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ABSTRACT 

 This work investigated activated carbon monolith catalysts as a substitute for 

conventional packed bed reactors in furfural hydrogenation reactions. Comparing the 

powder, granular and monolith forms of  Pd catalyst for furfural hydrogenation, monolith 

was the only catalyst that did not show external mass transfer resistance for both 

hydrogen and furfural, which contributed to a lower activity loss for this catalyst. Adding 

acetic acid to the reaction medium, an impurity of crude furfural, did not affect the 

conversion of furfural in presence of Pd on activated carbon monolith. Selective 

hydrogenation of furfural using bi-metal Pd-Cu and Pd-Fe on activated carbon monolith 

was studied. Adding a second metal to Pd shifted the selectivity of the catalyst from 2-

methylfuran and 2-methyltetrahydrofuran to furfuryl alcohol and tetrahydrofurfuryl 

alcohol over the range of tested temperatures and pressures. A high space time yield of 

272 g/Lcat/h tetrahydrofurfuryl alcohol and 143 g/Lcat/h furfuryl alcohol was achieved 

using Pd-Fe/ACM at 180 °C, 300 psig and liquid hourly space velocity of 15.38 h-1. 

Selective hydrogenation of furfural to 5-hydroxy-2-pentanone over Pd-TiO2 was also 

studied. TiO2 added weak acid sites to Pd catalyst resulting in furan ring opening and 



formation of 5-hydroxy-2-pentanone. The highest space time yield of 140 g/Lcat/h and 

selectivity of 39% was achieved for 5-hydroxy-2-pentanone in a short residence time at 

180 °C and 300 psig. A kinetic model was developed for hydrogenation of furfural over 

Pd-TiO2 using a two-site Langmuir-Hinshelwood mechanism. The reaction constants of 

1.925, 0.506, 0.269 and 0.973 mol/gcat.h for consumption of furfural, formation of 2-

methylfuran, formation of tetrahydrofurfuryl alcohol and formation of 5-hydroxy-2-

pentanone were calculated from the model, respectively.  
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CHAPTER 1 

INTRODUCTION 

Monolith catalysts are a type of structured catalyst with a high number of small parallel 

capillary channels. Compared to its conventional packed bed counterpart, this honeycomb shape 

catalyst provides lower pressure drop and higher mass transfer rates due to a larger open frontal 

area and a shorter diffusion path. Unlike powder packed beds, monolith catalysts provide easy 

downstream filtration and separation. In addition, another advantage of using monolith catalysts 

is the easy scale-up of flow from one channel to the monolith structure. In other words, design 

for one capillary channel can be applied to all other channel in the monolith structure.  

Activated carbon, obtained from renewable forest and agricultural resources, is a 

promising base material for production of monolith catalysts. Activated carbon provides a large 

surface area and a meso to micro pore distribution as a catalyst support. In addition, activated 

carbon supports provide advantages such as inertness, durability and easy recovery of precious 

metal from catalyst (by combustion). Therefore, manufacturing a monolith catalyst from 

activated carbon will allow all the benefits of both activated carbon and monolith structure in one 

single catalyst, known as activated carbon monolith catalyst. Activated carbon monolith 

catalysts, impregnated with precious metals and transition metals, can be promising catalysts for 

a series of continuous hydrogenation reactions. 

Furfural is an abundant and inexpensive promising biomass-derived chemical that can 

form a series of value-added products through hydrogenation reactions. Over the past decades, 

dwindling of fossil resources along with their negative impact on the environment has brought 
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the attention to finding green and bio-based alternatives for fossil fuels. Therefore, 

hydrogenation of the bio-based furfural is an important industrial reaction due to forming 

valuable products that can be promising alternatives for fossil fuels. This hydrogenation reaction 

can result in products such as furfuryl alcohol (important monomer for furan resins), 

tetrahydrofurfuryl alcohol (solvent for agricultural, cleaning, coating and paint stripper 

formulations), 2-methyltetrahydrofuran and 2-methylfuran (promising alternative fuel and fuel 

additive) and cyclopentanone (precursor for aviation fuels, rubber chemicals and 

pharmaceuticals).  

This work investigates heterogeneous continuous hydrogenation of aqueous furfural in 

presence of activated carbon monolith, powder, granular and crushed activated carbon monolith 

catalysts impregnated with precious metals in single or dual forms. The specific goals of this 

work were: 

1. To compare Pd-supported activated carbon monolith to conventional Pd-supported granular 

and powder activated carbon for continuous aqueous furfural hydrogenation in terms of mass 

transfer, catalyst deactivation, product distribution as a function of temperature, pressure and 

residence time, Pd loading and Pd reduction temperature. 

2. To perform comprehensive characterization of fresh and spent activated carbon monolith, 

granular and powder catalysts.  

3. To determine the effect of adding a second metal (Fe and Cu) to Pd supported activated 

carbon monolith on product yield, selectivity and furfural conversion.  

4. To determine the impact of impurities in crude furfural on product distribution and furfural 

conversion. 
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5. To synthesize a novel Pd-TiO2 catalyst on activated carbon support and determine the effect 

of adding TiO2 to Pd on formation of furan ring opening products in continuous furfural 

hydrogenation. 

6. To develop a Langmuir-Hinshelwood rate law using Pd-TiO2 on activated carbon for 

continuous hydrogenation of furfural in aqueous phase.   
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CHAPTER 2 

BACKGROUND AND LITERATURE ANALYSIS 

2.1 Activated Carbon Support 

In addition to their key role in production of biofuels, biomasses from forest and 

agricultural resources are the important starting materials for production of activated carbon. 

Coconut shell, wood and coal are some of the main starting materials used in activated carbon 

production. Activated carbon is a type of processed carbon that demonstrates very high porosity 

due to possessing defective graphene layers.1 This processed carbon has been widely used in the 

areas of catalysis, purification, filtration and medicine. Durability, inertness in reaction medium, 

stability in acid/base, high surface area and very well-developed porosity of activated carbon 

make it a promising catalyst support for chemical industry. One of the other advantages of 

activated carbon as catalyst support, specifically when used as a support for precious metals, is 

easy recovery of the metal by combustion of the catalyst.  

2.1.1 Preparation of Activated Carbon 

The preparation of activated carbon involves two steps: carbonization and activation. 

During the carbonization step, an organic/carbon-rich starting material undergoes heat treatment 

in an inert atmosphere to decrease impurities (mostly in form of gases and tars) and non-carbon 

compounds to result in a high carbon-content compound (char) with porosity. Due to the 

blockage of pores by impurities and residues during the heat treatment, an extra step of activation 

is required to develop porosity in activated carbon.2 Chemical and physical activation are the two 

main methods of activating carbon. 
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2.1.2 Chemical Activation  

During chemical activation, carbonization and activation occur simultaneously. In other 

words, prior to heat treatment in an inert atmosphere (carbonization step), the organic starting 

material is mixed with an activating agent such as nitric acid, sulfuric acid and phosphoric acid, 

zinc chloride and sodium hydroxide to prevent the formation of tar. After heat treatment in 

presence of the activating agent, the carbon material requires a washing step. During the washing 

step, all the remaining chemicals are removed from the carbon structure. Activating agent to 

starting material weight ratio (impregnation ratio), carbonization temperature, type of activating 

agent and type of starting material are some of the most important parameters affecting the 

development of porosity in activated carbon during chemical activation.3 Giraldo et al. 2012 

studied the effect of different impregnation ratios on development of porosity and surface area of 

activated carbon. They tested KOH and ZnCl2 as activating agents for synthesizing activated 

carbon, obtained from coffee residue. With increasing the ratio of chemical agent to starting 

material weight from two to three, an increase in both pore volume and pore size was observed.4 

The increase in pore volume was explained by better removal of tars in presence of higher 

weights of chemical agent. In a study by Tsai et al. 2001, the effect of carbonization/activation 

temperature on porosity development of activated carbon was determined.5 Waste corncob, the 

starting material, was carbonized and activated using KOH and K2CO3. By raising carbonization 

temperature from 500 to 800 °C, the BET surface area of activated carbon was raised from 0.1 to 

1806 m2/g with KOH and from 0.2 to 1541 m2/g with K2CO3, respectively. The highest total 

pore volume of activated carbon treated with KOH and K2CO3 was also achieved at 800 °C (0.87 

cm3/g for KOH and 0.74 cm3/g with K2CO3).  Raising temperature during heat treatment 

increases the yield of gas and liquid products and decreases the yield of solid product/char. 
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Increasing temperature also increases the purity and quality of the solid product. The type of 

activating agent is an important parameter in porosity development of activated carbon. Donald 

et al. 2011 investigated the effect of activating agent on porosity development of activated 

carbon derived from Canadian peat.6 A comparison between the N2 desorption/ adsorption 

isotherms of ZnCl2 and H3PO4 activated carbons indicated higher pore volume and lower surface 

area for the carbon that was activated with H3PO4. Carbon activation using H3PO4 developed a 

mesoporous structure whereas activation using ZnCl2 resulted in micropores. 

2.1.3 Physical Activation 

Physical activation of activated carbon is usually a two-step process. First, the raw 

starting material undergoes carbonization and in a second step the carbon resulted from 

carbonization step is activated using steam, CO2, air or a mixture of these in high temperatures 

(800-1000 °C). Steam and CO2 react with carbon and result in carbon monoxide and other gases. 

In addition to carbonization temperature, activation temperature and type of starting material, 

type of activating gas can affect the porosity development of activated carbon. Amosa et al. 2014 

prepared activated carbon using both CO2 and steam.7 They observed a surface area of 1185.3 

m2/g for carbon activated by steam, which was significantly higher comparing to carbon 

activated by CO2 (surface area of 713 m2/g). The significant difference between the surface areas 

was attributed to higher reaction rates in presence of steam. Compared to CO2, steam molecules 

are smaller and can diffuse easier resulting in higher rates of reacting with carbon. 

In general, both chemical and physical activation have some advantages and 

disadvantages. The advantages of using chemical activation compared to physical activation 

method are lower temperatures, one-step process, and shorter activation time, while the 

disadvantages are corrosion of instruments and requiring a washing step. Activated carbon 
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preparation process directly affects its properties such as surface area, pore volume, pore size 

distribution and surface chemical structure. It is possible to obtain different activated carbons 

from one biomass source simply by using different activation methods. Therefore, it is important 

to choose a suitable starting material and activation method for any desired purpose.  

2.1.4 Chemical Composition and Surface Functional Groups  

 Surface chemistry of activated carbon has a significant effect on properties of activated 

carbon such as the charge, reactivity and hydrophobicity. The activated carbon matrix contains 

heteroatoms such as oxygen, hydrogen, nitrogen, chlorine, phosphorus and sulfur. These 

heteroatoms are bound to carbon atoms at the edges of graphene layers in form of functional 

groups such as carboxyl, carbonyl, phenols and others. The presence of these functional groups 

affects the acidity and basicity of activated carbon. The acidity of activated carbon is associated 

with the presence of functional groups such as carboxyl groups and lactones. Carbonyl, quinone 

and ether groups are responsible for basic properties of activated carbon. The preparation and 

activation process of activated carbon determines the concentration and amount of surface 

functional groups.3 In other words, parameters such as type and concentration of activating 

agent, treatment temperature and the type of starting material have a great influence on the 

amount and type of surface functional groups. Prahas et al. 2008 determined the effect of 

activation temperature on surface chemistry of activated carbon (activated with H3PO4) prepared 

from jackfruit peel waste.8 They observed that increasing activation temperature decreases the 

amount of acid surface group. Decreasing the amount of acid functional groups at high 

temperatures was attributed to degradation of several functional groups resulted in forming 

carbon monoxide and carbon dioxide. In order to change reactivity and other properties of 

activated carbon, the surface functional groups may be modified through different techniques. 
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For instance, oxidation treatments (using oxidizing gases or liquids) could increase the 

concentration of oxygen functional groups. In contrast, applying high temperatures (heat 

treatment in an inert atmosphere) could remove or decompose some of the functional groups. 

Figueiredo et al. 1999 reported that oxidation of activated carbon in gas phase (using 5% oxygen 

in nitrogen) increases the amount of hydroxyl and carbonyl groups while liquid phase oxidation 

(using nitric acid) improves the number of carboxyl groups.9  

2.2 Monolith Catalysts 

Monolith catalysts are honeycomb –shaped structures that have been mainly used in the 

automotive industry. The use of monolith catalysts in the automotive industry dates back to the 

mid-1970s when monolith catalysts were applied as catalytic converters for reduction of nitric 

oxides in exhaust gas.10 Monolith structures, commonly fabricated using ceramic and metallic 

materials, provide a group of uniform straight thin channels that are separated through thin walls. 

For catalytic purposes, these ceramic or metallic structures are coated with a layer of catalyst 

such as palladium and platinum or catalyst support such as carbon, zeolites and silica. In order to 

assure the best adherence of the catalyst coat to the monolith structure, binders, additive, 

chemical and heat pretreatment are applied.11 In comparison to conventional packed bed reactors, 

monolithic reactors provide lower pressure drop, high surface area to volume ratio, high mass 

transfer rates, easy scale up and filtration. Several research groups have investigated the 

application of monolith catalysts in both single and multiple phase reactions. Low temperature 

combustion of xylenes using Pd and Pt supported on carbon-coated monolith12, hydrogenation of 

benzaldehyde to benzyl alcohol using Ni supported on γ-alumina-coated monolith13, 

esterification of 1-octanol with hexanoic acid using zeolite-coated monolith14, selective 

hydrogenation of fatty acid methyl esters using Pd supported on carbon coated monolith15 and 
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hydrogenation of benzene to cyclohexene on Ru/alumina-coated monolith16 are examples of 

reactions that have been performed using monolithic catalysts. Despite the benefits, monolith 

catalysts have not been commercialized for multiple phase reactions due to lack of experience in 

scale-up and high costs of extrusion of the monolith catalysts.10  

2.2.1 Geometry Characterization 

The geometry of monolith structures is characterized by cell density (cells per square 

inch/CSPI), open frontal area, geometric surface area and hydraulic diameter:   

Cell density =
1

L2
                                                    Equation 2.1                                                                                                        

Open Frontal Area (OFA) =
(L−tW)

2

L2
                     Equation 2.2 

Geometric Surface Area (GSA) =
4(L−tW)

2

L2
          Equation 2.3 

Hydraulic Diameter =
4(OFA)

GSA
                                 Equation 2.4 

where L is width of channel (inch) and tw is wall thickness (inch).17 

Cell density and GSA are important factors in determining catalyst performance; OFA 

determines the void fraction (the high OFA of monolith catalysts provide low resistance against 

flow which further leads to high velocities of fluid throughout the channel) and hydraulic 

diameter defines the hydrodynamic behavior of the monolithic system.17  

2.2.2 Pressure Drop 

Lower pressure drop, compared to conventional packed bed reactors, is the most 

important advantage of monolith catalysts. During the fluid flow over a packed bed, a percentage 

of pressure is lost due to friction. This pressure loss results in energy loss and decreasing flow 

velocities. Pressure drop over packed beds is a challenging problem in designing reactors. Small 
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catalyst particle size provides high mass transfer rates during the reaction. On the other hand, 

employing small particle sizes results in higher pressure drop and a more difficult 

separation/filtration process. Therefore, selecting larger particle sizes decreases the pressure drop 

with sacrificing high mass transfer rates of the reaction. Monolith catalysts can provide high 

mass transfer rates (due to short diffusion path) and low pressure drops simultaneously. As 

mentioned in the previous section, monolith catalysts provide high open frontal area and hence 

lower flow resistance, which further leads to low pressure drop and high fluid velocities. Figure 

2.1 (from Boger et al. 2004) compares pressure drops for monolith catalyst with particles having 

different shapes. For a multiphase monolithic reactor, operating under Taylor flow conditions, 

Kreutzer et al. 2005 suggested the following pressure drop correlations for each channel:18  

fRe =
(
∆P

L
−ρgϵL)d

2

2μUϵL
= 16 [1 +

17d

Lslug
(
Re

Ca
)
1.3

]                      Equation 2.5 

Where Re is Reynolds number (𝜌𝑈𝑑/𝜇), Ca is capillary number (𝜇𝑑/𝛾) where 𝛾 is surface 

tension, Lslug is the length of slug, L is length of monolithic reactor, ∆𝑃 is pressure drop, 𝜖𝐿 is 

liquid holdup, d is diameter of a single channel, U is sum of liquid and gas superficial velocities, 

𝜇 is liquid viscosity, 𝜌 is liquid density and f is friction factor.  

Therefore, under Taylor flow conditions the pressure drop is a function of fluid 

properties, channel diameter, velocities, and length of bubble formed during the Taylor flow 

condition. It is possible to calculate the pressure drop of packed bed reactors through Ergun 

equation:19 

𝑑𝑃

𝑑𝑍
= −

𝐺

𝜌𝑔𝑐𝐷𝑝
(
1−∅

∅3
)[
150(1−∅)𝜇

𝐷𝑝
+1.75G]                       Equation 2.6 
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Where ∅ is porosity, G is superficial mass velocity (ρu), ρ is density, Dp is particle size, u is 

superficial velocity, P is pressure, Z is bed length and gc is conversion factor for gravitational 

acceleration.  

Bauer et al. 2011 compared the pressure drops of monolithic reactors and packed bed 

reactors in hydrogenation of alpha-methylstyrene using palladium.20 In similar reaction 

conditions, using a monolithic reactor with 62 channels per square centimeter, 1.02 mm 

hydraulic diameter and wall thickness of 180 μm resulted in a 10 times smaller pressure drop 

compared to a conventional packed bed with catalyst spheres of 3.2 mm diameter.  

2.2.3 Mass Transfer and Flow Patterns 

A monolith catalyst consists of multiple parallel channels.  Depending on the liquid and 

gas velocities and properties and channel geometry, a variety of flow patterns can occur in 

multiphase monolith reactors. At constant liquid velocities, with increasing gas velocity the flow 

pattern shifts from bubble flow to Taylor flow (where the elongated bubbles are separated 

through liquid slugs) to film flow (where liquid flows on the walls and gas flows in the center of 

the channel). With further increasing the gas velocity, annular flow appears with the continuous 

phase of a mist gas phase carrying small liquid drops inside. Due to low liquid velocities, 

compared to Taylor flow, film flow patterns are selected for reactions with longer residence 

times whereas Taylor flow patterns are usually selected for short residence time reactions.21,22 

Figure 2.2 (obtained from Moulijn et al. 2011) demonstrates different flow regimes in monolith 

channels.23 Internal mass transfer resistance in monolithic reactors is usually negligible due to 

very thin channel walls and hence short diffusion length.24 Roy et al. 2004 applied a diffusion 

length for calculation of Thiele modulus (∅) and internal effectiveness factor (η𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙) in 

monolithic reactors (an equivalent diffusion length as if the catalyst was pellet).25 The equivalent 
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diffusion length (L) for monolith was calculated using (volume of the catalyst)/(surface area of 

the catalyst):  

L = 
(1−OFA)Vchannel

(GSA)Vchannel
 =  

(1−OFA)

(GSA)
         for monolith catalyst                      Equation 2.7 

∅ =
L√k CA

n−1

De
      for an  n order reaction                                                 Equation 2.8 

ηinternal =
tanh(∅)

∅
                                                                                 Equation 2.9 

Where De  is effective diffusivity, k is reaction rate constant and CA is the concentration of 

species A. 

2.2.4 Carbon-based Monolith Catalyst Supports 

In general, ceramic and metallic materials are the base material in production of monolith 

structures. For catalytic purposes, the monolith structures are coated with layers of catalyst or 

catalyst support (known as coated monolith catalyst).26 In addition to the coating method, 

preparation of monolith catalysts is also possible through extrusion of the support material 

(known as integral monolith catalyst). Activated carbon is a promising catalyst support that 

provides very well-developed porosity and high surface area for catalyst particles. Activated 

carbon-coated ceramic and metallic monolith structures have been employed as catalyst supports 

for catalysts such as precious metals. However, there are some disadvantages associated with 

using activated carbon-coated ceramic or metal catalyst support such as durability and inertness. 

One solution to overcome these issues is using the renewable integrated carbon materials. In 

addition to solving durability and inertness issue, employing activated carbon monolith catalysts 

as a support for precious metals offers easy recovery of the metal by a combustion step. 
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2.2.5 Carbon Monolith Preparation 

Figure 2.3 is a schematic of monolith catalyst preparation methods (from Nijhuis et al. 

2001).27 Monolith extrusion is the first step in manufacturing of both integral and coated type 

monolith catalysts. Preparation of coated-type monolith catalysts involves extrusion of the inert 

material followed by coating with the desired catalysts support or catalyst while the integral type 

monolith catalysts is directly obtained from extrusion of the catalyst or the catalyst support. 

Manufacturing of integral type carbon monolith involves mixing of carbon particles such as 

activated carbon or carbon precursor such as resins, a binder (preferably inert) and an extrusion 

aid such as water followed by extrusion step. After extrusion, the extrudate goes under a drying 

step followed by carbonization and activation (The activation and carbonization steps are 

employed in a case where a carbon precursor such as resins is used for extrusion as opposed to 

activated carbon particles).28 After preparation of the monolith support, the active phase is 

deposited through conventional methods used in preparation of regular granulated catalysts. The 

main three methods for deposition of metals on activated carbon monolith supports are 

impregnation, ion exchange and deposition precipitation.27 There are two types of impregnation; 

dry and wet. During dry impregnation, a solution of active metal with a volume equal to the total 

pore volume of the monolith support is prepared and added to the support. As a result, the pores 

of catalyst support draw the solution with capillary action. This type of impregnation method is 

challenging for monolith structures since a small amount of solution (exactly equal to the total 

pore volume) is applied which might not be able to wet the entire surface of the structure and 

leave the center of the monolith catalyst dry. For monolith catalysts, wet impregnation is 

preferable since higher amounts of solution are applied and after liquid adsorption, the excess 

amount of solution is dried. Ion exchange is another active site deposition method where a 
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solution of metal salt complexes is prepared and added to the catalyst support. As a result, the 

metal complexes (ions) react with active surface groups of the support. Deposition-precipitation 

method is possible through placing the monolith in a metal salt solution and adding a second salt 

as a precipitating agent slowly. Therefore, the first salt starts depositing on the support surface. 

2.3 Heterogeneous Hydrogenation Reactions  

Hydrogenation reactions are among the most important reactions for organic synthesis. 

These reactions play a key role in industry of pharmaceuticals, fine chemicals, food, etc. 

Hydrogenation reactions can occur in presence of hydrogen gas (H2) or other hydrogen donors 

such as alcohols which is known as transfer hydrogenation. In general, there are two major 

catalyst groups involved in heterogeneous hydrogenation reactions; first, precious metals such as 

platinum and palladium and second, transition base metals such as nickel and copper.29 These 

metal catalysts can actively adsorb the hydrogen atoms from hydrogen gas. The adsorbed 

hydrogen atoms are further added to the unsaturated bond of the other reactants. Hydrogenation 

of acids to alcohols using rhenium and ruthenium, alkenes to alkanes using palladium and nickel 

and aromatic and aliphatic aldehydes to alcohols using ruthenium and palladium are examples of 

wide range of heterogeneous hydrogenation reactions.29 

2.3.1 Furfural: a green feedstock for hydrogenation 

Furfural, an aldehyde of furan, is a biomass-derived chemical. Acid hydrolysis of 

hemicellulose-rich biomasses such as corn stover, wheat bran, or corncobs results in xylose. In a 

second step, catalytic dehydration of xylose yields furfural. The global production of furfural is 

300,000 tons per year30 with market price of 1000 US dollars per ton.31 Furfural hydrogenation 

can result in a series of valuable upgraded products such as furfuryl alcohol (important monomer 

for furan resins), tetrahydrofurfuryl alcohol (solvent for agricultural, cleaning, coating and paint 
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stripper formulations), 2-methyltetrahydrofuran, 2-methylfuran (promising alternative fuels) and 

cyclopentanone (precursor for aviation fuels, rubber chemicals and pharmaceuticals).32 

Several research groups have investigated hydrogenation of furfural in both vapor and 

liquid phase. Hydrogenation to furfuryl alcohol and 2-methylfuran using carbon supported-

copper catalyst at temperatures of 200 to 300 °C 33, silica supported-copper at temperatures of 

230 to 290 °C 34, Cu/Zn/Al/Ca/Na = 59:33:6:1:1 (atomic ratio) and Cu/Cr/Ni/Zn/Fe = 

43:45:8:3:1 (atomic ratio) at temperatures of 200 to 300 °C 35 and SBA-15 silica supported-

copper at temperatures of 170 to 270 °C 36 are examples of furfural hydrogenation in vapor 

phase. Hydrogenation to furfuryl alcohol and 2-methylfuran over carbon supported-ruthenium at 

temperatures of 120 to 200 °C using alcohol (as an hydrogen donor) under 2.04 MPa nitrogen 

pressure 37, over Ni–Co–B amorphous alloy catalyst at 100 °C and 1 MPa (in ethanol) 38 and 

over metal oxides supported-platinum at temperatures of 50 to 70 °C (in alcohol solvents)39 are 

examples of liquid phase hydrogenation of furfural.  

All of the mentioned hydrogenation products of furfural, except for cyclopentanone, are 

obtained through hydrogen attack to a double bond on furan ring or aldehyde group. In addition 

to the hydrogen attack to a double bond, hydrogenation of furfural to cyclopentanone involves an 

acid catalyzed rearrangement of the furan ring, also known as Piancatelli rearrangement, to 4-

hydroxy-2-cyclopentenone. The name of the reaction comes from Giovanni Piancatelli, who with 

coworkers discovered the rearrangement of  2-furylcarbinols into 4-hydroxycyclopentenones in 

presence of acid catalysts.40 These researchers observed that for more reactive reactants weaker 

Lewis acids are required. After furfuryl alcohol rearrangement, 4-hydroxy-2-cyclopentenone 

undergoes fast hydrogenation and dehydration steps to form cyclopentanone (due to high 

reactivity). Further hydrogenation of cyclopentanone in reaction medium can result in formation 
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of cyclopentanol. Hronec et al. 2014 investigated the rearrangement of furfuryl alcohol to 4-

hydroxy-2-cyclopentenone in water at temperatures of 110 to 200 °C.41 Hronec et al. 2014 

reported that the yield of 4-hydroxy-2-cyclopentenone increased with increasing temperature due 

to presence of hydrogen ions, resulted from natural dissociation of water to hydrogen and 

hydroxyl ions at high temperatueres, which acted as an acid catalyst for the rearrangement step. 

However, adding acetic acid and hydrochloric acid to the reaction medium decreased the yield of 

product and increased the furfuryl alcohol conversion. In another study, Hronec et al. 2012 

investigated the effect of solvent type on furfural rearrangement.42 n-Decanol, water and 2-

propanol were tested in presense of precious metal catalysts at temperatures of 160 to 175 °C. 

Only water demonstrated high cyclopentanone yields and the two other alcohols were selective 

towards 2-methylfuran and and tetrahydrofufuryl alcohol which confirms the key role of water in 

ring rearrangement. 

2.4 Multifunctional Catalysts 

Heterogeneous multifunctional catalysts usually offer two or more active sites where 

each active site plays an independent role in the reaction system. Multifunctional catalysts can 

play a crucial role in multi-step selective reactions where each active site involves promoting a 

different step of the reaction. Metal-acid (for hydrogenation and ring opening/rearrangement) 

and bimetal catalysts (for promoting the hydrogenation steps) are the two multifunctional 

catalysts of interest in this project: 

2.4.1 Metal-acid catalysts 

As discussed in section 2.3.1, obtaining cyclopentanone requires a ring rearrangement 

step of furan ring (known as Piancatelli rearrangement). This step involves opening of the furan 

ring to an unstable intermediate in presence of a weak Lewis acid site and rearranging to 4-
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hydroxy-2-cyclopentenone (4HCP). It has been previously reported in literature that using water 

as a reaction solvent can promote the furfural ring rearrangement step since water can act as a 

donor of H+.41 Further hydrogenation steps of 4HCP will result in cyclopentanone (CP). On the 

other hand, during furfuryl alcohol ring rearrangement in presence of hydrogen, hydrogen can 

quickly attack the unstable intermediate of the rearrangement reaction and form 4-oxopentanal 

where another valuable hydrogenation product, 5-hydroxy-2-pentanone, is formed with a further 

hydrogenation step.43 5-hydroxy-2-pentanone works as an important building block in synthesis 

of multiple medications and one further hydrogenation step of 5-hydroxy-2-pentanone, generates 

1,4-pentanediol, which is another important chemical for controlled drug delivery and 

biodegradable polyesters.43 Therefore, a metal-acid catalyst that catalyzes the hydrogenation step 

(through metal active sites) and rearrangement/opening step (through active acid sites) can be 

employed to achieve these products in furfural hydrogenation. In a study by Zhang et al. 2016, 

Au metal and TiO2 as a support was applied for a selective hydrogenation of furfural to 

cyclopentanone in water at 160 °C and 4 MPa of hydrogen. TiO2 initiates weak Lewis acid sites, 

promoting the Piancatelli rearrangement, and gold particles are responsible for selective 

hydrogenation step.44 Nearly 100% selectivity of cyclopentanone was achieved after 70 minutes 

of residence time. In another study by Ohyama et al. 2014, Au supported on Nb2O5 (source of 

Lewis acid sites) catalyst was employed to achieve 3-hydroxymethylcyclopentanone (a 

cyclopentanone derivative) from 5-hydroxymethylfurfural at 140 °C and 8 MPa for residence 

time of 12 hours.45 Ohyama et al. 2016 also tested Pt/SiO2 catalyst in presence of different metal 

oxides such as Ta2O5, ZrO2, Nb2O5, TiO2, Al2O3, SiO2–Al2O3, CeO2, La2O3, and hydrotalcite for 

synthesizing 3-hydroxymethylcyclopentanone from 5-hydroxymethylfurfural at 140 °C and 4 

MPa of hydrogen.46 Metal oxides containing Lewis acid sites resulted in highest yield of 3-
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hydroxymethylcyclopentanone. Pt/SiO2 in presence of Ta2O5 catalysts resulted in highest yield 

of 82%. Fang et al. 2015 achieved 86% selectivity of cyclopentanone from furfural 

hydrogenation using ruthenium supported on MIL-101 (a metal-organic framework with Lewis 

acid sites) at 160 °C and 4 MPa of hydrogen for 2.5 hours.47 Cr3+ of the MIL-101 support 

initiated the weak Lewis acid sites for rearrangement. 

2.4.2 Bimetallic catalysts  

Bimetallic catalysts have long played a key role in chemical industry. In comparison to 

monometallic catalysts, bimetallic catalysts demonstrate higher activity and stability and better 

selectivity. Generally, adding a second metal to a monometallic catalyst can improve the 

catalytic properties mostly through complex metal interactions. Alonso et al. 2012 stated that 

these interactions can promote the catalyst functionality through five different effects.48 First a 

geometric effect, where the local atomic arrangement at the active sites is modified through 

adding a second metal to the monometallic catalyst.49 Second, an electron effect, where electron 

transfer between metals promotes the electron structure of the catalyst through changing d-band 

properties of the metals (which leads to a change in the bond strength/weakness between the 

metal and reactants).50 Third, a stabilizing effect, where adding the second metal stabilizes the 

first metal by preventing the deposition of carbon compounds on the surface and sintering. 

Fourth, a synergistic effect, where both metals are involved in the reaction system through 

chemical bonding and transition pathways. Finally, the last effect is a bi-functional effect where 

each metal independently plays its own significant and different role in the reaction system. The 

bi-functional effect is probably the most prominent effect of bimetallic catalysts in terms of their 

ability to promote desired pathways through one metal and block unwanted pathways through 

the other in reaction systems.  
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Due to high activity, enhanced stability and modified selectivity, bimetallic catalysts have 

been used in many chemical reactions. Oxidation, hydrogenation, and hydrogenolysis reactions 

are some of the most important reactions utilizing bimetallic catalysts. Bianchi et al. 2005 

reported selective oxidation of glycerol using bimetallic catalysts based on Pt, Pd an Au metals 

where using bimetallic catalyst resulted in higher activity and better control of product 

distribution than monometallic catalyst.51 In another example, Wang et al. 2014 reported 

hydrogenolysis of 5-hydroxymethylfurfural to 2,5-dimethylfuran using Pt-Co bimetallic catalyst 

achieving 98% yield of the desired product, significantly higher than monometallic catalyst.52 

Since the focus of this research is on selective hydrogenation reactions, examples of 

hydrogenation reactions using bimetallic catalysts will be explained extensively in the next 

section. 

2.4.3 Bimetallic catalysts in selective hydrogenation 

Hydrogenation reactions can occur through adding hydrogen to unsaturated bonds such 

as C=O and C=C. Metal catalysts can promote the hydrogenation reactions through producing 

adsorbed hydrogen atom from hydrogen molecule, which can further be added to the unsaturated 

carbon-carbon or carbon-oxygen bonds. The importance of selective hydrogenation is the most 

obvious in cases where adsorbed hydrogen atom can attack different unsaturated bonds of a 

compound simultaneously. For example, unsaturated aldehydes contain both C=C and C=O 

bonds in their structure, hence designing a catalyst for selective hydrogenation towards a specific 

product can be challenging. 

Due to the five effects explained in the previous section, bimetallic catalysts can perform 

better than monometallic catalysts in terms of modified selectivity towards desired unsaturated 

bonds and higher activity. Several research groups have reported successful design and 
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utilization of bimetallic catalysts for selective hydrogenation. Santori et al. 2002 studied the 

effect of adding tin to silica-supported platinum on hydrogenation of benzaldehyde and 

butanone. They reported that adding tin to Pt/SiO2 catalyst promotes C=O hydrogenation and 

inhibits C=C hydrogenation route.53 In another study by Hammoudeh et al. 2003, adding tin to 

silica-supported palladium increased the rate constant ratio in hydrogenation of cinnamaldehyde 

to cinnamyl alcohol and from there to phenylpropanal and suppressed the hydrogenation route to 

saturated aldehydes.54 Bachiller-Baeza et al. 2001 reported adding iron to activated carbon- 

supported ruthenium increased the selectivity of citral hydrogenation towards unsaturated 

alcohols.55 Borgna et al. 2004 also reported that hydrogenation of crotonaldehyde using Co-

Pt/SiO2 had higher selectivity towards crotyl alcohol than Pt/SiO2.
56 Selective hydrogenation of 

acrolein using gold-indium supported by zinc oxide57 and selective hydrogenation of 

acetophenone using Ni-Pt supported by Y zeolite58 are other examples of selective hydrogenation 

of ketones and unsaturated aldehydes in presence of bimetallic catalysts. Bimetallic catalysts 

have also been used in selective hydrogenation of carboxylic acid such as levulinic acid to 

gamma-valerolactone using a Sn-Ru catalyst.59  

2.4.4 Bimetallic catalysts; selective hydrogenation of furfural 

Several research groups have studied the use of bimetallic catalysts towards selective 

hydrogenation of furfural. Fulajtarova et al. 2015, studied hydrogenation of aqueous furfural to 

furfuryl alcohol over Cu-Pd catalysts.61 The most active catalyst was the catalyst with 

MgO/Mg(OH)2  support and prepared through electroless deposition. Fulajtarova et al. 2015 also 

reported that the adsorption of C=O groups on the catalyst is associated with Cu active sites. As a 

result, the interaction between adsorbed C=O groups on Cu and adsorbed H atoms on Pd 

becomes easier. In another study by Thompson et al. 2016, Pd-Re/Al2O3 performed with higher 
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activity and better selectivity of furfuryl alcohol than Pd/Al2O3.
62 Regarding synthesizing 

cyclopentanone from furfural using bimetallic catalysts, Yang et al. 2013 reported Ni-Cu 

supported by SBA-15 silica enhanced the selectivity of cyclopentanone and the conversion of 

furfural (at 160 °C and 4 MPa) to 62% and nearly 100%, respectively while the Ni/SBA-15 

catalyst result in approximately 39% selectivity and 46% conversion in the similar reaction 

condition.60 Testing 10, 30, 50 and 80 percent molar ratios of Cu/Ni indicated that the highest 

conversion of furfural and selectivity of cyclopentanone was achieved at 50% molar ratio. 

Rearrangement of the furan ring was independent of the first hydrogenation step and occurred 

from furfuryl alcohol. Hronec et al. 2016 also tested carbon supported Pd-Cu catalysts, prepared 

by different methods, for selective hydrogenation of furfural to cyclopentanone in water.63 The 

three methods used for preparation of the catalyst were reductive deposition precipitation, co-

impregnation and electroless plating (these methods will be explained in the next section). The 

highest selectivity of cyclopentanone was achieved with the catalyst that was prepared with 

electroless plating. Catalyst characterization indicated that in the electroless plating method, 

copper appeared in Cu+ oxidation form as Cu2O where Cu+ played a key role in adsorption of 

C=O groups. In the optimum condition, the selectivity of 92.1% cyclopentanone was achieved.  

2.4.5 Preparation methods 

There are several methods for preparation of supported bimetallic catalysts. In this 

section, a summary of five of the most important and commonly used methods will be reviewed. 

2.4.6 Incipient wetness impregnation 

This method has been used for synthesis of both monometallic and bimetallic catalysts. In 

this method, the active metal precursors are dissolved in a solvent (most of the time deionized 

water) then a volume of solution equal to the total pore volume of the catalyst support is added to 
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the catalyst support and capillary action draws the solution into the catalyst pores.64 The amount 

of metals dissolved in the solution is calculated based on the desired metal loading. Wetness 

impregnation can be performed simultaneously or separately. In other words, in simultaneous 

impregnation the solution contains both metals whereas in separate impregnation, one metal 

solution is added to the catalyst first then the catalyst is dried and the second metal solution is 

added. Lorengan et al. 2010 reported that in preparation of Pt/Ni catalyst using incipient wetness 

impregnation, simultaneous impregnation resulted in higher activity of catalyst due to a better 

bond between metals.65  

2.4.7 Electroless deposition 

Electroless deposition method involves a controlled chemical reaction to 

catalytically/autocatalytically deposit a metal salt on pre-existing metal surfaces.66 The process 

can be either catalytic meaning the deposition of the second metal salt in the solution on pre-

existing metal surface on a support or autocatalytic meaning the deposition of metal salt on a just 

reduced and deposited metal on the surface. Catalytic process is a more common process which 

involves adding the pre-existing metal on support (first metal is added to the support usually 

through wet impregnation method) to the second metal salt solution (solvent mostly deionized 

water). In addition to metal salt, the solution contains a reducing agent such as formaldehyde, a 

pH adjuster and an ionic adjuster. Then the solution is stirred under a controlled pH condition 

until deposition is completed. After deposition, the solution is filtered, and the catalyst is dried. 

Several studies, mentioned in the previous sections, reported higher activities of bimetallic 

catalysts prepared with electroless deposition method than other methods. One of the advantages 

of using this method is that the size and composition of the metals can be controlled. 
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2.4.8 Reductive deposition precipitation 

 This method is similar to electroless deposition method except that for adding the second 

metal hydrogen gas is utilized as the reducing agent. The hydrogen atoms are adsorbed at the 

metal particles of a pre-existing metal surface on support, then the adsorbed hydrogen atoms 

react with the second metal precursor.67 

2.4.9 Slurry synthesis method  

This method is one of the conventional methods in preparing both monometallic and 

bimetallic catalysts. In this method, all of the catalyst components including catalyst support and 

metal salt solution (in deionized water) form a slurry. Similar to incipient wetness impregnation 

method the amount of metal is calculated based on the desired metal loading. The slurry is stirred 

until the adsorption equilibrium point followed by filtering, washing, drying and calcining. This 

method is usually used when high metal loadings are desired. 

2.4.10 Organometallic precursors 

 Using organometallic precursors in preparation of bimetallic catalysts result in uniform 

bimetallic particles whereas the conventional incipient wetness impregnation method perform 

poorly in uniformity due to the separation of metal ions during the capillary draw into the 

pores.68 Using a solution containing bimetallic ligands results in uniform bimetallic particles. In 

this method, an organobimetallic cluster (such as [PPh4]2[Ru5PtC(CO)15]) solution is added to 

the support (in spinning mode). After adsorption of the clusters, the solvent is removed by 

heating in vacuum and clusters are activated under oxygen and heat.68 In this way, both of the 

metals are deposited simultaneously with uniform bimetallic particles.  

These five methods, explained above, are some of the most relevant methods for 

preparation of bimetallic catalysts on supports. Each of these methods appear to have their 



 

24 

advantages; the organometallic cluster method results in good uniformity, electroless deposition 

and reductive deposition methods give controlled composition and particle size, slurry method is 

suitable for high metal loading and the conventional incipient wet impregnation seems to have 

the easiest procedure among all of the mentioned methods.  

2.5 Catalyst Deactivation  

Catalyst deactivation is the decay in selectivity and activity of the catalyst over time due 

to chemical, mechanical and thermal processes. Catalyst deactivation, a(t), is also defined as the 

ratio of reaction rate at time t to reaction rate at time 0 (a(t) =   −𝑟𝐴(𝑡)﷩ − 𝑟﷩ 𝐴﷩ 𝑡=0                      

Equation 2.1).69    

a(t) = 
−𝑟
𝐴(𝑡)

−𝑟
𝐴(𝑡=0)

                      Equation 2.1 

In general, observed reaction rate constant (Kobs) is an indicator of catalysts activity. Kobs is equal 

to effectiveness factor (η) multiplied by Ct (number of active sites) multiplied by intrinsic 

reaction rate constant (Kint)
70: 

Kobs = η Ct Kint                     Equation 2.11 

Therefore, any change in number of sites, effectiveness factor and intrinsic kinetics of the 

reaction affects the catalyst’s activity. According to Moulijn et al. 2001, heterogeneous catalysts 

deactivation mechanisms can be categorized into five main groups.70   

2.5.1 Poisoning 

Poisoning is defined as chemical adsorption of reactants, intermediates, products or 

contaminants on active sites of the catalyst. In addition to blocking the active sites, poisoning can 

change the geometry and electron structure of the surface. At the beginning of poisoning, the 

poison can adsorb at the most active sites first, known as selective poisoning or at the least active 
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sites, known as antiselective poisoning. In addition, there is a third condition where the decay in 

activity is linear with concentration of adsorbed poison, which is known as nonselective 

poisoning.71 The main classes of catalyst poisons are group VA and VIA (i.e., N, P, As, O, S) 

through forming shielded structures, group VII A (i.e., F, Cl, Br, I) through forming halides, 

toxic heavy metals ( i.e., Pb, Hg, Sn, Zn) through forming alloys and molecules that have the 

ability to adsorb at the surface sites with multiple bonds (i.e. CO and NO).71 For hydrogenation 

reactions on metal catalysts such as nickel, platinum and palladium, compounds of sulfur, 

phosphorus, arsenic, zinc, mercury, lead and halides are known to be poisoning to the catalyst 

system. In order to prevent poisoning prior to reaction, some methods such as feed purifying, and 

using guard beds and additives to adsorb poison can be applied. In order to regenerate the 

catalysts after poisoning some techniques have been applied. For example for sulfur poisoned 

nickel catalysts, regeneration treatment with steam at temperatures of 700 to 800 °C was 

observed to recover more than 80% of the activity through the following reaction.72  

𝑁𝑖 − 𝑆 + 𝐻2𝑂
700 °𝐶
→   𝑁𝑖𝑂 + 𝐻2 𝑆 

2.5.2 Sintering 

At reaction temperatures higher than 500 °C, surface area of the supported metal catalyst 

decays due to crystalline growth of active sites and catalyst support. Due to surface migration or 

volatilization of the particles at high temperatures, a group of small particles can unify and form 

one single large particle resulting in loss of surface area. Temperature, metal-support interaction, 

catalysts promoters, porosity and reaction atmosphere are important parameters affecting the 

sintering process. With increasing temperature and decreasing strength of metal-support 

interaction, the mobility of particles increases resulting in accelerating the sintering process. In 

general, porous materials have less tendency to sinter and presence of water vapor in reaction 
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medium facilitates particle migration and, hence sintering. Utilizing temperatures lower than 

melting point of metal, thermal stabilizers such as Ba, Zn and La to the catalyst and not using 

water vapor in reaction atmosphere can prevent or slow the sintering process. In order to 

regenerate the catalyst after sintering, oxychlorination method has been employed. In 

oxychlorination method, the sintered catalyst goes under a treatment of HCl and low 

concentrations of oxygen at average temperature of 500 °C for 1 to 4 hours. Therefore, metal 

oxide molecules start forming, separating and moving away from the large particle. This 

regeneration process is known as redispersion. Figure 2.4 demonstrates redispersion of alumina 

supported platinum (from Bartholomew et al. 2011).29 

2.5.3 Coking 

One other possible and common deactivation mechanism of catalysts is formation of 

coke. During the reaction, carbon species from reactants form and deposit on the active sites of 

catalysts resulting in blockage of the active sites. Polymerization and dehydrogenation of organic 

compound in the reactant are the two major sources of coking. Coke can decrease the activity 

through forming a mono or multilayer, surrounding the metal particle and clogging the pores of 

catalyst.73 The regeneration of coked catalysts/coke removal is usually performed through 

gasification with gases like oxygen, hydrogen, steam and carbon dioxide at high temperatures.74 

𝐶 + 𝑂2 → 𝐶𝑂2 

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2 

𝐶 + 𝐶𝑂2→ 2𝐶𝑂 

𝐶 + 2𝐻2 → 𝐶𝐻4 

Coke removal of carbon catalysts with high temperature gasification method can cause 

degradation to the carbon structure of the catalyst. In addition to the conventional gasification 
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method, low temperature regeneration using ozone treatment75, solvents, surfactants, and 

photocatalysts76 have been suggested in the literature.   

2.5.4 Mechanical deactivation 

Mechanical deactivation occurs due to several reasons. Thermal stress from consecutive 

heating and cooling of the catalyst, presence of hot spot in catalyst bed during the reaction, 

collision of catalyst particles under turbulent flow, gravitational stress and crushing under 

mechanical load can cause mechanical degradation.71 Employing supports with high toughness 

and methods of catalysts preparation that ensure high strength bonding between the catalyst and 

support can decrease the mechanical deactivation of the catalyst.  

2.5.5 Corrosion/Leaching 

In liquid phase reactions, leaching of the active site/metal particles into the liquid results 

in loss of activity. The pH of liquid phase, reaction temperature and the bond strength between 

metal and the support are parameters that influence the catalysts leaching. In addition to 

accelerating the leaching process, high acidity/basicity of the reaction medium can cause 

corrosion to the catalyst so that sometimes very high or low pH can lead to the dissolve of 

catalyst. 
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Figure 1.1. Pressure drop vs specific geometric surface area of monolithic structures, spheres, 

and rings.10  
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                               Figure 2.2. Flow patterns inside monolith channels.23 
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Figure 2.3. Preparation methods of monolith catalysts.27 

 

 

 

 

 

 

 



 

41 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Redispersion of Pt/Al2O3 with oxygen and chlorine.29 
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CHAPTER 3 

CONTINUOUS HYDROGENATION OF AQUEOUS FURFURAL USING A METAL 

SUPPORTED ACTIVATED CARBON MONOLITH COMPARED TO GRANULAR AND 

POWDER FORMS 1 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 Pirmoradi, M, Janulaitis, N, Gulotty Jr., R.J., Kastner, J.R., 2020. 
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Abstract 

Continuous hydrogenation of aqueous furfural (4.5%) was studied using powder (Powder 

C), granular (GAC) and monolith form (ACM) of activated carbon Pd catalysts. A sequential 

reaction pathway was observed with ACM achieving the highest selectivity and space time 

yields (STY) for furfuryl alcohol (30%, 70–80 g/L-cat/h, 7–15 1/h LHSV), 2-methylfuran (25 

%, 50 g/L-cat/h, 7–15 1/h LHSV) and tetrahydrofurfuryl alcohol (35–40%, 15–32 g/L-cat/h, < 7 

1/h LHSV). From liquid hourly space velocity (LHSV) 3 to 6 1/h Powder C generated the 

highest selectivity and STY for 5-hydroxy-2-pentanone (16–20%, 30–40 g/L-cat/h) and 

cyclopentanone (6–8%, 10–11 g/L-cat/h), potentially due to weak acid sites. ACM showed lower 

loss of activity and metal leaching over the course of the reactions and was not limited by H2 

external mass transfer resistance. Acetic acid (1%) did not significantly affect furfural 

conversion and product yields using ACM, whereas lower furfural conversion was observed 

using GAC. Limited metal leaching combined with high metal dispersion and H2 mass transfer 

rates in the composite carbon catalyst (ACM) provided advantages over granular and powder 

forms in continuous processing. 

 

 

 

 

 

Keywords: Activated Carbon, Monolith Catalyst, Palladium, Hydrogenation, Furfural, 
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3.1 Introduction 

The negative economic and environmental impact of petroleum utilization in the 

chemical industry has been a concern for a long time. Issues such as toxicity, climate change and 

acid rain are some unavoidable impacts of petroleum carbon sources. Therefore, finding suitable 

bio-renewable replacements for petroleum-based resources is one of the most important aims of 

the chemical industry. Furfural, an aldehyde of furan, is a biomass-derived chemical that can be 

generated by a two-step acid hydrolysis of hemicellulose-rich biomasses such as corn stover, 

wheat bran, or corncobs. The first step generates xylose and in the second step, catalytic 

dehydration of xylose yields furfural. The global production of furfural is  300,000 tons per 

year1 with a market price of 1,000 US dollars per ton.2 Furfural hydrogenation can result in a 

series of valuable upgraded products such as furfuryl alcohol (important monomer for furan 

resins), tetrahydrofurfuryl alcohol (solvent for agricultural, cleaning, coating and paint stripper 

formulations), 2-methyltetrahydrofuran and 2-methylfuran (promising alternative fuel and fuel 

additive) and cyclopentanone (precursor for aviation fuels, rubber chemicals and 

pharmaceuticals).   

Several research groups have investigated hydrogenation of furfural in both vapor and 

liquid phase. Examples of furfural hydrogenation in the vapor phase to furfuryl alcohol and 2-

methylfuran include the use of a carbon supported copper catalyst at temperatures of 200 to 300 

°C, silica supported copper at temperatures of 230 to 290 °C, Cu/Zn/Al/Ca/Na  

(59:33:6:1:1atomic ratio) and Cu/Cr/Ni/Zn/Fe  (43:45:8:3:1, atomic ratio) at temperatures of 200 

to 300 °C, and SBA-15 silica supported copper at temperatures of 170 to 270 °C.3-6  Examples of 

liquid phase hydrogenation of furfural to furfuryl alcohol and 2-methylfuran include carbon 
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supported-ruthenium at temperatures of 120 to 200 °C using 2-propanol as a hydrogen donor 

under 2.04 MPa nitrogen pressure, over Ni–Co–B amorphous alloy catalyst at 100 °C and 1 MPa 

(in ethanol), and metal oxides supported-planitum at temperatures of 50 to 70 °C (in methanol 

and n-butanol).7-9 Hydrogenation of furfural to cyclopentanone involves a fast hydrogenation 

step to furfuryl alcohol followed by an acid catalyzed rearrangement of the furan ring, also 

known as Piancatelli rearrangement, to 4-hydroxy-2-cyclopentenone. In 1976, Giovanni 

Piancatelli and coworkers discovered the rearrangement of 2-furylcarbinols into 4-

hydroxycyclopentenones in presence of acid catalysts  (2:1 acetone-water mixture, with the type 

of acid not reported).10, 11 Piancatelli et al. 1976 observed that for more reactive reaction 

substrates weaker Lewis acids are required. After furfuryl alcohol rearrangement, 4-hydroxy-2-

cyclopentenone undergoes fast hydrogenation and dehydration steps to form cyclopentanone 

(due to high reactivity). Further hydrogenation of cyclopentanone can result in formation of 

cyclopentanol. Hronec et al. 2014 investigated the rearrangement of furfuryl alcohol to 4-

hydroxy-2-cyclopentenone in water at temperatures of 110 to 200 °C and reported that the yield 

of 4-hydroxy-2-cyclopentenone increased with increasing temperature.12 They suggested that due 

to the presence of hydrogen ions resulting from the dissociation of water to hydrogen and 

hydroxyl ions at high temperatures the aqueous medium acted as an acid catalyst for the 

rearrangement step. In another study, Hronec et al. 2012 investigated the effect of solvent type 

on furfural rearrangement in which n-decanol, water and 2-propanol were tested in presence of 

precious metal catalysts at temperatures of 160 to 175 °C.13 Only in the presence of water were 

high cyclopentanone yields reported. Use of alcohols as the solvent increased selectivity towards 

2-methylfuran and tetrahydrofurfuryl alcohol, which confirms the key role of water in ring 
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rearrangement leading to cyclopentanone. Further hydrogenation of all of the mentioned 

products can lead to production of long chain alcohols.  

Activated carbon (AC) is often used as a support in catalytic hydrogenation, since it can 

be synthesized from renewable carbon sources and is stable in acidic, basic, and aqueous 

environments.14,15,16  Often powdered forms are used in batch slurry reactors or granular forms 

are used in trickle bed reactors, but these forms are difficult to use in continuous processing.14 

There is much interest in continuous processing since it can reduce costs, relative to batch 

processes.17 The powdered forms can undergo attrition and are difficult to recover and reuse 

continuously.14,17 High flow rates in trickle bed systems can cause large pressure drops, and H2 

external and internal mass transfer can be rate limiting if a large particle size is used to minimize 

pressure drop.  Activated carbon formed into monoliths used as supports can overcome problems 

using powdered and granular forms in continuous processing. 

Monolith catalysts are honeycomb shaped structures that have been mainly used in the 

automotive and environmental industry for air pollution control. The use of monolith catalysts in 

the automotive industry dates back to the mid-1970s when monolith catalysts were applied as 

catalytic converters for reduction of nitric oxides in exhaust gas.18 Monolith structures, 

commonly fabricated using ceramic and metallic materials, provide a group of uniform straight 

channels that are separated through thin walls. For catalytic purposes, these ceramic or metallic 

structures are coated with a layer of catalyst such as palladium and platinum or catalyst support 

such as carbon, zeolites and silica. In order to assure the best adherence of the catalyst coat to the 

monolith structure, binders, additive, chemical and heat pretreatment are applied.19  Compared to 

conventional packed bed reactors, monolithic reactors provide lower pressure drop, high surface 
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area to volume ratio, high mass transfer rates, and easy scale up and filtration.19 Activated carbon 

is a promising catalyst support that provides well developed porosity and high surface area for 

catalyst particles. Activated carbon-coated ceramic and metallic monolith structures have been 

employed as catalysts supports for catalysts such as precious metals. However, there are some 

disadvantages associated with using activated carbon-coated ceramic or metal catalyst support 

such as durability and inertness. One solution to overcome these issues is to use renewable 

integrated carbon materials. In addition to solving durability and inertness issues, employing 

activated carbon monolith catalysts as a support for precious metals offers easy recovery of the 

metal by a combustion step.  

This work focuses on continuous aqueous phase hydrogenation of furfural using metal 

supported activated carbon monolith catalysts compared to traditional granular and fine powered 

carbons. Activated carbon monolith (ACM) catalysts, derived from woody biomass, are 

impregnated with precious metals and employed for furfural hydrogenation reactions. 

Advantages of using ACM catalysts include low pressure drop, high mass transfer rates, high 

surface area to volume ratio, ease of scale-up, high stability in various reaction solutions, and 

that the material is made from renewable carbon sources. 

In this work we use ACM catalysts for continuous furfural hydrogenation in an aqueous 

and acidic environment, with low metal loadings to achieve high conversions and space time 

yields with limited leaching. Although activated carbon monoliths have distinct advantageous as 

a catalyst support, there is little information on the use of these structured catalysts highlighting 

their advantages. 
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3.2 Experimental Method 

Materials and Catalysts: Furfural was purchased from Sigma-Aldrich (99%). Desired 

concentrations of furfural solution were prepared using deionized water. Activated carbon 

monolith (ACM) catalysts and Pd/GAC ( 3 mm particle size) were provided by Applied 

Catalysts (Laurens, SC).  The 3 mm particle size of the GAC was selected, since this size is 

typically used in industrial scale trickle beds to minimize pressure drop and promote heat transfer 

for hydrogenations.20 Both the ACM and Pd/GAC were designed to have 0.8% Pd and are thus 

labeled as 0.8% Pd/ACM and 0.8% Pd/GAC. ACM is manufactured by coextrusion of 50% 

activated carbon and 50% ceramic binder and has recently been used for the hydrogenation of 

nitrobenzene to aniline, and ketones to alcohols.21, 22 Images of the ACM cores used in this work 

can be seen in previous literature22 and the graphical abstract. The monolith properties (1 in * 1 

in cores) have been reported previously and the surface area of the blank ACM is 598 m2/g with 

a pore volume of 0.45 cm3/g.22 5% Pd on powder activated carbon (Pd/Powder C,  0.25 mm 

particle size) was purchased from Alfa Aesar (Type 87L, Dry) and was selected since this 

catalyst type is commonly used in hydrogenations.13 For the effect of metal loading studies (0.8, 

2.5, and 5 wt% Pd), different concentrations of Pd(NO3)2.2H2O (purchased from Sigma-Aldrich, 

40% Pd basis) were prepared using deionized water and added to crushed monolith catalysts or 

cACM (particle size of 0.5 to 1 mm), via a wet impregnation method (a defined mass of 

Pd(NO3)2.2H2O was dissolved in 5 ml of DI water, then added dropwise to 5.5 g of cACM). The 

mixture was dried at 120 °C for two hours followed by H2 reduction at 250 °C for 4 hours. The 

palladium catalysts were reduced in 100 ml/min flowing H2 (100%) at 250 °C for four hours 
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inside the packed bed reactor (PBR) prior to reaction. Elemental analysis of the catalysts 

indicated Pd loadings different from original designs (Table S3.1).                                                                                                      

Catalyst Characterization: Surface area analysis and pore size analysis were performed 

as previously described.22,23 Micropore analysis was performed using the t-method of de Boer 24 

(t is the statistical thickness of an adsorbed film [t (Å) = [13.99/log(Po/P)+0.034]1/2 ]) and the 

BET surface area data extended to higher pressures (Quantachrome, AUTOSORB-1C; Boynton 

Beach, Florida). Scanning Electron Microscopy / Energy Dispersive X-Ray Spectroscopy 

(SEM/EDS) was performed using FEI TENEO with 150 mm Oxford XMaxN detector at 10 kV.  

X-ray diffraction (XRD) was performed on a PANalytical X’Pert PRO using a Cu-Ka radiation 

source (l = 1.5418 Å) with step size of 0.02° and 2θ range of 15° to 80°. Ammonia-TPD analysis 

was performed to determine the quantity and strength of acid sites as previously described.23 To 

obtain strong acid site density for Pd/ACM (Table 3.1), the peak area of the Pd/GAC desorption 

curve from 300 to 500 °C was subtracted from the Pd/ACM peak area over the same range. TPR 

analysis was performed to determine the reducibility of the catalyst and CO pulse titration was 

performed to determine the dispersion and particle size of metal on the fresh catalysts.23 A 1:1 

CO to Pd stoichiometry was assumed in calculating dispersion. Dispersion was estimated from 

the pulse titration data as described in past work.22 The average particle size of the active metal 

for fresh catalyst was estimated from CO pulse titration using the equation below, 

𝑑 =
100 𝐿 ∗  𝑆 ∗  𝑓

𝐴𝑆𝐴 ∗  𝜌
 

 

where d is average crystallite size (Å), ASA the active metal surface area (m2/g),  the metal 



 

50 

 

 

density, and f the shape factor (6 was used assuming spherical particles).  

TGA analysis in air was used to estimate tar and coke formation on the catalysts 

(Discovery TGA from TA Instruments). Air flow over the sample (10-25 mg in ceramic pans) 

was set at 25 mL/min with a balance flow rate at 10 mL/min (N2). The temperature of the sample 

was equilibrated at 40 °C before ramping at a rate of 10 °C/min to 800 °C. Elemental analysis of 

fresh and spent catalysts was performed following the Environmental Protection Agency (EPA) 

ICP method 200.8. Concentrated HNO3 was added (5 ml) to the sample (~ 0.1g) for microwave 

digestion following protocols listed in EPA method 3051A. Digested solutions were analyzed by 

inductively coupled plasma optical emission spectroscopy (ICP-OES, Spectro Arcos FHS16 

AMETEK ICP-OES).  

Analytical: Once the liquid sample was collected from the reactor, it was analyzed in 

triplicate using gas chromatography with flame ionization detection (GC-FID, HP 5890 Series II) 

with HP Innowax column (30 m x 0.25 mm x 0.25mm). The GC-FID was operated with the 

method of inlet temperature 230 °C, detector temperature 240 °C, initial oven temperature of 45 

°C for 2.5 minutes followed by a ramp of 10 °C/min for 15.5 minutes and then held at 200 °C for 

3 minutes. 1 μL of sample is injected on the GC-FID in triplicate. The concentrations of furfural 

(FUR, 99%), furfuryl alcohol (FA, 98%), tetrahydrofurfuryl alcohol (THFA, 98%), 2-

methylfuran (2MF, 99%), 2-methyltetrahydrofuran (2MTHF, 99%), cyclopentanol (CPO, 99%), 

cyclopentanone (CP, 95%), 5-hydroxy-2-pentanone (5H2P, 95%), and 1,4-pentanediol (1,4PD, 

99%) were determined using 4-point standard curves (chemicals purchased from Sigma-Aldrich, 

each point run in triplicate). All standards were prepared in DI water, except for 2MF which was 

prepared with ethanol as the solvent. The presence of all intermediates and products were 
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confirmed using GC/MS (HP-6890 with HP Innowax column, same method as for GC/FID, 1 l 

injection volume, 25:1 split ratio, 0.8 ml/min, 10-500 mass units, MSD ChemStation 

D.03.00.611 with NIST 2008 database for identification). Neat compounds identified by GC/MS 

were purchased (standards) and then were then matched with retention times of our products on a 

GC/FID. A typical progression of reactant conversion and product formation is shown in a series 

of GC/FID chromatograms in the supporting information.  

Catalytic Reactions: Furfural hydrogenation reactions were performed in a continuous 

reactor system, designed by Parr Instrument Company. Liquid (0.5–16 ml/min) and gas flow 

(100 ml/min) entered the stainless-steel tube (1 in inner diameter) downwards and concurrently 

through a T-junction. Gas flow rate was controlled by Brooks Delta II Smart Mass Flow 

Controller. Liquid feedstock was pumped into the reactor using a Scientific Systems LD-Class 

HPLC pump. The liquid product was collected in a stainless-steel vessel with a cooling jacket 

attached to a Brookfield TC-602 water bath at 7 °C. Reactor temperature was controlled by a 

Thermcraft Lab-Temp 1760-watt furnace and a Parr 4875 Power Controller. Reactor pressure 

was controlled using a TESCOM back pressure regulator. Cores of activated carbon monolith 

catalyst (4 cores) were wrapped in Teflon tape and loaded into the center of the reactor. These 

four ACM cores were 4 inches (10 cm) in packing height at a total weight of 15 g. The GAC and 

powdered forms of the Pd loaded catalysts (5 g each) were placed between two layers of quartz 

wool. To determine the optimum conditions for furfural hydrogenation in a continuous reactor 

system, a series of experiments at temperatures ranging from 120 to 180 °C, pressures of 

atmospheric to 300 psi (0.1–2.1 MPa), and liquid flow rates of 0.5 to 16 mL/min were 

performed. The order of performing reactions to determine the effect of different reaction 
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parameters on product distribution for GAC and ACM was as follows:  first, testing varying 

liquid flow rates, second, testing varying pressures, third, testing varying temperatures and 

fourth, acetic acid effect. For the powder form of catalyst, four reactions at different flow rates 

were performed.  

Key kinetic parameters were calculated in the following manner. Conversion (X), yield 

(Y), selectivity (S), weighted hourly space velocity (WHSV), liquid hourly space velocity 

(LHSV), space time yield (STY) and the catalyst to mass rate ratio (W/F) were calculated using 

the following equations. XA = 1-FAout/FAin, where FA is the molar rate for species A (e.g., FAout = 

CAout
 Qout; CAout

 is the measured concentration and is the measured volumetric flowrate). YA = 

FAout/ FTin, where FTin
 =  Fi and i is species. SA = FAout/(FTin- FTout). WHSV was calculated as 

[MWA* FAin]/W, where W is catalyst mass and MW is the molecular weight. LHSV was 

calculated as [Qin*cat]/W and GHSV as [Qgas,in*cat]/W, where cat is the bulk density of the 

catalyst. Space time yield (STY) was calculated as FAout cat MWA / W (g/L-catalyst/h). 

3.3 Results and Discussion 

3.3.1 Catalyst Characterization 

Untreated Pd/ACM (0.8 wt% Pd) catalyst had similar surface area and pore volume 

compared to ACM only, but there were differences between the powder and granular forms of 

activated carbon (Table 3.1, S3.1 and S3.2). The surface area and pore volume for Pd/ACM was 

lower than Pd/GAC, but similar to Pd/Powder C (Table 3.1). These data do suggest that the 

surface properties of the activated carbon were changed, and the resultant material differentiated 

(Pd/ACM) by processing and extrusion into monolith supports. Most notably, the Pd/ACM did 

have a significantly smaller micro-pore volume, higher Pd dispersion, and resultant smaller 
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active particle size compared to the GAC and powder supports (Table 3.1, S3.1 and S3.2).  

Reducibility of the metal catalysts was determined by hydrogen consumption of the 

catalyst versus temperature using TPR analysis. All Pd catalysts showed a negative peak between 

45 to 75 C (Fig. S3.3-B). These peaks are indicative of PdHx (Pd hydride) decomposition due to 

freely available PdO and have been reported on Pd supported catalysts in the range from 60 to 80 

C.25-27 The ACM support (without Pd) also showed a negative peak at 48 C, which we attribute 

to an unknown off-gas component potentially due to the binder. TPR analysis of the 0.8% 

Pd/ACM catalyst demonstrates two additional peaks at temperatures of 205 °C and 287 °C, 

which is an indicator for reduction of Pd oxide to Pd metal (Figure S3.3). Pd2+ reduction to Pd 

has been shown to range from 130-227 °C on activated carbons and can depend on the 

pretreatment method.25 The peak at 287 °C could be due to Pd interaction with the binder 

component alumina. For example, TPR analysis of Pd/Al2O3 catalysts have indicated reduction 

of PdO at 295 and 350 C (either prepared from H2PdCl4 or Pd(NO3)2).
27,28 We attribute the peak 

at 470 °C to hydrogen reaction with oxygen functional groups on the carbon surface or a 

gasification reaction with the carbon. CO and CO2 TPD analysis of activated carbons in helium 

suggest peak evolution at temperatures > 300 C can occur due to decomposition of oxygen 

functional groups.29    

 Pd/Powder C showed three additional peaks, one small peak at 75 C after the negative 

peak (Fig. S3.3-B), and two broad peaks (relative to Pd/ACM) centered around 350 °C (Fig. 

S3.3) and 560 C.  The positive peak at 75C is indicative of further PdO reduction and has been 

reported on activated carbon and Al2O3 supports.26-27, 30 Similar to Pd/ACM analysis, we attribute 
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the peaks at 350 and 560 °C to hydrogen reaction with oxygen functional groups on the carbon 

surface or a gasification reaction with the carbon. After the negative peak at 50 C, Pd on 

granular activated carbon demonstrated two small broad peaks at temperatures of 125 °C and 350 

°C (attributed to thermal reaction with carbon). Compared to the Pd/GAC, the Pd/ACM appeared 

to have a higher peak hydrogen reduction temperature (205 and 287 °C vs. 125 C) and higher 

H2 consumption (Figure S3.3). The peak at 125 C for Pd/GAC is at the low end of the range 

reported for PdO reduction on many activated carbons (127-227 C).25 Some Pd on activated 

carbon materials only show the low temperature negative peak (50-80 C) with the associated H2 

consumption peak (75-100 C), which has been suggested to be due to a weak interaction of PdO 

with carbon.26-27 These differences may be attributed to the different metal-support interactions 

in ACM from the other two catalysts, since the ACM support is manufactured from activated 

carbon, binders and other additives. SEM-EDS analysis indicates some co-location of Pd with Al 

and Si suggesting interaction with ceramic binder, but much of the Pd appears to be distributed 

on carbon (Figure S3.4). TPR analysis of the ACM only (no Pd present) did indicate a small 

background H2 consumption over the entire temperature range, possibly due to the metal oxides 

(e.g., Al2O3) present in the binder (Figure S3.3). However, the background H2 consumption 

could also be due to the carbon reacting with H2. A shift to higher peak hydrogen temperatures 

and higher H2 consumption in the Pd/ACM could be due to interaction with the binder in the 

ACM and its higher Pd dispersion then the other two carbon catalysts (Table 3.1). It is generally 

recognized that oxygen functional groups (e.g., carboxylic, phenolic, and laconic groups) in 

activated carbon can provide nucleation sites for metallic crystallites.31 Increased oxygen 
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functional group density reportedly leads to increased metal dispersion, a reduction in particle 

size, and resistance to sintering.32 Thus, smaller particle size or higher dispersion could shift the 

TPR peaks to higher temperatures. Smaller particles could have increased interaction with the 

support in the Pd/ACM catalyst resulting in the higher dispersion and thus significant change in 

the TPR curves. This effect has been noted for Pd/Al2O3 and indicated for Pd on carbon 

catalysts.27,33-34 For example, higher Pd dispersion on Al2O3 due to stronger interaction with the 

support leads to a TPR peak at 350 C.3 Calcination of the Pd/Al2O3 in air eliminated this TPR 

peak (350 C) which was indicated to be due to enlargement of the PdO particles and reduced 

interaction with the support allowing PdO reduction at room temperature.27 Also, such a peak 

(350 C) was not observed for Pd/SiO2 and Pd/C in this work and was suggested to be due a lack 

of interaction with these supports.27 Similarly, increased oxygen groups in carbon which provide 

anchoring/adsorption sites for Pd (via C-O groups) lead to an increase in the H2-TPR peak (183 

C), increased Pd interaction with the support and increased Pd dispersion, compared to non-

functionalized carbon (137 and 175 C, maximum peak).33-34 (data not shown)    

Additionally, such shifts in TPR profiles have been observed in carbon encapsulated 

metal oxide supports (e.g., Al2O3, ZrO2) when active metals have been deposited.35,36 For 

example, Ni on carbon covered Al2O3 showed a shift in peak hydrogen consumption from 250 

to 400 C, relative to Ni on AC, and better stability towards hydrogenation of nitrobenzene to 

aniline.35 Carbon encapsulated ZrO2 deposited with Ru was shown to increase the metal support 

strength minimizing Ru leaching in aqueous, acidic environments, when hydrogenating levulinic 
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acid to -valerolactone.36 Again, a shift to higher peak hydrogen consumption temperatures was 

observed for the Ru/carbon encapsulated ZrO2 versus Ru on AC.36 

Ammonia-TPD analysis of the unreduced Pd/ACM and Pd/Powder C catalysts 

demonstrated a peak at 200-260 °C, suggesting the presence of weak acid sites, potentially due 

to metal oxides in the carbon or binders used in the ACM (Figure 3.1). The Pd/GAC catalyst did 

not show any peaks during ammonia desorption (Figure 3.1). Upon H2 reduction of the 

Pd/ACM the weak acid sites disappeared, suggesting metal oxides acting as weak acid sites 

were reduced during the pretreatment step to generate Pd metal (Figure 3.1). A smaller strong 

acid site was observed in the Pd/ACM (300-500 °C) upon H2 reduction, again probably due to 

the binder in the ACM, since the GAC which was used in the synthesis of the ACM showed no 

observable peaks. The TPD for H2 reduced Pd/GAC was the same as for the unreduced Pd/GAC 

catalyst (Figure 3.1). Upon H2 reduction the Pd/Powder C did show a small weak acid site 

which shifted in desorption from 200-260 °C to 100 to 200 °C. When comparing TPD analysis 

of the three H2 reduced catalysts the presence of this weak acid site in the Pd/Powder C and 

strong acid site in the Pd/ACM was the most noticeable differences (bottom plot Figure 3.1).  

XRD analysis indicated the presence of graphite with sharp peaks at 2θ of 21° and 26° 

for both powder and monolith form of catalyst whereas GAC indicated broader peaks implying 

a more amorphous carbon structure (Figure S3.5). The Pd/Powder C XRD did indicate a peak at 

40  (2) suggesting Pd (111). XRD results for GAC and ACM before and after impregnation 

with Pd did not indicate a significant change, which suggests that Pd is well dispersed on both 

GAC and ACM. We believe the lack of Pd or PdO peaks for Pd/ACM and GAC was due to the 

low Pd loading and high dispersion. We also performed XRD on the spent catalysts (pre-
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reduced with H2 and reacted) and observed little difference (Figure S3.5). The only noticeable 

difference was an increase in the peak at 40  (2) for Pd/Powder C and the formation of a new 

peak at 47  (2) indicative of Pd (200 or 110). Overall, the XRD analysis indicates no change 

in the Pd/ACM and Pd/GAC catalysts and further reduction of PdO in the Pd/Powder C 

catalysts. The XRD analysis of the Pd/ACM and Pd/GAC was indicative of low Pd loading and 

high dispersion. 

3.3.2 Temperature Effect 

Since little work has been conducted on continuous hydrogenation of furfural for the 

synthesis of furfuryl alcohol, tetrahydrofurfuryl alcohol, and cyclopentanone using activated 

carbon monoliths, we wanted to determine the effect of temperature and pressure on selectivity 

and space time yields or conversion. Further, these results would allow us to determine optimum 

reactions parameters to compare furfural reaction kinetics between a commercially available Pd 

on carbon catalyst (5% Pd/Powder C) with the base carbon support or Pd/GAC (used to generate 

the activated carbon monoliths) and the Pd/ACM. Thus, in a set of experiments, Pd/GAC and 

Pd/ACM were employed to determine the effect of temperature on furfural hydrogenation. 

Increasing temperature increases furfural conversion for GAC only. At all temperatures, furfural 

conversion was higher than 90% percent for ACM and increasing temperatures increased 

conversion for GAC supported catalysts. The highest carbon closure for ACM was achieved at 

180 °C (90%) and carbon closure never exceeded 64% for the Pd/GAC catalyst (Figure S3.6).  

The presence of internal and external mass transfer resistance for GAC (please refer to section 

3.3.8 Mass transfer effect), limiting hydrogen transport and adsorption on active sites, and 

oligomerization of furfural at high temperatures in water leads to formation of tar and coke, 
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resulting in low carbon closure for GAC. Increasing temperatures reduced FA selectivity and 

increased selectivity for all products. At all temperatures, FA selectivity was higher using 

Pd/ACM compared to the Pd/GAC catalyst (Figure 3.2).   

3.3.3 Pressure Effect 

After a series of reaction studies varying temperature indicated that a temperature of 180 

C would generate high furfural conversions, and high carbon closures and product selectivity, 

the effect of pressure was studied at this temperature. For the GAC catalyst, as the total pressure 

(and thus hydrogen partial pressure) was increased, THFA reached peak selectivity between 100 

to 200 psig (0.7–1.4 MPa) and declined at the highest pressure (Figure 3.3). FA selectivity was 

low at all pressures for the GAC catalyst, suggesting this compound is an intermediate to THFA 

formation. For the Pd/ACM catalyst, FA, THFA, and 2MF selectivity increased with pressure 

and was significantly higher at 300 psig compared to the Pd/GAC (Figure 3.3). The selectivity of 

5H2P increased linearly with pressure for both catalysts (Figure 3.3) and the cyclopentanone 

(CP) levels were low under all conditions. As discussed later, the type and level of acid sites in 

the catalysts, combined with pressure may have played a role in 5H2P production and selectivity 

over CP formation. Water under subcritical conditions, and Lewis acids, may act as catalysts in 

promoting a Piancatelli rearrangement to 5H2P or CP from furfuryl alcohol.10,12 Since reaction 

rates were higher at 180 C and the selectivity of the Piancatelli rearrangement product, 5H2P, 

the highest at 300 psig, we decided to conduct future reaction experiments under these conditions 

(180 C, 300 psig or 2.1 MPa). 
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3.3.4 Liquid Hourly Space Velocity Effect 

In the next set of experiments, the effect of liquid residence time on furfural 

hydrogenation over 5% Pd/Powder C, 0.8% Pd/GAC and 0.8% Pd/ACM was determined (the H2 

gas flow was held constant at 100 ml/min). In general, the 0.8% Pd/ACM had higher carbon 

closure for similar residence times compared to the other catalysts (Figure S3.7). Except for 

2MTHF, 5H2P and CP, the selectivity of FA, THFA, and 2MF were significantly higher using 

Pd/ACM (Figure 3.4). 2MTHF selectivity changed little with LHSV, and there was little 

difference between the catalysts in 2MTHF selectivity. These same trends were observed for 

space time yield or STY of products, i.e., the ACM catalyst generated the highest FA, 2MF and 

THFA space time yields at residence times between 0.07–0.53 h among the three catalysts 

(Figure 3.5). The selectivity and STY plots demonstrate that at short contact time or high flow 

rates the primary products of the reactions in presence of the three catalysts are furfuryl alcohol 

and 2-methylfuran (Figures 3.4 and 3.5). A high furfuryl alcohol STY at short contact time 

indicates that the furfural to furfuryl alcohol (FA) reaction occurs at a fast rate. In a second fast 

hydrogenolysis step, furfuryl alcohol forms 2-methylfuran (2MF) and in a further hydrogenation 

step, 2-methyltetrahydrofuran (2MTHF) is formed from 2MF.  

Interestingly, comparing the selectivity and STYs of the three catalysts, Pd/Powder C 

showed the highest selectivity and STY towards 5H2P and cyclopentanone (CP), whereas the 

lowest CP selectivity was observed using ACM and GAC catalyst. As LHSV decreased there 

was a significant increase in the 5-hydroxy-2-pentanone (5H2P) selectivity and then decline at 

very long residence times (Figure 3.5).  5H2P STY was significantly higher between a 0.16-0.3 h 

liquid residence time when using Pd/Powder C compared to ACM and GAC (Figure 3.5). The 
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results from the temperature, pressure, and liquid residence time effect studies suggest Pd/GAC 

and Pd/ACM promoted the formation of 2MF from furfural and Pd/Powder C the formation of 

CP and 5H2P via a speculative reaction pathway requiring acid catalysis for the ketone(s) 

formation (Figure 3.6). Given the distinct differences in end products between the two catalyst 

forms, the possible differences in catalyst structure that may have promoted different reaction 

pathways were next explored. 

3.3.5 Palladium Loading Effect 

In reactions with multiple products and side reactions, the size of the active metal particle 

can affect product selectivity. Past work on furfural hydrogenation using palladium catalysts 

suggested that the product distribution can be controlled by particle size and differences in 

product selectivity can be attributed to metal dispersion.37 Given the possibility that Pd particle 

size may have effected product selectivity, a series of catalysts were prepared with higher Pd 

loading, lower dispersion, and thus larger particle size. Originally it was considered to change 

the Pd particle size by increasing the H2 reduction temperature anticipating a reduction in 

dispersion and increase in particle size. However, a series of CO pulse titrations with increasing 

H2 reduction temperature had little effect on the 0.8 wt% Pd on GAC and ACM, except at 

temperatures greater than 350 C. The 5% Pd/Powder C reduced at higher temperatures did see a 

significant reduction in dispersion (30 to 14% from 150 to 450 C – Figure S3.8). Thus, we 

decided to increase the Pd loading and reduce in H2 at 250 C. These catalysts were prepared by 

crushing the base ACM support and loading Pd via wet impregnation. Our rationale for this 

preparation method was to compare these catalysts with the 5% Pd on carbon powder and GAC 

materials, more easily. Additionally, in future experiments it was anticipated to develop bi-metal 
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catalysts and felt this technique would be easier to use for the ACM material to screen activity. 

Subsequently, once an optimum metal loading and bi-metal ratio were determined the monolith 

structure could be synthesized and tested. As indicated in Table 3.2, increasing the Pd loading 

did reduce the surface area, pore volume, and metal dispersion. The most significant observed 

effects were for THFA and 2MTHF; THFA selectivity and reaction rate declined with increased 

Pd loading and 2MTHF selectivity and reaction rate increased with increased Pd loading (Figure 

S3.9, data not shown for rates [both r, mmol/g-cat/h and STY, g/L-cat/h]). These results suggest 

that Pd loading had limited effect on CP and 5H2P formation and the 

hydration/dehydration/rearrangement of FA. 

3.3.6 Acetic Acid Effect 

Industrial production of furfural involves acid hydrolysis of biomass followed by a 

dehydration step in presence of an acid catalyst at temperatures of 200 to 240 °C. After several 

steam stripping steps, this process can result in furfural concentrations up to 99%. These 

purifying steps are high in energy consumption and are not cost effective. Therefore, one 

approach to reduce the process cost is to use crude furfural (5 wt % before purification) with 

impurities or a feed generated from a single distillation step.38 The impurities associated with 

crude furfural are water and carboxylic acids, such as acetic acid. The presence of these 

impurities in the reaction medium can impact catalyst activity, selectivity and reaction pathways. 

In this work the effect of acetic acid on product distribution was determined for both ACM and 

GAC supports (Figure 3.7). Adding acetic acid did not significantly affect furfural conversion, 

and 2MF and THFA selectivity (the primary products of the reaction) using Pd/ACM, but it did 

lower FA selectivity. Using Pd/GAC a lower furfural conversion and higher 2MF and THFA 
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yields were achieved. The presence of acetic acid lowered the 5H2P selectivity when using both 

Pd/ACM and Pd/GAC. Acetic acid was converted using both Pd/ACM and Pd/GAC, but 

conversion was significantly higher using Pd/GAC (95 vs. 63%). The products of acetic acid 

transformation could not be confirmed and ethanol, a possible direct reduction product, was not 

observed. 

3.3.7 Catalyst Coking and Metal Leaching 

After the furfural hydrogenation experiments, catalysts were collected and analyzed for 

changes in surface properties. Time on stream (TOS) analysis indicated high furfural conversions 

for all three catalysts during the course of reactions, although conversion is not a good indicator 

of catalyst activity (Figure S3.10). Analyzing the activity data, there was a smaller reduction in 

surface area, pore volume, and micro-pore area for Pd/ACM (Table 3.1). However, there was a 

significant reduction in surface area and micro-pore area for the Pd/GAC and Pd/Powder C 

catalysts, probably due to the oligomerization of furfural on the catalyst surface and pores 

(originated from external mass transfer resistance of hydrogen, refer to section 3.3.8). After the 

reactions, the surface areas of Pd/GAC, Pd/Powder C and Pd/ACM decreased by 95%, 50% and 

23%, respectively (Table 3.1). The reduction in micro-pore area was most noticeable when 

comparing t-plots between fresh and used catalysts (Figure S3.11). The Pd/GAC catalyst lost all 

micro-pore area and the surface area was reduced by 94% (using the lower reported surface 

area). Similarly, the micro-pore area in Pd/Powder C reduced by 83% and the surface area by 

50%.  

Since surface area declined significantly for the Pd/GAC and Pd/Powder C catalysts, 

TGA analysis was also performed to estimate tar/coke levels (Figure 3.8). Compared to their 
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fresh counterparts over the 200 to 400C range, Pd/GAC (16.5%) and Pd/Powder C (7.8%) 

had the largest mass loss, compared to Pd/ACM (5.7%). The % mass loss over the 400 to 600C 

range for the Pd/ACM (0%) was smaller compared to the Pd/Powder C (31%) and Pd/GAC 

(3%). It is speculated that the coke formed on the Pd/ACM may have deposited in/on an area 

which did not affect furfural or H2 chemisorption on the Pd metal particles, potentially due to the 

ceramic binder. Finally, elemental analysis of the spent catalyst indicated leaching of Pd from the 

GAC (99%) and powder support (40%), but a lower loss from the ACM (20%) (Table S3.1). 

Since the last set of reactions on GAC and ACM were performed in presence of acetic acid, we 

speculate that much of the leaching may have occurred during this reaction due to presence of an 

acid. We acknowledge that the Pd/GAC spent catalyst did have a measurable CO uptake 

indicating the presence of Pd (Table 3.1) and its TOS was longer than the Pd/ACM (Figure 

S3.10). This observation suggests the possibility of error in the Pd analysis of the Pd/GAC due to 

the limited sample size. Direct comparison between the Pd/ACM and Pd/Powder C catalyst is a 

better assessment, since the TOS for Pd/ACM was longer and Pd loading lower, yet leaching was 

lower. We also acknowledge that longer time on stream studies are needed to determine the time 

effect on product selectivity and reaction rates, and to develop regeneration methods. 

3.3.8 Mass Transfer Effect 

The mass transfer analysis indicated higher mass transfer rates of H2, resulting in less 

coke formation, higher carbon closures and higher product selectivity for FA, THFA, and 2MF 

in presence of Pd/ACM, compared to the other two forms Pd catalyst. Calculating the gas to 

liquid velocity (Qg/Ql) ratios (6.3 to 200) indicated film or annular flow (liquid superficial 

velocity varied from 1.6 to 53*10-5 m/s and the gas velocity was 3.3*10-3 m/s). Film or annular 
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flow occurs from Qg/Ql equal 6 to 200.39,42 Monolith reactors, under Taylor flow conditions, 

have three mass transfer steps - gas to solid through a very thin film, gas to a liquid slug with 

circulating eddies, and from the liquid slug to the solid.40, 41 Given our Qg to Ql ratio (film flow 

condition), H2 transport was considered from the gas phase to the solid through a thin film. 

Mears and Weisz-Prater criteria were applied for mass transfer analysis (Details in Appendix 

A).43 The Mears criterion calculations for hydrogen in presence of Pd/GAC and Pd/Powder C 

and greater than 0.15, indicating the system is limited by external mass transfer resistance 

(Table S3.2). Mears criterion analysis for hydrogen in presence of  Pd/ACM ranged from 2 to 

4*10-5, indicating hydrogen external mass transfer was not rate limiting (Table S3.2). The 

internal mass transfer analysis (Wiesz-Prater criterion) for the three catalysts indicated that the 

only catalyst with internal mass transfer resistance for H2 was Pd/GAC showing large CWP 

values at all liquid hourly space velocities (Table S3.3).44 The lower carbon closures and 

product selectivity for Pd/GAC and Pd/Powder C compared to the Pd/ACM is explained by 

larger Mears and Weisz-Prater values for Pd/GAC and Pd/Powder C.  

3.4 Comparison to Literature 

As mentioned earlier, little work has been performed on continuous furfural 

hydrogenation using palladium catalysts, especially in aqueous systems. One recent work using 

5-hydroxymethyl furfural (HMF) is included, which is analogous to furfural.49 No work on the 

use of activated carbon monolith catalysts for furfural hydrogenation could be found. Table 3.3 

demonstrates a comparison of selectivity and space time yield of furfural hydrogenation products 

between this work and previously reported literature. All the reported works in Table 3.3 

employed a Pd on activated carbon or carbon catalyst for furfural or HMF hydrogenation. Batch 
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processing at high pressures (  30 bar) and long residence times in water produced Piancatelli 

rearrangement products (CP and 5H2P, entries A, I, J). Using isopropanol (as an organic solvent) 

eliminated the Piancatelli rearrangement products resulting in high selectivity towards FA and 

THFA (entry D, Table 3.3). In continuous processing, little Piancatelli rearrangement products 

were produced regardless of the solvent used. For example, using ethyl acetate at 150C 

produced a high THFA selectivity (entry C, Table 3.3). Using cyclopentyl methyl ether as a 

solvent at the same temperature gave predominately FA and THFA (entry D, Table 3.3). When 

using water in continuous processing, the products were predominately FA, THFA, and 2MF 

(entries E,F,G). Continuous hydrogenation of HMF using a Pd/GAC catalyst produced primarily 

DMTHF (analogues to FA) and DHMTHF (analogues to THFA) at similar STY’s compared to 

furfural hydrogenation, and no Piancatelli rearrangement products were observed (entry K, Table 

3.3). Taken together this analysis suggests that water under subcritical conditions can act as a 

weak acid and catalyze the Piancatelli rearrangement of FA to CP or 5H2P if given long enough 

residence times. In continuous processing it is possible that a higher number of weak acid sites 

are needed, especially on the catalyst surface, to promote the Piancatelli rearrangement in shorter 

process times.  

Thus, the low cyclopentanone or 5H2P yields using Pd/ACM might be attributed to a 

limited number of weak acid sites on the catalyst and a much shorter contact time for furfuryl 

alcohol ring rearranging to CP or 5H2P. Comparing the results of three catalysts employed in 

this work, the powder form of catalyst had higher 5H2P and CP yields possibly due to the 

presence of weak acid sites after H2 reduction, contrary to the Pd/ACM and Pd/GAC. The NH3-

TPD results for our reduced Pd/Powder C catalyst suggest the presence of a small weak acid 



 

66 

 

 

peak at about 150 °C. Liu et al. 2018 suggest weak acid sites as a reason for the formation of 1,4-

pentanediol (through 5-hydroxy-2-pentanone) from furfural in water using Ru on mesoporous 

carbon.50  

Overall the Pd/ACM generated much higher STY’s of FA, THFA, and 2MF from 

aqueous furfural with very low Pd loading compared to previous work (Table 3.3). The absence 

of furfural and H2 external mass transfer resistance in Pd/ACM resulted in lower loss of activity 

and coke formation. Despite the previous reported works, where high yields of 2MF and THFA 

were achieved in presence of organic solvents, the results of using activated carbon monolith 

catalyst in aqueous furfural hydrogenation indicate that this catalyst was able to achieve a high 

yield of 2MF and THFA (and FA at lower LHSV’s) using only water, an inexpensive, 

environmentally friendly and safe solvent. Comparing the NH3-TPD analysis and product 

selectivity between the Pd/ACM and Pd/Powder C catalysts does suggest it would be fruitful to 

add/increase the number of weak acid sites, especially Lewis acid sites, to Pd/ACM. Since Lewis 

acids are known to promote the Piancatelli rearrangement of furfuryl alcohol (FA)10,11 and ours 

and other work indicates that furfural conversion to FA is fast, it is theorized that Lewis acid 

sites on Pd/ACM would overcome the potentially rate limiting Piancatelli rearrangement step in 

continuous processing and generate higher selectivity of 5H2P or CP. If the Piancatelli step is 

promoted (via Lewis acid sites) and over hydrogenation to 2MF and THFA reduced (potentially 

by adding a second metal to reduce H2 chemisorption) one may successfully increase 5H2P or 

CP selectivity and STY’s from furfural in continuous processing.  

Since activated carbon does not have strong acid or Brønsted acid sites, without 

treatment, we assume the strong acid sites observed in the Pd/ACM are due to alumina in the 
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binder (Table 3.1). As noted in our discussion, the consensus in the literature is that Lewis acid 

sites or weak acid sites promote the Piancatelli rearrangement of furfural alcohol (generated from 

furfural) in the presence of water.10,11,51 When stronger acids are used resinification of the 

furfural occurs. Thus, the strong acid sites present in the Pd/ACM could have induced 

oligomerization/resinification of furfural leading to the coke formation. Coke formation on the 

Pd/GAC was probably due to limited H2 mass transfer and thermal degradation of the furfural. 

Substituted furans such as 5-hydroxy-methyl furfural require Bronsted acid or moderate to strong 

Lewis acid sites to promote the Piancatelli rearrangement.51 Blocking the strong acid sites in the 

Pd/ACM and adding weak Lewis acid sites should promote the formation of Piancatelli 

rearrangement products. 

3.5 Conclusions 

Comparing the results of the three catalysts, activated carbon monolith showed highest 

selectivity toward FA, THFA, and 2MF resulting in the highest STY’s of these products, along 

with the least percent of metal leaching and activity loss, which makes this catalyst a promising 

alternative to other forms of carbon catalysts. Among the three catalysts, activated carbon 

monolith was the only catalyst that did not show an external mass transfer resistance for 

hydrogen, which contributed to its lower level of coking. The presence of acetic acid in reaction 

medium did not affect the furfural conversion using Pd/ACM, suggesting Pd/ACM can be used 

to process crude furfural. Using water as a safe alternative to organic solvents resulted in high 

yields and selectivity of FA, THFA and 2MF using the activated monolith carbon catalyst. 

Finally, compared to most Pd/GAC catalysts used in the literature to process furfural, the 

Pd/ACM accomplished these results at much lower Pd loadings (1 wt% versus 3-10 wt%).  
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In general, this work demonstrated the prolonged hydrogenation of furfural using 

Pd/ACM catalyst in an aqueous and acidic environment with low metal loadings and high space 

time yields of furfuryl alcohol and 2-methylfuran, due to limited Pd leaching and higher H2 mass 

transfer rates. These results with the metal/ACM have implications for a wider range of reactants 

(or substrates) generated in microbial fermentations or acid hydrolysis of biomass requiring 

catalytic upgrading – e.g., hydrogenation of 5-hydroxymethyl furfural, xylose to xylitol, glucose 

to sorbitol, succinic acid to butanediol, levulinic acid to -valerolactone, and muconic acid to 

adipic acid. 
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Table 3.1. Physical properties of the carbon catalysts 

            
a
, CO Pulse Titration, 1:1 stoichiometry assumed, Reduced with 100% H

2
 at 250 C for 2 h 

a, Particle size and dispersion calculations were not performed (NP) for the spent catalysts due to possible coking effect on CO 

uptake and low Pd metal content measured by ICP for the spent Pd/GAC 
b, Particle size estimated from dispersion via CO pulse titration; c, Estimated from t-plot analysis 
d, Spent catalysts from furfural hydrogenation 
e, % Pd loss via leaching in brackets 
f, Estimated from NH3-TPD for H2 reduced catalysts, estimated peak desorption temperature. ACM is activated carbon monolith, 

GAC is granular activated carbon, Powder is from Alfa Aesar 

            NM – not measurable, probably below detection limit; NP – not performed 

Catalysts 

Properties  

Pd/ACM 

(Fresh) 

Pd/ACM 

(Spent) d 

Pd/GAC 

(Fresh) 

Pd/GAC 

(Spent) d 

Pd/Powder C 

(Fresh) 

Pd/Powder C 

(Spent) d 

Metal Loading (wt.%) 1.2 0.95 [21%]e 0.56 0.09 [83%]e 4.8 2.9 [39%]e 

Bulk Density (g/cm3)  0.28 NP 0.22 NP 0.25 NP 

Surface Area (m2/g) 608 470 805-914 45 686 341 

Pore Volume (cm3/g) 0.45 0.46 0.43 NM 0.47 0.46 

Average Pore Size (radius, Å) 29.8 39.3 21.6 NM 27.5 54.2 

Pd Dispersion, % (moles CO/g)  a 47 (53.2) NP (7.8) 39 (20.5) NP (9.7) 17.7 (79.8) NP (20.8) 

Pd Particle Size (nm) b 2.4 13 2.8 NM 6.3 14.7 

Micro-pore area (m2/g) c 14 0.0 625-737 0.0 349 44 

Micro-Pore Volume (cm3/g) c 0.005 0.0 0.33 0.0 0.18 0.03 

Weak Acid Sites f (moles NH3/g) -155C 0.0 NP 0.0 NP 86 NP 

Strong Acid Sites f (moles NH3/g) -390C 239 NP 0.0 NP 0.0 NP 
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Table 3.2. Physical properties of carbon catalysts with different palladium loadings 

                                          using crushed ACM 

 

 

 

 

 

 

 

 

a, Estimated using the de Boer equation 
b, Total pore volume at P/Po = 0.992 
c
, CO Pulse Titration, 1:1 stoichiometry assumed, Reduced with 100% H

2
 at 250 C for 2 h 

d, Particle size estimated from dispersion via CO pulse titration 

cACM is crushed activated carbon monolith 

 

Catalysts 

Properties  

0.8Pd/cACM 

(Fresh) 

2.5Pd/cACM 

(Fresh) 

5.0Pd/cACM 

(Fresh) 

Metal Loading (wt.%) 0.3 2.4 5.6 

Bulk Density (g/cm3)  0.28 0.28 0.28 

Surface Area (m2/g) 844 761 628 

Micropore Area (m2/g)a 33.6 44.7 37.5 

Pore Volume (cm3/g)b 0.732 0.659 0.545 

Average Pore Size (radius, Å) 17.34 17.32 17.34 

Pd Dispersion (%)c 72 26 8 

Pd Particle Size (Å)d 15.6 42.4 145.5 
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Table 3.3. Comparison of selectivity and space time yield for products of furfural hydrogenation reactions using carbon supported 

catalysts 

NR: Not reported; C: Continuous; B: Batch; HMF: Hydroxymethyl furfural 

FA: Furfuryl Alcohol; THFA: tetrahydrofurfuryl alcohol; 2MF: 2-methylfuran; 2MTHF: 2-methyltetrahydrofuran; CP: cyclopentanone; 5H2P, 5-hydroxy-2-

pentanone 

CPME: cyclopentyl methyl ether; EtOAc: ethyl acetate; i-PrOH: isopropanol 

DMTHF: 2,5- dihydroxymethylfuran; DHMTHF: 2,5-bis(hydroxymethyl) tetrahydrofuran 
a, space time yield for FA or DMTHF and THFA or DHMTHF respectively at LHSV of 8 1/h 
b, approximated from curve fit of data at LHSV of 8 1/h 

 

 

 

 

       Selectivity %   

          
Entry Pd Catalyst Reactor 

Mode 

Solvent T 

(°C) 

P 

(bar) 

Conversion 

(%) 

FA THFA 2MF 2MTHF CP 5H2P STYa 

(g/L/h) 

Reference 

A 1% Pd/CNT B water 150 30 98 0 1.7 NR 5.7 49.4 3.1 - 45 

B 5% Pd/AC C EtOAc 90 50 99 0 0 75 NR NR NR - 46 

C 10%Pd/AC C EtOAc 150 90 99 0 75 NR NR NR NR  47 

D 3% Pd/AC C CPME 150 50 97 25 56 5 <10 NR NR  48 

E 5% Pd/Powder C C water 180 20 100 6 11 6 3.5 6 16 20,25b This work 

F 0.8 % Pd/GAC C water 180 20 98 15 10 9 5 1 6 35,25b This work 

G 0.8% Pd/ACM C water 180 20 97 31 24 27 3 1 6 71,58 This work 

H 3% Pd/AC B i-PrOH 200 30 47 33 52 5 NR NR NR - 48 

I 5% Pd/C B water 160 30 97.8 0 2.1 2.4 6 69 NR - 13 

J 5% Pd/C B water 175 80 100 0 36 3 10 39 NR - 13 

K 10%Pd/C 

 (HMF) 

C water 90 90 100       21  
DMTHF 

     17  
DHMHF 

- - - - 33, 30 49 
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Figure 3.1. Ammonia TPD analysis of Pd on carbon catalysts pre-reduced with H2 (100% H2 for 

2 h at 250 °C) and without H2 reduction. A moving average is reported for the overlay of the 

NH3-TPD (H2 reduced carbons) in the bottom plot.  
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Figure 3.2. Effect of reaction temperature on product selectivity (FA, furfuryl alcohol; THFA, tetrahydrofurfuryl alcohol; 2MF, 2-

methylfuran; 2MTHF, 2-methyltetrahydrofuran; 5H2P, 5-hydroxy-2-pentanone; CP, cyclopentanone). All reactions were conducted at 

180 °C, 300 psig (2.04 MPa), and 1.32 1/h LHSV with 0.8% Pd on GAC or ACM. 
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Figure 3.3. Effect of reaction pressure on product selectivity (FA, furfuryl alcohol; THFA, tetrahydrofurfuryl alcohol; 2MF, 2-

methylfuran; 2MTHF, 2-methyltetrahydrofuran; 5H2P, 5-hydroxy-2-pentanone; CP, cyclopentanone). All reactions were performed at 

180 °C and 1.32 1/h LHSV using 0.8% Pd on GAC or ACM.
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Figure 3.4. Effect of liquid hourly space velocity (LHSV, 1/h) on product selectivity using Pd on carbon catalysts at T=180 °C and 

P=300 psig (FA, furfuryl alcohol; THFA, tetrahydrofurfuryl alcohol; 2MF, 2-methylfuran; 2MTHF, 2-methyltetrahydrofuran; 5H2P, 

5-hydroxy-2-pentanone; CP, cyclopentanone).  
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Figure 3.5. Effect of liquid residence time on space time yields (STY, g/L-cat/h) using Pd on carbon catalysts at T= 180 °C and 

P=300 psig  (FA, furfuryl alcohol; THFA, tetrahydrofurfuryl alcohol; 2MF, 2-methylfuran; 2MTHF, 2-methyltetrahydrofuran; 5H2P, 

5-hydroxy-2-pentanone; CP, cyclopentanone).
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Figure 3.6. Speculative pathway for furfural (FUR) hydrogenation, dehydration, and Piancatelli 

rearrangement reactions to 2-methylfuran (2MF), cyclopentanone (CP), and 5-hydroxy-2-

pentanone (5H2P) FA, furfuryl alcohol; THFA, tetrahydrofurfuryl alcohol; 2MTHF, 2-

methyltetrahydrofuran; 2-cyclopentenone (2CP); 4HCP, 4-hydroxy-2-cyclopentenone; 1,4-PD, 

1,4-pentanediol (Mironenko et al., 2019; Liu et al., 2018). [ ], indicates a possible short lived 

intermediate; {}, indicates anticipated product or intermediate not observed. 
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Figure 3.7. Effect of acetic acid (1 wt%) on product selectivity and space time yield using carbon supported catalysts (FA, furfuryl 

alcohol; THFA, tetrahydrofurfuryl alcohol; 2MF, 2-methylfuran; 2MTHF, 2-methyltetrahydrofuran; 5H2P, 5-hydroxy-2-pentanone; 

CP, cyclopentanone). Reactions were performed at 180 °C, 300 psig (2.07 MPa), and LHSV 1.3 h-1. 
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Figure 3.8. TGA analysis of spent catalysts compared to unreacted materials – A) Pd/ACM, B) 

Pd/GAC, and C) Pd/Powder C (% original mass is % loss in mass relative to the starting mass) 

and the change in tar/coke relative to the fresh catalyst, surface area, and pore volume (bottom) 

of the spent catalysts relative to the fresh catalyst. 
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CHAPTER 4 

BI-METAL ACTIVATED CARBON MONOLITH CATALYSTS FOR SELECTIVE 

HYDROGENATION OF FURFURAL1

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 Pirmoradi, M, Janulaitis, N, Gulotty Jr., R.J., Kastner, J.R., 2020. 

To be submitted to Industrial and Engineering Chemistry Research. 
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Abstract

Activated carbon monolith (ACM) catalysts were impregnated with Pd, Pd-Cu and Pd-Fe 

for continuous hydrogenation of aqueous furfural. The effect of temperature, pressure and liquid 

residence time on product selectivity and space time yield was determined. Adding a second 

metal to Pd/ACM shifted the selectivity of the catalyst from 2-methylfuran (2MF) and 2-

methyltetrahydrofuran (2MTHF) to furfuryl alcohol (FA) and tetrahydrofurfuryl alcohol (THFA) 

over the range of tested temperatures and pressures. A high space time yield of 272 g/Lcat/h 

THFA and 143 g/Lcat/h FA was achieved using Pd-Fe/ACM at 180 °C and 300 psig. The effect 

of acetic acid, an impurity present in crude furfural, on furfural conversion and product 

selectivity was determined. The surface area analysis indicated a relatively low loss of surface 

area over 13 hydrogenation reactions on each catalyst. The presence of a second metal on the 

monolith catalyst stabilized Pd particles, reduced leaching, and altered product selectivity. 

 

 

 

 

 

 

 

Keywords: Bi-metallic catalysts, furfural, selective hydrogenation, activated carbon monolith 
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4.1 Introduction 

Monolith catalysts, commonly fabricated using ceramic and metallic materials, are a type 

of structured catalyst with a shape of honeycomb, providing a high number of parallel channels 

with small diameter.1 Compared to conventional packed bed reactors, monolith catalysts provide 

lower pressure drop and higher mass transfer rates due to a larger open frontal area and a shorter 

diffusion path. Several research groups have investigated the application of monolith catalysts in 

both single and multiple phase reactions. Low temperature combustion of xylenes using Pd and 

Pt supported on carbon-coated monolith2, hydrogenation of benzaldehyde to benzyl alcohol 

using Ni supported on γ-alumina-coated monolith3, esterification of 1-octanol with hexanoic acid 

using zeolite-coated monolith4, selective hydrogenation of fatty acid methyl esters using Pd 

supported on carbon coated monolith5 and hydrogenation of benzene to cyclohexene on 

Ru/alumina-coated monolith6 are examples of reactions that have been performed using 

monolithic catalysts.  

Activated carbon, obtained from renewable forest and agricultural resources, is a 

promising base material for production of monolith catalysts due to providing a large surface 

area and a well-defined pore distribution as a catalyst support. In addition, activated carbon 

supports provide advantages such as inertness, durability, and easy recovery of precious metal 

from catalysts (by combustion). Therefore, manufacturing a monolith catalyst from activated 

carbon will allow all the benefits of both activated carbon and a monolithic structure in one 

single catalyst, known as activated carbon monolith catalyst. Activated carbon monolith 

catalysts, impregnated with precious metals and transition metals, can be promising catalysts for 
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series of continuous hydrogenation reactions. Furfural (derived from lignocellulosic biomass) is 

an abundant green feedstock for continuous hydrogenation reaction systems.  

Hydrogenation of furfural (FUR) results in several value-added products such as furfuryl 

alcohol (FA), tetrahydrofurfuryl alcohol (THFA), 2-methyltetrahydrofuran (2MTHF) and 2-

methylfuran (2MF), cyclopentanone (CP) and 5-hydroxy-2-pentanone (5H2P). In general, there 

are two major catalyst groups involve in heterogeneous hydrogenation reactions; first, precious 

metals such as platinum and palladium and second, transition base metals such as iron and 

copper.7 These metal catalysts can actively adsorb the hydrogen atoms from hydrogen gas. The 

adsorbed hydrogen atoms are further added to the unsaturated bond of the other reactants. 

Compared to monometallic catalysts, bi-metallic catalysts demonstrate higher activity and 

stability and better selectivity mainly due to metal-metal interactions. Adding a second metal to a 

mono-metallic catalyst can enhance the selectivity of the catalyst by modifying atomic 

arrangement at the metal active site, stabilize the catalyst by reducing the deposition of carbon 

compounds, changing d-band properties, and formation of a synergistic effect.8-10 Moreover, 

each metal independently can play its own significant and different role in the reaction system. 

This feature is a very important for selective hydrogenation reactions where the catalyst can 

promote desired pathways through one metal and block unwanted pathways through the other. 

Several research groups have reported successful design and utilization of bi-metallic catalysts 

for selective hydrogenation. Santori et al. 2002 studied the effect of adding tin to silica-supported 

platinum on hydrogenation of benzaldehyde and butanone. They reported that adding tin to 

Pt/SiO2 catalyst promotes C=O hydrogenation and inhibits C=C hydrogenation route.11 In 



 

92 

 

 

another study by Hammoudeh et al. 2003, adding tin to silica-supported palladium increased the 

rate constant ratio in hydrogenation of cinnamaldehyde to cinnamyl alcohol and from there to 

phenylpropanal and suppressed the hydrogenation route to saturated aldehydes.12 Bachiller-

Baeza et al. 2001 reported adding iron to activated carbon- supported ruthenium increased the 

selectivity of citral hydrogenation towards unsaturated alcohols.13 Borgna et al. 2004 also 

reported that hydrogenation of crotonaldehyde using Co-Pt/SiO2 had higher selectivity towards 

crotyl alcohol than Pt/SiO2.
14 Selective hydrogenation of acrolein using gold-indium supported 

by zinc oxide15 and selective hydrogenation of acetophenone using nickel-platinum supported by 

Y zeolite16 are other examples of selective hydrogenation of ketones and unsaturated aldehydes 

in presence of bi-metallic catalysts. Bi-metallic catalysts have also been used in selective 

hydrogenation of carboxylic acid such as levulinic acid to gamma-valerolactone using a tin-

ruthenium catalyst.17 Regarding the hydrogenation of furfural using bi-metallic catalysts, 

Fulajtarova et al. 2015, studied hydrogenation of aqueous furfural to furfuryl alcohol over Pd-Cu 

catalysts with supports of carbon, MgO/Mg(OH)2 and hydrotalcite.18 The catalyst with carbon 

support achieved 100% conversion with 90% selectivity of furfuryl alcohol. Fulajtarova et al. 

2015 also reported that the adsorption of C=O groups on the catalyst is associated with Cu active 

sites. As a result, the interaction between adsorbed C=O groups on Cu and adsorbed H atoms on 

Pd becomes easier.18 In another study by Thompson et al. 2016, Pd-Re/Al2O3 performed with 

higher activity and better selectivity of furfuryl alcohol than Pd/Al2O3.
19 Yang et al. 2013 

reported Ni-Cu supported by SBA-15 silica enhanced the selectivity of cyclopentanone and the 

conversion of furfural (at 160 °C and 4 MPa) to 62% and nearly 100%, respectively while the 

Ni/SBA-15 catalyst result in approximately 39% selectivity and 46% conversion in the similar 
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reaction condition.20 Testing 10, 30, 50 and 80 percent molar ratios of Cu/Ni indicated that the 

highest conversion of furfural and selectivity of cyclopentanone was achieved at 50% molar 

ratio. Rearrangement of the furan ring was independent of the first hydrogenation step and 

occurred from furfuryl alcohol. Hronec et al. 2016 also tested carbon supported Pd-Cu catalysts, 

prepared by different methods, for selective hydrogenation of furfural to cyclopentanone in 

water.21 The three methods used for preparation of the catalyst were reductive deposition 

precipitation, co-impregnation and electroless plating (these methods will be explained in the 

next section). The highest selectivity of cyclopentanone was achieved with the catalyst that was 

prepared with electroless plating. Catalyst characterization indicated that in the electroless 

plating method, copper appeared in Cu+ oxidation form as Cu2O where Cu+ played a key role in 

adsorption of C=O groups. In the optimum condition, the selectivity of 92.1% cyclopentanone 

was achieved. 

The focus of this work is to employ activated carbon monolith structures as a support for 

precious and transition metals of Pd, Pd-Cu and Pd-Fe catalysts in a continuous furfural 

hydrogenation system. The furfural hydrogenation reaction is important from industrial point of 

view since it can form series of valuable products. The monolith structure can be a promising 

industrial replacement for conventional granular catalysts due to providing higher mass transfer 

rates, significant lower pressure drops and easy scale-up. In general, the novel aspects of this 

work are 1) employing activated carbon monolith catalysts for continuous aqueous furfural 

hydrogenation, 2) using a structured catalyst as a support for bimetals, 3) synthesis of a bimetal 
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carbon monolith catalyst to alter furfural hydrogenation pathways, 4) determining the effect of 

acidic reaction medium (crude furfural stimulant) on furfural hydrogenation.  

4.2  Methods and Materials 

Catalysts and Reactions: Activated carbon monolith catalysts with nominal metal 

loadings (wt%) of 0.8% Pd on activated carbon monolith (Pd/ACM), 0.8% Pd-1.6% Cu on 

activated carbon monolith (Pd-Cu/ACM) and 0.8% Pd-1.6% Fe on activated carbon monolith 

(Pd-Fe/ACM) were provided by Applied Catalysts (Laurens, SC). Each monolith structure has 

diameter and length of 1 inch, 529 cells/in2, wall thickness of 0.01 inch, cell spacing of 0.0435 

inch, geometric surface area of 70.84 in2/in3 and open frontal area of 0.593 in. Details on 

activated carbon monolith (ACM) production procedure and pictures of ACM have been 

previously demonstrated in literature.22, 23 4 cores of activated carbon monolith (ACM) were 

loaded in a Parr Packed Bed Reactor System (details have been previously described).22 ACM 

catalysts were reduced for 4 hours prior to reaction in 100 mL/min flow of pure hydrogen at 250 

°C. Next, aqueous furfural hydrogenation reactions were conducted at liquid flow rates of 0.5 to 

16 mL/min, temperatures of 120 to180 °C and pressures of atm to 300 psig using a feedstock of 

44 g/L furfural (purchased from Sigma-Aldrich, 99%) dissolved in DI water. After each reaction, 

liquid samples were recovered and analyzed using Gas Chromatography-Flame Ionization 

Detection (GC-FID), with a method previously described.22 The concentrations of FUR (99%, 

Sigma-Aldrich), FA (98%, Sigma-Aldrich), THFA (98%, Sigma-Aldrich), 2MF (99%, Sigma-

Aldrich), 2MTHF (99%, Sigma-Aldrich), CP (95%, Sigma-Aldrich) and 5H2P (95%, Sigma-

Aldrich) were measured according to a four point standard curve (each point run in triplicate). 

2MF standard solution was prepared using ethanol and all the other standard solutions were 
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prepared using DI water. Gas Chromatography-Mass Spectrometry (GC-MS) confirmed the 

presence of all the above compounds in the reaction samples with the following method: HP-

6890 with HP Innowax column, same method as for GC/FID, 1 l injection volume, 25:1 split 

ratio, 0.8 ml/min, 10-500 mass units, MSD ChemStation D.03.00.611 with NIST 2008 database 

for identification. 

Catalysts Characterization: Hydrogen-Temperature Programmed Reduction (H2-TPR) 

for determining reduction temperatures, Ammonia-Temperature Programmed Desorption (NH3-

TPD) for determining acid site density, CO pulse titration for determining dispersion and CO 

uptake and surface area analysis were performed as previously described.22 Scanning Electron 

Microscopy / Energy Dispersive X-Ray Spectroscopy (SEM/EDS) was performed using FEI 

TENEO with 150 mm Oxford XMaxN detector at 10 kV. TGA analysis in air was used to 

estimate tar and coke formation on the catalysts (Discovery TGA from TA Instruments). Air 

flow over the sample (10-25 mg in ceramic pans) was set at 25 mL/min with a balance flow rate 

at 10 mL/min (N2). The temperature of the sample was equilibrated at 40 °C before ramping at a 

rate of 10°C/min to 800 °C. Elemental analysis of fresh and spent catalysts was performed 

following the Environmental Protection Agency (EPA) ICP method 200.8. Concentrated 

HNO3 was added (5 ml) to the sample (~ 0.1g) for microwave digestion following protocols 

listed in EPA method 3051A. Digested solutions were analyzed by inductively coupled plasma 

optical emission spectroscopy (ICP-OES, Spectro Arcos FHS16 AMETEK ICP-OES). X-ray 

diffraction (XRD) was performed on a PANalytical X’Pert PRO using a Cu-Ka radiation source 

(l = 1.5418 Å) with step size of 0.02° and 2θ range of 15° to 80°. 
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4.3 Results and Discussion 

4.3.1 Catalyst Characterization  

The reduction temperature of metal oxides on Pd/ACM, Pd-Cu/ACM and Pd-Fe/ACM 

catalysts was determined using H2-TPR (Figure 4.1). The TPR analysis of mono-metallic 

Pd/ACM catalyst indicated two peaks at approximately 205 and 287 °C. Adding Cu to the 

Pd/ACM catalyst shifted the peak/reduction temperatures to 220 and 320 °C. Adding Fe to the 

mono-metallic Pd/ACM catalyst also increased the reduction temperature to approximately 250 

and 400 °C. Normally, the reduction temperature of Cu and Fe mono-metal on carbon is close to 

400 °C24 and 550 °C25, respectively. A shift to higher Pd reduction temperatures in the TPR 

peaks can be attributed to metal-metal interactions on bi-metal catalysts.24, 25 Śrębowata et al. 

2011 reported a shift to higher temperature peaks from Pd/C to Pd-Cu/C due to strong metal 

interactions.24 Espro et al. 2017 also reported the same effect with Pd-Fe catalysts.25 Wettstein et 

al. 2012 observed a shift to higher temperatures in TPR peaks when comparing Ru/C and Ru-

Sn/C catalysts due to a similar effect.17 The shift to higher temperature peaks is indicative of Pd 

stabilization due to interaction with the second metals.26 Pd-Cu/ACM and Pd-Fe/ACM 

demonstrated a different reduction behavior from Pd/ACM. The Pd-Cu/ACM and Pd-Fe/ACM 

TPR peaks were broader with limited separation between peaks, which also indicates the two 

metals are reducing simultaneously with close interaction to each other.27 SEM-EDS images of 

bi-metal catalysts indicate that in most regions on the catalyst support, Pd and the second metal 

(Fe or Cu) particles are located very close to each other, while at other regions metal particles are 

present in form of a mono-metal (Figure 4.2). SEM-EDS images also indicate that Pd particles at 

https://www-sciencedirect-com.proxy-remote.galib.uga.edu/science/article/pii/S0920586111002471#!
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some regions on the catalyst are located close to Al and Si particles from ceramic binder but 

most of the Pd is located close to carbon substrate (Figure 4.2, S4.1, S4.2 and S4.3).  

NH3-TPD analysis was performed to determine the acid site density on each catalyst. The 

NH3-TPD results of Pd/ACM and Pd-Cu/ACM catalysts indicated a peak approximately at 400 

°C (strong acid site) whereas Pd-Fe/ACM indicated three peaks at approximately 400, 525 and 

575 °C where the highest temperature peak with a smaller peak area represents carbon off-

gassing carbon dioxide and carbon monoxide (Figure 4.3). Comparing the NH3-TPD results of 

0.8% Pd/ACM to the conventional granular 0.8% Pd on granular activated carbon (Pd/GAC) of 

the same carbon source, with no binder in the carbon structure, the presence of  400 °C peak for 

the three ACM catalysts is attributed to presence of mineral binder in the monolith structure. An 

acid site density of 406, 401 and 184 micro-moles NH3/g was calculated at 400 °C for Pd/ACM, 

Pd-Cu/ACM and Pd-Fe/ACM, respectively and an acid site density of 38 micro-moles NH3/g 

was calculated for Pd-Fe/ACM at 525 °C (Table 4.1).   

The results of BET and BJH analysis indicated that most of the physical properties of 

untreated Pd/ACM, Pd-Cu/ACM and Pd-Fe/ACM were similar (Table 4.1 and Figure 4.4). The 

only significant difference observed in physical properties of the three catalysts was that the 

micro-pore volume of Pd-Fe/ACM catalyst was higher than the micro-pore volume of the other 

two catalysts. ICP-MS/elemental analysis was performed to determine the accurate metal loading 

of each catalyst. The nominal weight percent of metal on each activated carbon monolith catalyst 

was 0.8% Pd, 0.8%Pd-1.6%Cu and 0.8%Pd-1.6%Fe for Pd/ACM, Pd-Cu/ACM and Pd-Fe/ACM, 

respectively and ICP/MS results indicated metal loadings of 1.2% Pd, 0.65% Pd-1.7% Cu and 
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0.5%-1.71% Fe for Pd/ACM, Pd-Cu/ACM and Pd-Fe/ACM, respectively. XRD analysis of 

catalysts indicated two sharp peaks of graphite at 2θ of 20° and 26° (Figure S4.4). Comparing the 

XRD plots of blank ACM to Pd/ACM catalyst, adding metal to the ACM structure at the low 

loadings did not add a significant peak to XRD plot, implying that Pd particles are very well 

dispersed on the ACM structure.28 Comparing fresh Pd/ACM to fresh Pd-Cu/ACM XRD 

patterns, no significant change in number and location of peaks was observed, implying that 

adding Cu to Pd/ACM catalyst did not change the crystalline structure.29 Pd-Fe/ACM XRD 

pattern showed less number of peaks at higher 2θ. XRD results for fresh and spent catalyst also 

did not show a significant change in the location of peaks.  

4.3.2 Effect of Temperature on Product Distribution 

The effect of temperature on furfural conversion, product selectivity and product yield 

was determined over the temperatures of 120 to 180 °C (pressure of 300 psig and LHSV of 1.32 

1/hr) using Pd/ACM, Pd-Cu/ACM and Pd-Fe/ACM (Figure 4.5). At all temperatures 

approximately complete conversion of furfural (higher than 90%) was achieved using Pd/ACM 

and Pd-Fe/ACM whereas using Pd-Cu/ACM over the temperatures of 120 to 160 °C resulted in 

approximately 80% furfural conversion and complete conversion at temperature of 180 °C. For 

all the three ACM catalysts, increasing temperature decreased the selectivity of furfuryl alcohol 

(FA), which is a very fast forming hydrogenation product of furfural. Therefore, with increasing 

temperature the formed FA converts to other side products resulting in lower FA selectivity at 

high temperatures. 2-Methylfuran (2MF), the direct hydrogenation product of furfuryl alcohol, 

had an increasing selectivity with increasing temperature. For Pd-Cu/ACM and Pd-Fe/ACM, 
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increasing the temperature from 120 to 180 °C, increased 2MF selectivity from 0% to 12% and 

1% to 10%, respectively whereas higher 2MF selectivities were achieved using Pd/ACM, 

increasing from 11% at 120 °C to 31% at 180 °C. Tetrahydrofurfuryl alcohol (THFA), another 

hydrogenation product of FA, had an increasing selectivity from 12% to 44% in presence of Pd-

Cu/ACM and decreasing selectivity from 42% to 31% in presence of Pd-Fe/ACM over the 

increasing temperature of 120 to 180 °C. Using Pd/ACM at 140 and 160 °C less than 10% 

selectivity of THFA was observed whereas at 120 and 180 °C the selectivity of approximately 

30% THFA was achieved. 2-Methyltetrahydrofuran (2MTHF) which is a side product that can be 

formed in hydrogenation of tetrahydrofurfuryl alcohol, 2-methylfuran and 5-hydroxy-2-

pentanone was determined in very low selectivity (less than 6%) with all three catalysts. Very 

small amounts of cyclopentanone (CP) was formed using all three catalysts. 5-hydroxy-2-

pentanone (5H2P), one of the side products of acid catalyzed rearrangement of FA to 4-hydroxy-

2-cyclopentanone, was observed among the reaction products. Using Pd-Cu/ACM, an increasing 

selectivity of 5H2P from 0 to 5% with increasing temperature over 120 to 180 °C. Using Pd-

Fe/ACM, the 5H2P selectivity increased from 4 to 8 % over 120 to 160 °C and dropped to 2% at 

180 °C. Pd/ACM resulted in selectivity of 4% at 120 °C to 12% at 180 °C. In general, it can be 

concluded that the bi-metal catalysts were selective towards THFA whereas Pd/ACM indicated 

higher selectivity towards 2MF over the tested range of temperature. 

4.3.3 Effect of Hydrogen Pressure on Product Distribution 

Hydrogen pressures of atmospheric to 300 psig (20 bar) were tested to determine the 

effect of pressure on product selectivity, yield and furfural conversion (Figure 4.6). Since the 

complete conversion of furfural was achieved at 180 °C for all three ACM catalysts, the effect of 
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pressure studies were conducted under 180 °C and LHSV of 1.32 1/h. Approximately complete 

conversion (higher that 90%) was achieved using Pd/ACM at all hydrogen pressures whereas 

using Pd-Cu/ACM and Pd-Fe/ACM, an increasing conversion of approximately 80% at 

atmospheric to complete conversion at 300 psig was achieved. Using Pd-Fe/ACM, THFA 

selectivity reached a maximum selectivity at 200 psig (increased from 10% at atmospheric to 

60%) then dropped to 31% at 300 psig. The highest selectivity of THFA using Pd-Cu/ACM 

(49%) also achieved at 200 psig whereas only 25% selectivity of THFA was achieved using 

Pd/ACM at 200 psig. 2MF selectivity increased with increasing pressure for both Pd /ACM and 

Pd-Fe/ACM to a maximum of 31% and 10%, respectively. Using Pd-Cu/ACM, 2MF selectivity 

increased from 1% to 16% from atmospheric to 200 psig and dropped to 12% at 300 psig. For all 

three catalysts, low 2MTHF selectivities were determined (less than 10%). Generally, 2MTHF 

yields decreased over increasing pressure. 5H2P selectivity using Pd-Fe/ACM catalyst increased 

from 1% at atmospheric to 9% at 200 psig then decreased to 2% at 300 psig. An increasing 5H2P 

yield of 0 to 10% was achieved using Pd/ACM. The highest 5H2P selectivity using Pd-Cu/ACM 

was 5% at 300 psi. Using all three catalysts less than 2% CP selectivity was observed. 

4.3.4 Effect of Liquid Hourly Space Velocity on Product Distribution 

Effect of liquid hourly space velocity (LHSV) on furfural conversion, product selectivity 

and yield was determined by testing liquid flow rates ranging from 0.5 mL/min (LHSV of 0.48 

1/h) to 16 mL/min (LHSV of 15.38 1/h) at 180 °C and 300 psig (Figure 4.7 and Figure 4.8). 

Complete conversion of furfural was achieved at the lowest LHSV or the longest contact time. 

Increasing LHSV or decreasing contact time decreased furfural conversion for all three catalysts. 
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At the highest LHSV (15.38 1/h) the conversions of 51%, 56% and 84% were determined for 

Pd/ACM, Pd-Cu/ACM and Pd-Fe/ACM, respectively. Using Pd-Fe/ACM, FA selectivity 

increased from 1% at 0.48 1/h to 24% at 15.38 1/h. At 15.38 1/h a FA space time yield (STY) of 

143 g/Lcat/h was achieved.  Longer contact times or lower LHSVs lead to higher conversion of 

FA to other products and therefore lower selectivity of FA. Using Pd/ACM and Pd-Cu/ACM, 

increasing LHSV also increased FA selectivity to a maximum at 7.69 1/h and then slightly 

dropped at 15.38 1/hr. In presence of Pd/ACM, THFA selectivity declined from 60% at 0.48 1/h 

to 2% at 15.38 1/h. Using Pd-Fe/ACM, THFA selectivity increased from 12% at 0.48 1/hr to 

44% at 15.38 1/hr where the highest STY of 272 g/Lcat/h was achieved. In presence of Pd-

Cu/ACM, THFA selectivity reached a maximum of 43% at 1.32 1/h and then dropped to 

approximately 19% at 15.38 1/hr whereas the THFA STY increased from 1 g/Lcat/h at 0.48 1/h 

to 80 g/Lcat/h at 15.38 1/h. Over increasing LHSV of 0.48 to 15.35 1/h, the 2MF selectivity of 

Pd/ACM decreased from 38% to 18% whereas the 2MF STY increased from 3 g/Lcat/h at 0.48 

1/h to 47 g/Lcat/h at 15.38 1/h. Using Pd-Fe/ACM, 2MF did not change significantly whereas an 

increasing STY pattern was observed (highest of 58.39 g/Lcat/h  at 15.38 1/h). The highest 

selectivity of 2MF using Pd-Cu/ACM was 19 % at 7.69 1/h, but a clear pattern of 2MF 

selectivity was not observed, although the 2MF STY increased from 2 g/Lcat/h at 0.48 to 42 

g/Lcat/h at 7.69 g/Lcat/h and then dropped to 24 g/Lcat/h at 15.38 1/h. Less than 2% 2MTHF 

selectivity was determined at all LHSVs using Pd-Cu/ACM and Pd-Fe/ACM. A selectivity of 

4% 2MTHF at 0.48 1/h was observed for Pd/ACM. Very low CP selectivity (less than 3%) and 

CP STY (less than 6 g/Lcat/h) were determined in the presence of all three catalysts. In the 

presence of Pd-Fe/ACM, 5H2P STY in increased from 0.14 g/Lcat/h at 0.48 1/h to 40 g/Lcat/h at 
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15.38 1/h. Comparing the three catalysts, higher product STYs were achieved using Pd-Fe/ACM 

at the highest LHSV or lowest contact time, most significantly for THFA and 5H2P. Based on 

the available Pd sites, turnover frequency of 248, 624 and 802 1/h at the highest LHSV was 

calculated for Pd/ACM, Pd-Cu/ACM and Pd-Fe/ACM.  

4.3.5. Effect of Impurities on Product Distribution 

In this work, furfural with 99% purity was employed for all the reactions. In real 

industrial work, achieving this purity is extremely costly due to several steam stripping steps of 

crude furfural. Therefore, using crude furfural for hydrogenation reactions can be cost effective. 

Furfural is produced using biomass hydrolysis followed by a dehydration step, resulting in 

approximately 5% furfural. Acetic acid with approximately 1% concentration is one of the most 

significant impurities in this reaction. Therefore, we decided to determine the effect of acetic 

acid, present in crude furfural, on product selectivity of furfural hydrogenation. Using Pd/ACM, 

presence of 1% acetic acid did not significantly changed furfural conversion or product 

selectivity (Figure 4.9). Using Pd-Cu/ACM, furfural conversion decreased from 97% to 88% in 

presence of acetic. THFA showed the most significant change in product selectivity, decreasing 

from 43% to 27%. 2MF selectivity also increased from 11% to 17% in presence of acetic. Using 

Pd-Fe/ACM in the presence of acetic acid, furfural conversion decreased from 98% to 93% and 

5H2P selectivity increased from 2% to 9%. Cyclopentanone selectivity also slightly increased. 

The increase in selectivity of these two products implies that acetic acid promoted the FA acid 

catalyzed rearrangement using Pd-Fe/ACM. 
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4.3.6. Catalyst Activity Analysis 

After 13 furfural hydrogenation experiments on each catalyst (total of approximately 280 

minutes of reaction time), the catalyst was recovered for activity analysis. The surface area 

analysis indicated surface area loss of 22%, 31% and 35% for Pd/ACM, Pd-Cu/ACM and Pd-

Fe/ACM, respectively. All three catalysts lost 100% of their micro-pore volume. The higher 

surface area loss in Pd-Fe/ACM is attributed to presence of higher initial micro-pore volume 

compared to the other two catalysts, contributing to coke formation. Therefore, in order to 

determine the amount of coke formed on spent catalysts TGA analysis was performed. The TGA 

results indicated that the highest mass loss at 40-300 °C occurred in presence of Pd-Fe/ACM 

(Figure 4.10). Next ICP-MS was performed on spent catalysts to determine the percent of metal 

leaching. The ICP-MS results indicated Pd loss of 20% for Pd/ACM, Pd loss of 10% and Cu loss 

of 0% for Pd-Cu/ACM, Pd loss of 14% and Fe loss of 37% for Pd-Fe/ACM. These results imply 

that adding a second metal stabilized Pd particles and reducing leaching, a common problem 

with Pd on carbon catalysts.30 

4.3.7. Discussion 

Significantly higher CO uptakes of the spent Pd-Cu/ACM and Pd-Fe/ACM compared to 

Pd/ACM coupled with TPR results where higher temperature reduction peaks were observed for 

Pd-Cu/ACM and Pd-Fe/ACM, indicate that adding a second metal stabilized Pd and prevented 

the migration of Pd particles during a series of catalytic reactions at relatively high temperatures. 

Adding a second metal to Pd catalyst also increased the turnover frequency of catalyst, 

significantly. The CO uptake and thus Pd dispersion was the highest for fresh and spent Pd-
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Fe/ACM. The spent Pd-Fe/ACM showed higher CO uptake than the fresh catalyst due to a 

significant Fe loss after hydrogenation reactions. As previously reported in literature, furfural can 

adsorb at Pd, Cu and Fe sites.31 Pd is usually active towards C=C bonds and Cu is active towards 

C=O bonds.18 Therefore, with adsorption of furfural at both metal active sites, it was expected 

that the presence of Cu and Fe on the surface along with Pd would change the product 

selectivity. As shown in Figure 4.5 and Figure 4.6, using Pd/ACM, a higher selectivity of 2MF 

and 2MTHF was observed, whereas adding the second metal (Cu and Fe) resulted in higher 

selectivity of FA and THFA at lower pressures and temperatures. Higher selectivity of FA using 

bi-metals can be attributed to the fact that Cu and Fe promote the hydrogenation of C=O bond. 

These results are consistent with previous works in literature where adding Cu to Ni and Pd 

catalysts increased THFA and FA selectivity due to adsorption of C=O bond at Cu site, resulting 

in a synergistic effect, where different active sites act on different substrates during the reaction, 

upon formation of bi-metal alloys.18, 32, 33  In order to prevent sintering of the Pd in our work, the 

reduction temperature of 250 °C for all the three catalysts was applied prior to reaction, which 

potentially resulted in incomplete reduction of the metals since TPR peaks were observed at 220 

and 320 °C for Pd-Cu/ACM and 250 and 400 °C for Pd-Fe/ACM. The presence of these ions can 

also promote the formation of furfuryl alcohol through adsorption of furan ring at the ion site.34 

In general, adding a transition metal to Pd improved the selectivity towards FA and THFA due to 

changing the adsorbing bond at the active site. These transition metals also improved the stability 

of Pd and catalyst turnover frequency and reduced leaching.  
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4.4 Conclusions 

For the first time, bi-metal activated carbon monolith catalysts were employed for 

continuous hydrogenation of furfural. The bi-metal carbon monolith structures of Pd-Cu and Pd-

Fe were compared with the mono-metal Pd monolith structure. Adding Cu and Fe to the Pd 

catalyst changed the selectivity from 2MF and 2MTHF to FA and THFA. A high space time 

yield of 272 g/Lcat/h for THFA and 143 g/Lcat/h for FA, the highest reported space time yields 

in aqueous phase furfural hydrogenation to the best of our knowledge, was determined using Pd-

Fe/ACM at 180 °C and 300 psig. Catalyst activity analysis indicated that adding a second metal 

reduced leaching of Pd particles which can be attributed to metal-metal interactions indicated by 

SEM-EDS images. Adding acetic acid to the feedstock solution did not significantly affect 

furfural conversion in presence of Pd/ACM and Pd-Fe/ACM and lowered furfural conversion by 

9% in presence of Pd-Cu/ACM. In general, these results indicate that the activated carbon 

monolith catalysts, impregnated with bi-metals for selective hydrogenation of furfural, are 

promising substitutes for conventional packed beds, which leads to easier scale-up in reactor 

design, lower pressure drop and higher mass transfer rates. The use of activated carbon monolith 

is not limited to hydrogenation of furfural and can be extended to multiple three-phase reactions. 
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acetic acid on furfural conversion. 
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Table 4.1. Physical properties of the activated carbon monolith catalyst 

 
a
, Spent catalysts from 13 furfural hydrogenation experiments 

b, Calculated from elemental analysis/ICP-MS 
c, Estimated from t-plot analysis 
d, CO uptake from CO pulse titration at 40 °C, CO was assumed to adsorb only to Pd 

ACM is activated carbon monolith 

NP – not performed 

Catalysts 

Properties  

Pd/ACM 

(Fresh) 

Pd/ACM 

(Spent)a 

Pd-Cu/ACM 

(Fresh) 

Pd-Cu/ACM 

(Spent) 

Pd-Fe/ACM 

(Fresh) 

Pd-Fe/ACM 

(Spent) 

Metal Loading (wt.%)b 1.2 Pd 0.95 Pd 0.65 Pd-1.7 Cu 0.58 Pd-1.7 Cu 0.50 Pd-1.71 Fe 0.43 Pd-1.07 Fe 

Surface Area (m2/g) 608 469 562 385 627 405 

Pore Volume (cm3/g) 0.45 0.46 0.504 0.399 0.544 0.415 

Average Pore Size (radius, Å) 29.8 39.3 35.91 41.4 34.8 41 

Micro-Pore Volumec, (cm3/g) 0.005 0 0.00923 0 0.0247 0 

Acid Sites at 400 °C, (moles NH3/g) 

Acid Sites at 525 °C, (moles NH3/g) 

239 

0 

NP 

NP 

231 

0 

NP 

NP 

14 

38 

NP 

NP 

CO Uptaked (moles CO/moles Pd) 0.465 0.089 0.408 0.361 0.633 0.724 
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Figure 4.1. Temperature programmed hydrogen reduction of activated carbon catalysts. 
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Figure 4.2. SEM-EDS images of Pd/ACM, Pd-Cu/ACM and Pd-Fe/ACM. (for expanded SEM 

analysis, please see Figures S4.2, S4.3 and S4.4 in Appendix B).
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Figure 4.3. Ammonia TPD analysis of bi-metal carbon monolith catalysts pre-reduced with H2 

(100% H2 for 2 h at 250 C). Pd/GAC stands for 0.8% Pd on Granular activated carbon without 

binder in the structure. 
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Figure 4.4. BJH, t-plot and BET analysis of fresh ACM catalysts. 
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Figure 4.5. Effect of reaction temperature on product selectivity (FA, furfuryl alcohol; THFA, 

tetrahydrofurfuryl alcohol; 2MF, 2-methyl furan; 2MTHF, 2-methyl tetrahydrofuran; 5H2P, 5-

hydroxy-2-pentanone; CP, cyclopentanone). Reaction Condition: P=300 psig , LHSV =1.32 1/h, 

4 cores of ACM catalyst. 
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Figure 4.6. Effect of hydrogen pressure on product selectivity. Reaction Condition: T=180 °C, 

LHSV =1.32 1/h, 4 cores of ACM catalyst. 

 

 

0%

10%

20%

30%

0 100 200 300 400

F
A

, 
 S

 (
m

o
l/

m
o

l 
co

n
v

.)

P (psig)

Pd/ACM Pd-Cu/ACM Pd-Fe/ACM

0%

10%

20%

30%

40%

50%

60%

70%

0 100 200 300 400

T
H

F
A

, 
 S

 (
m

o
l/

m
o

l 
co

n
v

.)

P (psig)

Pd/ACM Pd-Cu/ACM Pd-Fe/ACM

0%

10%

20%

30%

40%

0 100 200 300 400

2
M

F
, 
S

 (
m

o
l/

m
o

l 
co

n
v

.)

P (psig)

Pd/ACM Pd-Cu/ACM Pd-Fe/ACM

0%

1%

2%

3%

4%

5%

6%

7%

8%

9%

0 100 200 300 400

2
M

T
H

F
, 
S

 (
m

o
l/

m
o

l 
co

n
v

.)

P (psig)

Pd/ACM Pd-Cu/ACM Pd-Fe/ACM

0%

1%

2%

3%

4%

5%

0 100 200 300 400

C
P

, 
 S

 (
m

o
l/

m
o

l 
co

n
v

.)

P (psig)

Pd/ACM Pd-Cu/ACM Pd-Fe/ACM

0%

2%

4%

6%

8%

10%

12%

0 100 200 300 400

5
H

2
P

, 
 S

 (
m

o
l/

m
o

l 
co

n
v

.)

P (psig)

Pd/ACM Pd-Cu/ACM Pd-Fe/ACM



 

119 

 

 

 

Figure 4.7. Effect of liquid hourly space velocity (LHSV) on product selectivity. P = 300 psig, T 

= 180 °C, 4 cores of ACM. 
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Figure 4.8. Effect of LHSV on product STY. P = 300 psig, T = 180 °C, 4 cores of ACM. 
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Figure 4.9. Effect of acetic acid on product selectivity and furfural conversion using monolith 

catalysts. P = 300 psig, T = 180 °C, LHSV = 1.32 1/h, 4 cores of ACM, 5% furfural, 1% acetic 

acid (aqueous). 
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Figure 4.10. TGA analysis for fresh and spent catalysts. 
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CHAPTER 5 

BI-FUNCTIONAL METAL-ACID ON CARBON CATALYST FOR SELECTIVE 

CONTINUOUS FURFURAL HYDROGENATION: A Pd-TiO2 ON ACTIVATED CARBON 

CATALYST 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 Pirmoradi, M, Gulotty Jr., R.J., Kastner, J.R., 2020. 
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Abstract 

The effect of weak acid sites, coupled with Pd, on furfural hydrogenation was 

determined. Pd-TiO2, Pd-Cu and Pd-Fe catalysts were employed for continuous selective 

hydrogenation of furfural using crushed form of activated carbon monolith support. Effect of 

reaction parameters on product selectivity and furfural conversion was determined. NH3-TPD of 

the three catalysts indicated weak and strong acid sites for Pd-TiO2 and strong acid sites for Pd-

Cu and Pd-Fe. The presence of weak acid sites on Pd-TiO2 catalyst contributed to furan ring 

opening and resulted 140 g/Lcat/h and 39% selectivity of 5-hydroxy-2-pentanone, a 

hydrogenation product of furan ring opening, in a short residence time at 180 °C and 300 psig. 

Pyridine-FTIR coupled with NH3-TPD analysis indicated that furan ring opening is independent 

of the type of weak acid site. Pd-Cu and Pd-Fe catalysts were selective towards 

tetrahydrofurfuryl alcohol and furfuryl alcohol. 259 g/Lcat/h and 42% selectivity of furfuryl 

alcohol was achieved in presence of Pd-Cu catalyst at 180 °C and 300 psig. 

 

 

 

 

 

 

 

Keywords: Titanium dioxide, weak acid site, hydrogenation, furfural  
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5.1 Introduction 

Furfural is an inexpensive, abundant and biomass-derived aldehyde of furan. 

Hydrogenation of this chemical results in multiple value-added products such as furfuryl alcohol 

(FA), tetrahydrofurfuryl alcohol (THFA), 2-methylfuran (2MF) and 2-methyltetrahydrofuran 

(2MTHF). FA is obtained from furfural through one step hydrogenation of the aldehyde group to 

alcohol. Hydrogen can further attack the formed alcohol group and result in 2MF through 

elimination of a water molecule. THFA can also be achieved through hydrogenation of FA ring 

double bonds. Cyclopentanone (CP) and 5-hydroxy-2-pentanone (5H2P) are two other valuable 

products of furfural hydrogenation. CP is a precursor for production of jet fuels, rubber 

chemicals and pharmaceuticals.1 5H2P works as an important building block in synthesis of 

multiple medications.2 With one further hydrogenation step of 5H2P, 1,4-pentanediol, an 

important linear diol for controlled drug delivery, cosmetics industry and biodegradable polymer 

fabrication, is achieved.3, 4 Obtaining CP requires a ring rearrangement step of FA’s furan ring 

(known as Piancatelli rearrangement).5 This step involves opening of the furan ring into an 

unstable intermediate in presence of a weak Lewis acid site and rearranging to 4-hydroxy-2-

cyclopentenone (4HCP).6 It has been previously reported that using water as a reaction solvent 

can promote the furfural ring rearrangement/opening step since water can act as a donor of H+.7, 8 

Further hydrogenation and water elimination steps of 4HCP will result in CP. On the other hand, 

during furfural hydrogenation in presence of an acid catalyst, the formed unstable intermediate 

from ring opening step can undergo hydrogenation at the C=C bond to form 4-oxopentanal, a 

linear product, where a further hydrogenation step result in 5H2P (Figure 5.1).2 Therefore, the 
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unstable intermediate compound will not undergo cyclization and ring rearrangement does not 

happen. 

Heterogeneous multifunctional catalysts usually offer two or more active sites where 

each active site plays an independent role in the reaction system. Multifunctional catalysts can 

play a crucial role in multi-step selective reactions where each active site involves promoting a 

different step of the reaction. Metal-acid (for hydrogenation and ring arrangement/opening) and 

bimetal catalysts (for selective hydrogenation steps) are the two multifunctional catalysts of 

interest in hydrogenation of furfural. Several studies investigated the application of metal-acid 

catalysts for furfural ring rearrangement. In a study by Zhang et al. 2016, Au metal and TiO2 as a 

support was applied for a selective hydrogenation of furfural to cyclopentanone in water at 160 

°C and 4 MPa of hydrogen. TiO2 initiates weak Lewis acid sites, promoting the Piancatelli 

rearrangement, and gold particles are responsible for selective hydrogenation step.9 Nearly 100% 

selectivity of cyclopentanone was achieved after 70 minutes of residence time. In another study 

by Ohyama et al. 2014, Au supported on Nb2O5 (source of Lewis acid sites) catalyst was 

employed to achieve 3-hydroxymethylcyclopentanone (a cyclopentanone derivative) from 5-

hydroxymethylfurfural at 140 °C and 8 MPa for residence time of 12 hours.10 Ohyama et al. 

2016 also tested Pt/SiO2 catalyst in presence of different metal oxides such as Ta2O5, ZrO2, 

Nb2O5, TiO2, Al2O3, SiO2–Al2O3, CeO2, La2O3, and hydrotalcite for synthesizing 3-

hydroxymethylcyclopentanone from 5-hydroxymethylfurfural at 140 °C and 4 MPa of 

hydrogen.11 Metal oxides containing Lewis acid sites resulted in highest yield of 3-

hydroxymethylcyclopentanone. Pt/SiO2 in presence of Ta2O5 catalysts resulted in highest yield 

of 82%. Fang et al. 2015 achieved 86% selectivity of cyclopentanone from furfural 
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hydrogenation using ruthenium supported on MIL-101 (a metal-organic framework with Lewis 

acid sites) at 160 °C and 4 MPa of hydrogen for 2.5 hours.12 Cr3+ of the MIL-101 support 

initiated the weak Lewis acid sites for rearrangement. The role of bimetallic catalysts for 

selective hydrogenation of furfural is also important. One advantage of using bimetallic catalysts 

for furfural hydrogenation is that by providing two different metal active sites, bimetallic 

catalysts can promote adsorption of hydrogen (through one site) and C=O (through the second 

site). For example, Fulajtarova et al. 2015 reported that in hydrogenation of furfural to furfuryl 

alcohol using a Cu-Pd catalysts, the adsorption of C=O groups on the catalyst is associated with 

Cu active sites whereas the H atoms are adsorbed on Pd active sites.13 This mechanism offers an 

easier interaction between the adsorbed species. In another study by Liu et al. 2016, a selective 

hydrogenation of furfural to THFA was achieved using Ni-Cu/CNT whereas using Ni only, the 

catalyst was selective towards furfuryl alcohol only.14  

Very few studies have investigated the possibility of continuous 5H2P formation from 

furfural. As mentioned earlier, 5H2P is an important building block and a precursor for 1,4-

pentanediol, an important chemical for drug delivery and biodegradable polymer purposes. 

Furfural can be an inexpensive and green substrate for production of 5H2P. Furfural’s 

commercial unit price is approximately 1/6 of 5H2P.  This study will focus on comparing 

bimetal catalysts supported on activated carbon for selective hydrogenation of furfural. Pd-TiO2, 

generating weak acid sites, is employed for promoting furan ring opening and formation of 5H2P 

and the results will be compared to Pd-Fe and Pd-Cu catalysts, providers of strong acid sites. 
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5.2 Methods and Materials  

Materials and Catalysts: 45 gL-1 aqueous furfural (Sigma-Aldrich, 99%) was prepared 

for each reaction. 0.8% Pd-1.6% Cu and 0.8% Pd-1.6%Fe on activated carbon catalysts were 

supplied by Applied Catalysts (Laurens, SC) in a form of monolith structure, manufactured by 

coextrusion of 50% activated carbon and 50% ceramic binder. Pd-TiO2 catalyst was not available 

in the form monolith structure. Therefore, to compare the three catalysts directly, Pd-Cu and Pd-

Fe monolith structures were crushed and sieved to a particle size of 0.5 < d < 1 mm. In order to 

prepare 0.8% Pd-5% TiO2 catalyst, a blank activated carbon monolith structure was crushed and 

sieved into a particle size of 0.5 < d < 1 mm. In the next step, direct air-hydrolysis method was 

employed to deposit TiO2 particles on activated carbon support.15 Therefore, titanium (IV) 

isopropoxide (Sigma-Aldrich, 99.999%) was dissolved in isopropanol under nitrogen 

atmosphere. The solution was added to crushed activated carbon monolith under stirring 

condition. The final sample was dried at 120 °C for 2 hours followed by calcination at 300 °C 

under 100% flow of N2 (100 ml/min) for 4 hrs. After sample cool down, incipient wetness 

impregnation method was employed to deposit Pd particles on the catalyst.16 Therefore, Pd(ll) 

nitrate dihydrate (Sigma-Aldrich, 40% Pd basis) was dissolved in DI water and added to the 

sample. The sample was dried at 120 °C for 2 hours followed by reduction at 250 °C under 100% 

flow of H2 (100 ml/min) for 4 hours.  

Catalyst Characterization: Surface area analysis and pore size analysis were performed 

as previously described.17 Micropore analysis was performed using the t-method of de Boer18 (t 

is the statistical thickness of an adsorbed film [t (Å) = [13.99/log(Po/P)+0.034]1/2 ]) and the BET 

surface area data extended to higher pressures (Quantachrome, AUTOSORB-1C; Boynton 
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Beach, Florida). Ammonia-TPD analysis was performed to determine the quantity and strength 

of acid sites as previously described. FTIR analysis were performed to determine the type of acid 

sites. The FTIR spectra was obtained using a Thermo Scientific Nicolet 6700 FTIR spectrometer 

in the wave number range of 4000-399 cm-1. The catalyst samples were diluted in finely 

powdered KBr. 3 to 4 mg of sample was mixed with 300 to 400 mg of KBr and pressed into a 

disc in a hydraulic press (Carver.Inc; Pressure: 20,000 pounds/ 9 metric tons, Time: 10 min).  

The disc was placed into the sample holder on the KBr FTIR apparatus. After setting the 

experimental conditions (resolution:6 ; number of scans : 64) the background was collected for 

5-10 minutes to avoid peaks of carbon dioxide and moisture in the spectrum. Prior to KBr 

dilution, pyridine treatment was performed to determine the type of acid site. The sample was 

degassed at 150 °C for 2 hours. Next, 50 mg of sample was suspended in 3 mL of 5% pyridine in 

dry hexane. The mixture was stirred for 1 hour followed by filtering and drying at 100 °C for 1 

hour.  

TPR analysis was performed to determine the reducibility of the catalyst, and CO pulse 

titration was performed to determine the CO uptake of Pd at 40 °C.17 TGA analysis in air was 

used to estimate tar and coke formation on the catalysts (Discovery TGA from TA Instruments). 

Air flow over the sample (10-25 mg in ceramic pans) was set at 25 mL/min with a balance flow 

rate at 10 mL/min (N2). The temperature of the sample was equilibrated at 40 °C before ramping 

at a rate of 10 °C/min to 800 °C. Elemental analysis of fresh and spent catalysts was performed 

following the Environmental Protection Agency (EPA) ICP method 200.8. Concentrated 

HNO3 was added (5 ml) to the sample (~ 0.1g) for microwave digestion following protocols 
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listed in EPA method 3051A. Digested solutions were analyzed by inductively coupled plasma 

optical emission spectroscopy (ICP-OES, Spectro Arcos FHS16 AMETEK ICP-OES).  

 Analytical: Once the liquid sample was collected from the reactor, it was analyzed in 

triplicate using gas chromatography with flame ionization detection (GC-FID, HP 5890 Series II) 

with HP Innowax column (30 m * 0.25 mm * 0.25mm). The GC-FID was operated with the 

method of inlet temperature 230 °C, detector temperature 240 °C, initial oven temperature of 45 

°C for 2.5 minutes followed by a ramp of 10 °C/min for 15.5 minutes and then held at 200 °C for 

3 minutes. 1 μL of sample is injected on the GC-FID in triplicate. The concentrations of furfural 

(FUR, 99%), furfuryl alcohol (FA, 98%), tetrahydrofurfuryl alcohol (THFA, 98%), 2-

methylfuran (2MF, 99%), 2-methyltetrahydrofuran (2MTHF, 99%), cyclopentanol (CPO, 99%), 

cyclopentanone (CP, 95%), 5-hydroxy-2-pentanone (5H2P, 95%), and 1,4-pentanediol (1,4PD, 

99%) were determined using 4-point standard curves (chemicals purchased from Sigma-Aldrich, 

each point run in triplicate). All standards were prepared in DI water, except for 2MF which was 

prepared with ethanol as the solvent. The presence of all intermediates and products were 

confirmed using GC/MS (HP-6890 with HP Innowax column, same method as for GC/FID, 1 l 

injection volume, 25:1 split ratio, 0.8 ml/min, 10-500 mass units, MSD ChemStation 

D.03.00.611 with NIST 2008 database for identification).   

Catalytic Reactions: Furfural hydrogenation reactions were performed in a continuous 

reactor system, designed by Parr Instrument Company, as described previously.17 5 g of crushed 

activated carbon monolith (CACM) was placed between two layers of quartz wool. To determine 

the optimum conditions for furfural hydrogenation in a continuous reactor system, a series of 

experiments at temperatures ranging from 120 to 180 °C, pressures of atmospheric to 300 psi 



 

131 

 

 

(0.1-2.1 MPa), and liquid flow rates of 0.5 to 6 mL/min were performed using Pd-TiO2 on 

crushed activated carbon monolith (Pd-TiO2 /CACM), Pd-Cu on crushed activated carbon 

monolith (Pd-Cu/CACM) and Pd-Fe on crushed activated carbon monolith (Pd-Fe/CACM). 

5.3 Results and Discussion 

5.3.1 Catalyst Characterization 

NH3-TPD results showed strong acid site peaks between 300-500 °C for all three 

catalysts, attributed to the monolith binder. In addition, Pd-TiO2/CACM demonstrated weak acid 

sites at approximately 150 °C whereas Pd-Fe/CACM results indicated strong acid sites at 525 °C 

(Figure 5.2 and Table 5.1). In order to determine the type of acid sites FTIR spectra were 

recorded for each catalyst. The FTIR spectra of CACM support (Figure S5.1) shows a band 

around 1385 cm-1, associated with -COOH in activated carbon support.19 The bands around 

1530, 1550 and 1640 cm-1 are associated with pyridine adsorption at Bronsted acid sites, 

attributed to the presence of metal oxides in the CACM binder.19-21 Pd-Cu/CACM, Pd-Fe/CACM 

and Pd-TiO2/CACM  FTIR spectra (Figure 5.3, 5.4 and 5.5) showed additional bands around 

1618 cm-1, associated with Lewis acid sites, and 1480 cm-1, associated with both Lewis and 

Bronsted acid sites.11, 22 All three catalysts indicated both Brønsted and Lewis acid sites. Figure 

5.6 shows SEM-EDS images of Pd-TiO2/CACM (The SEM-EDS images of the other two 

catalysts have been shown in Figures S4.3 and S4.4). Most of the Pd particles are located close to 

TiO2 particles. Due to high reactivity of titanium (IV) isopropoxide, employed for Pd-

TiO2/CACM synthesis, with moisture in the air, at some regions TiO2 particles were formed 

quickly, resulting in large TiO2 particles. Therefore, at some regions on Pd-TiO2/CACM catalyst 

the density of TiO2 particles is high. Figure 5.7 indicates TPR analysis of the three catalysts. Pd-
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Cu/CACM indicated peaks at 220 and 320 °C and Pd-Fe/CACM demonstrated two peaks at 250 

and 400 °C. Pd-TiO2/CACM showed one small negative, one positive and one sharp negative 

peak at 42, 44 and 63 °C, respectively (Figure S5.2). The negative peaks are attributed to 

decomposition of palladium hydride (β-PdH), formed during the positive peak at 44 °C or initial 

purge of hydrogen during TPR, due to the presence of freely available PdO on the surface of the 

catalyst.23 This effect has been associated with presence of large Pd particles since small Pd 

particles usually have stronger interaction with the catalyst support and do not react with 

hydrogen in low temperatures.24 The lack of negative peaks in Pd-Cu/CACM and Pd-Fe/CACM 

TPR can indicate an interaction between Pd and the second metal which prevents the larger Pd 

particles from reacting with hydrogen at low temperature. Pd-TiO2/CACM showed 5 additional 

peaks at 180, 220, 315, 422 and 525 °C. The peaks at 180 and 220 °C are associated with the 

reduction of Pd2+  to Pd on carbon.25 The peak at 315 °C represents the reduction of Pd on the 

binder component such as silica or alumina.26 The peaks at 422 and 525 °C may be associated 

with partial reduction of TiO2 particles as it has been reported that the presence of Pd° can lower 

the reduction temperature of TiO2 due to the role of Pd° in providing dissociated hydrogen for 

TiO2 through hydrogen spillover effect.24 Surface area analysis of the three catalysts indicated a 

slightly higher pore volume and surface area for Pd-TiO2/CACM (Figure 5.8 and Table 5.1). Pd-

TiO2/CACM and Pd-Fe/CACM also demonstrated a higher micro-pore volume where after series 

of catalytic reactions 100% and 30% of the volume was lost, respectively (Table 5.1).   

5.3.2 Effect of Temperature and Pressure on Hydrogenation Products 

A series of reaction temperatures ranging from 120 to 180 °C (at 1.32 1/h LHSV, 300 

psig) were tested to determine the effect of this parameter on selectivity and yield of products 
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(Figure 5.9). In presence of all three catalysts, FA selectivity decreased with increasing 

temperatures. THFA selectivity increased to a maximum of 37% for Pd-TiO2/CACM, 44% for 

Pd-Fe/CACM and 59% for Pd-Cu/CACM at temperature of 140 °C then decreased with 

increasing temperature. In presence of all three catalysts, the highest selectivity of 2MF was 

achieved at 180 °C, with Pd-TiO2/CACM achieving the highest 2MF selectivity of 38%. Pd-

TiO2/CACM also achieved the highest 2MTHF and CP selectivity although less than 5% of these 

two products were determined for all catalysts over the range of tested temperatures. The highest 

selectivity of 17% was achieved for 5H2P at 140 °C in presence of Pd-TiO2/CACM.  

A second series of reactions were performed to determine the effect of pressure, ranging 

from atm to 300 psig at 1.32 1/h LHSV and 180 °C, on selectivity and space time yield of 

products (Figure 5.10). The highest FA selectivity in presence of all three catalysts was 

determined at atmospheric pressure. Comparing the FA selectivity of the three catalyst at 

atmospheric pressure, Pd-Cu/CACM achieved the highest selectivity of 38% whereas Pd-

TiO2/CACM and Pd-Fe/CACM resulted in 11% and 14% FA selectivity, respectively. At 

pressures higher than atmospheric pressure, less than 5% of FA selectivity was determined for all 

the catalysts. Pd-Cu/CACM also achieved the highest THFA selectivity of 37% at 200 psig. In 

presence of Pd-Fe/CACM, THFA selectivity reached a maximum of 24 % at 100 psig and did 

not change significantly with increasing pressure. The highest selectivity of THFA in presence of 

Pd-TiO2/CACM was 24%, achieved at 300 psig. 2MF selectivity increased with increasing 

pressures. At 300 psig, the 2MF selectivity of 38%, 25% and 16% for Pd-TiO2/CACM, Pd-

Cu/CACM and Pd-Fe/CACM were achieved, respectively. Except at 100 psig in presence of Pd-

Fe/CACM where a 2MTHF selectivity of 14% was achieved, at all tested pressures less than 
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10% of 2MTHF and CP selectivity was determined. At 200 psig, 5H2P selectivity reached a 

maximum of 24%, 23% and 16% in presence of Pd-Fe/CACM, Pd-Cu/CACM and Pd-TiO2, 

respectively and then decreased with increasing pressure to 300 psig.  

5.3.3 Effect of Liquid Residence Time 

Next, the effect of liquid flow rate on furfural conversion, product selectivity and space 

time yield were determined (Figure 5.11 and Figure 5.12). Flow rates of 0.5 to 6 mL/min, 

resulting in LHSVs of 1.32 to 15.8 1/h, were tested under 180 °C and 300 psig condition. High 

furfural conversions (90% or higher) were achieved for all three catalysts at LHSVs of 1.32, 3.96 

and 7.92 1/h. At 15.8 1/h, conversions of 86%, 85% and 76% were achieved for Pd-Cu/CACM, 

Pd-TiO2/CACM and Pd-Fe/CACM, respectively. In presence of all three catalysts, FA selectivity 

decreased with increasing residence time or decreasing LHSV. The highest FA selectivity of 

42%, 32% and 30% for Pd-Cu/CACM, Pd-Fe/CACM and Pd-TiO2/CACM at 15 1/h LHSV, the 

shortest residence time. A high FA space time yield of 260 g/Lcat/h was achieved in presence of 

Pd-Cu/CACM. THFA selectivity decreased with decreasing residence time. At LHSVs of 3.96 

and 7.92 1/h, Pd-Fe/CACM demonstrated a significantly higher selectivity compared to the other 

two catalysts. At all residence times, Pd-TiO2/CACM achieved the highest 2MF selectivity of 

38% at the longest residence time among all three catalysts. In general, 2MF selectivity increased 

with increasing residence time. Very low selectivity of 2MTHF (less than 5%) was determined 

using Pd-TiO2/CACM and Pd-Cu/CACM. Using Pd-Fe/CACM the 2MTHF selectivity increased 

to 11% at LHSV of 3.96 1/h then decreased with increasing LHSV. Less than 4% of CP 

selectivity was determined in presence of all three catalysts. Among the three catalysts, the 

highest 5H2P selectivity was achieved in presence of Pd-TiO2/CACM at LHSVs of 3.96, 7.92 
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and 15.8 1/h. At 7.92 1/h 39% of 5H2P selectivity and 140 g/Lcat/h yield was achieved in 

presence of Pd-TiO2/CAM whereas at the same LHSV the other two catalysts demonstrated 

approximately 11% selectivity and 43 g/Lcat/h yield (Figure 5.12). 

5.3.4 Effect of Acetic Acid 

Effect of acetic acid, an impurity present in crude furfural, on product distribution was 

determined. In presence of 1% acetic acid and Pd-TiO2/CACM, furfural conversion did not 

change significantly while selectivity of CP and 5H2P increased and selectivity of other products 

decreased. Adding acetic acid to reaction medium in presence of Pd-Cu/CACM and Pd-

Fe/CACM also increased 5H2P and CP selectivity and decreased 2MF selectivity with no 

significant change in furfural conversion (Figure 5.13). In presence of Pd-Fe/CACM and acetic 

acid, in addition to an increased selectivity of CP and 5H2P, THFA selectivity also increased. 

The increase in selectivity of these products in presence of acetic acid and Pd-Fe/CACM is 

attributed to the difference in carbon closure and recovered liquid from reaction. In the reaction 

with no acetic acid 53% of carbon was recovered whereas in presence of acetic acid 94% carbon 

closure was observed.  

5.3.5 Discussion 

NH3-TPD results indicated the presence of both weak and strong acid sites for Pd-

TiO2/CACM whereas the other two catalysts demonstrated only strong acid sites (Figure 5.2 and 

Table 5.1). FTIR analysis indicated the presence of both Lewis and Bronsted acid sites in all 

three catalysts. As indicated in section 4.3.5, using Pd-Cu and Pd-Fe supported on activated 

carbon monolith structure, adding Fe and Cu to Pd shifted the selectivity of catalyst from 2MF to 

FA and THFA due to adsorption of C=O at Fe and Cu sites. Therefore, it was expected to see 
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similar selectivity effect using the crushed form of the bimetal monolith catalysts. Incorporating 

TiO2 in Pd catalyst demonstrated the highest 2MF and 5H2P selectivity at the three shortest 

residence times among the three catalysts. Higher 5H2P selectivity in presence of TiO2 is 

attributed to presence of weak acid sites at 150 °C, demonstrated by NH3-TPD results, regardless 

of the type of the acid site. The weak acid sites can promote furan ring opening and further 

hydrogenation steps result in formation of 5H2P. Liu et al. 2015 also reported that presence of 

weak acid sites in Ni-bearing hierarchical Y zeolites promoted the furfural ring rearrangement 

whereas zeolites with medium-strong acid sites demonstrated lower yield of ring rearrangement 

product with higher furfural conversion.27 Zhang et al. 2016 reported a high yield of furfural 

rearrangement ring product in presence of TiO2, known to provide weak Lewis acid sites.9   

5.4 Conclusions 

Pd-TiO2 catalyst demonstrated weak acid sites due to presence of TiO2 and strong acid 

sites due to presence of mineral binders in the catalyst support. Regardless of the type of the acid 

site, the presence of weak acid sites promoted furan ring opening and increased the yield of 

5H2P. A high yield of 140 g/Lcat/h and 39% selectivity of 5H2P was achieved using Pd-TiO2 

catalyst. The Pd-Cu and Pd-Fe catalysts demonstrated only strong acid sites in catalyst structure 

and showed selectivity towards FA and THFA. A high 259 g/Lcat/h and 42% selectivity of 

furfuryl alcohol was achieved in presence of Pd-Cu catalyst at 180 °C and 300 psig.  
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ASSOCIATED CONTENT 

Supporting Information (Appendix C) 

The following results are presented, 1) FTIR and expanded TPR analysis 2) furfural conversion 

and carbon closure, 2) effect of temperature and pressure on product space time yield, 3) effect 

of acetic acid on furfural conversion. 
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Table 5.1. Physical properties of the catalysts 

Catalysts 

Properties  

Pd-TiO2/CACM 

(Fresh) 

Pd-TiO2/CACM 

 (Spent)a 

Pd-Cu/CACM 

(Fresh) 

Pd-Cu/CACM 

(Spent) 

Pd-Fe/CACM 

(Fresh) 

    Pd-Fe/CACM 

         (Spent) 

Surface Area (m2/g) 736 348 562 501 627 566 

Pore Volume (cm3/g) 0.63 0.36 0.50 0.51 0.54 0.54 

Average Pore Size (radius, Å) 34.2 42.3 35.9 40.8 34.8 38.4 

Micro-Pore Volumec, (cm3/g) 0.022 0 0.009 0.011 0.024 0.017 

Acid Sites at 150 °C, (moles NH3/g) 50 NP 0 NP 0 NP 

Acid Sites at 400 °C, (moles NH3/g) 

Acid Sites at 525 °C, (moles NH3/g) 

36 

0 

NP 

NP 

231 

0 

NP 

NP 

14 

38 

NP 

NP 

CO uptaked (moles CO/moles Pd) 0.46 0.89 0.40 0.33 0.63 0.63 

a
, Spent catalysts from 13 furfural hydrogenation experiments 

b, Calculated from elemental analysis/ICP-MS 
c, Estimated from t-plot analysis 
d, CO uptake from CO pulse titration at 40 °C 

CACM is crushed activated carbon monolith 

NP is not performed 
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Figure 5.1. Ring opening pathway of furfuryl alcohol in presence of hydrogen.2 
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NH3- TPD Analysis 

 

 

 

Figure 5.2. Ammonia TPD analysis of bi-metal carbon catalysts pre-reduced with H2 (100% H2 

for 2 h at 250 C).  
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                     Figure 5.3. FTIR analysis of Pd-Cu/CACM. 
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                               Figure 5.4. FTIR analysis of Pd-Fe/CACM.  
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                             Figure 5.5. FTIR analysis of Pd-TiO2/CACM. 
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          Figure 5.6. SEM-EDS images of Pd-TiO2/CACM. 
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         Figure 5.7. Temperature programmed hydrogen reduction of activated carbon catalysts. 
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                 Figure 5.8. BJH, t-plot and BET analysis of fresh catalysts. 
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Figure 5.9. Effect of reaction temperature on product selectivity. Reaction Condition: P=300 

psig , LHSV =1.32 1/h, 5 g of catalyst. 
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Figure 5.10. Effect of hydrogen pressure on product selectivity. Reaction Condition: T=180 °C, 

LHSV =1.32 1/h, 5 g of catalyst. 
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Figure 5.11. Effect of liquid hourly space velocity (LHSV) on product selectivity. P = 300 psig, 

T = 180 °C, 5 g of catalyst. 
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Figure 5.12. Effect of LHSV on product STY. P = 300 psig, T = 180 °C, 5 g of catalyst. 
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Figure 5.13. Effect of acetic acid on product selectivity and furfural conversion using ACM        

catalysts. P = 300 psig, T = 180 °C, LHSV = 1.32 1/h, 5 g of catalyst, 5% furfural, 1% acetic 

acid (aqueous).
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CHAPTER 6 

KINETICS OF MULTI-STEP FURFURAL HYDROGENATION OVER Pd-TiO2 CATALYST 

USING LANGMUIR-HINSHELWOOD MECHANISM 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 Pirmoradi, N, Gulotty Jr., R.J., Kastner, J.R., 2020. 

 To be submitted to Chemical Engineering Research and Design. 
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Abstract 

The multi-step hydrogenation of furfural (FUR) to furfuryl alcohol (FA), 2-methylfuran 

(2MF), tetrahydrofurfuryl alcohol (THFA) and 5-hydroxy-2-pentanone (5H2P) kinetics over Pd-

TiO2 catalyst at 180 °C was studied. A Langmuir-Hinshelwood model with two active sites (a 

metal site for hydrogenation steps and an acid site for ring opening step) was applied to fit the 

kinetic data. The kinetic parameters of the reaction system were obtained using non-linear 

regression of experimental data. The kinetic model showed an acceptable agreement with the 

experimental data with R2 of 0.91 and residual sum of squares of 0.02. Adsorption constants of 

2-methylfuran and tetrahydrofurfuryl alcohol were significantly lower than the adsorption 

constants of the other three compounds. Reaction rate constant of 1.925 mol/gcat.h for furfural 

consumption was predicted by the model. Reaction rates of  0.506 mol/gcat.h, 0.269 mol/gcat.h 

and 0.973 mol/gcat.h were predicted for formation of 2-methylfuran, tetrahydrofurfuryl alcohol 

and 5-hydroxy-2-pentanone, respectively.  

 

 

 

 

 

 

Keywords: Kinetics, Langmuir-Hinshelwood mechanism, furfural, continuous hydrogenation, 

activated carbon  
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6.1 Introduction 

 Hydrogenation of furfural is an important industrial reaction due to forming series of 

valuable products that can be promising alternatives for fossil fuels. Furfural is an inexpensive 

bio-based chemical that is industrially produced through acid hydrolysis of biomasses rich in 

hemicellulose.1 Furfural hydrogenation leads to formation of several valuable products such as 

furfuryl alcohol, tetrahydrofurfuryl alcohol, 2-methylfuran, cyclopentanone and 5-hydroxy-2-

pentanone. Hydrogenation reactions usually occur in presence of a precious metal active site.2 In 

order to form cyclopentanone and 5-hydroxy-2-pentanone from furfural, a furfuryl alcohol ring 

opening/rearrangement step, independent of the hydrogenation step, is required. This step is 

known to require a weak acid site.3 In this work, Pd-TiO2, a metal-acid catalyst, supported on 

activated carbon support is employed to study conversion of aqueous furfural as a function of 

liquid residence time. Developing a reaction rate law allows designing an efficient industrial 

scale reactor system. By determining the reaction rate law, coupled with heat and transfer model, 

the amount of catalyst required for a specified product concentration is calculated. The rate 

equation of heterogeneous hydrogenation reactions usually follow Langmuir-Hinshelwood 

approach.4 This approach considers three steps in a heterogeneous catalytic reaction. These three 

steps are first, chemisorption of reactants at the active sites (single or dual), second, surface 

reaction and third, desorption of products from the surface. In order to determine the rate law 

using the experimental data, one of these steps is usually assumed to be rate limiting. Following 

the suggested furfural hydrogenation pathway5, shown in Figure 3.6, Langmuir-Hinshelwood 

mechanism is employed to develop a rate law based on metal and acid active sites present on the 

carbon catalyst.  
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6.2 Experimental Approach 

Materials and Catalysts: aqueous furfural (Sigma-Aldrich, 99%) was prepared for each 

reaction. Activated carbon support was supplied by Applied Catalysts (Laurens, SC) in a form of 

monolith structure, manufactured by coextrusion of 50% activated carbon and 50% ceramic 

binder. Each monolith structure was crushed and sieved to a particle size of 250 < d < 320 μm. 

Mears and Weisz-Prater criterion were applied to verify that there is no internal and external 

mass transfer resistance present during the reactions. In order to prepare 0.8% Pd-5% TiO2 

catalyst, direct air-hydrolysis method was employed to deposit TiO2 particles on activated carbon 

support.6 Therefore, 2.19 g titanium (IV) isopropoxide (Sigma-Aldrich, 99.999%) was dissolved 

in 6 mL isopropanol under nitrogen atmosphere. The solution was added to 7 g of crushed 

activated carbon monolith under stirring condition. The final sample was dried at 120 °C for 2 

hours followed by calcination at 300 °C under 100% flow of N2 (100 ml/min) for 4 hours. After 

sample cool down, incipient wetness impregnation method was employed to deposit Pd particles 

on the catalyst.7 0.141 g of Pd(ll) nitrate dihydrate (Sigma-Aldrich, 40% Pd basis) was dissolved 

in DI water and added to the sample. The sample was dried at 120 °C for 2 hours followed by 

reduction at 250 °C under 100% flow of H2 (100 ml/min) for 4 hours.  

Catalyst Characterization: Surface area analysis and pore size analysis were performed 

as previously described.8 Micropore analysis was performed using the t-method of de Boer9 (t is 

the statistical thickness of an adsorbed film [t (Å) = [13.99/log(Po/P)+0.034]1/2 ]) and the BET 

surface area data extended to higher pressures (Quantachrome, AUTOSORB-1C; Boynton 

Beach, Florida). Ammonia-TPD analysis was performed to determine the quantity and strength 

of acid sites as previously described. TPR analysis was performed to determine the reducibility 
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of the catalyst and CO pulse titration was performed to determine the CO uptake of Pd at 40 °C. 8 

TGA analysis in air was used to estimate tar and coke formation on the catalysts (Discovery 

TGA from TA Instruments). Air flow over the sample (10-25 mg in ceramic pans) was set at 25 

mL/min with a balance flow rate at 10 mL/min (N2). The temperature of the sample was 

equilibrated at 40 °C before ramping at a rate of 10°C/min to 800 °C. Elemental analysis of fresh 

and spent catalysts was performed following the Environmental Protection Agency (EPA) ICP 

method 200.8. Concentrated HNO3 was added (5 ml) to the sample (~ 0.1g) for microwave 

digestion following protocols listed in EPA method 3051A. Digested solutions were analyzed by 

inductively coupled plasma optical emission spectroscopy (ICP-OES, Spectro Arcos FHS16 

AMETEK ICP-OES). 

Analytical: Once the liquid sample was collected from the reactor, it was analyzed in 

triplicate using gas chromatography with flame ionization detection (GC-FID, HP 5890 Series II) 

with HP Innowax column (30 m x 0.25 mm x 0.25mm). The GC-FID was operated with the 

method of inlet temperature 230 °C, detector temperature 240 °C, initial oven temperature of 45 

°C for 2.5 minutes followed by a ramp of 10 °C/min for 15.5 minutes and then held at 200 °C for 

3 minutes. 1 μL of sample is injected on the GC-FID in triplicate. The concentrations of furfural 

(FUR, 99%), furfuryl alcohol (FA, 98%), tetrahydrofurfuryl alcohol (THFA, 98%), 2-

methylfuran (2MF, 99%), 2-methyltetrahydrofuran (2MTHF, 99%), cyclopentanol (CPO, 99%), 

cyclopentanone (CP, 95%), 5-hydroxy-2-pentanone (5H2P, 95%), and 1,4-pentanediol (1,4PD, 

99%) were determined using 4-point standard curves (chemicals purchased from Sigma-Aldrich, 

each point run in triplicate). All standards were prepared in DI water, except for 2MF which was 

prepared with ethanol as the solvent. The presence of all intermediates and products were 
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confirmed using GC/MS (HP-6890 with HP Innowax column, same method as for GC/FID, 1 l 

injection volume, 25:1 split ratio, 0.8 ml/min, 10-500 mass units, MSD ChemStation 

D.03.00.611 with NIST 2008 database for identification).  

Catalytic Reactions: Furfural hydrogenation reactions were performed in a continuous 

reactor system, designed by Parr Instrument Company, as described previously.8 Crushed 

activated carbon monolith catalyst was placed between two layers of quartz wool. Fresh catalyst 

was used for each run. In order to determine the kinetics of furfural hydrogenation, a series of 

reactions at 180 °C, 300 psig and 100 mL/min H2 flow with different liquid residence times were 

performed.  

6.3 Results and Discussion 

6.3.1 Developing a rate law  

With the suggested pathway for furfural (FUR) hydrogenation to furfuryl alcohol (FA), 

tetrahydrofurfuryl alcohol (THFA), 2-methylfuran (2-MF), 2-methyltetrahydrofuran (2-MTHF), 

5-hydroxy-2-pentanone (5H2P), 4-hydroxy-2-pentanone (4-HCP), 2-cyclopentenone (2-CP) and 

cyclopentanone (CP) in Figure 3.6 over a metal-acid catalyst, the Langmuir-Hinshelwood 

mechanism can be applied with the assumptions of dissociative adsorption of hydrogen at the 

metal active site, rate-limiting role of surface reactions, and presence of 2 different active sites 

(S1 for the metal, S2 for the acid site). Since radsorption= - rdesorption and Kadsorption= 1/Kdesorption , all the 

adsorption and desorption steps are combined in one category, therefore: 

Adsorption/desorption steps: 

H2(g) + 2S1
KH2
⇔ 2H. S1 



 

162 

 

 

FUR + S1
KFUR
⇔   FUR. S1 

FA. S1

1

KFA1
⇔   FA + S1 

FA. S2

1

KFA2
⇔   FA + S2 

𝑇𝐻𝐹𝐴. 𝑆1

1

𝐾𝑇𝐻𝐹𝐴
⇔    𝑇𝐻𝐹𝐴 + S1 

2 −𝑀𝐹. 𝑆1

1

𝐾2−𝑀𝐹
⇔    2 − 𝑀𝐹 + S1 

2 −𝑀𝑇𝐻𝐹. 𝑆1

1

𝐾2−𝑀𝑇𝐻𝐹
⇔      2 − 𝑀𝑇𝐻𝐹 + S1 

4 − HCP. S1

1

K4−HCP1
⇔      4 − HCP + S1 

4 − HCP. S2

1

K4−HCP2
⇔      4 − HCP + S2 

2 − CP. S1

1

K2−CP
⇔    2 − CP + S1 

CP. S1

1

KCP
⇔  CP + S1 

5 − H2P. S1

1

K5−H2P1
⇔      5 − H2P + S1 
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5 − H2P. S2

1

K5−H2P2
⇔      5 − H2P + S2 

1,4 − PD. S1

1

K1,4−PD
⇔     1,4 − PD + S1 

With the assumption of irreversible heterogeneous hydrogenation reactions10, we have: 

Surface reactions: 

Reaction 1:      FUR. S1 + 2H. S1
𝑘1
→ FA. S1 + 2S1                     

Reaction 2:      FA. S1 + 2H. S1
𝑘2
→  2 −MF. S1 + 2S1 + H2O        

Reaction 3:      FA. S1 + 4H. S1
𝑘3
→ THFA. S1 + 4S1 

Reaction 4:      THFA. S1 + 2H. S1
𝑘4
→ 2 − MTHF. S1 + 2S1 + H2O 

Reaction 5:      2 − MF. S1 + 4H. S1
𝑘5
→ 2 − MTHF. S1 + 4S1 

Reaction 6:      FA. S1 + S2
𝑘6
→ FA. S2 + S1 

Reaction 7:      FA. S2
𝑘7
→ 4 − HCP. S2  

Reaction 8:      4 − HCP. S2 + S1
𝑘8
→ 4 − HCP. S1 + S2      

Reaction 9:      4 − HCP. S1 + 2H. S1
𝑘9
→ 2 − CP. S1 + 2S1 

Reaction 10:    2 − CP. S1 + 2H. S1
𝑘10
→  CP. S1 + 2S1 

Reaction 11:    FA. 𝑆2 + 4H. 𝑆1
𝑘11
→  5 − H2P. 𝑆2 + 4𝑆1 
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Reaction 12:    5 − H2P. 𝑆2 + 𝑆1
𝑘12
→  5 − H2P. 𝑆1 + 𝑆2 

Reaction 13:    5 − H2P. 𝑆1 + 2H. 𝑆1
𝑘13
→  5 − H2P. 𝑆1 + 2𝑆1 

Based on our previous work on furfural hydrogenation using Pd-TiO2 on activated carbon 

support, small to zero yields of 2-MTHF, CP, 2-CP, 4-HCP and 1,4PD were observed. 

Therefore, reactions 4, 5, 7, 9, 10 and 13 are eliminated. It can also be assumed that reactions 6, 

8 and 12 occur rapidly and are not rate-limiting. Therefore, the only reactions participating in the 

model will be reactions 1, 2, 3 and 11.  The model simplifies as follows:  

H2(g) + 2S1
KH2
⇔ 2H. S1 

FUR + S1
KFUR
⇔   FUR. S1 

FUR. S1 + 2H. S1
𝑘1
→ FA. S1 + 2S1 

FA. S1

1

KFA1
⇔   FA + S1 

FA. S2

1

KFA2
⇔   FA + S2 

    FA. S1 + 2H. S1
𝑘2
→  2 − MF. S1 + 2S1 + H2O 

2 −𝑀𝐹. 𝑆1

1

𝐾2−𝑀𝐹
⇔    2 − 𝑀𝐹 + S1 

FA. S1 + 4H. S1
𝑘3
→ THFA. S1 + 4S1 
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𝑇𝐻𝐹𝐴. 𝑆1

1

𝐾𝑇𝐻𝐹𝐴
⇔    𝑇𝐻𝐹𝐴 + S1 

   FA. 𝑆2 + 4H. 𝑆1
𝑘11
→  5 − H2P. 𝑆2 + 4𝑆1 

5 − H2P. S2

1

K5−H2P2
⇔      5 − H2P + S2 

Total site balance for fractional coverages (θ = fractional coverage of each compound):  

S1:     ᶿ1free+ᶿ1H + ᶿ1FUR+ᶿ1FA+ ᶿ1THFA+ ᶿ12-MF =1                                                                  Equation 6.1 

S2:    ᶿ2free+ ᶿ2FA+ᶿ25-H2P=1                                                                                                        Equation 6.2 

If the rate-limiting step is surface reaction and adsorption/desorption steps occur rapidly, the 

quasi equilibria for rapid steps is applied as follows: 

For adsorption reactions: 𝑟𝐴𝑑𝑖= 𝑘𝐴𝑑𝑖𝐶𝑖𝜃𝑓𝑟𝑒𝑒 – 𝑘𝑟𝑒𝑣𝐴𝑑𝑖𝜃𝑖                                                    Equation 6.3 

For desorption reactions: 𝑟𝐷𝑒𝑠𝑖= 𝑘𝐷𝑒𝑠𝑖𝜃𝑖  – 𝑘𝑟𝑒𝑣𝐷𝑒𝑠𝑖𝐶𝑖𝜃𝑓𝑟𝑒𝑒                                               Equation 6.4 

Where  
𝑘𝐴𝑑𝑖
𝑘𝑟𝑒𝑣𝐴𝑑𝑖

  = 
𝑘𝑟𝑒𝑣𝐷𝑒𝑠𝑖

𝑘𝐷𝑒𝑠𝑖
 = 𝐾𝑖  and i is the participating compounds (except H2) in the reaction 

system. 

At equilibrium:   - 𝑟𝐷𝑒𝑠𝑖= 𝑟𝐴𝑑𝑖 = 0.  Therefore, 

ᶿ1j = ᶿ1free* Kj*Cj          where j are compounds that are adsorbed at S1 except H2      Equation 6.5 

ᶿ2m = ᶿ2free* Km*Cm        where m are compounds that are adsorbed at S2                    Equation 6.6 
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For hydrogen, using the partial pressures, given that hydrogen dissociatively adsorbs at the active 

site: 

At equilibrium : 𝑘𝐴𝑑𝐻2𝑃𝐻2  𝜃𝑓𝑟𝑒𝑒
2  – 𝑘𝑟𝑒𝑣𝐴𝑑𝐻2𝜃𝐻

2  = 0        where  
𝑘𝐴𝑑𝐻2

𝑘𝑟𝑒𝑣𝐴𝑑𝐻2

= 𝐾𝐻2           Equation 6.7 

Therefore,  𝜃𝐻 = √𝐾𝐻2𝑃𝐻2𝜃1𝑓𝑟𝑒𝑒                                                                                           Equation 6.8 

Applying Henry’s law:  𝑃𝐻2 =
𝐶𝐻2

𝐻
   (H is Henry’s law constant in unit of mol/L.atm) and 

replacing 𝑃𝐻2 in Equation 6.8:  

  𝜃𝐻 = √
𝐾𝐻2𝐶𝐻2 

𝐻
𝜃1𝑓𝑟𝑒𝑒                                                                                                  Equation 6.9  

Now rewriting Equation 6.1 and 6.2 based on Equation 6.5, 6.6 and  6.9,  ᶿ1free , ᶿ2free  can be 

solved:  

    ᶿ1free= 
1

1+√
𝐾𝐻2𝐶𝐻2 

𝐻
+∑𝐾𝑗𝐶𝑗

    where j is FUR, FA, THFA, 2-MF adsorbed at S1 

Denominator denoted by R: ᶿ1free= 
1

𝑅
                                                                      Equation 6.10 

    ᶿ2free=  
1

1+𝐾𝐹𝐴2.𝐶𝐹𝐴+𝐾5−𝐻2𝑃2 .𝐶5−𝐻2𝑃
              

Denominator denoted by S: ᶿ2free= 
1

𝑆
                                                                       Equation 6.11 

Now rewriting surface reactions (Reaction 1, 2, 3 and 11) in terms of active sites:  

r1 = k1 [ᶿ1FUR] [ᶿ1H]2 

r2 = k2 [ᶿ1FA] [ᶿ1H]2 

r3 = k3 [ᶿ1FA] [ᶿ1H]4 

r11 = k11 [ᶿ2FA] [ᶿ1H]4 
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Since pure hydrogen at pressure of 300 psig was applied in this work, it can be assumed that 

partial pressure of hydrogen and hydrogen concentration in liquid phase is constant. Therefore, 

ᶿ1H is assumed to be a constant value throughout the reaction. Therefore, rewriting surface 

reactions, we have:  

r1 = k1” [ᶿ1FUR]                                                                                      Equation 6.12 

r2 = k2” [ᶿ1FA]                                                                                       Equation 6.13 

r3 = k3” [ᶿ1FA]                                                                                        Equation 6.14 

r11 = k11” [ᶿ2FA]                                                                                     Equation 6.15 

 

Replacing the values from Equations 6.5, 6.6, 6.10 and 6.11 in Equations 6.12, 6.13, 6.14 and 

6.15: 

𝑟1 =
𝑘1
"𝐾𝐹𝑈𝑅𝐶𝐹𝑈𝑅

𝑅
 

𝑟2 =
𝑘2
"𝐾𝐹𝐴1𝐶𝐹𝐴
𝑅

 

𝑟3 =
𝑘3
"𝐾𝐹𝐴1𝐶𝐹𝐴
𝑅

 

𝑟11 =
𝑘11
" 𝐾𝐹𝐴2𝐶𝐹𝐴
𝑆

 

For a packed bed reactor:  

𝑟𝑖 =
𝑑𝐹𝑖
𝑑𝑊

 

 

                                                                      𝐹𝑖 = 𝑄𝑖 ∗ 𝐶𝑖   
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Therefore, 

𝑟𝑖 =
𝑑𝑄𝑖 ∗ 𝐶𝑖
𝑑𝑊

 

 

With constant Q and 𝑊 = 𝜌𝐵 ∗  𝑉𝐵 , we have   

𝑟𝑖 = 𝑄𝑖 ∗
𝑑𝐶𝑖

𝑑𝜌𝐵 ∗  𝑉𝐵
 

 

With constant 𝜌𝐵 and 𝜏 =
𝑉𝑏

𝑄𝑖
  , 

𝑟𝑖 =
𝑑𝐶𝑖
𝜌𝐵𝑑𝜏

 

Where Fi is molar flow rate, W is catalyst weight, Q is volumetric flow rate ρb is bulk density of 

catalyst, Vb is packed bed volume and τ is reactor space time.  

Rewriting r1, r2, r3, and r11:  

𝑑𝐶1
𝑑𝜏
=  
𝜌𝑏𝑘1

"𝐾𝐹𝑈𝑅𝐶𝐹𝑈𝑅
𝑅

 

𝑑𝐶2
𝑑𝜏
=  
𝜌𝑏𝑘2

"𝐾𝐹𝐴1𝐶𝐹𝐴
𝑅

 

𝑑𝐶3
𝑑𝜏
=  
𝜌𝑏𝑘3

"𝐾𝐹𝐴1𝐶𝐹𝐴
𝑅

 

𝑑𝐶11
𝑑𝜏

=  
𝜌𝑏𝑘11

" 𝐾𝐹𝐴2𝐶𝐹𝐴
𝑆

 

 

Then, M = 
𝑅

𝜌𝑏
  and N = 

𝑆

𝜌𝑏
 , Therefore:  

𝑑𝐶1
𝑑𝜏
=  
𝑘1
"𝐾𝐹𝑈𝑅𝐶𝐹𝑈𝑅
𝑀

 

𝑑𝐶2
𝑑𝜏
=  
𝑘2
"𝐾𝐹𝐴1𝐶𝐹𝐴
𝑀

 

𝑑𝐶3
𝑑𝜏
=  
𝑘3
"𝐾𝐹𝐴1𝐶𝐹𝐴
𝑀
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𝑑𝐶11
𝑑𝜏

=  
𝑘11
" 𝐾𝐹𝐴2𝐶𝐹𝐴
𝑁

 

Formation/consumption of each compound: 

Furfural: -𝑟1 

Furfuryl alcohol: 𝑟1 − 𝑟2 − 𝑟3−𝑟11 

2-methylfuran: 𝑟2 

Tetrahydrofurfuryl alcohol: 𝑟3 

5-hydroxy-2-pentanone: 𝑟11 

Therefore, based on consumption/formation of each compound, a system of ODEs containing 5 

differential equations are formed:  

Furfural:  

𝑑𝐶𝐹𝑈𝑅
𝑑𝜏

=  
−𝑘1

"𝐾𝐹𝑈𝑅𝐶𝐹𝑈𝑅
𝑀

 

 

Furfuryl alcohol:  

  

𝑑𝐶𝐹𝐴
𝑑𝜏

=
𝑘1
"𝐾𝐹𝑈𝑅𝐶𝐹𝑈𝑅
𝑀

− 
𝑘2
"𝐾𝐹𝐴1𝐶𝐹𝐴
𝑀

−
𝑘3
"𝐾𝐹𝐴1𝐶𝐹𝐴
𝑀

−
𝑘11
" 𝐾𝐹𝐴2𝐶𝐹𝐴
𝑁

 

 

 

2-methylfuran: 

𝑑𝐶2𝑀𝐹
𝑑𝜏

=  
𝑘2
"𝐾𝐹𝐴1𝐶𝐹𝐴
𝑀
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Tetrahydrofurfuryl alcohol: 

𝑑𝐶𝑇𝐻𝐹𝐴
𝑑𝜏

=  
𝑘3
"𝐾𝐹𝐴1𝐶𝐹𝐴
𝑀

 

 

5-hydroxy-2-pentanone: 

𝑑𝐶5𝐻2𝑃
𝑑𝜏

=  
𝑘11
" 𝐾𝐹𝐴2𝐶𝐹𝐴
𝑁

 

 

In order to solve the system of ODEs and determine the rate constants, a series of 

experiments with starting furfural concentration of 0.42 mol/L at 180 ° C and 300 psi were 

performed at varying space times. The concentrations of each product were determined after the 

reaction. Non-linear regression of experimental data with Matlab R2019a using the least square 

method was applied to solve the system of equations. Nonlinear least square regression of n 

experimental data points (yi) with curve function of f (x, θ) is applied such that a θ vector is 

found to obtain the best curve fit of data in least square sense: 

 

𝑄 =  ∑(𝑦𝑖 − 𝑓(𝑥𝑖, 𝜃))
2

𝑛

1

 

 

Minimum of Q with respect to θ :  

                                              

𝜕𝑄

𝜕𝜃
= 

2∑ 𝜕 (𝑦𝑖−𝑓(𝑥𝑖,𝜃))
𝑛
1

𝜕𝜃
  = 0 
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In order to measure the goodness of fit, residual sum of squares (RSS) and R2 are calculated:  

 

𝑅𝑆𝑆 =  ∑(𝑦𝑖 − 𝑓(𝑥𝑖))
2

𝑛

1

 

 

𝑅2 = 1 −
∑ (𝑦𝑖 − 𝑓(𝑥𝑖)̅̅ ̅̅ ̅̅ ̅)

2𝑛
1

∑ (𝑦𝑖 − 𝑦̅)2
𝑛
1

 

6.3.2 Rate Constants 

Figures 6.1-6.4 indicates the results of fitting the experimental concentrations as a 

function of space time. In general, an acceptable agreement was observed between the 

experimental data and the kinetic model with R2 and RSS of 0.912 and 0.02, respectively. Table 

6.1 shows the 11 kinetic parameters obtained from the kinetic model. These predicted K and k 

values are in agreement with previous works on furfural hydrogenation.11-13 The larger value of 

𝑘1
” , compared to 𝑘2

” , 𝑘3
” ,  𝑘11

”  indicates that the rate of furfural conversion to FA is higher than the 

rate of 2MF, THFA and 5H2P formation, supporting the theory of quick conversion of FUR to 

FA. The concentrations of products were predicted slightly higher than the experimental data 

which can be attributed to the formation of other side products such as 2-methyltetrahydrofuran 

and cyclopentanone in small concentrations, not included in this model. Among the adsorption 

constants, 2MF and THFA showed the lowest values indicating the adsorption of reactants 

(FUR, FA and hydrogen) was preferential. Comparing KFA1 (adsorption at Pd site) and KFA2 

(adsorption at TiO2 site), a better adsorption of FA at the metal site was observed. This kinetic 

model, coupled with heat and mass transfer models, can predict the amount of catalyst required 

for a specified product concentration in furfural hydrogenation reaction over Pd-TiO2/CACM. 
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6.4 Conclusions 

Kinetics of the multiple reaction system of furfural hydrogenation over Pd-TiO2 catalyst 

was determined using two-site Langmuir-Hinshelwood mechanism. The kinetic model showed 

an acceptable agreement with the experimental data. 11 reaction parameters including reaction 

rate constants and adsorption/desorption constants were obtained from the model. These reaction 

parameters are in line with values reported in the literature, previously. The rate constant for 

furfural consumption was found to be significantly higher than formation of 2MF, THFA and 

5H2P.   
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Table 6.1. Reaction parameters predicted from kinetic model 

Temperature                         

°C 

KFUR 

L/mol 

KFA1 

L/mol 

KFA2 

L/mol 

K2MF 

L/mol 

KTHFA 

L/mol 

K5H2P 

L/mol 

KH2 

1/atm 

𝑘1
"   

mol/gcat.h 

𝑘2
"  

mol/gcat.h 

𝑘3
"  

mol/gcat.h 

𝑘11
"  

mol/gcat.h 

180 0.113 0.585 0.144 0.002 0.001 0.182 0.17 1.925 0.506 0.269 0.973 
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Figure 6.1. Comparison of predicted and experimental concentrations of 2MF. 
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Figure 6.2. Comparison of predicted and experimental concentrations of THFA. 
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Figure 6.3. Comparison of predicted and experimental concentrations of 5H2P. 
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Figure 6.4 . Comparison of predicted and experimental concentrations of FA. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

This work was aimed at contributing to the knowledge of activated carbon monolith 

catalysts as a substitute for conventional packed beds in three-phase hydrogenation reactions. 

Aqueous furfural, which can form a series of valuable products through hydrogenation reactions, 

was selected as a green and inexpensive feedstock. The results from this work is divided into 

four studies. The first study compares the powder, granular and monolith forms of  Pd catalyst 

for furfural hydrogenation. Among the three catalysts, monolith was the only catalyst that did not 

show external mass transfer resistance for both hydrogen and furfural, which contributed to a 

lower activity loss and coke for monolith. These results make monolith catalyst, derived from 

activated carbon, a promising alternative for conventional granular or powder packed bed 

reactors. The second study involves selective hydrogenation of furfural to furfuryl alcohol and 

tetrahydrofurfuryl alcohol by adding a second metal to the Pd monolith carbon catalyst. Adding 

Cu and Fe as a second metal to Pd monolith catalyst resulted in the highest furfuryl alcohol and 

tetrahydrofurfuryl alcohol at 180 °C and 300 psig. The presence of these second metals on 

monolith catalyst stabilized Pd particles and reduced leaching. The third study is another 

selective hydrogenation of furfural using Pd-TiO2 on crushed activated carbon monolith. TiO2 

added weak acid sites to Pd catalyst resulting in furan ring opening and formation of 5-hydroxy-

2-pentanone. The highest yield of 5-hydroxy-2-pentanone was achieved at 180 °C and 300 psig. 
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The last chapter involves developing a rate law for hydrogenation of furfural over Pd-TiO2 

catalyst using Langmuir-Hinshelwood mechanism. A satisfactory agreement was observed 

between the experimental data and the kinetic model. The reaction parameters including 

adsorption constants and reaction rate constants were derived from the kinetic model.   

7.2 Recommendations 

Transitioning to Pd-TiO2 activated carbon monolith catalyst from the crushed form, the 

kinetic model can be coupled with monolith heat and mass transfer models to predict the 

required number of monolith catalysts for future furfural hydrogenation works using Pd-TiO2 on 

activated carbon monolith catalyst. Due to high reactivity of titanium (IV) isopropoxide during 

catalyst synthesis, it is difficult to reach high dispersions of TiO2 using direct air-hydrolysis 

method, especially for monolith structures. Therefore, it is recommended to test other methods 

such as incipient wetness impregnation of TiO2 followed by calcination for synthesis of the 

activated carbon monolith catalyst. It is important to determine the effect of catalyst preparation 

method on product selectivity. 

 Additional studies on scalability and economics of activated carbon monolith for 

hydrogenation of furfural are necessary. In industrial scale reactions, catalyst deactivation is an 

important factor in economic analysis. The cost of a new catalyst, lower reaction rates during 

deactivation and reactor shut down during replacement or regeneration of the catalyst are factors 

that affect the economy of a catalytic process. Studying the catalyst deactivation by continuous 

operation of the reactor system for at least 360 hours, where the reaction rate is measured every 

12 hours, is recommended to perform activity analysis. In addition, physical and mechanical 

durability of monolith structure needs to be tested for scale-up.  
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 There have been very few studies in the literature on application of activated carbon 

monolith catalysts for three-phase reactions. Other than hydrogenation of furfural, there are other 

important hydrogenation reactions such as hydrogenation of muconic acid to adipic acid, that can 

employ activated carbon monolith catalysts. It is important to consider that depending on the 

type of carbon source and binder employed in the structure of the activated monolith catalyst, 

different active sites can be involved in the reaction. Therefore, the catalyst characterization 

results of activated carbon monolith in this work does not translate to other types of activated 

carbon monolith with different carbon source and binder.  
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APPENDIX A 

SUPPLEMENTARY DATA FOR CHAPTER 3 

Mass Transfer Analysis 

Mears and Weisz-Prater (Equation S3.1 and Equation S3.4) criteria were applied for mass 

transfer analysis (Fogler, 1986). Hydrogenations using the granular activated carbon and Powder 

C forms in the packed bed reactor were considered as a trickle bed reactor. Therefore, we 

considered external and internal mass transfer as the two major resistances in the system. The 

large particle size of the Pd on granular activated carbon catalyst (d  3 mm) indicated that 

furfural hydrogenation may have been affected by external and internal mass transfer. Based on 

Mears criterion if the following equation is smaller than 0.15, the system is not limited by 

external mass transfer resistance (eq. S3.1).  

𝑟𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙 𝜌𝑏𝑅 𝑛

𝑘𝑐 𝐶𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙
< 0.15  Equation S3.1 

where, r is the reaction rate of the furfural or hydrogen (mol g-1 s-1), b is the bulk density of the 

catalyst bed (g m-3), R is the particle radius (unit: m; R = 2.5* 10-4 m for the Pd/Powder C and 3 

* 10-3 m for Pd on granular activated carbon), n the order of the reaction (usually assumed to be 

first or second order), kc (m s-1) the mass-transfer coefficient (Equation S3.2), DAB is the 

effective diffusivity of the furfural or hydrogen in water (Equation S3.3; Wilke and Chang 1955), 

C is the bulk liquid phase concentration of the furfural or hydrogen (mol m-3).  
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             Equation S3.2 

            Equation S3.3 

The total moles of product (furfuryl alcohol [FA], tetrahydrofurfuryl alcohol [THFA], 2-

methyl furan [2MF], cyclopentanone [CP], and 5-hydroxy-2-pentanone [5H2P]) produced per 

mass of catalyst per time were used to estimate hydrogen reaction rates. We assumed 1, 2, 2, 1, 

2, and 2 moles of H2 were consumed per mole of FA, THFA, 2MTHF, 2MF, CP, and 5H2P.  

To study internal mass transfer resistance the Wiesz-Prater criterion (CWP), Equation 

S3.4, was applied (Fogler, 1986). Based on Weisz-Prater criterion if the following equation is 

much smaller than1, the system is not limited by internal mass transfer resistance: 

𝐶𝑊𝑃 =
𝑟𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙 𝜌𝑝𝑅

2

𝐷𝑒𝑓𝑓 𝐶𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙,𝑠
<< 1  Equation S3.4 

r is the furfural or hydrogen reaction rates, p is the bulk density, Deff is the effective diffusivity 

and R is the catalyst radius. Equation S3.5 was applied to estimate effective diffusivity.  

                          Equation S3.5 

For activated carbon monolith, the gas to liquid velocity ratio was ranged from 71.4 to 

6.3, an indicator of film and annular flow patterns. In film flow, gas transfer occurs through a 

thin film. Based on the presence of thin film, mass transfer coefficient was estimated using 

Equation S3.6 (Han and Shikazono, 2009).  
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                                                    Equation S3.6 

 

where, kGS is the mass transfer coefficient; DAB is diffusivity of the furfural or H2; F is the film 

thickness. 

The results of Mears and Wiesz-Prater criterion calculations are shown in Table S3.2 and S3.3. 
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Table S3.1. Elemental analysis of fresh and spent carbon catalysts 

Elements Pd/ACM Pd/ACM Pd/GAC Pd/GAC Pd/Powder C Pd/Powder C 

(ppm, mg/kg) Fresh Spent Fresh Spent Fresh Spent 

Aluminum (Al) 

Boron (B) 

Cadmium (Cd) 

Calcium (Ca) 

Chromium (Cr) 

Copper (Cu) 

Iron (Fe) 

Lead (Pb) 

Magnesium (Mg) 

Manganese (Mn) 

Molybdenum (Mo) 

Nickel (Ni) 

Palladium (Pd) 

Phosphorus (P) 

Potassium (K) 

Silicon (Si) 

Sodium (Na) 

Sulfur (S) 

Zinc (Zn) 

548 

17.8 

<2 

<100 

27 

<10 

2229 

<0.77 

<20 

<10 

<2 

7.37 

11,932 (1.2%) 

351 

105 

125 

1199 

25.6 

<10 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

9,539 (0.95%) 

ND 

ND 

ND 

ND 

ND 

ND 

11.9 

3.87 

<1 

291 

<1 

6.98 

17.8 

<0.39 

331 

6.81 

<1 

<1 

5609 (0.56%) 

236 

6808 

109 

668 

61.6 

<5 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

3.0 (3x10-4%) 

ND 

ND 

ND 

ND 

ND 

ND 

191 

2.59 

<2 

586 

19.3 

11.2 

126 

<0.77 

366 

<10 

<2 

3.79 

47604 (4.8%) 

126 

<100 

<100 

3550 

1187 

<10 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

29,042 (2.9%) 

ND 

ND 

ND 

ND 

ND 

ND 

ND – not determined 
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Table S3.2. Estimated Mears criterion for Pd/Powder C, Pd/GAC, and Pd/ACM 

  Pd/Powder C                                     Pd/GAC Pd/ACM 

Qg/Ql LHSV 

(h-1) 

Mears 

FUR 

Mears 

H2 

LHSV 

(h-1) 

Mears 

FUR 

Mears 

H2 

 LHSV 

(h-1) 

 Mears 

FUR 

n=2 

  Mears 

H2 

n=2 

Mears 

H2 

n=1 

 

200 1.5 0.15 1.7 1.3 1.02 10.2  -  -   - -  

100 3.0 0.13 2.45 2.6 0.83 13.9  -  -   - -  

71.4 - - - - - -  1.3  1.1x10-6   1.9x10-5 9.5x10-6  

50 6.1 0.10 0.84 5.3 0.58 6.7  1.9  1.7x10-6   3.1x10-5 1.5x10-5  

25 12.2 0.07 0.38 10.6 0.45 5.4  3.8  2.4x10-6   2.5x10-5 1.2x10-5  

12.5 - - - - - -  7.7  4.7x10-6   6.1x10-5 3.1x10-5  

6.3 - - - - - -  15.4  5.6x10-6   4.2x10-5 2.1x10-5  

Qg is gas flow rate; Ql is liquid flowrate; LHSV = (Ql*B)/Wcat; Wcat is amount of catalyst  

DAB(furfural) = 9.42x10-9 m2/s; DAB (H2) = 4.6x10-9 m2/s 

Deff (furfural) = 1.2x10-9 m2/s; Deff (H2) = 5.7x10-9 m2/s 

Tortuosity Factor = 4; Internal Void Fraction = 0.5; n or reaction order = 2, except where noted 

Bulk Liquid Phase Concentrations: CFUR = 0.5 mol/L; CH2 = 0.009 mol/L 

kc is the mass-transfer coefficient, m/s;  is the film thickness, m 

 is surface tension and was assumed as 0.06 N/m (for water) 

            B = 0.254 g/ml, bulk density of Pd/Powder C; B = 0.22 g/ml, bulk density of Pd/GAC 

P = 0.25 g/ml, packing density of Pd/ACM , R = dp/2 for granules and Wall thickness/2 for ACM 
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Table S3.3. Estimated intraparticle mass transfer limitations for Pd-carbon catalysts (300 psig, 180 °C) 

 Pd/Powder C   Pd/GAC  Pd/ACM 

Qg/Ql LHSV (h-1) CWP,FUR 

 

CWP,H2 LHSV (h-1) CWP,FUR 

 

CWP,H2 LHSV (h-1) CWP,FUR 

 

CWP,H2 

200 1.5 0.006 0.04 1.3 0.7 4.1 - - -  

100 3.0 0.011 0.124 2.6 1.24 12.3 - - -  

71.4 - - - - - - 1.3 0.005 0.08  

50 6.1 0.02 0.10-0.17 5.3 1.93-1.96 13-14 1.9 0.007 0.13  

25 12.2 0.03 0.095 10.6 3.3 23.7 3.8 0.01 0.10  

12.5 - - - - - - 7.7 0.019 0.25  

6.3 - - - - - - 15.4 0.022 0.16  

       Qg is gas flow rate; Ql is liquid flowrate; FUR is furfural; LHSV = (Ql*B)/Wcat; CWP = Wiesz-Prater criterion. 

       Wcat is catalyst weight. 
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                   Figure S3.1. Isotherms of fresh Pd on carbon catalysts (ACM, GAC, and Powder C). 
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Figure S3.2. Surface area, BJH and t-plot analysis of fresh Pd on carbon catalysts (ACM, GAC, 

and powder). Intercepts for the t-plots were 3.2, 214, and 118 cm3/g for Pd/ACM, Pd/GAC, and 

Pd/Powder C, respectively. 
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Figure S3.3-A.Temperature programmed hydrogen reduction (H2-TPR) of Pd on carbon 

catalysts and the base activated carbon monolith only (ACM).
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Figure S3.3-B: Temperature programmed hydrogen reduction of Pd (temperature vs. time and signal vs. time) on carbon catalysts and 

the base activated carbon monolith only (ACM).
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Figure S3.4. SEM-EDS analysis of the Pd/ACM catalysts (fresh). Pd is concentrated on the carbon, but also distributed on Al and Si 

indicative of locations in some areas of the ceramic binder. 
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Figure S3.5. XRD analysis of Pd catalysts. 
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Figure S3.6. Effect of reaction temperature on furfural conversion, carbon closure, and furfural 

space time conversion. 
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Figure S3.7. Effect of liquid residence time on furfural conversion and carbon closure for 

hydrogenation at 180C and 300 psig (2 MPa) using Pd/ACM, Pd/GAC, and Pd/PowderC. 

LHSV is liquid hourly space velocity based on inlet conditions. STC is space time conversion, g 

furfural converted/L-cat./h.
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Figure S3.8. Effect of H2 reduction temperature (as reported in section 3.2) on Pd dispersion 

measured by CO pulse titration on carbon supported catalysts (0.8 wt% Pd on GAC and ACM). 
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Figure S3.9. Effect of Pd loading on product selectivity using carbon supported catalysts (FA, furfuryl alcohol; THFA, 

tetrahydrofurfuryl alcohol; 2MF, 2-methyl furan; 2MTHF, 2-methyltetrahydrofuran; 5H2P, 5-hydroxy-2-pentanone; CP, 

cyclopentanone). Reactions were performed at 180C, 300 psig (2.07 MPa), and LHSV from 1.3-1.5 h-1. cACM indicates crushed 

ACM.
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 Figure S3.10. Time on stream analysis for furfural hydrogenation using Pd/carbon  catalysts. 

The arrows indicate the experiment in which acetic acid was added to the feed. 
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Figure S3.11. t-plot analysis of used/spent and fresh Pd on carbon catalysts (ACM, GAC, and 

powder C). Intercepts for the t-plots and used catalysts were 10.3, 0.0, 0.0, and 17.0 cm3/g for, 

Pd/ACM, Pd/GAC, and Pd/Powder C, respectively. 
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Figure S3.12. GC/FID chromatograms (signal vs. time) of samples at different LHSV’s or liquid 

contact times from the continuous catalytic hydrogenation of furfural using Pd/ACM. 

Compounds shown are 1) 2-methyl tetrahydrofuran, 2) 2-methyl furan, 3) furfural, 4) furfuryl 

alcohol, 5) cyclopentanone, 6) tetrahydrofurfuryl alcohol, and 7) 5-hydroxy-2-pentanone.
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APPENDIX B 

SUPPLEMENTARY DATA FOR CHAPTER 4 

 

This section contains chapter 4 supplementary information: 

1. Expanded TPR analysis  

2. Expanded SEM-EDS analysis  

3. XRD analysis  

4. Effect of temperature, pressure and liquid hourly space velocity on furfural conversion and 

carbon balance 

5.  Effect of temperature and pressure on product space time yield 

6. Effect of acetic acid on furfural conversion 
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        Figure S4.1.  Expanded TPR analysis of monolith catalysts.
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Figure S4.2. SEM-EDS analysis of the Pd/ACM catalysts (fresh). Pd is concentrated on the carbon, but also distributed on Al and Si 

indicative of locations in some areas of the ceramic binder. 
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Figure S4.3. SEM-EDS analysis of the Pd-Cu/ACM catalysts (fresh). Pd and Cu is concentrated on the carbon, but also distributed on 

Al and Si indicative of locations in some areas of the ceramic binder. 
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Figure S4.4. SEM-EDS analysis of the Pd-Fe/ACM catalysts (fresh). Pd and Fe is concentrated on the carbon, but also distributed on 

Al and Si indicative of locations in some areas of the ceramic binder.
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Figure S4.5. XRD analysis of ACM catalysts.
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Figure S4.6. Effect of temperature, pressure and LHSV on furfural conversion and carbon 

balance. 
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Figure S4.7. Effect of temperature on product space time yield. 
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Figure S4.8. Effect of pressure on product space time yield. 
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Figure S4.9. Effect of acetic acid on furfural conversion.
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APPENDIX C 

SUPPLEMENTARY DATA FOR CHAPTER 5 

 

This section contains chapter 5 supplementary information: 

1. FTIR analysis of blank CACM 

2. Expanded TPR analysis  

3. Effect of temperature, pressure and liquid hourly space velocity on furfural conversion and 

carbon balance 

4.  Effect of temperature and pressure on product space time yield 

5. Effect of acetic acid on furfural conversion 
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                              Figure S5.1. FTIR analysis of CACM support. 
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Figure S5.2. Expanded TPR analysis of the carbon catalysts.
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Figure S5.3. Effect of LHSV, pressure and temperature on furfural conversion and carbon 

closure.
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Figure S5.4. Effect of temperature on product space time yield.
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Figure S5.5. Effect of pressure on product space time yield.
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       Figure S5.6. Effect of acetic acid on furfural conversion. 
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