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Abstract 

Efficient synthesis of renewable fuels that will enable cost competitiveness with petroleum-

derived fuels remains a grand challenge. In this paper, we report on an integrated catalytic 

approach for producing transportation fuels from biomass-derived syngas. This novel process 

represents an alternative to conventional fuel synthesis routes (e.g., Fischer-Tropsch, Methanol-

to-Gasoline) that have drawbacks, particularly at the scale of biomass. Composition of the 

resulting hydrocarbon fuel can be modulated to produce predominantly middle distillates, which 

is constantly increasing in demand compared to gasoline fraction.  In this process biomass-

derived syngas is first converted over an Rh-based catalyst into a complex aqueous mixture of 

condensable C2
+ oxygenated compounds (predominantly ethanol, acetic acid, acetaldehyde, ethyl 

acetate). This multi-component aqueous mixture then is fed to a second reactor loaded with a 

ZnxZryOz mixed oxide catalyst, which has tailored acid-base sites, to produce an olefin mixture 

rich in isobutene. The olefins then are oligomerized using a solid acid catalyst (e.g., Amberlyst-

36) to form condensable olefins with molecular weights that can be targeted for gasoline, jet, 

and/or diesel fuel applications. The product rich in long-chain olefins (C7
+) is finally sent to a 

fourth reactor required for hydrogenation of the olefins into paraffin fuels. Simulated distillation 

of the hydrotreated oligomerized liquid product indicates that ~75% of the hydrocarbons (iso-

paraffins and cyclic compounds) are in the jet-fuel range. Process optimization for the 

oligomerization step could further improve yield to the jet-fuel range. All of these catalytic steps 

have been demonstrated in sequence, thus providing proof-of-concept for a new integrated 

process for the production of drop-in biofuels. Overall, we demonstrate approximately 41% 

carbon efficiency for converting syngas into jet-range hydrocarbons.  This unique and flexible 

process does not require external hydrogen and also could be applied to non-syngas derived 
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feedstock, such as fermentation products (e.g., ethanol, acetic acid, etc.), other oxygenates, and 

mixtures thereof containing alcohols, acids, aldehydes and/or esters. 

Keywords: biomass, syngas, biofuel, catalyst, mixed oxides, oligomerization, mixed oxygenates, 
ethanol, isobutene, jet fuel 
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Introduction 

Although still the main resource for transportation fuels, fossil fuels are becoming less 

attractive as a carbon source because they are being depleted and contribute to climate change. A 

more environmentally friendly and secure long-term solution would consist of an array of 

vehicle energy sources ranging from electricity, hydrogen, solar energy, and biofuels. Biomass-

derived hydrocarbon fuels are attractive because they are CO2 neutral and provide a renewable 

carbon resource. Biomass conversion to fuels can be achieved either through thermochemical 

routes (e.g., pyrolysis, gasification) or biochemical routes (e.g., fermentation).1,2 

Thermochemical processing has several advantages relative to biochemical processing, including 

greater feedstock flexibility, conversion of both carbohydrate and lignin into products, faster 

reaction rates, and the ability to produce a diverse selection of fuels.3 Among the thermochemical 

routes, one can distinguish between gasification and direct liquefaction routes, such as fast 

pyrolysis, hydrothermal liquefaction, or hydrolysis that produce a bio-oil directly.1,2 Fast 

pyrolysis of biomass into bio-oils and subsequent catalytic hydroprocessing are considered to be 

among the most viable technologies available to produce liquid biofuels through thermochemical 

means.4 Indeed, improved thermal efficiencies are achieved relative to liquid fuels production 

from gasification followed by Fischer-Tropsch Synthesis or ethanol synthesis.1 However, one 

major drawback to this approach is the limited possible use of the finished fuel because of its 

composition. Hydro-processed bio-oils typically contain large amounts of cyclic components and 

up to 35% aromatics and 40 to 55% cycloparaffins.5 In addition, the upgrading step via hydro-

processing requires large quantities of externally provided hydrogen. 

Biomass gasification is a process by which biomass reacts with air, O2, and/or steam at high 

temperatures (e.g., 900 to 1100ºC) to produce a syngas product comprising primarily H2, CO, 

CO2, and N2. The syngas can subsequently be cleaned of impurities (e.g., sulfur, tar) and then 
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used to produce fuels and/or chemicals via a variety of possible routes,1 with the most common 

processes being Fischer-Tropsch Synthesis, Methanol-to-Gasoline, and Mobil Olefins-to-

Gasoline-and-Distillate.1 Because of the high costs and complexity associated with these 

processes, the production cost of finished fuel cannot currently compete with petroleum-derived 

fuel. Yield and selectivity towards more desirable diesel- and jet-range hydrocarbons should also 

be maximized in biomass conversion processes as the demand for middle distillates (e.g., jet and 

diesel fuels) in comparison to gasoline fractions is increasing.6 

Recently, companies such as GEVO,7 Honeywell’s UOP8, and Cobalt9 have been 

investigating the possibility of producing jet-fuel range hydrocarbons fuel from biomass sources 

via (iso- or n-) butanol as an intermediate. Butanol (iso- or n-) can be easily dehydrated into 

butene (iso- or n-) that can be further oligomerized into dimers (C8), trimers (C12), and tetramers 

(C16), and then hydrogenated into jet-fuel range hydrocarbons. Dumesic et al.10 have also 

proposed an integrated process for producing transportation fuels including jet fuel via catalytic 

conversion of ɣ-valerolactone (GVL). In this process, GVL produced from biomass-derived 

carbohydrates is converted into butene that can be oligomerized into long-chain olefins (C8
+) and 

then hydrogenated into long-chain paraffins. All these processes for biojet fuel synthesis involve 

the use of a single alcohol feedstock or olefin intermediate. 

In recent years, much research has been performed in developing catalysts for the production 

of ethanol from biomass-derived syngas.11,12,13,14 Supported Rh-based catalysts have the highest 

activity and selectivity for the formation of ethanol and other C2
+ oxygenates from syngas 

because of their ability to catalyze both CO dissociation and CO insertion.15 However, the Rh-

based catalysts typically produce oxygenates other than just alcohols within their product slate. 

C2
+ oxygenates produced include predominately acetic acid, acetaldehyde, and ethyl acetate in 
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addition to ethanol.15-18 Finding utility for this mixed oxygenates stream and without the need for 

costly separations is problematic.19 Here, we report on a unique upgrading of this aqueous 

oxygenated mixture to produce middle distillates utilizing a ZnxZryOz mixed-oxide catalyst. This 

catalyst was previously reported useful for the conversion of ethanol20, 21 and more recently by 

our group for the conversion of a multitude of C2
+ oxygenates (e.g., ethanol, acetic acid, 

acetaldehyde, ethyl acetate) to isobutene-rich olefins.22  

In this report, we propose a new process, using a complex mixture of oxygenated 

compounds as intermediates, to produce jet-fuel range hydrocarbons from biomass-derived 

syngas. Two different processing schemes have been examined, and block flow diagrams for 

both schemes are shown in Figure 1. For both cases, biomass-derived syngas is first converted 

into a mixture of alcohols and other oxygenates over a Rh-based catalyst (Reactor R1) developed 

at Pacific Northwest National Laboratory (PNNL).16 Then, the complex mixture of oxygenated 

compounds is fed to Reactor R2, which is installed in series and loaded with a ZnxZryOz catalyst, 

thus producing an olefin mixture and other light products (primarily H2 and CO2). For “case A,” 

both the olefin mixture and the gaseous product are fed to Reactor R3, which is loaded with an 

Amberlyst-36 solid acid catalyst. This scheme represents the case with minimal separations. For 

“case B,” light products are separated using a lean oil scrubber and the olefin mixture is 

processed in Reactor R3. The resulting long-chain olefin product is finally hydrogenated into 

paraffin fuel in Reactor R4 using a 3% Pt/Al2O3 hydrogenation catalyst. In this process, the H2 

product is used so externally supplied H2 is not needed. In this report, we also disclose catalytic 

performance results for the ZnxZryOz mixed-oxide catalyst used for the conversion of C2
+ mixed 

oxygenates, derived from an Rh-based syngas conversion catalyst, to isobutene-rich mixed 

olefins.  Then, we demonstrate oligomerization of this mixed olefin to a jet-fuel range 
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hydrocarbon. Furthermore, we comparatively assess catalytic performance results for solid-acid 

catalysts (HZSM-5, HY, and Amberylyst-36) for oligomerization under industrially relevant 

conditions. 

Experimental 

Catalyst preparation 

An Rh-based catalyst (catalyst H-A) was prepared by incipient wetness impregnation for 

converting syngas to mixed oxygenates. Details regarding the synthesis can be found in a 

previous report published by PNNL.16 For conversion of mixed oxygenates to olefins, the 

Zn1Zr10O2 mixed-oxide catalyst was synthesized via incipient wetness impregnation of Zr(OH)4  

with an aqueous solution of Zn(NO3)2 .6H2O.23,24 Prior to impregnation, the Zr(OH)4 support was 

dried overnight at 105°C. After impregnation, the catalyst was dried overnight at room 

temperature followed by 4 hours at 105°C, calcining at 400°C for 2 hours, and final calcining at 

550°C for 3 hours. The molar ratio of Zn:Zr was equal to 1:10. For the oligomerization of 

olefins, three commercial catalysts were tested: 1) an Amberlyst-36 resin (Romm and Haas), 2) a 

HZSM-5 zeolite (Zeolyst international, SiO2:Al2O3 = 30, CBV 3024E), and 3) an HY zeolite 

(Zeolyst international, SiO2:Al2O3 = 30, CBV 720). The two zeolites were calcined under air at 

500°C for 4 hours prior to use. 

Reactivity Measurements 

Mixed oxygenates conversion to an isobutene-rich olefin mixture (Reactor R2) 

Catalytic activity tests for the conversion of aqueous oxygenated feeds were conducted in a 

4.57-mm inner-diameter (ID) fixed-bed reactor loaded with 1.0 g of Zn1Zr10O2 mixed-oxide 

catalyst. A K-type thermocouple was placed in the middle of the reactor bed for measurement of 
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the catalyst bed temperature. Temperature gradients were minimized through the use of an 

electrical resistance heating block. Prior to testing, catalysts were activated in situ at 450°C for  

8 hours under N2 introduced into the system using Brooks mass flow controllers (5850E series). 

Then, the aqueous oxygenated mixture was fed into the system using an ISCO syringe pump and 

a vaporizer consisting of 6.6-mm ID stainless steel tubing filled with quartz beads. The effects of 

conversion and selectivity were measured over a range of temperatures (375 to 450°C), pressures 

(1 to 21 bar), and gas-hour-space-velocities (GHSV = 340 to 7500 h-1) as specified in the text. 

Gaseous effluents were analyzed online using an Inficon micro-gas chromatograph (GC) (Model 

3000A) equipped with MS-5A, Plot U, alumina, and OV-1 columns and a thermal conductivity 

detector. Liquid products were analyzed offline using liquid chromatography. When catalyst 

regeneration was performed, the catalysts were treated in situ under flowing 5% O2/He at 550ºC 

for 8 hours. Upon completion, the catalyst was cooled to the desired reactor operating 

temperature under N2.  

Olefin oligomerization (Reactor R3) 

The reactivity measurements for the oligomerization of olefins were conducted in the gas 

phase using a 9.1-mm ID fixed-bed reactor. A K-type thermocouple placed in the middle of the 

catalyst bed (60 to 100 mesh catalyst particles) was loaded between two layers of quartz wool. 

Before each test, the catalysts were pre-treated in situ under N2 (50 sccm) overnight at 120°C for 

the Amberlyst-36 or 350°C for the zeolites. Then, the temperature was increased to the desired 

reaction temperature (140 to 250°C), the N2 flowrate was adjusted to required flowrate, and the 

olefin(s) was fed into the system using an ISCO syringe pump and a vaporizer consisting of  

6.6-mm ID stainless steel tubing filled with quartz beads. Olefin conversions were measured 

over a range of WHSVs = 0.5 to 20 hr-1 at pressures between 5 to 17 bar and temperature equal 
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to 140°C for the Amberlyst-36 wet and 250°C for the zeolites. Gaseous effluent was analyzed 

using an Inficon micro GC (Model 3000A) equipped with MS-5A, Plot U, OV-1 columns, and a 

thermal conductivity detector. Liquid products were analyzed offline using an Agilent GC-mass 

spectrometer equipped with a DB-5 column. The WHSV was calculated as follows: 

WHSV = grams olefin(s) fed per hour ÷ grams of catalyst 

Hydrogenation of olefins (Reactor R4) 

The olefins product from reactor R3 was hydrogenated in an autoclave (reactor R4) loaded 

with a 3% Pt/Al2O3 (Engelhard) operating at 200ºC (ramp 3.3ºC/min) with an H2 pressure of  

52 bar for a period of 7.5 hours. Note that an autoclave reactor was used for practical reasons, 

but a fixed-bed reactor would be used in a commercial application. Simulated distillation of the 

organic products also was conducted following ASTM D2887. 

Results and discussion 
 

Syngas conversion to mixed oxygenates (Reactor R1) 

Conversion of biomass-derived syngas to higher alcohols such as ethanol has been the 

subject of much research.1, 15 Supported Rh-based catalysts have the highest activity and 

selectivity for the formation of ethanol and other C2
+ oxygenates because of their ability to 

catalyze both CO dissociation and CO insertion.15 Advances made at PNNL in developing an 

Rh-based catalyst (Reactor R1, Figure 1) with the goal of achieving high selectivity to C2
+ 

oxygenates from syngas have been reported previously.16-18, 25 This effort culminated in the 

design of an RhMnIr-based catalyst supported on carbon.16 This catalyst provides a selectivity to 

C2
+ oxygenates of 73% when operating under syngas with a H2:CO molar ratio of 1.3 (containing 
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3 mol% CO2), at 80 atm, 260oC, and a GHSV of 13,000 L/kgcat/hr (see Table 1 for testing 

condition details). As disclosed in our earlier report, this catalyst was evaluated for stability and 

tested continuously for 2300-plus hours.16 Condensed liquid product was periodically collected 

for analysis during the course of this duration testing. At the completion of the 2300-plus hour 

evaluation, all of the liquid samples were combined, analyzed, and the resulting complex mixture 

composition is shown in Table 2. This oxygenated mixture was used as feed for Reactor R2 

(Figure 1), which produces the isobutene-rich olefin stream. 

Mixed oxygenates conversion to an isobutene-rich olefin mixture (Reactor R2) 

Conversion of ethanol to isobutene in a single catalytic step, with a high theoretical yield of 

83%, was recently reported by Sun20, 26 and Liu21 when using a ZnxZryOz mixed-oxide type 

catalyst with balanced acid-base sites. Traditionally, catalysts designed for acetone production 

from ethanol27, 28 or isobutene production from acetone29-31 are separately employed. Only 

recently were these reactions demonstrated in tandem when using ZnxZryOz that selectively 

facilitates the ethanol-to-isobutene cascade reaction. A simplified reaction mechanism is shown 

in Figure 2.22 Ethanol first undergoes ethanol dehydrogenation and ketonization reactions thus 

producing acetone.  ZnO addition offers the necessary basic sites while also suppressing most of 

the strong acid sites responsible for undesirable ethanol dehydration.20, 26  Acetone then 

undergoes aldol condensation and C-C cleavage over acid sites, while the formation of acetone 

decomposition products (CH4 and CO2) is largely suppressed.20, 26  It was shown that acetone 

acts as the key intermediate in ethanol-to-isobutene, and the reaction is limited by the acetone-to-

isobutene conversion.26  It should be noted that metisyl oxide is a commonly considered 

intermediate in the acetone-to-isobutene reaction (as illustrated in Figure 2).22, 26 However, recent 

isotopic labelling experiments performed by Sun et al. when using a ZnxZryOz catalyst 
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characterized by Lewis acid-base pairs (and devoid of Brönsted acidity) indicate diacetone 

alcohol directly decomposes to a surface acetate, whereby the dehydration intermediate metisyl 

oxide was largely not formed.26  In either case isobutene is ultimately produced.  The idealized 

net reaction for the ethanol-to-isobutene reaction is shown in Equation 1.  Byproducts include H2 

and CO2 and the theoretical carbon selectivity is 66.7 mol%. 

3CH3CH2OH + H2O → i-C4H8 + 2CO2 + 6H2   Eq. (1) 

In our earlier study, we reported on the extended utility of a ZnxZryOz catalyst for conversion 

of additional oxygenates that, in addition to ethanol, include acetic acid, acetaldehyde, ethyl 

acetate, and mixtures thereof.22 Ethanol, acetic acid, and acetaldehyde all result in similar 

product distributions, which is not unexpected as acetic acid and acetaldehyde are intermediates 

within the reaction network from ethanol as illustrated in Figure 2.  Ethyl acetate in the presence 

of water undergoes hydrolysis to form ethanol and acetic acid, both of which then proceed along 

the same reaction pathway thus rendering a similar product distribution with isobutene and CO2 

being the primary products.22 In addition, we also demonstrated scalability to higher carbon 

number analogs. For example, propanol was found to produce branched C6 olefins over ZnxZryOz 

in a pathway analogous as that followed for the conversion of ethanol to isobutene. Formation of 

2-butanone was demonstrated to be the rate limiting ketone intermediate analogous to acetone in 

the case of ethanol. Thus, in our prior report, we establish the versatility and efficiency of the 

ZnxZryOz catalyst for converting complex aqueous mixtures of oxygenated compounds into 

olefins, and we discuss in detail the reaction mechanism.22 In this paper, we demonstrate the use 

of an actual aqueous mixed oxygenated product derived from the RhMnIr-based syngas 

conversion catalyst as feedstock. We also explore the effects of industrially relevant conditions 

such as temperature, GHSV, and pressure on catalytic performance. 
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Reactor R2 (Figure 1) was loaded with Zn1Zr10O2 catalyst and the effects of temperature, 

pressure, and GHSV were evaluated. Figure 3 presents the effect of temperature on product 

selectivity at almost full conversion (≥94%). Conversion of the complex oxygenate feed mixture 

(Table 2) over Zn1Zr10Oz leads primarily to the formation of olefins (predominantly butenes with 

some ethene, propene, and pentenes), ketones (mainly acetone, with some 2-butanone), and CO2. 

As the temperature increases from 375 to 450ºC, selectivity for ketones decreases significantly 

while selectivity for olefins increases. This finding supports the proposed mechanism in which 

the C2 oxygenates (e.g., ethanol, acetic acid, acetaldehyde) are rapidly converted into ketones 

(e.g., acetone) and a second, rate-limiting step in which ketones are transformed into olefins.22 

Ethyl acetate is believed to hydrolyze to ethanol and acetic acid, thereby converting along the 

same pathway.22 The CO2 selectivity is stable at approximately 35% over the range of 

temperatures investigated. Production of CO2 results from conversion of ethanol, acetaldehyde, 

and acetic acid, and it is required as dictated by stoichiometry. Carbon dioxide also is produced 

from methanol as a result of methanol steam reforming.22 While the methane selectivity is low at 

approximately 2% at 425ºC, it increases to approximately 3.5% at 450ºC, and substantially 

further at elevated temperatures.  Decomposition of acetone at higher temperatures is speculated 

to be the source of methane production.22 At 450ºC, a 48% yield to olefins was attained, which 

corresponds to approximately 70% of the stoichiometric yield. Further parameters were 

investigated while operating Reactor R2 at 450ºC. 

Product selectivity as a function of GHSV while operating at 450ºC and at 100% carbon 

conversion are shown in Figure 4. When the GHSV decreases from 7400 to 1900 h-1, butene 

selectivity increases from ~25 to 33%, and acetone selectivity decreases from ~23 to 6%. 
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Decreasing GHSVs favor conversion of ketones into olefins. Methane selectivity also is 

enhanced at lower GHSV values.  

The effect of operating pressure on product selectivity is illustrated in Figure 5. At a 

GHSV of 340 h-1, complete conversion of the acetone intermediate is achieved. Increasing the 

pressure from 1 to 21 bar has a negative effect on the product distribution as indicated by the 

butene selectivity, which decreases from ~43 to 32% as propene formation increases from ~12 to 

20%. Propene formation is believed to occur as a result of acetone hydrogenation that is 

facilitated by higher pressures.22 In our prior study it was demonstrated that for acetic acid 

conversion over Zn1Zr10Oz increasing the amount of H2 in the carrier gas corresponded to 

increasing propene formation.22  In fact, in the absence of H2 no propene was formed.22  From a 

practical standpoint, propene is less desired because its oligomerization to C13
+ is more difficult 

compared to that of butene. Undesirable methane and CO formation also increases with 

increasing pressure, but selectivity to each is still relatively low at ≤3% even at 21 bar. The 

results shown in Figure 5 indicate that lower pressures are preferred to convert the mixed 

oxygenates into C4-rich olefins. However, in an integrated process, Reactor R2 would likely be 

operated under some pressure to allow for easier separation of the olefin products from the 

aqueous phase. 

A 24-hour stability test was conducted using the Zn1Zr10Oz catalyst at 450ºC, 1 bar, and 

GHSV = 3700 h-1. As shown in Figure 6, acetone intermediate product conversion to butenes 

decreases slightly with time on stream, which is indicative of a catalyst deactivation. However, 

we have previously shown that the catalyst can be easily regenerated with a mild oxidative 

treatment under air at 500ºC.22 
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Hence, to optimize the formation of desired olefins product, Reactor R2 should be 

operated at a temperature (e.g., 450ºC) and a GHSV (e.g., 340 h-1) that favor conversion of the 

ketone intermediates. This reaction can be accomplished at atmospheric pressure; however, the 

system is typically pressurized to some extent to facilitate organic-aqueous separations. 

Olefin oligomerization (Reactor R3) 

While the oligomerization of olefins is practiced widely in the petrochemical industry, little 

has been reported regarding the use of mixtures of light olefins to produce a middle distillate. 

This lack of information thus necessitates studies such as this one to identify suitable catalysts 

and industrially relevant process conditions. 

Oligomerization of isobutene 

The olefin product stream from the mixed oxygenates Reactor R2 contains isobutene as the 

major olefin product. Thus, isobutene was chosen as a representative feed for oligomerization 

catalyst screening and parametric investigations. Sulfonic acid resins and zeolites are commonly 

used catalysts for olefin oligomerization.32,33,34,35 Catalytic activities of HY zeolite (SiO2/Al2O3 = 

30), HZSM-5 zeolite (SiO2/Al2O3 = 30), and a sulfonic acid resin Amberlyst-36 were evaluated 

for the oligomerization of isobutene. The catalysts were tested under similar reaction conditions 

except for the reaction temperature since Amberlyst-36 deteriorates at temperatures above 150ºC 

and higher reaction temperatures are typically required for gas phase oligomerization over 

zeolites.10, 36 Product selectivities and C7
+ yields are presented in Table 3. For both zeolites, 

undesired C1‒C6 compounds were produced, and no C16
+ compounds were formed. Jet fuel 

typically contains C8 up to C16 hydrocarbons.37,38 Selectivity toward C7‒C12 olefins and paraffins 

is approximately 74% for both zeolites. As shown in Table 3, olefins are major components 
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produced over HY, whereas paraffins are the predominant components produced over HZSM-5. 

Hydrogen transfer is speculated to occur more easily over HZSM-5, leading to hydrogenation of 

the olefins. Note that no aromatics were detected in the liquid product stream to prove that 

hydrogen transfer is responsible for the olefins hydrogenation into paraffins. However, during 

reaction H2 was detected on-line in the gas stream when the HZSM-5 was used which suggests 

that hydrogen transfer occurs. Yield toward C7‒C12 hydrocarbons is relatively high and range 

from 74 to 80% with the zeolites, thus forming hydrocarbons that primarily fall into the gasoline 

range. Amberlyst-36 distinguishes itself from the zeolites in that a significant amount of 

branched C16
+ hydrocarbons (i.e., 14.6%) and C8‒C12 cyclic compounds (i.e., 34%) were 

produced, but no C1‒C6 hydrocarbons were formed. Note that this is likely due to the fact that 

the Amberlyst-36 was tested at lower temperature as compared to the zeolites and cracking 

reactions are less favored. In addition, the C7‒C12 olefins and paraffins are highly branched 

compared to those products when zeolites were used. This is attributed to the difference in 

porosity since the branching degree of oligomerization products increases with the pore size36 

and the pores diameter of the Amberlyst 36-wet is equal to 24 nm and is one order of magnitude 

higher than the one for the zeolites. Because branched long-chain hydrocarbons and cycloalkanes 

are desirable for jet fuel38,39 and the yield toward these desired compounds is >98%, Amberlyst-

36 is a promising oligomerization catalyst for bio-jet fuel production; therefore, it was chosen as 

the oligomerization catalyst for Reactor R3 of the integrated process. The effect of the process 

conditions such as WHSV and pressure were investigated. 

The effect of the WHSV on selectivity was investigated at full conversion, 17 bar, and 140ºC 

(Figure 7). The C7‒C12 olefin selectivity increases from 45 to 60% when the WHSV increases 

from 0.6 to 2.6 h-1. On the contrary, the C16 olefin selectivity and the C8‒C12 cyclic compound 
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selectivity decreased with an increase of WHSV. Note that cracking is negligible over the range 

of WHSVs studied because selectivity toward C1‒C6 paraffin is ≤2%. These results show that the 

nature of the hydrocarbon fuel (gasoline or jet fuel) can be modulated by varying space velocity. 

While higher GHSVs favor the formation of a gasoline-range fuel, lower GHSVs can be used to 

produce longer hydrocarbon chains (i.e., C16 olefins) and cyclic compounds appropriate for jet 

fuel.40 Figure 8 presents the evolution of selectivity with increasing pressure from 7 to 17 bar 

over Amberlyst-36 at full conversion, 140ºC, and WHSV = 1.3 h-1. The selectivity toward C1‒C6 

paraffins is negligible (<2%), and the selectivity toward other product types (i.e., C7‒C12 olefins, 

C8‒C12 cyclic compounds and C16 olefins) is very similar for pressures between 7 and 17 bar. It 

is probable that under the conditions tested the C7-C12 products are in condensed phase. A 

pressure equal to 7 bar seems sufficient to produce long-chain hydrocarbons (C7
+) when using 

isobutene as a feed. For practical applications, it is essential to maintain high selectivity toward 

desired long-chain olefins (C7
+) over time with minimal deactivation. The evolution of 

selectivity at 100% conversion and for a period of 70 hours was demonstrated, and results are 

shown in Figure 9 with the reactor operating at 140ºC, 17 bar, WHSV = 1.3 h-1, and 100% 

conversion. The catalyst selectivity is very stable with time-on-stream (TOS) over this  

70-hour duration. 

Amberlyst-36 was found to be the preferred oligomerization catalyst over HZSM-5 and HY 

zeolites. Operating parameters were investigated using isobutene as feed, and conditions 

favorable to the formation of jet-range hydrocarbons (T = 140ºC, P = 17 bar, WHSV =0.6 h-1) 

were established.  This catalyst system was studied further for oligomerization using the 

isobutene-rich olefin mixtures derived from the mixed oxides catalyst (Reactor R2). 

Oligomerization of olefin mixtures 
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For the integrated process described here, two cases were considered for the oligomerization 

step. For “case A,” the olefin products derived from Reactor R2 remain in the gas phase while 

water is condensed out. This gas phase, which contains the olefins, H2, CO2, and traces of both 

CO and C1‒C3 alkanes, is sent directly to the oligomerization step (Reactor R3). This scheme 

represents the case with minimal separations. For “case B”, the olefin products from Reactor R2 

are separated using a lean oil scrubber and thus separated from the water and gaseous effluent 

(H2 + CO2 + CO + C1‒C3 alkanes). In this scenario, only the scrubbed olefin product is fed to the 

oligomerization Reactor R3.  Process conditions for the oligomerization step (Reactor R3) were 

evaluated for both cases.  

First, “case A” is considered where the product mixture from Reactor R2 after water 

separation is directly sent to the oligomerization reactor (Reactor R3), which is loaded with 

Amberlyst-36 and operated at 140ºC. Olefin conversion versus TOS, when operating at 7 bar and 

WHSV = 0.05-0.1 h-1, is shown in Figure 10. Olefin conversion rapidly decreases with TOS. For 

example, conversion decreases from 93% (TOS = 4 hours) to 80% (TOS = 22 hours) when 

operating at WHSV = 0.1 h-1. Interestingly, when the pressure is increased to 14 bar, the olefin 

conversion is significantly more stable and decreases only slightly from 95% (TOS = 48 hours) 

to 93% (TOS = 70 hours). It is speculated that at lower pressure (i.e. 7 bar) the C7-C12 products 

are present in gas phase and they polymerize into higher molecular weight hydrocarbons 

blocking the active sites. On the contrary at higher pressure (i.e. 14 bar) the C7-C12 hydrocarbons 

are present in condensed phase and they do not polymerize. A further investigation would be 

required to validate this hypothesis. One also can see from Table 4 that selectivity toward the 

C7‒C12 olefins + paraffins product (67.6%) is the highest at 14 bar, implying that oligomerization 

is favored at higher pressure. Note that this result is in agreement with findings reported 
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previously for n-butene oligomerization over Ni-HZSM-5 where the trimerization was favored at 

40 bar as compared to 10 to 20 bar.41 In “case A” reported here, C12
+ olefin products were not 

observed, thus the hydrocarbon product slate falls into the gasoline range. The olefin mixture 

was highly diluted in the H2 + CO2 gas mixture, and the partial pressure of the olefins is believed 

to be too low to favor the oligomerization. It is worth mentioning that the H2 and CO2 both 

present in high concentrations in the gas stream are not believed to affect the catalyst stability or 

selectivity because separate experiments presented Table 7 and conducted in the presence of 

isobutene + H2 or CO2 as a feed mixture showed similar results as to when the feed stream 

contains only isobutene. The addition of H2 and CO2 in the feed does, however, add considerable 

diluent thus requiring larger oligomerization reactor size than if they were omitted. 

Next, “case B” is considered where H2 and CO2 are separated from the product stream prior 

to oligomerization. In this case, only olefins produced from Reactor R2 are sent to the 

oligomerization Reactor R3 after being scrubbed out. The olefin product stream from Reactor R2 

primarily contains butenes, but pentenes and an appreciable amount of propene formed in part 

due to the higher operating pressure used for Reactor R2 also are present. Because the 

butene\propene\pentene ratio changes depending on how reactor R2 is operated, three different 

olefin mixtures were evaluated, and the results are shown in Table 5. Low WHSV (<1 h-1) was 

used to favor the formation of longer-chain (C12
+) olefins. The results presented in Table 6 for 

each feed mixture show the presence of a large amount of C7‒C12 olefins + paraffins (≥49%) and 

C8‒C12 cyclic compounds (≥19%), as well as some C1‒C6 olefins product (3-13%) and some 

C12
+ olefins (4-15% and mainly C13‒C16). An increase of the C1‒C6 olefins products and C12

+ 

olefins is observed with a decrease of the WHSV. Correspondingly, the C7‒C12 olefins 

production increases with increasing WHSV. The C8‒C12 cyclic hydrocarbon selectivity is 
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relatively stable within the range of WHSVs studied between ~25 and 30%.  This is in agreement 

with our result obtained for the oligomerization of isobutene (Figure 7) and confirms that lower 

WHSVs (<1 h-1) favor the formation of C12‒C16 hydrocarbons that are desired for jet fuel. It is 

also shown that the composition of the feed mixture affects the product selectivity.  

Comparing results between the use of Mixtures A and B as feedstocks reveals the 

consequences that the mixed oxide derived olefin product composition (Reactor R3) has on 

subsequent oligomerization performance (Reactor R4). At comparable WHSVs, more propene 

and less pentene in the feed leads to a decrease of both the C12
+ olefins and C1‒C6 olefin product 

selectivities. Thus, both the feed composition and WHSV value can significantly impact 

hydrocarbon distribution of the oligomerization step. The olefin product obtained after 

oligomerization of Mixture B was hydrogenated in Reactor R4, which was loaded with 

3%Pt/Al2O3 and operated at 200ºC and P = 52 bar for a period of 7.5 hours. Simulated 

distillation of the resulting hydrocarbon product is shown in Figure 11. A major fraction of the 

hydrocarbon products equal to ~75% lie in the 150 to 300ºC boiling point span, which is within 

the jet-fuel range. This integrated catalytic approach appears as a likely renewable energy 

process for producing aviation fuels. Note that the compatibility of the hydrocarbon products 

with jet fuel could be further improved by tuning the process conditions for the oligomerization 

step and obtaining a higher C16:C8 olefins ratio. This could also be accomplished by recycle of 

the light olefins (e.g., C7 and C8) in the oligomerization step which would assist in increasing 

chain growth.42  

Carbon efficiency for the integrated process  

A summary of the process conditions and carbon efficiencies for each step within the 

integrated syngas-to-jet range hydrocarbon process presented in Figure 1 (case B) is shown in 

Page 19 of 40 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



Table 8.  Complete techno-economic analysis for the integrated process is being performed 

which will assess overall energy efficiency as well as provide a cost analysis.  Here we consider 

the carbon efficiency for each of the catalytic steps presented in the integrated process.  In the 

Rh-catalyzed syngas conversion step approximately 73% of the converted carbon forms the 

condensable mixed oxygenates shown in Table 2 (primary constituents include ethanol, acetic 

acid, acetaldehyde, and ethyl acetate).16  The rest of the converted carbon include primarily light 

hydrocarbons16 that would be utilized as fuel gas.  It should be noted that unreacted syngas 

would be recycled to the mixed oxygen synthesis reactor.  Resulting aqueous mixed oxygenate 

mixture was demonstrated to produce C3-C5 olefins over Zn1Zr10Oz with approximately 59% 

yield for the conditions as reported in Figure 4 (450ºC, 15 bar, 340 h-1).  The vast majority of the 

additional carbon is lost as CO2 (~33% yield) as a consequence of the ketonization reaction (see 

Figure 2).  The C3-C5 olefins were quite selectively oligomerized to a C7-C16 olefin using 

Amberlyst-36 solid acid resin (95% yield) under the conditions as shown in Table 6 (140ºC, 21 

bars, 0.446 h-1).  Hydrotreatment is then necessary to produce a saturated hydrocarbon suitable 

for jet blendstock.  Simulated distillation indicate approximately 75% of the oligomerized 

product to be in the jet range, however, optimization of the oligomerization could improve yield 

to jet, for example, recycle of the lighter C7 and C8 olefins would further increase chain growth.   

For the integrated process we demonstrate an overall carbon selectivity of approximately 

41%. As discussed above significant carbon loss occurs as a result of the ketonization reaction 

that occurs within the oxygenate-to-olefin conversion step.  For this reason we are currently 

exploring alternative C-C coupling reactions such as Guerbet coupling of ethanol43, 44 that after 

dehydration also produce a C4 olefin but without the stoichiometric requirement of CO2 
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production.    An overarching benefit of C4 olefin oligomerization is that resulting carbon length 

can be readily tailored to desired transportation fuel specification.   

Conclusion 

Efficient conversion of biomass derived syngas into drop-in fuels was demonstrated with a 

novel integrated catalytic process consisting of four chemical reactors operating in series. The 

approach first converts syngas into a complex mixture of C2
+ oxygenates that then are 

transformed into an isobutene-rich olefin mixture. Oligomerization of the light olefin mixture 

leads to a high yield (>80%) of C7
+ olefins that are then hydrogenated, ultimately resulting in a 

high molecular weight paraffin product. Oligomerization of light olefins enables process 

flexibility in the production of diesel- and/or jet-fuel range hydrocarbons. Overall, we 

demonstrate a carbon efficiency of approximately 41% for this integrated syngas-to-jet range 

hydrocarbon process. While applicable to syngas, the upgrading technology offered by the 

ZnxZryOz mixed-oxide type catalyst also offers tremendous versatility as it can accommodate a 

variety of C2
+ oxygenated feedstocks. For example, cheaper feedstocks such as ethanol and 

acetic acid that are derived from the fermentation of carbohydrates could be used in lieu of 

syngas.  
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Table 1. Summary of Test Condition used for Stability Evaluation of PNNL Rh-Based Catalyst 
Previously Developed for the Conversion of Syngas to Mixed Oxygenates.  Reprinted 
with Permission from Reference 16.16

  

Catalyst ID H-A 

Pressure  83 bar 

Temperature 260°C 

Gas Compositiona 1.3/1.0 H2/CO Ratio with 3.4% N2, 3.4% CO2 

GHSV 13,000 L/kgcat/hr 

Time Online before Long-Term Test 267 hours 

Total Time at Test Conditions 2,373 hours 

a The nominal feed gas was achieved by mixing a measured flowrate of a gas mixture 
containing 2/1 H2/CO ratio with 4% N2, 4% CO2, with a separate flowrate of 100% CO to 
achieve the desired 1.3/1 H2/CO ratio.  There were periods when the mixture was achieved by 
mixing separate flowrates of pure CO, pure H2 and pure N2 at rates to achieve a 1.3:1 H2:CO 
ratio with 8% N2. 

 

Table 2. Composition of the Mixed Oxygenate Product Obtained from Syngas Conversion over 
the Rh-Based Catalyst. Smaller amounts of minor oxygenate products are not reported 
here (<2 wt% total). 

 
Component wt% 

Methanol 0.8 

Ethanol 20.5 

1-Propanol 0.8 

1-Butanol 0.8 

1-Pentanol 0.2 

Acetic Acid 10.0 

Acetaldehyde 10.5 

Ethyl Acetate 9.9 

Water 46.5 

Sum 100.0 
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Table 3. Oligomerization of Isobutene over HY, HZSM-5, and Amberlyst-36 Catalysts. Feed 
composition: 70% isobutene, 30% N2. 

Catalyst HY HZSM-5 Amberlyst-36 

Reaction temperature ( ºC) 250 250 140 

WHSV (h-1) 1.3 1.1 1.3 

Time-on-stream (hours) 21 17 31 

Conversion (%) 100 100 100 

Selectivities (%)    

C1‒C6 olefins 13.4 4.7 0 

C1‒C6 paraffins 6.4 20.9 0 

C7‒C12 olefins 67.9 26.9 49.9 

C7‒C12 paraffins 6.2 47.5 1.5 

C16
+ olefins 0 0 14.6 

C8‒C12 cyclic hydrocarbons 6.1 0 34.0 

C7
+ yield 80.2 74.4 98.4 

 

Table 4. Hydrocarbons Product Distribution for Oligomerization of Olefins with Reaction 
Conditions Reported in Figure 9. Catalyst: Amberlyst-36, T = 140ºC.The carbon 
balance for the whole process is between 76-83% depending on the reaction 
conditions. 

WHSV 

(h-1) 

Pressure Hydrocarbon products distribution (%) 

(bar) C1‒C6 olefins + paraffins C7‒C12 olefins + paraffinsa C8‒C12 cyclic hydrocarbons 

0.1 7 46.2 46.6 7.3 

0.05 7 41.1 51.8 7.1 

0.1 14 23.9 67.7 8.4 

Page 24 of 40Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



a Less than 3% paraffin 

 

Table 5.  Composition of the Olefin Mixture used as a Feed for Oligomerization Reactor R3. 

Olefins Mixture Propene (mol%) Isobutene (mol%) Pentene (mol%) 

Mixture A 10.8 77.3 11.9 

Mixture B 19.2 75.8 4.1 

 

Table 6. Selectivities for the Oligomerization of Olefin Mixture over Amberlyst-36 at  
T = 140ºC, P = 21 bars and Conversion = 100%. The carbon balance for the whole 
process is between 90-98% depending on the reaction conditions. 

 

Olefin  

Mixture  WHSV (h-1) 

Selectivities (%) 

C1‒C6 

olefins 

C7‒C12 olefins + 

paraffinsa C12
+ olefinsb  

C8‒C12 cyclic 

hydrocarbons 

Mixture A 0.378 12.7 c 52.3 15.3 19.7 

Mixture B 0.223 11.1 49.2 13.9 25.8 

 0.446 4.9 58.4 5.9 30.8 

 0.891 2.8 64.9 4.0 28.3 

a Less than 2% paraffins,  
b mostly C13‒C16 olefins 
c half olefins and half paraffins 
 

 

Table 7. Influence of the carrier gas on the conversion and selectivities for the oligomerization 
of isobutene over Amberlyst-36 at T = 140ºC, WHSV = 20 h-1 and P = 7 bar. Isobutene = 70% 
and balance carrier gas (N2 or H2 or CO2) = 30%. 

Feed 
Conversion 

(%) 

Selectivities (%) 

C1‒C6 olefins 
 

C7‒C12 olefins 
 

C16 olefins 
 

C8‒C12 cyclic 
hydrocarbons 

isobutene + N2 89 3.0 77.7 9.8 9.5 

isobutene + H2 87 3.2 75.6 10.6 10.6 

Isobutene + 87 4.4 79.2 6.9 9.5 
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CO2 

 

Table 8. Process condition summaries and carbon efficiencies for each step within the integrated 
syngas-to-jet range hydrocarbon process depicted in Figure 1 “case B”.   

Catalytic Stepa 
Conversion 

(%) 
Catalyst 

 

Conditions 

 

Reference 

Carbon 

Efficiency 

(%) 

Mixed Oxygenate 

Synthesis 

(from syngas) 

~ 30 

(single pass) 
Rh-based 

T = 260ºC 

P = 83 bar 

GHSV ~ 13,000 h-1 

Ref 16 73b 

Olefin Production 100 Zn1Zr10Oz 

T = 450ºC 

P = 15 bar 

GHSV = 340 h-1 

This work, 

Figure 5 
59c 

Oligomerization 100 Amberlyst-36 

T = 140ºC 

P = 21 bar 

WHSV = 0.446 h-1 

This work, 

Table 6 
95d 

Hydrotreatment 100 3%Pt/Al2O3 
T = 260ºC 

P = 52 bar 
This work ~100e 

TOTAL     41f 

a Demonstrated using bench-scale continuous flow reactors except for the more conventional 
hydrotreatment  step which was performed in a batch reactor.   
b Carbon selectivity to the condensable mixed oxygenate products shown in Table 2.   
c Carbon selectivity to propene (17.9%), butenes (34.3%), and pentenes (7.1%).  
d Selectivity to C7

+ olefins.  Note that in application recycle of the C7 and C8 olefins would likely be 
necessary in the oligomerization step in order to further increase chain growth.     
e Olefin saturation selectivity.   
f Approximate overall carbon selectivity for the conversion of syngas to C7-C16 saturated hydrocarbons.   
 

Page 26 of 40Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

Figure 1. Schematic Representations for Two Cases, Each with Different Separation Schemes, for the Integrated Processes of 
Catalytic Conversion of Biomass-Derived Syngas into Transportation Fuels (with major intermediates identified). 
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Figure 2. Simplified reaction network for the conversion of ethanol to isobutene (and major 
side products).  Reprinted with permission from Reference 22.   
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Figure 3. Effect of Temperature on the Selectivity for Conversion of Mixed Oxygenates  
(40% in N2) to Olefins in Reactor R2 and over Zn1Zr10Oz. Selectivity to minor 
products is presented in the insert.  Conversion ≥ 94%, GHSV= 3,700 h-1, P = 21 bar. 
The other oxygenates consists primarily of 2-butanone and C2‒C5 are alkanes. 
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Figure 4. Effect of GHSV on Selectivity for Conversion of Mixed Oxygenates (40% in N2) to 
Olefins in Reactor R2 and over Zn1Zr10Oz. Selectivity to minor products is presented 
in the insert.  Conversion = 100%, T = 450ºC, P = 21 bar. The other oxygenates 
consists of 2-butanone and C2‒C5 are alkanes. 
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Figure 5. Effect of Pressure on Selectivity for Conversion of Mixed Oxygenates (60% in N2) to 
Olefins in Reactor R2 and over Zn1Zr10Oz. Selectivity to minor products is presented 
in the insert.  Conversion = 100%, T = 450ºC, GHSV = 340 h-1. The other oxygenates 
consists of 2-butanone and C2‒C5 are alkanes. 
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Figure 6.  Evolution of Butenes (consisting of predominantly isobutene) and Acetone Production 

with TOS for the Conversion of Mixed Oxygenates (40% in N2) to Olefins in Reactor 
R2 and over Zn1Zr10Oz. T = 450ºC, P = 1 bar, GHSV = 3700 h-1. 
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Figure 7. Evolution of the Selectivity for Isobutene Oligomerization over the Amberlyst-36 
Catalyst as a Function of WHSV, T = 140ºC, P =17 bar, Conversion = 100%, 
Isobutene/N2 (molar) = 70/30. 
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Figure 8.   Evolution of the Selectivity for Isobutene Oligomerization over the Amberlyst-36 
Catalyst as a Function of the Pressure. T = 140ºC, WHSV = 1.3 h-1, conversion = 
100%, isobutene/N2 (molar) = 70/30. 
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Figure 9. Evolution of the Selectivity with TOS for Isobutene Oligomerization over 
Amberlyst-36. T = 140ºC, P = 17 bar, WHSV = 1.3 h-1, conversion = 100%, 
isobutene/N2 (molar) = 70/30. 
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Figure 10. Evolution of the Olefins Conversion with TOS for the Oligomerization of Olefins 
from Reactor R2 (“case A”). Catalyst: Amberlyst-36. Feed composition: H2=33%, 
CO2=13%, butenes =3- 4.2%, propene = 2%, pentenes = 1-3.5%, CO =0.6-0.9%, 
traces of ethane and propane (<0.03%), balance N2.  T = 140ºC, P = 7-14 bar, 
WHSV = 0.05-0.1 h-1. 
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Figure 11.  Simulated Distillation Profile of the Hydrotreated Fraction (post-Reactor R4).  
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