun (X-FEG) operated in the range of 60-300 kV and an S-TWIN lens 

was utilized for TEM imaging. To obtain higher dispersion of the sample on the grid holder, 

the samples were first sonicated in ethanol solution for 5 min. A drop of the resulting 

suspension was then placed on a 200-mesh copper grid (Tedpella, Inc.) coated with lacey 

carbon. The TEM images were analyzed using an open-source image processing software 

(ImageJ). Identification of the exposed surface planes was carried out by measuring the 

distances between the lattice fringes.   
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9.2.2.3 In Situ X-ray Adsorption Near-Edge Spectroscopy (XANES) 

The Ce L3 edge in situ XANES spectra were collected at the bending magnet 

beamline (5BM-D) of the DND-CAT synchrotron research center located in Sector 5 of 

the Advanced Photon Source (APS) at Argonne National Laboratory (ANL). The XANES 

setup includes a Si (111) monochromator and three spectroscopy-grade ionization 

chambers which are used as detectors. For sample preparation, all the samples were first 

finely ground using silica as a diluent to improve the homogeneity of the sample. The ratio 

between the sample and silica was determined accordingly to achieve a proper edge jump 

of the spectra. The prepared sample was pelletized to a 6 mm diameter pellet and placed 

inside a small quartz tube (6.5 mm i.d. x 5 cm) using quartz wool for support. The sample 

tube was then placed horizontally into a reaction chamber which is composed of Swagelok 

gas connections and Kapton windows. Thus, the reactor system is capable of performing 

in situ XANES experiments by flowing different gases while the X-ray penetrates the 

sample pellet in transmission mode.  

Following the preparation steps, in situ XANES spectra were collected at room 

temperature under helium to ensure that the ceria samples are fully oxidized showing 100% 

Ce4+. The temperature of the reaction chamber was then increased to 350 °C under helium 

flow. Helium was utilized as a carrier gas to introduce 0.3 % ethanol and 3 % water in a 

total volume of 30 mL/min to the reaction chamber. The in situ XANES spectra were 

acquired continuously for 1 h under ethanol steam reforming condition. The reaction 

chamber was then flushed with helium while the temperature was increased to 400 °C. 

These steps were repeated at 400 and 450 °C. 
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9.2.2.4 Ambient-Pressure X-ray Photoelectron Spectroscopy (AP-XPS) 

The surface properties of the ceria-based samples were investigated under ethanol 

steam reforming conditions utilizing an AP-XPS instrument described previously.232-235 

The instrument consists of a benchtop monochromated Al Kα X-ray source and a reaction 

cell with a Si3N4 window, allowing X-ray to penetrate into the cell and reach the sample 

stage. Reactant gases flow into the cell from the gas inlet. The flow rates of the reactants 

are controlled by leak valves and measured using a mass flow meter. The typical flow rates 

used are 3-5 mL/min.232 Gas pressure is measured at two different locations: reactor inlet 

and outlet. The measured pressures are averaged to determine the actual pressure inside the 

reaction cell.232 For ethanol steam reforming, ethanol and water are placed in two separate 

sealed containers. Both reagents were degassed for several times before their vapors were 

introduced into the reaction cell controlled by separate leak valves.  The pressure was 

controlled at 0.1 and 1 Torr, for ethanol and water, respectively, to achieve an ethanol and 

water mixture at a molar ratio of 1:10, which is similar to the composition of the ethanol-

water mixture from biomass fermentation. In situ AP-XPS spectra for fully oxidized ceria 

samples were first collected under helium environment at RT. The quantification of the 

AP-XPS spectra was performed using CasaXPS software. 

 

9.2.3 Catalyst Activity Testing 

 The catalytic activity data for ethanol steam reforming over the four samples CeO2-

MP, CeO2-NP, 10% Co/CeO2-NP, and 10% Co/CeO2-MP were collected using a 

continuous flow fixed bed reactor system. Ethanol and water liquid mixture at 1-to-10 
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molar ratio was introduced to a heated evaporator, which was held at 230 °C utilizing a 

pulse-free syringe pumps (Cole-Parmer). Helium was used as a carrier gas to flush the 

evaporator, sending the reactants, i.e., ethanol and water vapor, to a 4-mm-i.d. quartz 

reactor with a quartz frit. The reactor was located and centered inside a furnace (Carbolite, 

MTF 10/15/130), which was heated at reaction temperatures of 350, 400 and 450 °C. The 

reaction temperature was managed by a mega CSC232 PID temperature controller. All the 

gas lines were heated up to 130 °C to prevent condensation of the reactant mixture. The 

effluent stream of the reactor was connected to an online gas chromatograph (GC-

Shimadzu Scientific 2010) in order to separate, identify and quantify the product mixture. 

For H2, CO and CO2, a Carboxen column and a pulsed discharge helium ionization detector 

(PDHID) were used. All the hydrocarbon products were analyzed using a Q-Bond column 

with a flame ionization detector (FID). The feed stream of the reactant mixture included 

1.4% ethanol and 14% water balanced with helium. The reaction was performed at equal 

gas hourly space velocity (GHSV) of 71600 h-1. It should be noted that the samples tested 

for catalytic activity testing did not go through a prereduction step; i.e., they were fully 

oxidized at the outset of each reaction experiment.   

 

9.3 Results and Discussion 

9.3.1 BET Surface area, Pore Volume, Pore Size, and Particle Size 

BET surface areas, pore volumes, and particle sizes of CeO2 bare support and 

Co/CeO2 catalysts were reported previously.231 CeO2-NP (120 m2/g, 0.12 cm3/g, 39 Å ) has 

higher surface area and pore volume with a lower average pore diameter than CeO2-MP 
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(10 m2/g, 0.04 cm3/g, 172 Å ). This is attributed to the significant difference in their particle 

size. Impregnation of cobalt on both NP (34 m2/g, 0.04 cm3/g, 40 Å ) and MP (8 m2/g, 0.03 

cm3/g, 170 Å ) ceria samples results in a decrease in surface area and pore volume of bare 

CeO2, especially for CeO2-NP, as evidenced by a significant decrease in surface area from 

120 m2/g of bare CeO2-NP to 34 m2/g of Co/CeO2-NP. 

 

9.3.2 Transmission Electron Microscopy (TEM) Imaging 

Particle size and morphology of the CeO2 support were examined using TEM 

images. Figures 49 a and 49 b show images of CeO2-NP. Most nanoparticles are polyhedral 

with a narrower size distribution compared to CeO2-MP. The particle sizes were varied 

from 2 to 10 nm where the average was found to be 4 nm. The identification of the exposed 

plane shown in Figure 49 b, was based on the d-spacing of 0.31 nm. This indicates the 

lattice fringes for a single ceria nanoparticle showing (111) plane. Figures 49 c and 49 d 

present the TEM images of CeO2-MP. They exhibit much larger particle sizes, which, 

unlike CeO2-NP, vary significantly from 40 to 200 nm with an average particle size of 120 

nm. The cobalt particle sizes were different between the two Co/CeO2 samples where 

bigger cobalt particles were observed over the Co/CeO2-MP. The cobalt particle sizes for 

the Co/CeO2-NP and Co/CeO2-MP were found around 5 ± 2 and 10 ± 7 nm, respectively. 

The surface planes such as (220) and (400) of Co3O4 were observed, which are shown in 

Figure 50. As it can be expected, the cobalt dispersion was higher in the case of Co/CeO2-

NP (24%) compared to Co/CeO2-MP (2%) sample.214   
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Figure 49. TEM images of CeO2-NP (a, b) and CeO2-MP (c, d). 
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Figure 50. TEM images of cobalt particle supported on (a) CeO2-NP and (b) CeO2-MP. 
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9.3.3 In Situ X-ray Adsorption Near Edge Spectroscopy (XANES) 

9.3.3.1 CeO2-NP and CeO2-MP 

The change in oxidation state of the ceria based samples were examined using in 

situ XANES technique under ethanol steam reforming at 350, 400, and 450 °C. The in situ 

spectra were collected continuously for 1 h at each temperature over bare ceria samples 

(CeO2-NP and -MP) and cobalt-impregnated samples (Co/CeO2-NP and -MP). The 

quantification of the data was performed by fitting the sample spectra with two different 

standards: cerium(III) nitrate hexahydrate for Ce3+ and cerium oxide for Ce4+. The fitting 

was based on the linear combination of the two reference spectra. It should be noted that 

all the ceria samples tested for this study were fully oxidized before ethanol and water 

vapor were introduced to the reactor.  

Figure 51 shows the Ce L3 edge XANES spectra for CeO2-NP and -MP. A 

comparison of Figures 51 a and 51 b shows a clear difference between the two samples. 

Over the CeO2-NP, part of the cerium ions are in +3 oxidation state, and the percentage of 

Ce3+ is increasing with increased temperature, reaching 33% at 450 °C. CeO2-MP, on the 

other hand, does not show any reduction.  

As seen in Figure 51 b, no reduction of ceria was observed in CeO2-MP under 

ethanol steam reforming conditions. However, our previous results214, 231 showed that the 

CeO2-MP sample is active for ethanol steam reforming, especially at higher temperatures. 

Based on prior observations of chemisorption and dissociation of ethanol on CeO2, it is 

deduced that the surface of CeO2-MP was reduced to some extent while most of the bulk 

remained unreduced. Compared to CeO2 nanoparticles, the surface area of CeO2 
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microparticles is much smaller. It is expected that the surface contribution is negligible in 

comparison to the bulk for large ceria particle, and the oxidation state of ceria at surface 

region could not be reflected in XAS. Therefore, in situ AP-XPS technique was used to 

characterize oxidation states of cerium at the surface region under reaction conditions, as 

presented in Section 9.3.4.  

 

9.3.3.2 Co/CeO2-NP and Co/CeO2-MP 

The extent of the reduction of ceria was also examined over samples that had the 

metal (Co) loading. The XANES spectra for Co/CeO2-NP and -MP are shown in Figure 52. 

Similar to the bare ceria, Co/CeO2-MP showed no bulk reduction. This is expected since 

the fraction of surface region is quite small. The change of oxidation state of Ce cations in 

surface region such as 1-3 nm cannot be reflected by the XANES technique.  

In terms of Co/CeO2-NP, there was quantifiable reduction of Ce. However, the 

degree of reduction of CeO2-NP in the presence of Co was lower than that of bare CeO2-

NP. The percentage of Ce3+ of Co/CeO2-NP reaches only 10% at 450°C. This is somewhat 

counterintuitive as one would expect a higher rate of H2 production in the presence of Co, 

and hence a more reducing atmosphere, which would lead to a higher extent of reduction 

for ceria. In addition, during the ethanol steam reforming reaction, adsorbed ethanol can 

also be partially oxidized, even in the absence of H2O, by surface lattice oxygen.123, 236 

Thus, surface reduction could also stem from the removal of surface lattice oxygen atoms 

by ethanol. 
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Figure 51. Ce L3 edge in situ XANES spectra during ESR at 350, 400, and 450 °C: (a) 

CeO2-NP; (b) CeO2-MP. 
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Figure 52. Ce L3 edge in situ XANES spectra during ESR at 350, 400, and 450 °C: (a) 

Co/CeO2-NP; (b) Co/CeO2-MP. 
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There may be several explanations why ceria support becomes less reduced in the 

presence of Co. Since the starting point for both catalysts is a fully oxidized sample, one 

would expect Co sites which are in a Co3O4 or CoO matrix, to “compete” with Ce4+ sites 

for interaction with ethanol and hydrogen. Our earlier studies using in situ XANES 

experiments showed reduction of cobalt species during ethanol steam reforming, from 

Co3O4 to CoO and consecutively to metallic Co at elevated temperatures.213, 217-218 However, 

at a specific temperature, the catalyst could reach a steady-state composition where Co2+ 

and Coo oxidation states coexist. The coexistence of Coo and Co2+ was also demonstrated 

by Llorca et al.237 using the in situ DRIFTS technique for ethanol steam reforming. The 

authors observed η2-acetaldehyde species that was formed over metallic Co and hydroxyl 

groups on the CoO phase. Similar observations were reported by Pena O’Shea and co-

workers.219 Their in situ XRD results show that only Co3O4 phase was observed at 548 K, 

while both CoO and Co phases were shown at 623 K under ethanol steam reforming. The 

reason that ceria is less reduced in the presence of Co may be due to the fact that reduction 

of the cobalt oxide phases (Co3O4 and CoO) takes precedence over that of the ceria support.  

An alternative explanation is that the activation of water occurs on cobalt 

nanoparticles, and the resultant OH- or O2- intermediates dissociated from water spill over 

to the ceria support. Although general consensus in the literature is that water activation 

takes place predominantly on the ceria support involving Ce3+ ions and oxygen 

vacancies181, 186, 238 where the OH- species formed by the dissociation of H2O on the ceria 

surface migrates to the cobalt metal to suppress catalyst coking or to provide oxygen to 

form products such as CO and CO2, the water spillover from the cobalt metal to the support 

maybe also be possible. Saib et al.239 conducted a molecular modeling study to estimate 
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the activation energy of water dissociation on the cobalt surface. It was found that the 

activation of water on a Co(100) and (111) is exothermic when 25% oxygen coverage of 

the surface was considered. However, as the oxygen coverage value reaches 100%, water 

dissociation becomes endothermic with 80 kJ/mol activation energy. Another study from 

Petitto and co-workers240 suggests that dissociation of water is possible even under UHV 

conditions on CoO(100), Co3O4(110), and Co3O4(111) single crystal substrates if adequate 

activation energy is provided. According to these studies, it is believed that at temperatures 

of 350-450 °C dissociation of water molecule on a cobalt surface is favorable. This 

possibility would also explain the higher concentration of Ce4+ observed on the ceria 

surface in the presence of Co.  

 

9.3.4 Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS) 

Since the XANES technique examines both the bulk and the surface, it is 

challenging to differentiate the small contribution of surface to the overall signal from that 

of the bulk. Hence, AP-XPS was implemented to track the surface reduction characteristics 

of ceria in a reactive environment. For quantification of the data, all the collected Ce 3d 

spectra were curve fitted to determine the concentration of the Ce3+ on the ceria surface. 

The peak position, fwhm and peak area were constrained to perform an accurate 

comparison among the spectra collected at different temperatures. The fitting parameters 

that were employed were in good agreement with the literature values.241-245 All the peak 

areas were integrated and used in the following equation to calculate the concentration of 

Ce3+.  
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Figures 53, 54, 55 and 56 show the AP-XPS spectra collected over CeO2-NP and -MP, and 

Co/CeO2-NP and -MP samples at identical reaction conditions to those used in situ XANES. 

The scans were made every 7 min, but only the last spectrum is shown after 1 h of reaction 

time at each temperatures.  

The Ce3+ fraction under helium at RT was obtained as 9% for CeO2-NP and -MP 

and 12 and 13% for Co/CeO2-NP and –MP, respectively. This is in contrast to the fully 

oxidized ceria observed in XANES for all samples. Additionally, as expected, the surface 

reduction of ceria was more pronounced compared to bulk reduction for all samples.  

Over the CeO2-NP (Figure 53), the ceria surface reduces readily under ethanol 

steam reforming conditions, even at 350°C. It was also observed the oxidation state of Ce 

reached a plateau at 350°C as opposed to the XANES data where gradual reduction of Ce 

was seen with increasing temperature. It is conceivable that above 350°C the surface 

chemistry is dictated by the competing rates of reduction of Ce4+ in the bulk of CeO2 by 

the reducing environment and its oxidation by diffusion from the ceria lattice.  

Contrary to the information suggested by XANES data that no reduction was seen, 

a significant reduction of CeO2-MP was revealed on the catalyst surface using AP-XPS. 

This difference clearly illustrates the sensitivity of the technique for surface analysis. In 

Figure 54 all the concentrations of Ce3+ ions for CeO2-MP under ethanol steam reforming 

are shown. It is also noted that the surface of the nano-ceria is more reduced than the sample 

with the larger particle size, especially at lower temperatures. In the literature, studies have 

∑ 𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐶𝑒3+

∑ 𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 (𝐶𝑒3++𝐶𝑒4+)
= 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑒3+  



 187 
 

shown increasing oxygen vacancies and Ce3+ ions in the ceria lattice with decreasing 

particle size.205-206 Deshpande and co-workers206 have presented a correlation between the 

lattice parameters and particle size of 3-30 nm ceria particles. Based on the XPS results, it 

was concluded that the increase in oxygen vacancies and Ce3+ concentration on the surface 

was due to the higher lattice strain in smaller particles. As observed here, under ethanol 

steam reforming, the faster bulk to surface oxygen diffusion in CeO2-NP particles results 

in higher extent of reduction of both bulk and surface. On the other hand, as the particle 

size increases the concentration of Ce4+ increases in the bulk phase along with lower 

oxygen diffusion from the bulk to the surface.  

For the Co/CeO2 catalysts (Figures 55 and 56), a higher oxidation state of ceria was 

observed in the presence of cobalt, similar to what was previously seen from the XANES 

results. Because of the same reason, the extent of surface reduction over the Co-CeO2-NP 

was higher than that of Co-CeO2-MP. In all cases, the surface is more reduced than the 

bulk of the catalyst. 

Table 10 summarizes the X values in CeOx for all samples tested. As indicated 

before, as temperature increases, the X value decreases. Nano-ceria based samples are 

always more reduced than their micro-ceria counterparts. When cobalt is present on the 

ceria support, ceria is more oxidized compared to its bare support for both MP and NP 

particles under ethanol steam reforming condition. In all cases, surface is more reduced 

than the bulk.  
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Figure 53. Ce 3d in situ ambient pressure AP-XPS spectra for CeO2-NP during ESR at 350, 

400, and 450 °C. 
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Figure 54. Ce 3d in situ ambient pressure AP-XPS spectra for CeO2-MP during ESR at 350, 

400, and 450 °C. 
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Figure 55. Ce 3d in situ ambient pressure AP-XPS spectra for Co/CeO2-NP during ESR at 

350, 400, and 450 °C. 
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Figure 56. Ce 3d in situ ambient pressure AP-XPS spectra for Co/CeO2-MP during ESR at 

350, 400, and 450 °C. 
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Table 10. Comparison of X Values in CeOx for XANES and AP-XPS 

XANES     

 CeO2 - NP Co/CeO2 - NP CeO2 - MP Co/CeO2 - MP 

RT 2 2 2 2 

350 °C 1.90 1.98 2 2 

400 °C 1.86 1.97 2 2 

450 °C 1.84 1.95 2 2 

     

AP-XPS     

 CeO2 - NP Co/CeO2 - NP CeO2 - MP Co/CeO2 - MP 

RT 1.96 1.94 1.96 1.94 

350 °C 1.76 1.83 1.82 1.87 

400 °C 1.75 1.81 1.80 1.86 

450 °C 1.74 1.81 1.78 1.86 
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Along with the ceria, Co 2p AP-XPS spectra for Co/CeO2-NP and -MP samples 

were collected in order to determine the extent of reduction of cobalt particles. As is shown 

in Figure 57, the two main spin-orbit peaks were observed which were assigned to Co 2p1/2 

and 2p3/2.
246 The Co 2p3/2 peak was deconvoluted into five different components of Coo, 

Co3+ (octahedral), Co2+ (tetrahedral), Co2+ (octahedral), and a satellite peak associated with  

Co2+ (octahedral).247-250 Based on the literature findings, the Co3+ (octahedral) and Co2+ 

(tetrahedral) peaks were associated with the Co3O4 phase.251-252 The Co2+ (octahedral) and 

Co2+ (satellite) peaks were linked to CoO. With respect to both Co/CeO2-NP and -MP 

samples, cobalt was completely oxidized at room temperature under helium environment 

as there were no contribution of the Co2+ (satellite) peak. However, at higher temperatures, 

a similar trend was observed for both samples under ethanol steam reforming conditions. 

The cobalt species were found to be a mixture of CoO and metallic Co. This can be 

attributed to the relatively lower bond strength of Co-O of Co3O4 compared to other metal 

-oxygen bonds, which allows the surface of Co3O4 nanoparticles to be reduced readily even 

at lower temperatures; the resulting metallic Co foil could cover the whole surface of Co3O4 

and/or CoO and thus prevent further reduction of Co oxides. A complete reduction of 

Co3O4 nanoparticles requires a higher temperature so that oxygen inside could overcome 

the diffusion barrier and migrate to the surface. As a consequence, the lower reducibility 

of ceria in Co/CeO2-NP compared to CeO2-NP could result from the formation of 

metal/oxide core-shell structure of cobalt oxide. Although XPS using Al K is a surface-

sensitive technique, its analytical depth is not only superficial atoms with certain depth 

subsurface under the topmost layer. Photoelectron spectra show that Co exists in Co3+ and 

Co2+ states at room temperature, corresponding to the Co3O4 phase. After exposing to 
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reactive environment, it was reduced to Co2+ and metallic Co. As catalysis occurs on 

surface of catalysts, it is reasonable to deduce that catalyst surface, i.e., supported Co3O4 

nanoparticle, is more reduced at the surface than those deeper layers under the surface, 

which corresponds to a metallic Co foil covering the CoOx core. The extent of reduction of 

cobalt was higher over the Co/CeO2-MP compared to Co/CeO2-NP (Table 11).  

The atomic ratio of Co/Ce was calculated to understand the dispersion of cobalt on 

the catalyst surface. The resulting values are shown in Table 12. It was observed that the 

Co/Ce ratio was decreased with increasing temperature from RT to 450 ºC for both 

Co/CeO2-NP and -MP catalysts. This is likely due to the migration and agglomeration of 

cobalt particles on the catalyst surface forming larger particles.  
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Figure 57. Co 2p in situ ambient pressure AP-XPS spectra for Co/CeO2-NP and -MP during 

ESR at 400 and 450 °C. 
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Table 11. % of Cobalt Species Over Co/CeO2-NP and -MP during ESR at 400 and 450 °C 

AP-XPS Co/CeO2 - NP Co/CeO2 - MP 

 % Co3O4 % CoO % Co % Co3O4 % CoO % Co 

RT, He 100 0 0 100 0 0 

400 °C 0 68 32 0 61 39 

450 °C 0 66 34 0 56 44 

 

 

 

Table 12. Co/Ce Atomic Ratios for Co/CeO2-NP and -MP during ESR at 400 and 450 °C 

AP-XPS atomic ratios (Co/Ce) 

 Co/CeO2 - NP Co/CeO2 - MP 

RT, He 0.37 0.31 

400 °C 0.20 0.18 

450 °C 0.17 0.13 
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In the literature, several studies have been conducted using AP-XPS technique 

during ethanol steam reforming.253-255 Divins and co-workers performed ethanol steam 

reforming over Rh0.5Pd0.5 nanoparticles (NPs) and Rh0.5Pd0.5 NPs supported on CeO2 

powder using AP-XPS.253 The authors incorporated three photon energies of 670, 875, and 

1150 eV in order to understand the catalyst composition and metal oxidation states in the 

outer shell, intermediate shell, and inner shell, respectively. The results indicated that the 

CeO2 support was important in determining the oxidation states of metals by providing 

oxygen sources. Moreover, it was found that the CeO2 support prevented the rearrangement 

of the RhPd alloy NPs under reaction conditions, referred as the quenching effect. The 

difference in metal oxidation state between in the outer shell and inner shell under ethanol 

steam reforming conditions was significant.  

Another AP-XPS study was carried out by Liu et al. using Ni-CeO2 (111) model 

catalysts for ethanol steam reforming.254 The major finding of this study was the 

coexistence of Ni0 and ceria hydroxide (Ce3+(OH)x) species on the catalyst surface. The 

Ni0 sites were found to have C-C and C-H bond cleavage as an active site for ethanol steam 

reforming. It was concluded that the combination of Ni0 particles and Ce3+(OH)x surface 

sites play an important role in transportation of hydroxyl and oxygen which reduces the 

coke formation. The authors also quantified and compared the Ce3+ concentrations in CeO2 

(111) and Ni-CeO2 (111) catalysts under ethanol steam reforming conditions. The results 

obtained at lower temperatures (below 500 K) were in good agreement with the present 

study where extent of reduction for ceria was lower in the presence of Ni particles than it 

was for the bare ceria support. However, as the temperature increased above 500 K, an 

opposite trend was observed having significantly more reduced ceria in Ni-CeO2 (111) 
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compared to CeO2 (111). This result suggests that whether Ni facilitates the reduction of 

the ceria from Ce4+ to Ce3+ is dependent on the temperature and is closely related to the 

oxidation state of Ni under ethanol steam reforming conditions.  

Ó vári et al. studied the interaction of ethanol with CeO2 (111) and Co/CeO2 (111) 

model catalysts using NAP-XPS255. A higher extent of reduction of ceria was demonstrated 

with increasing reaction temperature and ethanol pressure. For Co/CeO2 (111) catalyst, a 

decrease in Co2+ was observed as temperature was increased, leading to metallic Co. The 

authors also presented the [Ce(III)/Ce(III)+Ce(IV)] values obtained under 0.1 mbar of 

ethanol environment for both CeO2 (111) and Co/CeO2 (111) catalysts. Interestingly, at 

temperatures of 500 K and below, ceria was shown to be in a more oxidized state in the 

presence of cobalt compared to the bare ceria support. However, at 600 K, this trend was 

reversed, with the presence of Co leading to a higher extent of reduction for ceria.  

The results reported in these studies agree with our findings in the present study in 

showing that the presence of metal may impede or facilitate the reduction of the ceria 

support and this effect is dictated by the temperature. It is conceivable that at lower 

temperatures the reduction of the metal oxide (Co or Ni oxide) takes precedence over the 

reduction of ceria, leaving the support in a more oxidized state. On the other hand, at higher 

temperatures, the catalyst (Ni or Co) is likely to be in a more reduced state, thus facilitating 

the reduction of ceria through hydrogen spillover. Although these studies are not 

contradicting our findings, a direct comparison is not possible due to different experimental 

parameters used. For example, in the study by Liu et al.,254 the active metal is Ni, which 

has a different reduction behavior compare to Co. In the study performed by Ó vári et al.,255 

water was absent in the reaction; thus the results are not directly comparable.  
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Not only increasing the reaction temperature for ethanol but also starting with a 

prereduced Co/CeO2 sample would increase the hydrogen yield and change the reduction 

behavior of ceria in the presence of a reduced cobalt phase. Studies where AP- XPS and in 

situ XANES techniques are used over the prereduced CeO2 and Co/CeO2 under ethanol 

steam reforming conditions are in progress.  

 

9.3.5 Correlation of Surface Chemistry and Structure with Catalytic Performance 

In addition to the significant differences in surface and bulk reducibility, ceria 

particle size affects the catalytic behavior in ethanol steam reforming (Table 13 and 14). 

When the catalysts are compared on an equal gas hour space velocity basis, CeO2-NP and 

Co/CeO2-NP gave higher ethanol conversions and H2 yields than CeO2-MP and Co/CeO2-

MP, respectively. For CeO2-MP sample, extremely low ethanol conversions were observed 

in the entire temperature range used. Similarly, CeO2-NP was not very active for ethanol 

steam reforming at 350 and 400 °C. When the temperature was increased to 450 °C, a 

significantly higher ethanol conversion was obtained compared to CeO2-MP, although 

hydrogen yield was relatively low due to formation of byproducts, especially ethylene.  

The formation of ethylene through ethanol dehydration is favored over the Ce4+ 

sites, which are more acidic. On the other hand, hydrogen production from ethanol 

dehydrogenation mainly takes place on the reduced surface having more Ce3+ sites, which 

are more basic.231, 256-257 The larger particle size was also seen to lead to coking during 

ethylene steam reforming.214 This observation is consistent with the assertion that the 
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nanoparticle size leads to higher oxygen accessibility, which, in turn, may help with the 

gasification/oxidation of coke deposits. 

In the presence of cobalt particles, the Co/CeO2-NP and -MP samples showed 

superior catalytic activity compared to bare ceria support for ethanol steam reforming. This 

is due to formation of metallic Co coated on CoOx under reducing conditions, which are 

known as active sites for ethanol steam reforming. Obviously, metallic Co significantly 

promotes the production of H2. Also, the difference in hydrogen and CO2 yields between 

Co/CeO2-NP and Co/CeO2-MP is more prominent compared to bare CeO2-NP and bare 

CeO2-MP, which suggests that the size effect of CeO2 is not the major diving force for the 

large difference between Co/CeO2-NP and Co/CeO2-MP. In fact, the much larger 

difference in catalytic activity in ethanol reforming between Co/CeO2-NP and Co/CeO2-

MP than that between bare CeO2-NP and bare CeO2-MP is consistent with the previous 

conclusions that the metallic Co atoms are the sites for a rate-determining step and the 

reaction is primarily performed at the interface of metallic Co nanoparticles and CeO2.  
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Table 13. Catalytic Activity Data of Preoxidized CeO2-NP and -MP for ESR at 350, 400, 

and 450 °C (CEtOH = 1.4% and H2O:EtOH = 10:1 (Molar Ratio), GHSV = 71 600 h−1) 

Unit: % 
350 ˚C  400 ˚C  450 ˚C 

CeO2-MP CeO2-NP  CeO2-MP CeO2-NP  CeO2-MP CeO2-NP 

Ethanol 
conversion 

0.0 1.2  1.1 5.6  3.6 33.2 

Hydrogen Yield 0.0 0.4  0.4 2.2  1.5 10.7 

         

Product Yield         

CO2 0.0 0.3  0.3 3.3  2.3 13.6 

CO 0.0 0.1  0.0 0.1  0.0 0.4 

CH4 0.0 0.1  0.0 0.2  0.0 1.8 

C2H4 0.0 0.1  0.1 1.4  0.3 10.9 

C2H6 0.0 0.0  0.0 0.1  0.2 0.7 

CH3COCH3 0.0 0.0  0.0 0.0  0.0 5.2 

CH3CHO 0.0 0.6  0.7 0.5  0.8 0.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 202 
 

Table 14. Catalytic Activity Data of Preoxidized Co/CeO2-NP and -MP for ESR at 350, 

400, and 450 °C (CEtOH = 1.4% and H2O:EtOH = 10:1 (Molar Ratio), GHSV = 71 600 h−1) 

Unit: % 
350 ˚C  400 ˚C  450 ˚C 

Co-MP Co-NP  Co-MP Co-NP  Co-MP Co-NP 

Ethanol 
conversion 

18.4 10.8  29.6 56.0  79.4 99.7 

Hydrogen Yield 10 6.4  16.2 34.1  40.2 63.9 

         

Product Yield         

CO2 1.3 7.6  5.4 34.2  25.9 67.5 

CO 2.1 0.2  4.7 4.9  22.5 10.6 

CH4 0.6 0.2  1.1 1.2  6.0 4.1 

C2H4 0.0 0.2  0.1 0.9  0.2 3.9 

C2H6 0.0 0.0  0.0 0.0  0.1 0.1 

CH3COCH3 0.0 1.5  0.0 12.4  9 12.6 

CH3CHO 14.4 1.1  18.3 2.4  24.7 0.9 
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9.4 Conclusion of Chapter 9 

In this study, the reduction characteristics of ceria with two distinctly different 

particle sizes were explored in parallel for the two pairs of catalysts, including the pair of 

bare CeO2-NP and CeO2-MP and the pair of Co/CeO2-NP and Co/CeO2-MP. In situ 

XANES and AP-XPS techniques were employed to examine both the bulk and surface 

properties of the samples, respectively. For all samples, higher extents of ceria reduction 

were observed as temperature was increased under ethanol steam reforming conditions. 

Also, surface reduction was more prominent than bulk reduction with faster kinetics. 

Regarding the particle size effect, the NP based samples showed higher surface and bulk 

reduction of the ceria compared to its MP based counterparts. This indicates that the 

particle size is significant in determining of the reducibility of the material. 

Lastly, the extent of reduction of ceria in Co/CeO2 catalyst was smaller than that of 

the CeO2 bare support. It is conceivable that the reducing agents (such as ethanol and 

produced hydrogen), may primarily be consumed first to reduce the cobalt species, which 

are in a fully oxidized form at the start of the experiments, resulting in higher oxidation 

state of the ceria support compared to bare ceria. Another explanation can be that additional 

dissociation of H2O molecules on the cobalt surface may spillover to the ceria support, 

thereby resulting in a more oxidized ceria surface. 

 

* Information in this chapter is reproduced/adapted from “Sohn, H.; Soykal, I. I.; Zhang, 

S.; Shan, J.; Tao, F.; Miller, J. T.; Ozkan, U. S., Effect of Cobalt on Reduction 

Characteristics of Ceria under Ethanol Steam Reforming Conditions: AP-XPS and XANES 

Studies. The Journal of Physical Chemistry C 2016. June-Published” 
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CHAPTER 10 

 

EFFECT OF MICROGRAVITY ON SYNTHESIS OF NANO-CERIA 

 

10.1 Summary of Chapter 10 

 Cerium oxide (CeO2) was prepared using a controlled-precipitation method under 

microgravity at the International Space Station (ISS). For comparison, ceria was also 

synthesized under normal-gravity conditions (referred as control). The Brunauer-Emmett-

Teller (BET) surface area, pore volume and pore size analysis results indicated that the 

ceria particles grown in space had lower surface area and pore volume compared to the 

control samples. Furthermore, the space samples had a broader pore size distribution 

ranging from 30-600 Å , whereas the control samples consisted of pore sizes from 30-50 Å  

range. Structural information of the ceria particles were obtained using TEM and XRD. 

Based on the TEM images, it was confirmed that the space samples were predominantly 

nano-rods, on the other hand, only nano-polyhedra particles were seen in the control ceria 

samples. The average particle size was larger for ceria samples synthesized in space. XRD 

results showed higher crystallinity as well as larger mean crystal size for the space samples. 

The effect of sodium hydroxide concentration on synthesis of ceria was also examined 

using 1 M and 3 M solutions. It was found that the control samples, prepared in 1 M and 3 
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M sodium hydroxide solutions, did not show a significant difference between the two. 

However, when the ceria samples were prepared in a more basic medium (3 M) under 

microgravity, a decrease in the particle size of the nano-rods and appearances of nano-

polyhedra and spheres were observed. 

 

10.2 Experimental Section 

10.2.1 Catalyst Preparation 

 A CubeLab container (Nanoracks, Houston, TX, USA), shown in Figure 58, with 

the dimensions of 10 cm × 10 cm × 20 cm was utilized to protect the experimental 

containers during take-off and landing on route to and back from the International Space 

Station (ISS). Therefore, the catalyst preparation apparatus had to fit into a single CubeLab 

container. 

 Ceria nanoparticles were prepared by precipitation method, where 2.1 g 

Ce(NO3)3·6H2O (Sigma-Aldrich, 99.999%, St. Louis, MO, USA) was dissolved in 13.5 

mL water. In separate containers, caustic solutions with 66.5 mL of 1 M and 3 M NaOH 

were prepared. The solutions were loaded into concentric cylindrical rods. The innermost 

tube contained the cerium nitrate solution. Surrounding the inner glass tube was the sodium 

hydroxide solution. The astronauts were instructed to bend the assembly and thereby break 

the innermost glass tubing, allowing the solutions to mix. The assembly was then shaken 

to allow for a more thorough mixing. It should be noted that the liquid stays spread out 

through the length of the tube in microgravity, thereby showing different precipitation 
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behavior. The concentric tubes and the protective cover layers around the catalyst 

preparation assembly are shown in Figure 59. 

Twenty-four rods containing different molarities of NaOH solutions were loaded 

into the Cubelab. Another batch of 24 rods were prepared and kept in our laboratories as 

control. The CubeLab sample holder was then tested for vibration, vacuum, and off-

gassing,258 verification as per the NASA space-flight qualification requirements and flight 

safety regulations, and was sent to the International Space Station (ISS). The samples were 

not exposed to air during this process. It should be noted that ISS was kept at 25 °C and 1 

atm.258 On approximately the same day, the control samples were treated under similar 

reaction conditions and the solutions were mixed in our laboratories. No further treatment 

was done until the samples prepared at ISS were delivered to our laboratories.  

 Following the delivery of the ISS samples, the samples were tested for ruptures. No 

serious containment breaches were found. Following the inspection, all samples including 

the control were filtered and washed with deionized and distilled water until a pH of 7 is 

reached. The samples were then dried in an oven at 90 °C overnight and were ready for 

characterization. Throughout the text, the ceria samples prepared in normal-gravity and 

microgravity are referred to as control and space samples, respectively. 
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Figure 58. Schematic and dimensions of CubeLab and NanoRack Modules 
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Figure 59. Schematic for the catalyst preparation assembly 

 

 

 

 

 

 

Ce(NO3)3·6 H2O(aq)

1M/3M NaOH(aq)Sealing End Caps

Frangible Glass Tube

Flexible Third Tube

Flexible Second Tube

Heat Shrink Outer Tubing 
(not shown) 
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10.2.2 Surface Analysis 

 BET surface area and pore volume measurements were carried out on a 

Micromeritics ASAP 2020 (Norcross, GA, USA) accelerated surface area and porosimetry 

instrument. The samples were degassed at 130 °C for 12 h prior to analysis under vacuum 

(<2 μm·Hg). Adsorption/desorption isotherms were collected at liquid nitrogen 

temperature where the desorption branch of the isotherm was used to calculate Barrett-

Joyner-Halenda (BJH) pore size distributions. 

 

10.2.3 Transmission Electron Microscopy (TEM) 

 A Phillips Tecnai F20 TEM (Hillsboro, OR, USA) equipped with a Field Emission 

Gun (FEG) and operated at 200 kV was used for imaging the particles. All exposures were 

collected in the bright field. The samples were suspended in ethanol and were sonicated 

for ~10 min to improve dispersion. Following sonication, the resulting mixture was 

immediately deposited on a 200-mesh copper grid coated with lacey carbon in order to 

prevent agglomeration of the particles. Image J open-source processing and analysis 

software was used to estimate the particle sizes. 

 

10.2.4 X-ray Diffraction (XRD) 

 XRD powder patterns were collected using a Rigaku diffractometer (Tokyo, Japan) 

with Cu Kα radiation with λ = 1.5418 Å operated at 40 kV and 25 mA. The patterns were 

collected in the 2θ range of 20°-75°. International Center for Diffraction Data (ICDD) 

database was used for identification of the crystalline phases. The crystal size of the 



 210 
 

samples were calculated by Scherrer equation L = Kλ/βcosθ where K is the Scherrer 

constant, λ is the wavelength of the X-ray, β is the full width half maximum (FWHM), and 

θ is the diffraction angle. 

 

10.3 Results and Discussion 

10.3.1 BET Surface Area, Pore Size and Pore Volume 

 BET surface analysis was conducted on the ceria samples to determine the effect 

of microgravity on their surface characteristics. Table 15 compares the surface areas and 

pore volumes of the various samples tested. The control samples exhibited higher surface 

area and higher pore volume than the space samples. Regarding the effect of pH on the 

pore volume and surface area, higher surface areas and pore volumes were observed with 

increase in basicity of the medium for space samples whereas the opposite trend was 

exhibited by the control samples. 

 There was a considerable difference between control and space ceria in terms of the 

pore size distribution, as observed in Figure 60. The control ceria had a narrower pore size 

distribution with most of the pores being the 50-100 Å  range and no pores larger than ~200 

Å . On the other hand, for the space samples, a wide range of pore diameters ranging from 

30-600 Å  were observed. The lower pore volume and surface area can be due to larger 

particles size of the space samples compared to control samples. This was further 

confirmed in the TEM section. With respect to the effect of NaOH concentration, broader 

pore size distribution was obtained in case of 1 M control ceria than 3 M. The highest pore 
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volume was obtained at a pore diameter of 83 Å  and 62 Å  for 1 M and 3 M, respectively. 

For space-grown ceria, there were no significant changes in the pore size distribution. 

 

Table 15. Surface area and pore volume of CeO2 sample measured using N2 physisorption. 

 
BET Surface Area 

(m2/g) 

Pore volume 

(cm3/g) 

Control  1M 138 0.3 

Control  3M 118 0.23 

Space  1M 47 0.18 

Space  3M 69 0.19 
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Figure 60. Barrett-Joyner-Halenda (BJH) Pore size distribution of CeO2 sample measured 

using N2 physisorptionprepared (a) with 1M NaOH (b) with 3M NaOH. 
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10.3.2 Transmission Electron Microscopy (TEM) 

TEM images were obtained to confirm the ceria morphology and particle size 

(Figures 61 and 62). The particle size measurement was done by random sampling using 

multiple micrographs. Additionally, different batches of space and control samples are used 

for analysis.  

In Figure 61 a–c, TEM images of control ceria prepared with 1 M NaOH solution 

are shown. These samples consisted of polyhedron-shaped particles with an average 

particle size of 3.8 nm, fairly uniform particle size and shape throughout the sample. 

Similarly, control samples prepared at more basic conditions (Figure 61 d–f) contained 

smaller nanopolyhedra with an average particle size of 2.9 nm.  

 TEM images of the space samples are presented in Figure 62. The samples had 

mostly nano-rods, with 2-13 nm in width and 10-50 nm in length. Samples prepared with 

1 M-solution were seen to give larger and more uniform particles on the average. The 3 M-

space samples had some nano-spheres as well as rods. The particle size distributions for all 

four ceria samples are shown in Figures 63 and 64. 
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Figure 61. TEM image of control CeO2 sample: 1 M (a–c) and 3 M (d–f) 
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Figure 62. TEM image of space CeO2 sample: 1 M (a–c) and 3 M (d–f) 
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Figure 63. Particle size distribution histogram of Control CeO2 sample: (a) 1 M; (b) 3 M. 
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Figure 64. Width and length distribution histogram of Space CeO2 sample: (a) 1 M and 

(b) 3 M 

 

 

 

 

 

 

 

 



 218 
 

These results are significant in showing that ceria nanorods can be synthesized at 

room temperature and atmospheric pressure. To the best of our knowledge, there have not 

been any publications for the synthesis of nanorods under such conditions. In most cases, 

studies have concluded that ceria nanorods are formed at much higher temperatures and 

pressures.201, 213, 259-261 In order to understand the formation of ceria nanorods under 

microgravitiy condition, two crystal growth processes, Oswald ripening and oriented 

attachment, can be considered. These crystal growth mechanisms have been utilized to 

demonstrate the increase in particle size and change in morphology of the ceria particles.262-

264 The Ostwald ripening process follows the dissolution and reprecipitation of solution 

ions (Ce4+, OH-) from the ceria nuclei minimizing the surface energy state.265 On the other 

hand, the oriented attachment mechanism predominantly depends on the collision between 

nuclei during reaction. This process allows ceria nano-crystal to grow into a certain 

direction.265 Under microgravity condition, the lack of sedimentation of ceria particles in 

the solution may increase the residence time for nucleation of ceria crystals.266 Additionally, 

the diffusion and/or natural convection of ceria particles can be somewhat enhanced. These 

factors can significantly affect the crystal growth through oriented attachment, which 

results in more frequent collision between nuclei, thus forming larger particles and 

nanorods. There have been several articles showing evidence that oriented attachment 

crystal growth is the main route for the formation of nanorods of ceria,262 as well as various 

metal oxides.267 

In the literature, numerous studies on understanding the effect of pH on ceria 

particles size and shape have been conducted, however, depending on the synthesis method 

and choice of ceria precursor, different results have been reported. Tok et al.263 observed 
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similar behavior where smaller grains were seen in a more basic environment. This was 

because the Ce(OH)4 precipitate is basic; thus, the solubility of Ce(OH)4 in a more basic 

medium limits further agglomeration to form larger particles.263 However, an opposite 

trend was reported by Yang and coworkers,262 where changing the concentration of NaOH 

from 1 M to 5 M, increased the particle size of the ceria cubes from 20 nm to 25-40 nm. 

Mai et al.264 prepared ceria using cerium nitrate precursor at different NaOH concentrations 

of 1, 3, 6 and 9 M, at a fixed reaction temperature of 100 °C and reaction time of 24 h. It 

was observed that polyhedra particles were formed using 1 M NaOH, but as the solution 

became more basic, only rods were obtained.  

In this study, the effect of pH on the ceria morphology and particle size was more 

apparent in the case of the space samples. It was found that the length of the nanorods were 

longer for the 1 M-space samples whereas smaller dimensions were observed for the 3 M-

space samples. Moreover, the rods were prominent the former, while the number of rods 

were smaller in the 3 M-space samples, with nano-polyhedra and spheres also being 

observed. It should also be noted that the control ceria samples were under reaction 

condition of 25 °C and 1 atm. For example, Wu et al.268 prepared ceria powders in acidic, 

basic and neutral reaction mediums indicating that the effect of pH on particles size was 

insignificant at room temperature. The similarities between the particles size and shape in 

the 1 M and 3 M-control samples are in good agreement with their results. Therefore, it 

can be concluded that under microgravity, the pH affects the ceria morphology and particle 

size, whereas the effect is less prominent under normal gravity at room temperature. 

Lastly, identification of the diffracted planes was conducted. D-spacing was 

measured using Image J software. Figure 62 c shows a ceria rod including (220) and (200) 
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planes with 0.19 and 0.27 nm d-spacing [34,46,52]. Figure 62 f indicates ceria 

nanopolyhedra and spheres with (311) and (220) planes.267 

 

10.3.3 X-ray Diffraction (XRD) Analysis 

The XRD patterns of the ceria samples are shown in Figure 65. All patterns 

exhibited five distinct peaks which ensured that pure ceria was formed. Each peak was 

assigned to a particular crystal plane. The peak at a 2θ value of 28.5°, which showed the 

highest intensity, was identified as (111) plane of the cubic cerianite phase (ICDD 81-792). 

Others at 2θ values of 33°, 47.5°, 56°, and 69.4° were identified as (200), (220), (311), and 

(400) planes of ceria. For comparison, sharper diffraction lines were obtained for space 

samples, which suggest higher crystallinity of the structure. 

The full width at half maximum (FWHM) values are shown in Figure 66. These 

values were used to calculate the mean crystal size which is listed in Table 16. It appears 

that the (111) peak is broader for control samples, resulting smaller crystal size than those 

that were prepared in space. Generally, the crystal size estimated from XRD is in good 

agreement with the particle size observed in TEM. In the control samples, however, an 

increase of crystal size from 31.6 to 39.6 Å  was obtained with an increasing NaOH 

concentration, whereas almost no change in terms of particle size was concluded from 

TEM results. In contrast, the effect of pH on the crystal size was clear for space samples, 

where a significant decrease of crystal size from 67.9 to 53.5 Å  was seen, which follows 

the same trend as that of the TEM results. 
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Figure 65. XRD pattern of the CeO2 sample. 
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Figure 66. Comparison of FWHM of (111) plane for CeO2 sample. 
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Table 16. Mean crystal sizes of CeO2 sample 

Mean Crystal Size (nm) 

1M Control 3.2 

3M Control 4.0 

1M Space 6.8 

3M Space 5.3 
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10.4 Conclusion of Chapter 10 

The effect of microgravity on ceria synthesis was investigated. Ceria was 

synthesized by mixing cerium nitrate and sodium hydroxide solutions at room temperature, 

under both microgravity (space) and normal-gravity (control) for comparison. The ceria 

samples that were prepared in space showed lower surface area and pore volume compared 

to the Earth samples. BJH pore size analysis indicated that the space ceria samples 

consisted of larger pores with a broader pore size distribution. The morphology of the ceria 

particles were observed from TEM images. It was concluded that the space samples were 

mostly nano-rods, whereas control samples contained nano-polyhedra. The average 

particle size observed was larger for space ceria. From XRD results, space ceria samples 

were more crystalline than the control samples. The mean crystal size obtained using 

Scherer equation was larger in case of space samples than control. The difference in particle 

size and shape between space and control ceria is thought to be due to improved oriented 

attachment crystal growth process where more collision of ceria particle occurs. This can 

be attributed to lack of sedimentation of the ceria particles under microgravity condition. 

Lastly, the effect of pH was examined by changing the concentration of sodium hydroxide 

solution (1 M and 3 M). The ceria samples synthesized under normal-gravity at room 

temperature showed minimal differences between 1 M and 3 M. However, a significant 

decrease in particle size was observed for space samples which were prepared in a more 

basic medium, with a number of nano-polyhedra and spheres also being present. 

* Information in this chapter is reproduced/adapted from “ Soykal, I.; Sohn, H.; Bayram, 

B.; Gawade, P.; Snyder, M.; Levine, S.; Oz, H.; Ozkan, U., Effect of Microgravity on 

Synthesis of Nano Ceria. Catalysts 2015, 5 (3), 1306-1320.”
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APPENDIX A 

 

LIST OF ACRONYMS 

 

AC   Activated Carbon 

ANL   Argonne National Laboratory 

APS   Advanced Photon Source 

AP-XPS  Ambient-Pressure X-ray Photoelectron Spectroscopy 

ASAP   Accelerated Surface Area and Porosimetry 

BET   Brunauer-Emmett-Teller 

BTEB   Bis(trimethoxysilylethyl)benzene 

BJH   Brunauer-Joyner-Helena 

BM-D   Bending Magnet Beamline 

CFC   Chlorofluorocarbon 

CHC   Chlorinated Hydrocarbon 

CLF   Chloroform 

CMC   Carboxymethyl Cellulose 

CRD   Catalytic Reductive Dechlorination 

CTC   Tetrachloride 

DCE   Dichloroethylene 

DCM   Dichloromethane 

DRIFTS  Diffuse Reflectance Fourier Transform Infrared Spectroscopy 

DSC   Differential Scanning Calorimetry 
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DTA   Differential Thermal Analysis 

EDAX   Energy-Dispersive X-ray Analysis 

EPA   Environmental Protection Agency 

ESR   Ethanol Steam Reforming 

FID   Flame Ionization Detector 

GC-MS  Gas Chromatography-Mass Spectrometry 

GHSV   Gas Hour Space Velocity 

HADDF  High Angle Annular Dark Field 

HDC   Hydrodechlorination 

H-SOMS  High-temperature-treated Swellable Organically-Modified Silica 

ICP-OES  Inductively Coupled Plasma Optical Emission Spectrometry 

IR   Infrared 

IWI   Incipient Wetness Impregnation 

LHSV   Liquid Hour Space Velocity 

LO-TO  Longitudinal Optic-Transverse Optical 

MRCAT  Materials Research Collaborative Access 

MTBE   Methyl tert-butyl Ether 

NMR   Nuclear Magnetic Resonance 

PCB   Polychlorinated Biphenyl 

PCE   Perchloroethylene 

PDHID  Pulsed Discharge Helium Ionization Detector 

PEM   Proton Exchange Membrane 

PSD   Pore Size Distribution 

QIR   Quantitative Isothermal Reduction 
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SAXS   Small-angle X-Ray Scattering 

SOMS   Swellable Organically-Modified Silica 

STEM   Scanning Transmission Electron Microscopy 

TCA   Trichloroethane 

TCE   Trichloroethylene 

TEM   Transmission Electron Microscopy 

TEOS   Tetrarthyl Orthodilicate 

TGA   Thermogravimetric Analyzer 

TPA   Temperature Programmed Analysis 

TPD   Temperature Programmed Desorption 

TPO   Temperature Programmed Oxidation 

TTCE   Tetrachloroethylene 

VC   Vinyl Chloride 

VOC   Volatile Organic Compounds 

XAFS   X-ray Absorption Fine Structure 

XANES  X-ray Absorption Near Edge Structure 

XPS   X-ray Photoelectron Spectroscopy 

XRD   X-ray Diffraction 

ZVI   Zerovalent Iron 
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APPENDIX B 

 

GAS-PHASE FIXED BED FLOW REACTOR SYSTEM 

  

 

Figure 67. Picture of the Reactor System 
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Figure 68. Picture of two bubblers and a syringe pump  
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APPENDIX C 

 

CATALYST CHARACTERIZATION AND PRINCIPLES  

BEHIND THE TECHNIQUES 

 

C.1 Surface area, Pore volume and Pore Size Distribution  

If a chemical reaction is a surface-mediated reaction over heterogeneous metal 

catalysts the kinetic reaction rate fairly depends on the amount of surface area that can be 

utilized. As more surface area is employed, the availability of active sites on the catalyst 

surface to the reactants increases, thereby enhancing the reaction. Therefore, it is a 

reasonable statement that the more the surface area the faster the reaction and the better the 

catalytic activity is. 

There are few parameters that increase the available surface area of the catalyst. 

One can be the pore size. Porous materials serve a crucial role in the catalysts field as 

catalyst supports. This is because the existence of pores allows the utilization of inner-

particle surfaces, which escalates the overall amount of surface area significantly. The 

increase in surface area directly has an effect on the increase in number of adsorption sites 

where more reactants can be adsorbed on the catalyst surface. The inner surface area is 

considerably larger compared to the outer surface area of the catalyst.269 At a fixed particle 

diameter, a decrease in pore diameter and the associated increase in number of pores, leads 

to a larger surface area of the particle. 

Another effect of the pore size to the catalytic activity is associated with the 

diffusion of reactant through the pores. For example, if the pore diameter is significantly 
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small, it is possible that the reactants may not able to diffuse into the pores to reach the 

internal surface area. The mass transfer limitation by pore diffusion can change the overall 

reaction rate to be controlled by the internal diffusion of reactant in the pores thus 

degrading the catalytic activity. Therefore, understanding the pore size distribution 

indirectly provides valuable information about the surface area and the degree of diffusion 

limitation. 

Pore size distribution (PSD) comprises a wide range of pore diameter from 

micropores to macropores. The range of pore diameters are as follow:270 

Ultramicropores: pore size of less than 0.7nm (X< 0.7nm) 

Micropores: pore size of less than 2nm (X< 2nm) 

Mesopores: pore size of between 2nm and 50nm (2< X< 50nm) 

Macropores: pore size of greater than 50nm (X>50nm) 

A typical methodology to obtain PDS is using physical adsorption and desorption 

of gas probe molecules on the catalyst surface at liquid nitrogen temperature. The analysis 

of PDS is usually qualitative to estimate the structural characteristics of the catalyst. A 

detailed demonstration of the experimental procedures to obtain surface area, pore volume 

and pore size distribution are as follow: 

“Brunauer-Emmett-Teller (BET) surface analysis provides surface area and pore 

volume of the materials by using nitrogen adsorption/desorption isotherms which can be 

collected by a Micromeritics ASAP 2020 (accelerated surface area and porosimetry) 

instrument. The principle of this technique encompasses physical adsorption of nitrogen 

molecules in multilayers on the catalysts surface. First, the sample is degassed for 12h at 
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130 °C under vacuum conditions in order to remove any impurities on the surface. The pre-

treated sample is then transferred to the analysis port where the analysis is performed at 

liquid nitrogen temperature. The Brunauer-Joyner-Helena (BJH) pore size distribution of 

the sample is acquired from desorption branch of the isotherm after saturation pressure of 

nitrogen is reached.” 

As mentioned early, technically, a catalyst containing more number of micropores 

exhibit higher surface area, which can be expected to increase the catalytic activity. 

However, this is a very ambiguous argument to make because other various parameters 

such as pore acidity/basicity, shape and tortuosity of the catalyst can significantly influence 

the extent of diffusion limitation of the reactants to the pores, which degrades the catalytic 

performance. Therefore, the effect of pore size to the catalytic activity should not be 

considered alone without including the effect of morphological and geological aspects of 

the pores as well as how the active sites are well dispersed inside the pores. 

 

C.2 High-Angle Annular Dark-Field Imaging (HAADF) in Scanning Transmission 

Electron Microscope (STEM)  

STEM holds the same fundamentals as TEM does. The basic principle of electron 

microscopy is that the electron beam emitted from the electron source travel through several 

condenser lenses and penetrates the specimen. The electron bombardment on the sample 

produces scattered (bright field), diffracted (dark field) and secondary electrons. The electrons 

that were transmitted throughout the specimen crates an image focused by the objective lens. 

STEM utilizes the secondary electrons to conduct another type of imaging. Since the electrons 

are collected using a detector, identification of metals can be performed. Also, oxidation states 
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of the metal can be obtained. HDDAF STEM is a dark field imaging method where metals are 

shown in bright contrasting the background which is dark.  

 

C.3 Metal Dispersion 

Most commercial catalysts consist of noble transition metals, which acts as active sites, 

and metal oxides as supports.271 It is feasible that pure metal powders can be used as 

heterogeneous catalysts without the support. However, it is not a practical method because the 

cost of noble metals such as Pd, Pt, Ru and Rd is very expensive. Also, the agglomeration of 

these metal particles decreases the efficiency of employing the metal surface area as active 

sites.42 Therefore, a typical way to increase the utilization of metal particles and lower the cost 

of catalyst is to impregnate them on a catalyst support. However, most impregnation process 

leads to losses of metal particles in the bulk phase of the support, thus becoming not accessible 

to the reactants. The ratio between the accessible metal sites (surface) and the inaccessible sites 

(bulk) is called as metal dispersion.  

Metal dispersion is conventionally defined as, 

𝑀𝑒𝑡𝑎𝑙 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑢𝑓𝑎𝑐𝑒 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑚𝑒𝑡𝑎𝑙 𝑖𝑛 𝑏𝑢𝑙𝑘 𝑝ℎ𝑎𝑠𝑒
 

It is not enough to stress the substantial contribution of metal dispersion on the catalytic 

activity. Catalysts with higher metal dispersion indicate that there are more active metal 

particles on the surface, which enhances the reaction rate and improves the catalytic 

performance.  
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Among many different techniques, metal dispersion of the sample can be investigated 

by N2O chemisorption technique described by Jensen et al.215 A detailed explanation of the 

experiment procedures are as follow:  

“A ¼” OD fixed bed quartz reactor packed with catalysts is located inside fast-response 

furnace (Carbolite, MTF 10/15/130). The sample is first pre-treated under 5% H2 in He for 2 

hours at 400 °C to make sure that all the metals on the catalysts surface are in their reduced 

form. Then, the sample is cooled down to 40 °C under a flow of He to perform N2O 

chemisorption. When the analysis temperature is reached, 3% N2O/He is introduced to the 

fixed bed reactor. The analysis is based on the number of oxygen atoms from N2O adsorbed 

on the reduced metal sites on the surface. As the reaction proceeds, unreacted N2O and N2 

will be the only species contained in the exhausted stream of the reactor. The amount of 

produced N2 will be calibrated to quantify the number of moles of N2, and this will be 

correlated to the number of moles of oxygen adsorbed on the surface. Assuming Pd:O ratio 

as 1:1, the number of Pd sites formed on the catalysts surface will be calculated. The 

experiment will be done via an MKS – Cirrus II on-line mass spectrometer.” 

 

C.4 Temperature Programmed Analysis (TPA) 

 Temperature programmed analysis encompasses chemical adsorption of probe 

molecules on the catalyst surface to investigate its characteristics. As temperature increases, 

the chemisorbed species desorb as different products which is typically detected by an on-

line mass spectrometer. Over the past few decades, TPA has been the most frequently used 

technique in the catalysis area. Temperature Programmed Reduction (TPR) is a method, in 

which hydrogen is introduced to the sample and temperature is increase at a constant 



 235 
 

heating rate. This is to inspect how much the surface sites are in its reduced form, 

qualitatively and quantitatively. Temperature Programmed Oxidation (TPO) incorporates 

oxygen instead of hydrogen. This is a common way especially for post-reaction analysis in 

order to examine catalyst coking by oxidizing carbonaceous species into CO and CO2. 

Lastly, Temperature Programmed Desorption (TPD) is a technique to understand how 

strong the probe molecules are bonded to the surface active sites, for example, either acid 

or basic probe molecules can be used to explore the acidity or basicity of the surface.  

 

C.5 Small-Angle X-Ray Scattering (SAXS) 

SAXS technique is a convenient way to obtain structural ordering, sizes and shapes 

of nanoscale particles. A scattered X-ray beam hits the sample and a detector collects the 

difference in intensities of the beam. Since the method does not require crystallinity of the 

sample, it can be used for non-crystalline materials that do not   exhibit long-range order, 

which is appropriate for SOMS. Therefore, SAXS experiments on SOMS will be carried 

out to possibly gain crucial information of the swelling process of SOMS.  

 

C.6 Differential Scanning Calorimetry (DSC) and Differential Thermal Analysis (DTA) 

When a material changes its phase or undergoes a reaction, it always accompanies 

with a heat or energy change. Thermal analysis is a promising methodology that allows to 

calculate the amount of heat change of a particular material under various reaction 

environments at different temperatures.272-273 Among many different techniques, 

differential scanning calorimetry (DSC) is a commonly used method, which provides 
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valuable information about chemical properties such as meliting point, crystallization point, 

evaporation temperature as well as heat capacity.272 In field of heterogeneous catalysis, 

DSC is typically used in combination with thermogravimetric analysis (TGA) to determine 

the enthalpy change during adsorption/desorption of different gas molecules on the catalyst 

surface. Furthermore, the phase equilibrium for gas mixtures in the presence of catalysts 

can be obtained to understand the heterogeneously catalyzed reactions. 

The principal of the DSC technique is very similar to differential thermal analysis 

(DTA) which has been extensively utilized in the early 1900s.274 DTA analysis is based on 

the temperature difference between the sample and an inert reference. A shared heating 

source is utilized to introduce an identical heat flux to both sample and reference to increase 

or decrease the temperature.272, 274 First of all, the temperature is set to a certain value with 

a fixed heating rate. During operation, any heat exchange activity of the sample, influences 

the sample temperature. The change in temperature is monitored as a function of time.  

DSC system also measures the temperature difference between sample and 

reference but the measurement is based on the heat flux.274 There are two types of DSC 

system, one is heat flux DSC and the other is power compensating DSC. Heat flux DSC 

technique exploits a single heater to control the temperature of both sample and reference. 

However, for power compensating, two individual heating sources are utilized to increase 

the temperature separately.274 While the temperature is increasing at a known heating rate, 

the heating rate of the reference cell maintains constant since there is no heat exchange. 

However, in case of the sample, either higher or lower energy flux (J/s or W) is required to 

maintain the same heating rate (power compensating DSC) due to change in chemical 

properties. The change in heat flux of the sample heater is then collected and analyzed. 
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Another way is to build a connection between the sample and reference to exchange the 

heat energy (heat flux DSC). The transported heat flux can be recorded by the difference 

in thermocouples voltages.273-274 A typical DSC scan contains ‘heat flow’ on the y-axis 

with a unit of mJ/sec and x-axis for ‘temperatures’.275 Using DSC technique, comparative 

studies are possible by looking at the difference in heat capacity and enthalpy, which can 

be calculated per sample mass basis. 

 

C.7 In Situ Catalyst Characterization 

 In recent decades, the use of in situ characterization techniques has been a 

forthcoming trend in catalysis research. Due to the rapid development of analysis 

equipment, it is possible now to monitor real time data under reaction conditions where 

gases are flowing and temperatures and pressures are changing. Any kinds of analysis that 

was limited to ex-situ studies are now mostly available for in situ studies.  

 

C.7.1 In Situ X-Ray Diffraction (XRD) - bulk analysis 

 Conducting XRD experiments can identify the crystal structure of a catalyst. A 

certain wavelength of X-ray is diffracted from the regularly repeated layers of atoms with 

a specific angle. The theta value of that angle can be plugged into the Bragg’s law equation 

to obtain spacing between atomic layers, called d-spacing. From the d-spacing and with the 

support of references, dominant planes in the structure can be found. In situ XRD will be 

used to examine how Pd acts under TCE reaction conditions. A bubbler will be employed 
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to deliver the reactant vapors where the catalysts are placed. Whether Pd atoms oxidize or 

reduce will be ascertained by the differences in planes between Pd or PdO.  

 

C.7.2 In Situ X-ray Photoelectron Spectroscopy (XPS) - surface analysis 

 When the energy of X-ray is greater than the binding energy of an electron in an 

atom, the electron gets excited and leaves the surface with a certain kinetic energy. The 

ejected electron is called a photoelectron and collected using a detector. XPS spectrum is 

a plot where the numbers of these electrons detected are associated with a wide range of 

binding energy. Therefore, XPS provides electronic states of any metal that are of interest. 

Because the electrons may interfere with gas molecules, XPS analysis is typically 

conducted under ultra-high vacuum. However, a special design of XPS chamber was built 

by Professor Tao’s group at University of Notre Dame, which is capable of introducing 

reactant gases and collecting photoelectrons simultaneously at ambient pressure. As we are 

in collaboration with them, samples will be sent to investigate the oxidation state variations 

of Pd metal on the surface under HDC of TCE reaction.  

 

C.7.3 In Situ X-ray Absorption Spectroscopy (XAS) - bulk analysis 

 Similar to XPS, XAS is a tool that utilizes source of X-ray to emit photoelectrons. 

However, contrary to XPS, where numbers of electrons are detected, XAS targets the core 

electron in 1s orbital thus requires high flux of X-rays. These sort of X-rays can be only 

acquired from synchrotron facility. Since the XAS studies are core electron related, it is 

element specific. In other words, the ejected 1s electron wave interacts with neighboring 
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atoms either constructively or destructively hence the intensity of the initial X-ray changes. 

This allows us to calculate the bond distance and coordination number. Oxidation states of 

metal can be also obtained. The XAS experiment on Pd/SOMS will take place in Argonne 

National Lab, IL where one of the highest energy of X-ray is produced in the country.  

 

C.7.4 In Situ Diffuse Reflectance Infrared Fourier Transform (DRITFS) - surface analysis 

 Infrared (IR) spectroscopy is a widely known technique to probe various types of 

functional groups and characteristics of an unknown structure. The adsorption of specific 

frequencies of IR initiates vibration of atoms, which can then be used to identify different 

chemical bonds. DRIFTS operate on the same principle as motioned above; however, it is 

a surface technique where the IR beam is reflected from the surface. In our lab, we are 

capable of running DRIFTS reactions at different temperatures while gases are present. 

Therefore, TCE HDC reaction will be conducted in the DRIFTS in situ cell to understand 

the intermediate steps of how TCE adsorbs on the surface and desorbs as products.   
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APPENDIX D 

 

SWELLING OF SOMS AND ITS SYNTHESIS METHOD 

 

This section includes a brief review of the three papers listed below. 

(1) Burkett, C. M.; Edmiston, P. L., Highly Swellable Sol–Gels Prepared by Chemical 

Modification of Silanol Groups Prior to Drying. J. Non-Cryst. Solids 2005, 351, 3174-3178. 

(2) Burkett, C. M.; Underwood, L. A.; Volzer, R. S.; Baughman, J. A.; Edmiston, P. L., 

Organic–Inorganic Hybrid Materials That Rapidly Swell in Non-Polar Liquids: Nanoscale 

Morphology and Swelling Mechanism. Chem. Mater. 2008, 20, 1312-1321. 

(3) Edmiston, P. L.; Underwood, L. A., Absorption of Dissolved Organic Species from 

Water Using Organically Modified Silica That Swells. Sep. Purif. Technol. 2009, 66, 532-

540. 

 

 In one of the papers published in 2009 which illustrates the chemical properties of 

the organically modified silica (SOMS), authors claim, “the swelling process is ascribed to 

the tensile forces generated and stored by the capillary-induced collapse of the nanoporous 

matrix upon drying during sol-gel synthesis”.17 According to the statement, it can be 

speculated that the SOMS is closely associated with its synthesis method. Therefore, to 

obtain better understanding of the swelling process, one should first be aware of how 

conventional silica is synthesized.  
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 There are several different methods to prepare silica powder, among them, sol-gel 

synthesis technique including hydrolysis and co-condensation processes has been widely 

used.276-280 The reaction involves a mixture of alkoxysilanes, water and organic solvents. 

To enhance the reaction rate, acidic, basic and fluoride-based catalysts are implemented. 

The modification of sol-gel synthesis results in different types of silica. For example, 

addition of surfactant or change in precursor leads to surface functionalization of silica.281-

282 Different silica morphology and particles sizes are obtained as well.283-284  

 Sol-gel synthesis is basically a process that forms a complex inorganic matrix 

through gelation of the sol (colloidal suspension) in liquid phase under homogenous 

catalysts. The initial step is hydrolysis of alkoxysilane, reacting readily with water to 

generate silanol species. Since most alkoxysilance precursors such as tetraethoxysilane 

(TEOS) are not miscible in water, alcohol is often exploited to obtain a homogeneous 

solution.277 After hydrolysis, the silanol groups either undergo water condensation or 

alcohol condensation, reacting with either each other or with alkoxysilane groups, 

respectively. Co-condensation of silanol species then start to form Si-O-Si bonds resulting 

a three-dimensional porous siloxane network consists of numerous siloxane bridges. 

 As more bridging process proceeds, the network grows significantly until a point 

where silica nanoparticles are observed. These nanoparticles are then agglomerates to each 

other and constitutes a gel in the liquid solution. The remaining solvent containing 

unreacted alkoxide and hydroxyl groups exists in the vacant spaces of the silica gel. 

Following this stage, the gel is rinsed and dried through evaporation to remove the solvent. 

Afterwards, the obtained material is grinded to obtain amorphous silica.  
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 First of all, the uniqueness in the synthetic process of SOMS is using a different 

silane monomer precursor such as bis(trimethoxysilylethyl)benzene (BTEB), compared to 

regular silica synthesis method.16-18 BTEB contains a benzene ring directly connected to a 

silicon whereas TEOS includes four methoxy functional groups. The implementation of 

BTEB allows polymerization of the precursors in the presence of fluoride catalysts of the 

precursor solution. Therefore, following the same procedures mentioned above, poly-

condensation of BTEB creates a highly cross-linked polymer matrix including covalent 

linkages between the aryl group and silicon. At this point, particles with 10-20 nm size is 

formed, which then further agglomerates to a colloidal gel. Since the degree of crosslinking 

is substantial compared to the case where TEOS is used, the generated gel network is a 

more tightly connected than regular silica gel.17-18 

 Once the gelation is complete, the gel should be aged for a specific time period and 

rinsed by organic solvents such as acetone. It should be noted that, prior to drying, 

derivatization of silanol groups are necessarily for SOMS synthesis. This is because the 

residual silanols may lead to formation of Si-O-Si bonds during evaporation which may 

decrease the extent of swelling process.17-18  

 Edmiston and coworkers have examined the influence of various parameters such 

as choice of precursor, solvent, catalysts, aging time and siliane concentration to invesitgate 

the principle behind the swelling behavior.18  

 In summary,18 (1) Fluoride based or strongly concentrated base catalysts must be 

used. (2) Solvent should be closely to non-polar. (3) Gel should be aged until syneresis is 

observed. (4) Concentration of precursor solution should be between 0.5 ± 0.25 M.   
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 Interestingly, considering the effect of precursor, the swelling behavior of SOMS 

is only obtained by the two precursors that include covalent bond between the aryl groups 

connected to the silicon center. Thus, it can be speculated the stretchiness of SOMS while 

expanding can be correlated to the flexibility of S-C-aryl bonds.18 

 Through gelation and polymerization of the BTEB monomers, these flexible 

connections between the aryl group and silcon plays a key role for generating flexibility in 

between the non-covalently bonded nanoparticles. These interactions allow to maintain the 

rigidity of the heavily cross-linked network during solvent removal step without resulting 

any breakages of the chemical bonds. Unlike SOMS, the physical volume expansion is not 

observed for typical silica powders. Thus, it can be considered that there might be some 

fractures of inter-particle bonds during the solvent removal step.18 As the solvent 

evaporates, the matrix begins to collapse but the interparticle bonds of the network tend to 

retain its structure thererby producing capillary attraction forces. The attraction forces are 

then converted to tensile forces because of the high degree of polymer crosslinking that 

holds the network rigidly linked to each other. When drying is complete, although the 

structure is in its dry collapsed state but the tensile forces are still stored in the polymeric 

matrix.18  

 The energy due to tensile forces is released as physical volume expansion of the 

Osorb when organic liquid and gas molecules are introduced to the matrix. The process is 

referred as “swelling”. However, energy stored in the network (as tensile forces) produces 

significant amount of forces in all directions during swelling of organic materials. These 

forces were measured and are shown in Figure 69.18 
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Figure 69.  Volume change of SOMS as a function of applied force18 (cited from “Burkett, 

C. M.; Underwood, L. A.; Volzer, R. S.; Baughman, J. A.; Edmiston, P. L., Organic–

Inorganic Hybrid Materials That Rapidly Swell in Non-Polar Liquids: Nanoscale 

Morphology and Swelling Mechanism. Chem. Mater. 2008, 20, 1312-1321.”) 

 Figure 69 was graphed based on an experiment where a known amount of SOMS 

was located on a porous frit in a sealed tube equipped with a piston.18 Organic solvents 

were introduced to the SOMS through the porous frit resulting a volume expansion, 

subsequently pushing the piston in the upward direction whose weight was calculated and 

converted to force (N). Authors demonstrate that 2g of SOMS was able to lift up the piston 

of 20N (2kg) with a significant volume change of three times its original volume.18 As 

more forces were applied to the SOMS, the degree of the volume change reached to a 

constant value, but the expansion phenomena was still observable. It is a very striking fact 

that the experiment system was not able to cease the mechanical volume expansion due to 

swelling, even applying 100 N of forces.18 
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 In conclusion, due to the fact that the volume change reaches to a plateau regardless 

of amount forced being applied, it can be hypothesized that the morphological change for 

the initial step to open up the matrix is not limited to any static pressure. Once the pore is 

in its open stage the volume expansion depends on what kind of solvent was used. The 

mechanism of the swelling process of SOMS is described in Figure 70.  

 

Figure 70.  Mechanism of swelling process17 (cited from “Edmiston, P. L.; Underwood, L. 

A., Absorption of Dissolved Organic Species from Water Using Organically Modified 

Silica That Swells. Sep. Purif. Technol. 2009, 66, 532-540.”)
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APPENDIX E 

 

DERIVATION OF THE RATE LAW FOR 

HYDRODECHLORINATION OF TRICHLOROETHYLENE 

 

 Several rate law expressions for hydrodechlorination of trichloroethylene 

have been established in the literature depending on the reactor types and reaction 

conditions. In here, two the most commonly used ones are derived.  

 

Hydrodechlorination of Trichloroethylene  

C2HCl3 + 4H2  3HCl + C2H6 

 

E.1 Batch reactor, liquid phase, pseudo-first-order kinetic model  

The derived rate law in here is in good agreement with the references.35, 38-39, 42, 78, 

285-289 

 

Starting from general mole balance equation, 

 

𝐹𝐴𝑂 −  𝐹𝐴 + ∫ 𝑟𝐴 𝑑𝑉
𝑉

0

=
𝑑𝑁𝐴

𝑑𝑡
 

 

Assumptions for batch reactor 

1. No input or output ( 𝐹𝐴𝑂 𝑎𝑛𝑑 𝐹𝐴 = 0) 

2. Well mixed ( ∫ 𝑟𝐴 𝑑𝑉
𝑉

0
= 𝑟𝐴𝑉 ) 

3. No volume change, V = constant 
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Therefore,  

𝑟𝐴𝑉 =  
𝑑𝑁𝐴

𝑑𝑡
            𝑟𝐴 =  

𝑑(𝑁𝐴/𝑉)

𝑑𝑡
 

 

For batch reactor,  

 
𝒅𝑪𝑨

𝒅𝒕
= 𝒓𝑨 

 

Based on the TCE HDC reaction equation above,  

 

−𝑟𝑇𝐶𝐸 = 𝑘𝐶𝐻2

4 𝐶𝑇𝐶𝐸 

 

However, H2 is usually in excess in most HDC experiments, thus H2 concentration 

can be considered as a constant. This allows to assume pseudo-first-order 

reaction.     

 

−𝑟𝑇𝐶𝐸 = 𝑘𝑎𝑝𝑝𝐶𝑇𝐶𝐸               𝑘𝑎𝑝𝑝 = 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑚𝑖𝑛−1)  

 

Overall rate expression is,  

 

−
𝒅𝑪𝑻𝑪𝑬

𝒅𝒕
= 𝒌𝒂𝒑𝒑𝑪𝑻𝑪𝑬 

 

To obtain a catalyst surface area based rate equation (for Pd metal), 

 

−
𝑑𝐶𝑇𝐶𝐸

𝑑𝑡
= 𝑘𝑎𝑝𝑝𝐶𝑇𝐶𝐸 =  𝑘𝑜𝑏𝑠𝐶𝑃𝑑𝐶𝑇𝐶𝐸 = 𝑘𝑆𝐴𝑎𝑠𝐶𝑃𝑑𝐶𝑇𝐶𝐸 

 

𝑘𝑆𝐴 = 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑏𝑎𝑠𝑒𝑑 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (
𝐿

𝑚𝑖𝑛 ∗  𝑚3
) 

𝑎𝑠 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (
𝑚3

𝑔
)  𝑜𝑟 (

𝑚3

𝑚𝑜𝑙
) 
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𝐶𝑃𝑑 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑑 (
𝑔

𝐿
)  𝑜𝑟 (

𝑚𝑜𝑙

𝐿
) 

Again,  

−
𝒅𝑪𝑻𝑪𝑬

𝒅𝒕
= 𝒌𝒂𝒑𝒑𝑪𝑻𝑪𝑬 =  𝒌𝑺𝑨𝒂𝒔𝑪𝑷𝒅𝑪𝑻𝑪𝑬 

𝒌𝒂𝒑𝒑 =  𝒌𝑺𝑨𝒂𝒔𝑪𝑷𝒅 

 

 

To calculate the specific surface area based on Pd particle size,  

  

𝑟 =
3

𝜌𝑎𝑠
      𝑤ℎ𝑒𝑟𝑒 𝑟 =  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑟𝑎𝑑𝑖𝑢𝑠  

𝜌 = 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦   

 

To obtain the rate constant 𝑘𝑎𝑝𝑝, 

 

−
𝑑𝐶𝑇𝐶𝐸

𝑑𝑡
= 𝑘𝑎𝑝𝑝𝐶𝑇𝐶𝐸                     

∫
1

𝐶𝑇𝐶𝐸
𝑑𝐶𝑇𝐶𝐸

𝐶𝑇𝐶𝐸,𝑡

𝐶𝑇𝐶𝐸,𝑜

=  − 𝑘𝑎𝑝𝑝t    

 

𝒍𝒏
𝑪𝑻𝑪𝑬,𝒕

𝑪𝑻𝑪𝑬,𝒐
== −𝒌𝒂𝒑𝒑𝒕        

 

𝒘𝒉𝒆𝒓𝒆   𝒌𝒂𝒑𝒑   𝒊𝒔 𝒕𝒉𝒆 𝒔𝒍𝒐𝒑𝒆 𝒐𝒇  𝒍𝒏
𝑪𝑻𝑪𝑬,𝒕

𝑪𝑻𝑪𝑬,𝒐
  𝒗𝒔   𝒕        

 

Finally, 𝑘𝑆𝐴 can be obtained by equation,  

𝑘𝑎𝑝𝑝 =  𝑘𝑆𝐴𝑎𝑠𝐶𝑃𝑑 
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To obtain 𝑘𝑜𝑏𝑠 , 

 

−
𝑑𝐶𝑇𝐶𝐸

𝑑𝑡
= 𝑘𝑎𝑝𝑝𝐶𝑇𝐶𝐸 =  𝑘𝑜𝑏𝑠𝐶𝑃𝑑𝐶𝑇𝐶𝐸 

𝑘𝑎𝑝𝑝 =  𝑘𝑜𝑏𝑠𝐶𝑃𝑑 

 

𝑘𝑜𝑏𝑠 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (
𝐿

𝑚𝑖𝑛 ∗  𝑚𝑜𝑙
) 

𝐶𝑃𝑑 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑑  (
𝑚𝑜𝑙

𝐿
) 

 

This kinetic model provides a good estimate of how fast the reaction 

proceeds, especially when comparing multiple catalysts in terms of their activity. 

However, the influence from deactivation is not taken into account, which results 

in a poor curve fitting.   

 

E.2 Fixed-bed reactor, gas phase, Langmuir–Hinshelwood (LH) kinetic model 

The derived rate law in here is in good agreement with the references.26, 71, 290-292 

Hydrodechlorination of trichloroethylene is a surface-mediated reaction, 

therefore, the Langmuir-Hinshelwood kinetic model is the most appropriate 

method to derive the rate law equation. Several studies have shown a successful 

kinetic analysis based on Langmuir-Hinshelwood mechanism. The assumptions of 

the mechanism as follows:  

 

1. Surface is homogeneous  

2. Rate is a function of partial pressure of gases and fraction of vacant sites 

3. Only monolayer coverage is considered 

4. No interaction between adsorbates 
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To start with, several assumptions should be made specifically for 

hydrodechlorination of trichloroethylene.  

 

1. Adsorption of H2 on catalyst surface is dissociative surface and very strong 

2. H2 partial pressure is constant (excess H2) 

3. Adsorption of H2 and TCE on the same active sites 

4. HCl and ethane is weakly adsorbed 

5. Surface reaction is irreversible 

 

Langmuir-Hinshelwood proposed mechanism 

 1)  𝐻2 + 2𝑣  ↔   2𝐻𝑎𝑑𝑠 

2)  𝐴 + 𝑣  ↔   𝐴𝑎𝑑𝑠    (𝐴 = 𝑇𝐶𝐸) 

3)  𝐴𝑎𝑑𝑠 +  𝐻𝑎𝑑𝑠   →   𝐵𝑎𝑑𝑠 + 𝐶𝑎𝑑𝑠  +   𝑣     (𝐵 = 𝐻𝐶𝑙  𝐶 = 𝑒𝑡ℎ𝑎𝑛𝑒) 

 

Step 3) is the surface reaction, therefore,  

−𝑟𝑇𝐶𝐸 = 𝑘𝑟𝑥𝑛𝜃𝐴𝜃𝐻 

From 1) and 2),  

 1)  𝑘𝐻2
𝑃𝐻2

𝜃𝑣
2 =  𝑘𝐻2

∗𝜃𝐻
2  

𝜃𝐻 =  √ 𝐾𝐻2
𝑃𝐻2

  𝜃𝑣      𝑤ℎ𝑒𝑟𝑒  𝐾𝐻2
=

 𝑘𝐻2

𝑘𝐻2

∗    

 

 2)  𝑘𝐴𝑃𝐴𝜃𝑣 =  𝑘𝐴
∗𝜃𝐴 

𝜃𝐴 =  𝐾𝐴𝑃𝐴𝜃𝑣     𝑤ℎ𝑒𝑟𝑒  𝐾𝐻2
=

𝑘𝐴

𝑘𝐴
∗    
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Since,  

1 =  𝜃𝐻 + 𝜃𝐴 +  𝜃𝑣       

√ 𝐾𝐻2
𝑃𝐻2

  𝜃𝑣   +  𝐾𝐴𝑃𝐴𝜃𝑣  +  𝜃𝑣 = 1 

 𝜃𝑣 (√ 𝐾𝐻2
𝑃𝐻2

+  𝐾𝐴𝑃𝐴 + 1) = 1        𝜃𝑣 =   
1

√ 𝐾𝐻2
𝑃𝐻2

+  𝐾𝐴𝑃𝐴 + 1
        

𝜃𝐻 =  √ 𝐾𝐻2
𝑃𝐻2

∗
1

√ 𝐾𝐻2
𝑃𝐻2

+  𝐾𝐴𝑃𝐴 + 1
            𝜃𝐴 =  𝐾𝐴𝑃𝐴 ∗

1

√ 𝐾𝐻2
𝑃𝐻2

+  𝐾𝐴𝑃𝐴 + 1
        

Therefore, overall rate expression is,  

−𝑟𝑇𝐶𝐸 = 𝑘𝑟𝑥𝑛𝜃𝐴𝜃𝐻 

 

−𝒓𝑻𝑪𝑬 = 𝒌𝒓𝒙𝒏

√ 𝑲𝑯𝟐
𝑷𝑯𝟐

𝑲𝑻𝑪𝑬𝑷𝑻𝑪𝑬

(√ 𝑲𝑯𝟐
𝑷𝑯𝟐

+  𝑲𝑻𝑪𝑬𝑷𝑻𝑪𝑬 + 𝟏)
𝟐 

  

Assuming 𝑃𝐻2
 is extremely large, the above equation can be simplified to,  

−𝑟𝑇𝐶𝐸 = 𝑘𝑟𝑥𝑛

√ 𝐾𝐻2
𝑃𝐻2

𝐾𝑇𝐶𝐸𝑃𝑇𝐶𝐸

(√ 𝐾𝐻2
𝑃𝐻2

+ 1)
2  

𝑤ℎ𝑒𝑟𝑒    𝑘𝑟𝑥𝑛 = 𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 𝐾𝐻2
 , 𝐾𝑇𝐶𝐸 = 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 

The overall observed reaction constant is,  

𝒌𝒐𝒃𝒔 = 𝒌𝒓𝒙𝒏

√ 𝑲𝑯𝟐
𝑷𝑯𝟐

𝑲𝑻𝑪𝑬

(√ 𝑲𝑯𝟐
𝑷𝑯𝟐

+ 𝟏)
𝟐  
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This can be more simplified to,  

𝑘𝑜𝑏𝑠 = 𝑘𝑟𝑥𝑛√ 𝐾𝐻2
𝑃𝐻2

𝐾𝑇𝐶𝐸
√        

𝑤ℎ𝑒𝑟𝑒 𝑎 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡   𝐾𝑇𝐶𝐸
√    𝑖𝑠 𝑑𝑒𝑓𝑖𝑛𝑒𝑑 𝑎𝑠    

𝐾𝑇𝐶𝐸

(√ 𝐾𝐻2
𝑃𝐻2

+ 1)
2 

 

To obtain all the rate constants, experiment data should be fitted. Therefore, 

the fixed-bed reactor is assumed to behave as a PFR reactor under steady state 

condition.  

Starting from general mole balance equation, 

 

𝐹𝐴𝑂 −  𝐹𝐴 + ∫ 𝑟𝐴 𝑑𝑉
𝑉

0

=
𝑑𝑁𝐴

𝑑𝑡
 

 

Taking the derivative,  

𝑑𝐹𝐴

𝑑𝑉
 =  𝑟𝐴  

𝑋 =  
𝐹𝐴0 − 𝐹𝐴

𝐹𝐴0
= 1 −

 𝐹𝐴

𝐹𝐴0
          𝑑𝑋 =  −

𝑑𝐹𝐴

𝐹𝐴0
 

 

𝑭𝑨𝟎

𝒅𝑿

𝒅𝑽
 =  −𝒓𝑨  

 

When integrated with Langmuir-Hinshelwood,  

𝐹𝐴0

𝑑𝑋

𝑑𝑉
= 𝑘𝑟𝑥𝑛

√ 𝐾𝐻2
𝑃𝐻2

𝐾𝑇𝐶𝐸𝑃𝑇𝐶𝐸

(√ 𝐾𝐻2
𝑃𝐻2

+  𝐾𝑇𝐶𝐸𝑃𝑇𝐶𝐸 + 1)
2 
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When integrated with pseudo-first-order kinetic model, 

𝐹𝐴0

𝑑𝑋

𝑑𝑉
= 𝑘𝑟𝑥𝑛𝐶𝐴  

𝐶𝐴 =  
𝐹𝐴

𝑣0
          𝑋 =  1 −

 𝐹𝐴

𝐹𝐴0
           

𝐹𝐴0

𝑑𝑋

𝑑𝑉
= 𝑘𝑟𝑥𝑛

𝐹𝐴

𝑣0
              

𝑑𝑋

𝑑𝑉
=

𝑘𝑟𝑥𝑛

𝑣0

𝐹𝐴

𝐹𝐴0
            

𝑑𝑋

𝑑𝑉
=

𝑘𝑟𝑥𝑛

𝑣0
(1 − 𝑋) 

 

1

(1 − 𝑋)
𝑑𝑋 =

𝑘𝑟𝑥𝑛

𝑣0
𝑑𝑉           ∫

1

(1 − 𝑋)
𝑑𝑋

𝑋

0

= ∫
𝑘𝑟𝑥𝑛

𝑣0
𝑑𝑉

𝑉

0

 

−ln [1 − 𝑋]0
𝑋 =

𝑘𝑟𝑥𝑛

𝑣0
𝑉            − 𝑙𝑛(1 − 𝑋) =

𝑘𝑟𝑥𝑛

𝑣0
𝑉 

 

𝑙𝑛(1 − 𝑋) = −
𝑘𝑟𝑥𝑛

𝑣0
𝑉 

𝑒
−

𝑘𝑟𝑥𝑛
𝑣0

𝑉
= 1 − 𝑋 

 

𝑿 = 𝟏 − 𝒆
−

𝒌𝒓𝒙𝒏
𝒗𝟎

𝑽
 

 

From here, activation energies can be calculated using Arrhenius equations.   
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23. Ordóñez, S.; Sastre, H.; Dı́ez, F. V., Hydrodechlorination of aliphatic 

organochlorinated compounds over commercial hydrogenation catalysts. Appl. Catal., B 

2000, 25, 49-58. 
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