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Abstract

In this overview we discuss how aqueous-phase catalytic processes can be used to convert biomass into hydrogen and alkanes ranging from C1

to C15. Hydrogen can be produced by aqueous-phase reforming (APR) of biomass-derived oxygenated hydrocarbons at low temperatures (423–

538 K) in a single reactor over supported metal catalysts. Alkanes, ranging from C1 to C6 can be produced by aqueous-phase dehydration/

hydrogenation (APD/H). This APD/H process involves a bi-functional pathway in which sorbitol (hydrogenated glucose) is repeatedly dehydrated

by a solid acid (SiO2–Al2O3) or a mineral acid (HCl) catalyst and then hydrogenated on a metal catalyst (Pt or Pd). Liquid alkanes ranging from C7

to C15 can be produced from carbohydrates by combining the dehydration/hydrogenation process with an upstream aldol condensation step to form

C–C bonds. In this case, the dehydration/hydrogenation step takes place over a bi-functional catalyst (4 wt.% Pt/SiO2–Al2O3) containing acid and

metal sites in a specially designed four-phase reactor employing an aqueous inlet stream containing the large water-soluble organic reactant, a

hexadecane alkane sweep stream, and a H2 inlet gas stream. The aqueous organic reactant become more hydrophobic during dehydration/

hydrogenation, and the hexadecane sweep stream removes these species from the catalyst as valuable products before they go on further to form

coke.
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1. Introduction

Environmental and political problems created by our

dependence on fossil fuels combined with diminishing

petroleum resources are causing our society to search for

new renewable sources of energy and chemicals, and it has been

said that the only foreseeable source of sustainable organics

fuels, chemicals and materials is plant biomass [1]. Fuels

derived from biomass are greenhouse gas neutral, because any

CO2 produced during fuel combustion is consumed by further

growth of biomass (neglecting CO2 produced by combustion of

fossil fuels in biomass production, transportation and conver-

sion [2]). The Roadmap for Biomass Technologies [3],

authored by 26 leading experts from academia, industry and

government agencies, has predicted a gradual shift from a

petroleum-based economy to a more carbohydrate-based
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economy, such that by 2030, 20% of transportation fuel and

25% of chemicals will be produced from biomass.

The current cost of delivered biomass on an energy basis is

$20–36 per barrel of oil equivalent (boe) [4], which is below the

current price of crude oil ($49 per barrel). (All prices in this

article are quoted in terms of U.S. dollars.) Even cheaper costs

of biomass, $5–25 per boe, have been reported by Lynd et al.

[1]. Continued research is being conducted to develop

dedicated biomass energy crops, which have significantly

higher yields than current crops [4]. In addition, a large amount

of low-cost (or even free) biomass is currently available in the

U.S. as waste material, with an energy content of 15.1 EJ/yr

(1 EJ = 1018 J) [4]. The U.S. consumes 41 EJ/yr of oil [5], and

waste biomass could thus displace a large amount of oil,

provided that efficient processes can be developed for

conversion of waste biomass into liquid fuels. It has been

estimated that the U.S. could produce 1.1 Pg (1 Pg = 1015 g) of

dry biomass per year and still meet its food, feed and export

demands [6]. This amount of biomass has the energy content of

3.8 � 109 barrels of oil [4], and the U.S. consumes 7 � 109

barrels of oil per year [5].
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Fig. 1. An integrated biorefinery for conversion of carbohydrates to fuels by

aqueous-phase processing.
While technologies have been developed over the past �50

years to efficiently process petroleum-based feedstocks, we

have not yet learned how to economically refine biomass

resources. In this respect it has been stated that ‘‘the central and

surmountable impediment to more widespread application of

biocommodity engineering (or biorefining) is the general

absence of low-cost processing technology’’ [1]. Despite the

fact that heterogeneous catalysis has been the backbone of the

chemical and petrochemical industry, few biorefining processes

use heterogeneous catalysis. In this respect, the processing of

biomass-derived feedstocks is different from the processing of

petroleum-based feedstocks in that biomass-derived feedstocks

have low thermal stability and a high degree of functionality

(typically being hydrophilic in nature), thus requiring unique

reaction conditions, such as aqueous-phase processing.

In this paper we discuss our recent work on aqueous-phase

processing for conversion of biomass-derived oxygenates into

hydrogen and alkanes (ranging from C1 to C15). These aqueous-

phase processes could be used in an integrated biorefinery to

produce a range of fuels, as shown in Fig. 1. The first step in the

biorefining process is conversion of biomass into an aqueous

sugar solution. Production of hydrogen for biorefining

processes is accomplished by aqueous-phase reforming

(APR) [7–17]. The biorefinery can also produce light alkanes

ranging from C1 to C6 by aqueous-phase dehydration/

hydrogenation (APD/H) [18]. The light alkanes could be used
Table 1

Chemical composition of representative biomass sources adapted from Klass [4]

Biomass type Marine Freshwater

Name Giant brown kelp Water hyacinth

Component (dry wt.%)

Celluloses 4.8 16.2

Hemicelluloses 55.5

Lignins 6.1

Mannitol 18.7

Algin 14.2

Crude protein 15.9 12.3

Ash 45.8 22.4

Total 99.4 112.5
as synthetic natural gas, liquefied petroleum gas, and a light

naptha stream. Aqueous-phase processing can also produce

larger alkanes ranging from C7 to C15 by combining the

dehydration/hydrogenation reactions with an aldol condensa-

tion step prior to the APD/H step [19]. These larger alkanes

could be used as premium, sulfur-free diesel fuel components.

2. Biomass

2.1. Chemistry of biomass

Plants capture solar energy as fixed carbon, from carbon

dioxide and water in a sugar building block represented as

(CH2O)X, as shown in Eq. (1). Typically 0.1–1.0% of the solar

energy is captured with the biomass [4]. Plants have a variety of

growth rates ranging from 0.6 to 16.4 kg/m2 yr [4]. The sugar

produced by photosynthesis is stored in a polymer form, which

is a function of the type of plant material. This stored sugar is

nature’s building block for plants and the most abundant

organic molecule on earth.

CO2 þ H2Oþ light �!
chlorophyll

ðCH2OÞX þ O2 (1)

Sugars in biomass are stored in three different types of

polymers: starches, cellulose, or hemicellulose. Table 1 shows

the chemical composition of representative types of biomass.

Biomass is typically composed of 75–90 wt.% of sugar

polymers, with the other 10–25 wt.% of biomass principally

being large organic aromatic compounds called lignin [20].

Other components of biomass present in minor amounts include

triglycerides, alkaloids, pigments, resins, sterols, terpenes,

terpenoids, and waxes.

Cellulose, as shown in Fig. 2A, is a polysaccharide with a

glucose monomer unit and b-1,4 glycoside linkages [21].

Cellulose has an average molecular weight range of 300,000–

500,000, and it is the skeletal structure of most terrestrial

biomass. Upon partial acid hydrolysis, cellulose can be broken

down into cellobiose (glucose dimer), cellotriose (glucose

trimer), and cellotetrose (glucose tetramer), whereas upon

complete acid hydrolysis it is broken down into glucose. The b-

1,4 glycoside linkages cause cellulose to be in a low surface

area crystalline form.
Herbaceous Woody Woody Woody

Bermuda grass Poplar Sycamore Pine

31.7 41.3 44.7 40.4

40.2 32.9 29.4 24.9

4.1 25.6 25.5 34.5

12.3 2.1 1.7 0.7

5.0 1.0 0.8 0.5

93.3 102.9 102.1 101.0
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Fig. 2. Chemical structure of biomass derived compounds including: (A) cellulose with b-1,4 glucose linkages cellulose, (B) starches with a-1,4 and a-1,6 glucose

linkages and (C) structural monomer units of lignin.
Starches are a polysaccharide of glucose, but in contrast to

cellulose have a-1,4 glycoside linkages (Fig. 2B) [21]. Starches

also contain a large amount of a-1,6 glycoside linkages. This

polymer is highly amorphous because of the a-linkages,

making it easy to be broken down into glucose by human and

animal enzyme systems. Starches are commonly found in the

vegetable kingdom (e.g., corn, rice, wheat, beans, potatoes).

When treated in hot water, starches break down into two

principle components: water soluble amylose (10–20%) and

water insoluble amylopectin (80–90%). Amylose contains only

a-1,4 glycoside linkages, whereas amylopectin contains both

a-1,4 and a-1,6 glycoside linkages with an approximate a-1,4

to a-1,6 linkage ratio of 20 to 1, respectively.

Hemicellulose is a sugar polymer, which typically con-

stitutes 20–40 wt.% of biomass [21]. In contrast to cellulose,

which is a polymer of only glucose, hemicellulose is a polymer

of five different sugars. This complex polysaccharide occurs in

association with cellulose in the cell walls. It contains five-

carbon sugars (usually xylose and arabinose), six-carbon sugars

(galactose, glucose, and mannose), all of which are highly

substituted with acetic acid. The most abundant building block

of hemicellulose is xylan (a xylose polymer), which consists of

xylose monomer units linked at the 1 and 4 positions.

Hemicellulose is amorphous because of its branched nature,

and relatively easy to hydrolyze to its monomer sugars

compared to cellulose.

Biomass is usually composed of 10–25 wt.% lignin,

consisting of highly branched, substituted, mononuclear

aromatic polymers found in the cell walls of certain biomass,

particularly woody biomass [21]. Fig. 2C shows some of the

structural units of lignin [4]. Lignin is often associated with the

cellulose and hemicellulose materials making up lignocellulose

compounds.

Lignocellulose is one of the cheapest and most abundant

forms of biomass, however, it is difficult to convert this
unreactive material into sugars [22,23]. The crystalline portion

of lignocellulose is composed of cellulose, whereas amorphous

hemicellulose occurs in association with cellulose and lignin.

Lignin makes up the walls of the lignocellulose material and

must be broken down to make the cellulose or hemicellulose

accessible to acid hydrolysis. Lignocellulose is difficult to

convert to sugars because of the high crystallinity of the

cellulose, low surface area of the material, protection of

cellulose by lignin, the heterogeneous character of biomass

particles, and cellulose sheathing by hemicellulose [23]. To

convert lignocellulose to sugars, an effective pretreatment step

must be employed to break the lignin seal and decrease the

crystalline structure of the cellulose. Some of the pretreatment

methods used for lignocellulose include: uncatalyzed steam

explosion, treatment in liquid hot water or pH controlled hot

water, flow through liquid hot water or dilute acid, flow-through

acid, treatment with lime, and treatment with ammonia [23].

After suitable pretreatment, biomass can then be broken

down into sugar monomers by acid or enzymatic hydrolysis.

The National Renewable Energy Laboratory has estimated that

the cost of unrefined sugar monomer solution from lignocellu-

lose would be 12–14 ¢/kgsugar [24]. Lynd et al. have estimated

that projected technologies utilizing lignocellulosic feedstocks

could decrease the price of sugars to as low as 5.3 ¢/kg [1].

2.2. Current processes for conversion of biomass

to liquid fuels

Three main types of processes exist for production of liquid

fuels from biomass, as shown in Fig. 3. These processes include

gasification to produce syn-gas, thermochemical liquefaction

and/or pyrolysis for bio-oils production, and acid hydrolysis for

sugar production. These products are then further refined to

produce: alkanes by Fischer–Tropsch synthesis from syn-gas,

methanol by methanol synthesis from syn-gas [4], liquid alkane
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Fig. 3. Current strategies for production of liquid fuels from biomass.
fuels by upgrading products from liquefaction and pyrolysis

[25,26], aromatic hydrocarbons (and coke) from conversion of

sugars and methanol over zeolite catalysts [27,28], and ethanol

production by fermentation of sugars. (The production of bio-

diesel by esterification of triglycerides is also a major route to

produce liquid fuels from biomass, but it is not discussed here

because triglycerides comprise only a small fraction of biomass.)

At the present time, the production of ethanol by

fermentation of carbohydrates is the primary technology for

the generation of liquid fuels from renewable biomass

resources. In 1998, the U.S. produced approximately

4.9 � 109 L of ethanol per year from starch-based biomass

[20].While not currently economically viable, research is being

carried out to produce ethanol from more plentiful and

inexpensive lignocellulose. The National Renewable Energy

Laboratory has developed and modeled a process for

conversion of corn stover (lignocellulose) to ethanol based

on dilute acid prehydrolysis and enzymatic hydrolysis [24]. The

feedstock cost for ethanol production from corn stover accounts

for 31% of the total cost, with the other 69% of the cost coming

from processing of the biomass [24].

Production of bio-oils by liquefaction or pyrolysis involves

thermochemical treatment of biomass. An advantage of this

process is that it is relatively simple, usually requiring only one

reactor (thus having a low capital cost); however, this process is

non-selective, producing a wide range of products including a

large amount of char. Thermochemical treatment of biomass to

produce hydrocarbons has been carried out since the 1930s in

which Berl and co-workers showed that biomass could be

converted to hydrocarbons by thermochemical treatments under

basic conditions at 700 K [25,29,30]. These experiments led to a

theory that oil was formed from biomass. After the hydrocarbons

were formed they were then hydrogenated over a MoS2 catalyst

and separated based on their boiling points to gasoline, naptha,

gas oil, heavy oil and asphalt. Typical products made from

thermochemical processing of biomass include H2, CO, CH4,

tars, acids, chars, alcohols, aldehydes, esters, ketones and

aromatic compounds [4]. Research is currently being conducted

to upgrade bio-oils to more valuable products [26].

Biomass can also be gasified to syn-gas (CO and H2);

however, the gasification process requires volatilization of
water, decreasing the overall energy efficiency [31]. Syn-gas

can be used to produce alkanes by Fischer–Tropsch synthesis

(FTS), methane by methanation, methanol by methanol

synthesis [32,33], and ethanol from fermentation [34]. The

yield of diesel fuel from wood by FTS of biomass-derived syn-

gas has been reported to be 120 Ldieselfuel/Mgbiomass

(1 Mg = 106 g) [35], which is lower than the yield of ethanol

from wood which is reported to be 210 Lethanol/Mgwood [4];

however, synthetic natural gas and electricity are also produced

as by-products of FTS. Prins et al. have modeled the production

of Fischer–Tropsch fuels from sawdust and have reported the

overall energy efficiency (defined as energy in diesel fuel plus

electricity divided by energy in biomass) to be 36% [36]. The

major exergy losses (exergy is the amount of energy in a system

that is able to do work) in a FTS plant as modeled by Prins et al.

[36] are in the gasification, steam generation and power

generation system.

Researchers at Mobil in the 1980s developed a process to

produce aromatic hydrocarbons by passing carbohydrates over

zeolite catalysts in the gas phase [27,28]. While this process is

able to produce gasoline range hydrocarbons, approximately

40–50% of the carbon in the feed is converted to coke.

3. Hydrogen production by aqueous-phase reforming

3.1. Reaction mechanism

The catalytic pathway for the production of H2 and CO2 by

aqueous-phase reforming (APR) of oxygenated hydrocarbons

involves cleavage of C–C bonds as well as C–H and/or O–H

bonds to form adsorbed species on the catalyst surface (Fig. 4).

Cleavage of these bonds occurs readily over Group VIII metals,

such as Pd and Rh [37]. Ethylene glycol and glycerol

decompose on Pt to form adsorbed CO at room temperature

[38,39]. Adsorbed CO species must be removed from the

surface by the water-gas shift reaction to form CO2 and H2,

because high surface coverages by CO lead to low catalytic

activity.

Undesired byproducts may arise from parallel and series

pathways (Fig. 4). Parallel reactions proceed via cleavage of C–

O bonds followed by hydrogenation to give alcohols, or by

rearrangement reactions to form organic acids. Series reactions

arise from hydrogenation of adsorbed CO and CO2 to form

alkanes. Thus, a good catalyst for production of H2 by APR

must facilitate C–C bond cleavage and promote removal of

adsorbed CO species by the water-gas shift reaction, but the

catalyst must not facilitate C–O bond cleavage and hydro-

genation of CO or CO2.

A general reaction scheme for APR of ethylene glycol has

previously been proposed for Pt/Al2O3 catalysts [13,14]. In this

scheme, adsorbed ethylene glycol undergoes dehydrogenation

on the surface followed by C–C bond cleavage and water-gas

shift to give CO2 and H2 products. Adsorption of ethylene

glycol, water, H2 and CO2 are assumed to be in quasi-

equilibrium. Reaction kinetics measurements and FTIR studies

have shown that the water-gas shift reaction is reversible, such

that the ratio of the partial pressures of the products to the
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Fig. 4. Schematic representation of reaction pathways and selectivity challenges for production of H2 from conversion of ethylene glycol with water. Pathway I is

desired C–C cleavage to form adsorbed CO. Pathway II represents undesired C–O cleavage followed by hydrogenation to produce ethanol, leading to formation of

methane and ethane. Pathway III is the desired water-gas shift reaction. Pathway IV represents undesired methanation and Fischer–Tropsch reactions to produce

alkanes. (Figure adapted from [16].)
reactants divided by the water-gas shift equilibrium constant

(i.e., PH2
PCO2

=PCOPH2OKeq) is higher than 0.5 [13,40]. In situ

FTIR attenuated total reflectance (ATR) studies of APR for a

5 wt.% methanol solution at 423 K of a Pt/Al2O3 catalyst have

shown that the surface coverage of CO is 35%while the surface

coverage of CO for vapor phase reforming is 60% [13,40]. The

rate of H2 production is fractional order with respect to feed

concentration (0.4 order) for APR of ethylene glycol with Pt/

Al2O3 [13]. The rates of APR of methanol and ethylene glycol

on Pt/Al2O3 catalysts are similar, indicating that the C–C bond

cleavage is probably not the rate limiting step [13]. Reaction

kinetics studies for APR of ethylene glycol with Pt/Al2O3

catalysts have shown that H2 inhibits the rate of H2 production

(�0.7 order), indicating that adsorbed hydrogen atoms can

block reaction sites under reaction conditions. Based on these

results, two approaches to improve the catalytic activity of Pt-

based catalysts can be suggested: (1) increase the rate for

dehydrogenation of adsorbed ethylene glycol by alloying with a

metal or metal oxide that has a higher rate of dehydrogenation

or (2) increase the number of vacant Pt sites, perhaps by

decreasing the heat of adsorption of strongly adsorbed species

(e.g., CO* and H*) that block Pt sites under reaction conditions.

3.2. Catalyst development

3.2.1. Monometallic catalysts

A combination of high-throughput and fundamental studies

were undertaken to develop catalysts for APR, as shown in

Fig. 5. A high-throughput reactor was designed and built that

allowed rapid screening of a large number of catalysts under

APR conditions [11,12]. More than 500 different mono and

bimetallic catalytic materials were screened using the high-

throughput reactor, and inexpensive non-precious metal

catalysts and highly active precious metal catalysts were

identified. Promising catalysts were characterized and studied

in more detail.
Reaction kinetic studies were conducted for the APR of

ethylene glycol at low temperatures (483 and 498 K) and

moderate pressures (22 bar) over silica-supported Ni, Pd, Pt, Ir,

Ru and Rh catalysts. From our reaction kinetics studies, we

found that the overall catalytic activity of APR of ethylene

glycol (as measured by the rate of CO2 production per surface

site at 483 K) decreases in the following order for silica-

supported metals [9]:

Pt � Ni > Ru > Rh � Pd > Ir

Silica-supported Rh, Ru and Ni catalysts showed low

selectivity for production of H2 and high selectivity for alkane

production. In addition, Ni/SiO2 showed significant deactiva-

tion at the higher temperature of 498 K. Thus, silica-supported

Pt and Pd catalysts exhibited higher selectivity for production

of H2, with lower rates of alkane production.

The activity and selectivity of monometallic Pt-based

catalysts can be improved further by supporting Pt on TiO2,

carbon, or Al2O3 [15]. The monometallic catalysts with the

highest turnover frequencies for production of H2 (TOFH2
, sites

counted by CO chemisorption) are Pt supported on TiO2,

carbon, and Al2O3 (i.e., 8–15 min�1 at 498 K for 10 wt.%

ethylene glycol). Moderate catalytic activity for production of

H2 is demonstrated by Pt supported on SiO2–Al2O3 and ZrO2

(near 5 min�1), and lower turnover frequencies are exhibited by

Pt supported on CeO2, ZnO, and SiO2 (lower than about

2 min�1). Catalysts consisting of Pt supported on carbon, TiO2,

SiO2–Al2O3 and Pt-black also lead to the production (about 1–

3 min�1) of gaseous alkanes and liquid-phase compounds that

would lead to alkanes at higher conversions (e.g., ethanol,

acetic acid, acetaldehyde).

3.2.2. Bimetallic Pt and Pd catalysts

The activity of Pt catalysts can be improved further by

adding Ni, Co or Fe to a Pt/Al2O3 catalyst [11]. Alumina-

supported PtNi and PtCo catalysts with Pt:Co or Pt:Ni atomic
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Fig. 5. Catalyst development philosophy.
ratios ranging from 1:1 to 1:9 had TOFH2
values of 2.8–

5.2 min�1 for APR of ethylene glycol solutions at 483 K,

compared to a value of 1.9 min�1 for Pt/Al2O3 under similar

reaction conditions. The PtNi/Al2O3 and PtCo/Al2O3 catalysts

at 483 K were 2.1–3.5 times more active than the Pt catalyst per

gram of catalyst. A Pt1Fe9/Al2O3 catalyst showed H2 turnover

frequencies of 0.3–4.3 min�1 at 453–483 K, and these values

are about three times higher than Pt/Al2O3 under identical

reaction conditions.

While Pd is the most selective monometallic catalyst, it has

low activity for APR [11]. However, the activity of Pd can be

increased by adding Fe to the catalyst. A Pd1Fe9/Al2O3

catalyst had values of TOFH2
equal to 1.4 and 4.3 min�1 at

temperatures of 453 and 483 K, respectively, and these values

are 39–46 times higher than Pd/Al2O3 at the same reaction

conditions. A catalyst consisting of Pd supported on high

surface area Fe2O3 (Nanocat) had the highest intrinsic activity

of any catalyst tested with values of TOFH2
equal to 14.6, 39.1

and 60.1 min�1 at temperatures of 453, 483, and 498 K,

respectively.

We suggest that alloying Pt with Ni, Co or Fe improves the

activity for H2 production by lowering the d-band center [41–

44], which causes a decrease in the heats of CO and H2

adsorption, thereby increasing the fraction of the surface

available for reaction with ethylene glycol. It appears that the

rate limiting step for APR of ethylene glycol on Pd-based

catalysts is the water-gas shift reaction, and adding a water-gas

shift promoter like Fe2O3 to Pd can improve the catalytic

activity for APR. In general, bimetallic catalysts can have a

significantly higher activity than monometallic catalysts for

APR of ethylene glycol.

3.2.3. Bimetallic Ni–Sn catalysts

While Ni-based catalysts are active for APR, they have poor

selectivity and stability for the APR reaction. The H2 selectivity
of Ni-based catalysts can be improved by adding Sn to the Ni

catalyst, and the stability of Ni catalysts can be improved by

using a bulk Ni catalyst [12,17]. A Raney-NiSn catalyst can be

used to achieve good activity, selectivity, and stability for

production of H2 by APR of biomass-derived oxygenated

hydrocarbons. This inexpensive material has catalytic proper-

ties that are comparable to those of Pt/Al2O3 for production of

H2 from small oxygenates, such as ethylene glycol, glycerol,

and sorbitol. Rates of H2 production by APR of ethylene

glycol over R-NiSn catalysts with NiSn atomic ratios of up to

14:1 are comparable to 3 wt.% Pt/Al2O3, based on reactor

volume.

The addition of Sn to Raney-Ni catalysts significantly

decreases the rate of methane formation from series reactions of

CO or CO2 with H2, while maintaining high rates of C–C

cleavage necessary for production of H2. However, it is

necessary to operate the reactor near the bubble-point pressure

of the feed and moderate space times to achieve high

selectivities for production of H2 over R-NiSn catalysts, while

it is impossible to achieve these high selectivities under any

conditions over unpromoted R-Ni catalysts. The Sn-promoted

Raney-Ni catalyst is catalytically stable for more than 250 h

time on stream [17].

4. Production of light alkanes by aqueous-phase

dehydration/hydrogenation

4.1. Reaction mechanism

Aqueous-phase processing can be modified to selectively

produce alkanes from sorbitol by increasing the acidity of the

catalyst [18]. In this way, hexane can be produced by aqueous-

phase dehydration/hydrogenation (APD/H) of sorbitol (Eq. (2))

with a catalyst containing metal (e.g., Pt or Pd) and acid (e.g.,

SiO2–Al2O3) sites to catalyze dehydration and hydrogenation
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reactions, respectively. Hydrogen for this reaction can be

produced from APR of sorbitol (Eq. (3)) in the same reactor or

in a separate reactor. The net reaction (Eq. (4)) is exothermic, in

which approximately 1.5 mol of sorbitol produce 1 mol of

hexane. The APD/H process occurs in the liquid phase, thereby

eliminating the need to vaporize the aqueous feedstock and

improving the overall thermal efficiency of the process. The

alkanes produced, according to Eq. (4), retain approximately

95% of the heating value and only 30% of the mass of the

biomass-derived reactant

C6O6H14 þ 6H2 ! C6H14 þ 6H2O (2)

C6O6H14 þ 6H2O ! 6CO2 þ 13H2 (3)

19 36 42
13
C6O6H14 !C6H14 þ

13
CO2 þ

13
H2O (4)

Fig. 6 shows the essential features of the bi-functional

reaction scheme for production of alkanes from sorbitol.

Hydrogen is produced on the metal by cleavage of C–C bonds

followed by the water-gas shift reaction. Dehydrated species

such as ring compounds (e.g., isosorbide) or enolic species are
Fig. 6. Reaction pathways for production of alkanes from sorbitol over ca
formed on acid sites [45], which migrate to metal sites where

they undergo hydrogenation reactions. Repeated cycling of

dehydration and hydrogenation reactions in the presence of H2

leads to heavier alkanes (such as hexane) from sorbitol.

Formation of lighter alkanes takes place by cleavage of C–C

bonds compared to hydrogenation of dehydrated reaction

intermediates. Lighter alkanes can also be formed by

hydrogenation of CO and/or CO2 on metals such as Ni and

Ru [9].

The selectivities for production of various alkanes by APR

depend on the relative rates of C–C bond cleavage,

dehydration and hydrogenation reactions. The selectivities

for production of alkanes can be varied by changing the

catalyst composition, the reaction conditions, and modifying

the reactor design [18]. In addition, these selectivities can be

modified by co-feeding H2 with the aqueous sorbitol feed,

leading to a process in which sorbitol can be converted to

alkanes and water without the formation of CO2 (since H2 is

supplied externally and need not be produced as an

intermediate in the process). As another variation, the

production of alkanes can be accomplished by replacing the

solid acid with a mineral acid (such as HCl) that is co-fed with

the aqueous sorbitol reactant.
talysts with metal and acidic components. (Figure adapted from [18].)
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Fig. 8. Carbon selectivities for aqueous-phase dehydration/hydrogenation of

5 wt.% sorbitol over a 4 wt.% Pt/SiO2–Al2O3. [Key: 498 K and 34.8 bar

(white), 538 K and 60.7 bar (grey), and co-feeding H2 at 498 K and 34.8 bar

(black). Figure adapted from [18].]
4.2. Bifunctional catalysts

Fig. 7A shows the carbon selectivity for APR of a 5 wt.%

sorbitol feed with a Pt/Al2O3 catalyst, which is one of the best

catalysts for H2 production by APR. It should be noted that this

carbon selectivity only takes into account the carbon in the

alkanes, and CO2 and H2 are also being produced in this

reaction. As observed from Fig. 7A, the selectivity to heavier

alkanes increases for the non-acidic Pt/Al2O3 catalyst when the

pH of the aqueous sorbitol feed is lowered by addition of HCl.

The selectivity also shifts to heavier alkanes as more solid acid

sites are added to a Pt/Al2O3 catalyst by physically mixing Pt/

Al2O3 with SiO2/Al2O3, as shown in Fig. 7B. Importantly, the

H2 selectivity decreases from 43 to 6% as the pH decreases

from 7 to 2, indicating that the H2 produced by APR (Eq. (3)) is

consumed in alkane production (Eq. (2)). Similarly, the H2

selectivity decreases from 43 to 11% as the solid acidity

increases. Thus, alkanes are formed by a combination of metal

and acidic components, since they are formed in only small

amounts on the Pt/Al2O3 catalyst. The alkanes formed are

straight-chain compounds with only minor amounts of

branched isomers (less than 5%). Alkanes heavier than hexane

were not formed under the reaction conditions of this study.

Platinum can also be added directly to the SiO2/Al2O3. Fig. 8

shows the effect of temperature and co-feeding H2 on the

carbon selectivity for APD/H of 5 wt.% sorbitol over the

4 wt.% Pt/SiO2–Al2O3 catalyst. No major difference is

observed in the alkane distribution as the temperature is

increased from 498 to 538 K (Fig. 8). The carbon selectivities

for the Pt/SiO2–Al2O3 catalyst and the physical mixture of Pt/

Al2O3 with SiO2–Al2O3 were similar, indicating that the Pt sites

do not need to be in close contact with the acid sites. The

selectivity for production of hexane increases when H2 is co-fed

with the aqueous sorbitol stream. Thus, increasing the H2

partial pressure in the reactor increases the rate of hydrogena-

tion compared to C–C bond cleavage on the metal catalyst

surface. When H2 was co-fed to the reactor, the carbon alkane

selectivity (percent of carbon in the alkane products) was 91%,

with the other 9% of the carbon leaving the reactor as CO2.

Importantly, all of the carbon entering the reactor was

accounted for in the gas and liquid effluent streams, indicating
Fig. 7. Carbon selectivities for aqueous-phase dehydration/hydrogenation of 5 wt.%

Pt/Al2O3 [key: pHfeed 7 (white), pHfeed 3 (grey), and pHfeed 2 (black)] and (B) additio

and SiO2–Al2O3 (0.83 g) (grey), and mixture 1: Pt/Al2O3 (1.45 g) and SiO2–Al2O
that negligible amounts of coke were deposited on the catalyst

surface. The Pt/SiO2–Al2O3 catalyst did not exhibit deactiva-

tion over 2 weeks time-on stream.

4.3. Energy balance for production of alkanes

Fig. 9 shows the energy balance for conversion of glucose

and H2 to hexane, compared to the direct combustion of these

compounds [46]. The conversion of glucose and H2 to hexane is

an exothermic reaction, which liberates 380 kJ/mol. The

combustion of hexane liberates 3900 kJ/mol, which is

approximately 90% of the energy that would be released if

the glucose and H2 feedstocks were combusted. Thus, the

energy content of the liquid alkane fuel represents 90% of the

energy content of the carbohydrate and the H2 reactants. The

conversion of carbohydrates to liquid alkanes involves the

storage of a considerable amount of H2 in the fuel (i.e.,

essentially 1 molecule of H2 is used to convert each carbon

atom in the carbohydrate reactant to an alkane moiety). The

hexane contains 16 wt.% H, and glucose is thus an effective and

energy efficient way to store H2, because the infrastructure for

using and distributing liquid fuels is already in place. Hydrogen
sorbitol at 538 K and 57.6 bar vs. (A) addition of mineral acid (HCl) in feed over

n of solid acid to Pt/Al2O3. [Key: Pt/Al2O3 (white), mixture 2: Pt/Al2O3 (3.30 g)

3 (1.11 g) (black). Figure adapted from [18].]
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Fig. 9. Energy balance for glucose and H2 conversion.
could be produced by APR, but H2 can also be produced by

other methods, including solar power, wind power, or nuclear

power.

One of the advantages of alkane production from biomass by

APD/H is that the alkanes spontaneously separate from the

aqueous feed solution, whereas ethanol produced during

fermentation processes must be removed from water by an

energy-intensive distillation step. Thus, we can compare the

overall energy efficiency of alkane production by APD/H with

ethanol production, which is the most widely practiced method

of producing liquid fuels from biomass. The overall energy

efficiency (defined as heating value of ethanol divided by the

energy required to produce ethanol from corn) for ethanol

production from corn is equal to about 1.1 without co-product

energy credits [2]. (During ethanol production a number of

other products are made, such as animal feeds, and if energy

credits are given for these other products, then the overall

energy efficiency increases to 1.3–2.2.) The energy required to

produce ethanol from corn (including corn production, corn

transportation, ethanol conversion and ethanol transportation)

according to Shapouri et al. [2] is 21,525 kJ/Lethanol. The total

energy required (taking into account the EPA’s efficiency factor

for the energy used to mine and transport coal) for the ethanol

conversion plant is 14,432 kJ/Lethanol [2], of which the actual

thermal energy is 10,000 kJ/Lethanol. The actual thermal energy

(not including the EPA’s efficiency factor) required for the

distillation process is reported by Katzen et al. to be 5000–

5500 kJ/Lethanol [47]; therefore, over half of the energy in the

ethanol conversion process is used to distill ethanol from water.

If we eliminate the distillation process in ethanol production

and assume that the distillation process accounts for 50% of the

energy in the ethanol conversion process, then the energy

required to produce ethanol from corn would be 14,000 kJ/

Lethanol. If we use ethanol yields (362 Lethanol/Mgbiomass) and

sugar yields (0.82 gsugar/gbiomass) as reported by Klass [4], then

we can estimate that the energy required for conversion of corn

to ethanol (excluding distillation) is equal to 6300 kJ/kgsugar;

and, we then assume that this value is also equal to the energy

required to convert corn to alkanes. Using a value of 2540 kJ/

mol for the heat of combustion of glucose and assuming that

sugars are converted to alkanes as given by a stoichiometry

analogous to Eq. (4), then approximately 96% of the energy of

the sugar would be retained in the alkane product, giving a
heating value for the alkanes of 13,500 kJ/kgsugar. The overall

energy efficiency for conversion of alkanes to corn can now be

calculated to be 2.1 by dividing the heating value of the alkanes

(13,500 kJ/kgsugar) by the energy required to produce alkanes

(6300 kJ/kgsugar). The overall energy efficiency for both

conversion of corn to ethanol or corn to alkanes can be

increased further by using co-product energy credits [2].

5. Production of liquid alkanes by aqueous-phase

processing

5.1. Reaction mechanism

Alkanes produced by the APD/H of carbohydrates would

provide a renewable source of transportation fuel to comple-

ment the rapidly growing production of bio-diesel from

vegetable oils and animal fats [48]. Unfortunately, the largest

compound produced by APD/H of carbohydrates is hexane,

which has a low value as a fuel additive because of its high

volatility [49]. Larger liquid alkanes ranging from C7 to C15 can

be produced by first linking carbohydrate-derived moieties

through formation of C–C bonds by aldol condensation prior to

APD/H processing [19]. It should be noted that the C–O–C

linkages (as found in disaccharides) are broken under APD/H

reaction conditions.

Aldol condensation is one of the main C–C bond forming

reactions. In the first step, a base reacts with the a-H of a

carbonyl group to form a carbanion (or enolate) species and

water. (When a solid base catalyst is used no water is formed

during enolate formation.) The carbanion then reacts with the

carbonyl group of an aldehyde to form a new carbon–carbon

bond, an alcohol group and regenerating the basic site. Solid or

mineral base catalysts can be used to catalyze aldol

condensation reactions. Aldol condensation is particularly

relevant for the production of large organic compounds from

biomass, because various species containing carbonyl groups

can be formed from carbohydrates, including furfurals,

lactones, dihydroxyacetone, and acetone.

Fig. 10 shows some of the key molecules containing

carbonyl groups that can be formed from glucose. Similar

molecules can be formed from xylose. While glucose and

xylose contain carbonyl groups, they do not undergo aldol-

condensation reactions, because the carbonyl group undergoes
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Fig. 10. Routes for formation of chemicals with carbonyl groups from glucose.
intramolecular reactions to form ring structures [50]. However,

it is possible to dehydrate glucose and xylose to 5-

hydroxymethylfurfural (HMF) and furfural, respectively, using

mineral or solid acid catalysts [4,51–54]. Solid acids such as

microporous pillared clay catalysts [55], MCM catalysts [55],

Y-zeolites [53], mordenite [52], and ZSM-5 [56] have been

used to produce HMF from glucose. A selectivity of>90% was

achieved for HMF from fructose when mordenite was used as a

catalyst and methyl-iso-butyl-ketone was added to the aqueous-

phase [52]. Similarly, furfural can be produced from xylose

over solid acid catalysts with a high selectivity (90–95%) [51].

Both HMF and furfural contain an aldehyde group, and

while they cannot undergo self-condensation, because they do

not have an a-H atom, they can condense with other molecules

that can form carbanion species, such as acetone, dihydrox-

yacetone or glyceraldehyde. Acetone can be produced from the

fermentation of glucose [4], and dihydroxyacetone and

glyceraldehyde can be produced from retro-aldol-condensation

of glucose [50,57]. Glucose can also be dehydrogenated to form

gluconolactone, which contains a carbonyl group [58].

The aldol condensation step can be combined with the

dehydration/hydrogenation process to convert carbohydrates to

larger alkanes, as described in Fig. 11. In the first step,

carbohydrates are dehydrated by acid catalysts, e.g., glucose and

xylose are converted to HMF and furfural, respectively. If the

C C bonds of HMF and furfural are selectively hydrogenated

(leaving the C O bond intact), then HMF and furfural are

converted to 5-hydroxymethyl-tetrahydrofurfural (HMTHFA)

and tetrahydrofuran-2 carboxyaldehyde (THF2A), respectively,

which can undergo self-aldol condensation. These large water

soluble organic compounds can then be converted to alkanes by

dehydration/hydrogenation in a four-phase dehydration/hydro-

genation (4PD/H) reactor. Alternatively, HMF and furfural can
be condensed with acetone producing large organic compounds

ranging from C8 to C15. These molecules are only slightly water

soluble, andmust be hydrogenated prior to the final dehydration/

hydrogenation to increase their water solubility. In the final

dehydration/hydrogenation step, these molecules are converted

to straight chain alkanes ranging from C7 to C15.

The APD/H process described above to convert sorbitol to

hexane cannot be used to produce alkanes from large water-

soluble organic compounds, because extensive amounts of coke

form on the catalyst surface (e.g., 20–50% of the reactant is

converted to coke). Accordingly, to produce liquid alkanes the

reactor system employed to carry out dehydration/hydrogena-

tion reactions must be modified to a four-phase reactor

system (Fig. 12) consisting of (i) an aqueous inlet stream

containing the large water-soluble organic reactant, (ii) a

hexadecane alkane inlet stream, (iii) a H2 inlet gas stream, and

(iv) a solid catalyst (Pt/SiO2–Al2O3). As dehydration/hydro-

genation takes place, the aqueous organic reactants become

more hydrophobic, and the hexadecane alkane stream serves to

remove hydrophobic species from the catalyst before they react

further to form coke. In an industrial setting, the alkanes

produced from the reaction would be recycled to the reactor and

used for the alkane feed. Reaction kinetic experiments

conducted with pure water as the aqueous feed showed that

only small amounts of hexadecane were converted to lighter

alkanes in the four-phase dehydration/hydrogenation (4-PD/H)

reactor system (0.007 mmol min�1 g�1
cat ), and this low reactivity

was subtracted from all of our subsequent experimental data.

5.2. Alkane production by aqueous-phase processing

Aldol-condensation of HMF with acetone was carried out

with HMF:acetone molar ratios of 1:1 and 1:10 using a mixed
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Fig. 11. Reaction pathways for conversion of biomass-derived glucose into liquid alkanes. (Figure adapted from [19].)
Mg–Al-oxide catalyst at room temperature in a batch reactor, as

described elsewhere [19]. Aldol-condensation reactions were

carried out in water, resulting in formation of insoluble products

for HMF:acetone atomic ratios of 1:1. The weight ratio of

organic feed to catalyst during condensation was 6 for all feeds

except for the HMF:acetone (1:1)-2 (1:1 denotes molar HMF to

acetone ratio) feed, which was condensed with an organic feed

to catalyst weight ratio of 3. The precipitate formed after

condensation was dissolved in excess methanol (a methanol to

water weight ratio of 2:1) for the HMF:acetone (1:1)-1 and

(1:1)-2, and then hydrogenated in a Parr Reactor with a Pd/
Fig. 12. Schematic diagram of four-phase dehydration/hydrogenation reactor.
Al2O3 catalyst to form the water-soluble feed to the 4-PD/H

reactor. The water, methanol and acetone were then evaporated

and the condensed molecules were re-dissolved in water and

converted into alkanes in the 4-PD/H reactor. All other feeds

were hydrogenated in water prior to being fed to the 4-PD/H

reactor. As shown in Fig. 13, the condensed HMF:acetone

products produced mainly C8 to C15 alkanes in the 4-PD/H

reactor, depending on the HMF:acetone ratio used in the aldol-

condensation step. When the HMF:acetone ratio decreases, the

alkane distribution shifts to lighter alkanes. The selectivity can

also be shifted to heavier alkanes by increasing the extent of

conversion for the aldol condensation step of HMF:acetone, as

can be seen comparing the HMF:acetone (1:1)-1 and

HMF:acetone (1:1)-2 feeds (Fig. 13).

To improve the potential practical utility of our process, we

studied whether hydrogenation of the HMF:acetone adduct

could be accomplished without using methanol as a solvent.

For this case, we first carried out the aldol-condensation of

HMF:acetone (1:1) in water over the Mg–Al-oxide catalyst,

and we then added Pd/Al2O3 to the reaction slurry, followed

by treatment with H2 (55 bar) at 393 K in a Parr reactor. We

found that hydrogenation of the HMF:acetone adduct

increases its solubility in water, and the aqueous solution

from this hydrogenation step produced significant amounts of

C14 and C15 alkanes from the 4-PD/H reactor (HMF:Ace-3 in

Fig. 13). For this feed a large amount of propane is present in

the alkane products, whereas for HMF:acetone (1:1)-1 and

HMF: acetone (1:1)-2 no propane is present. The propane is

not present for the HMF: acetone (1:1)-1 and HMF: acetone

(1:1)-2 feeds because methanol, water and acetone were

evaporated from the solution prior to the 4-PD/H step, whereas
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Fig. 13. Carbon selectivities from 4-PD/H processing of cross-condensed

HMF:acetone. Legend: HMF:acetone (1:10)—white; HMF:acetone (1:1)-1—

light grey; HMF:actone (1:1)-2—dark grey; and HMF:acetone (1:1)-3—black.

[Key: HMF:acetone (1:1)-1 and HMF:acetone (1:1)-2 were condensed in H2O

and then hydrogenated in mixtures of methanol and water. HMF:acetone (1:1)-2

was condensed with twice the amount of catalyst as HMF:acetone (1:1)-1.

HMF:acetone (1:10) and HMF:acetone (1:1)-3 were condensed and hydro-

genated in water. Propane is not included in the selectivity calculation for the

HMF:acetone (1:10) feed. For detailed reaction conditions see [19].]
no evaporation step was used with the HMF: acetone (1:1)-3

feed. Thus, in the condensation of HMF with acetone, 23% of

the carbon is unreacted acetone and future research should

focus on how to use the remaining acetone. Propane is also not

included in the selectivity calculation for the HMF:acetone

(1:10) feed.

Mixtures of HMF and furfural (HMF:furfural:acetone

(1:1:2)) can also be condensed with acetone to form alkanes

ranging from n-C7 to C15, as shown in Fig. 14. This mixture was

condensed with a Mg–Al-oxide catalyst at room temperature

and then hydrogenated with a Pd/Al2O3 catalyst in the aqueous

phase. This result shows that, unlike for the production of

ethanol by fermentation, cellulose and hemicellulose do not

need to be separated for effective production of liquid alkanes

by 4-PD/H processing. Aqueous-phase aldol condensation

reactions have previously been carried out with glyceraldehyde,
Fig. 14. Carbon selectivities from 4-PD/H processing of cross-condensed

HMF:Furfural:acetone (1:1:2). (For reaction conditions see [19].)
dihydroxyacetone, formaldehyde and butyraldehyde using

both homogeneous and heterogeneous base catalysts [59,60].

Cross-condensation of furfural with acetone has been

conducted using amino-functionalized mesoporous base

catalysts [61]. Mixed Mg–Al-oxides have previously been

used as solid base catalysts for liquid-phase aldol condensation

reactions [62,63].

Results for crossed aldol-condensation of furfural and HMF

with dihydroxyacetone over Mg–Al-oxide catalyst showed a

large disappearance of furfural and HMF based on HPLC;

however, less than 30% of the alkane products are heavier than

the C5 and C6 reactants for reactions of furfural and HMF,

respectively [19]. Changing the molar furfural to dihydrox-

yacetone ratio did not significantly improve the selectivity to

heavier alkanes. Condensing furfural with hydroxyacetone or

glyceraldehyde gave an alkane distribution similar to that

produced from condensation of furfural with dihydroxyace-

tone. These results show that it is possible to make heavier

liquid alkanes by crossed aldol-condensation of furfural and

HMF with dihydroxyacetone, hydroxyacetone, or glyceralde-

hydes; however, it will be necessary to improve the selectivities

of these processes.

Another route to make large water-soluble organic

compounds is to selectively hydrogenate the C C bonds of

HMF and furfural, producing 5-hydroxymethyl-tetrahydrofur-

fural (HMTHFA) and tetrahydrofuran-2 carboxyaldehyde

(THF2A), respectively. These species can form carbanion

species and undergo self-aldol-condensation reactions

(Fig. 11). Self-aldol-condensation of THF2A produced liquid

hydrocarbons ranging from C8 to C10 from the 4-PD/H reactor.

Tetrahydrofurfural-2-aldehyde (THF2A) was prepared by

selective dehydrogenation of tetrahydrofurfural alcohol

(Aldrich) in a gas-phase fixed-bed reactor using a 10 wt.%

Cu/SiO2 catalyst (Cab-o-sil), prepared by incipient wetness

impregnation [64].

6. Biorefinery for a carbohydrate-based economy

Fig. 15 shows a proposed biorefinery for converting

biomass into liquid alkanes based on aqueous-phase proces-

sing. In the first step, cellulose and hemicellulose are

respectively converted to xylose and glucose. Part of the

sugar stream is then converted to H2 by APR for use elsewhere

in the plant. Furfural and HMF are produced from the

remaining sugar stream by acid-catalyzed dehydration.

Furfural and HMF are then condensed with acetone over a

solid base catalysts to produce large water soluble organic

compounds. In the final reactor, a four-phase dehydration/

hydrogenation unit (4-PD/H), the condensed products are

dehydrated and hydrogenated to produce large liquid alkanes

(ranging from C7 to C15) over a bifunctional catalyst

containing metal and acid sites.

While our initial results show that these processes are

indeed technically feasible, it is likely that future advances will

further optimize these processes, thus providing a transition

from a petroleum-based economy to a carbohydrate-based

economy.
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Fig. 15. Self-sustaining biomass-refinery for conversion of biomass into liquid alkanes using aqueous-phase processing.
7. Summary

Aqueous-phase processing is a promising option for

conversion of biomass into fuels including H2 and alkanes

ranging from C1 to C15. An effective catalyst for the production

of H2 from APR should be active for C–C bond cleavage and

water-gas shift. Importantly, the catalyst must not facilitate the

subsequent methanation and/or Fischer–Tropsch synthesis

reactions to produce alkanes, which consume H2. Catalysts

for production of H2 should also have low rates of C–O bond

cleavage to form alkane products. From our reaction kinetics

studies, we have found that Pt is the best monometallic catalyst

in terms of activity and selectivity for APR. We have identified

several bimetallic catalysts, including PtNi, PtCo, PtFe and

PdFe which have higher activities than monometallic catalysts.

While Ni catalysts are active for APR, they produce a large

amount of methane, and these catalyst exhibit deactivation. The

amount of methane can be decreased by alloying the Ni with

Sn. The stability of Ni-based catalysts can be improved by

using a Raney-Ni catalyst. Accordingly, a Raney-NiSn catalyst

can be used to achieve good activity, selectivity, and stability

for production of H2 by APR of biomass-derived oxygenated

hydrocarbons.

A stream of alkanes ranging from C1 to C6 can be formed by

aqueous-phase dehydration/hydrogenation (APD/H) of sorbitol

over bi-functional catalyst systems in which sorbitol is

repeatedly dehydrated by an acid catalyst (e.g., a solid acid

or an aqueous mineral acid) and then hydrogenated on a metal

catalyst (e.g., Pt or Pd). Hydrogen, which is needed for the

hydrogenation reaction, can be produced in-situ by APR of

sorbitol over a catalyst (such as Pt) that facilitates C–C bond
cleavage and water-gas shift reactions, or it can be co-fed to the

reactor with the aqueous sorbitol reactant.

Liquid alkanes ranging from C7 to C15 can be produced from

carbohydrates by combining the dehydration/hydrogenation

process with an aldol condensation step to form C–C bonds.

Biomass-derived compounds, such as furfural, HMF and

acetone, that contain carbonyl groups, were coupled by aldol

condensation at room temperature using a mixed Mg–Al-oxide

base catalyst to form large organic molecules. The reaction

mixtures were then hydrogenated, using a 5% Pd/Al2O3

catalyst, to increase the aqueous solubility of these molecules

and to minimize possible coking reactions that may take place

from unsaturated molecules in the following step. The

hydrogenated molecules were subsequently converted to

alkanes by dehydration/hydrogenation over a bi-functional

catalyst (4 wt.% Pt/SiO2–Al2O3) containing acid and metal

sites in a specially designed four-phase reactor system. This

reactor system consists of an aqueous inlet stream containing

the large water-soluble organic reactant, a hexadecane alkane

sweep stream, a H2 inlet gas stream, and a solid catalyst. During

dehydration/hydrogenation processing, organic species are

transferred from the aqueous phase reactant stream to the

hexadecane sweep stream as these organic species become

more hydrophobic, removing these species from the catalyst as

valuable products before they go on further to form coke.
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