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ABSTRACT Direct catalytic upgrading of biomass-derived fast pyrolysis vapors can occur in 

different process configurations, under either inert or hydrogen-containing atmospheres. This 

review summarizes the myriad of different catalysts studied, and benchmarks their deoxygenation 

performance by also taking into account the resulting decrease in bio-oil yield compared to a 

thermal pyrolysis oil. Generally, catalyst modifications aim at either improving the initial 

selectivity of the catalyst to more desirable oxygen-free hydrocarbons, and/or to improve the 

catalysts’ stability against deactivation by coking. Optimizing pore structure and acid site 

density/distribution of solid acid catalysts can slow down deactivation and prolong activity. Basic 

catalysts such as MgO and Na2O/-Al2O3 are excellent ketonization catalysts favoring oxygen 

removal via decarboxylation, whereas solid acid catalysts such as zeolites primarily favor 

decarbonylation and dehydration. Basic catalysts can therefore produce bio-oils with higher H/C 

ratios. However, since their coke formation per surface area is higher, compared to microporous 

HZSM-5 zeolite, pre-coking (or imperfect regeneration) of these basic catalysts and operating for 

longer time-on-stream can be approaches to improve the oil yield. In-line vapor-phase upgrading 

with a dual bed comprising a solid acid catalyst followed by a basic catalyst active in ketonization 

and aldol condensation further improves deoxygenation, while maintaining high bio-oil carbon 

recovery. Also low-cost catalysts such as iron-rich red mud have deoxygenation activity. An 

improved bio-oil carbon recovery— compared at similar level of oxygen removal—can be 

obtained when changing from an inert atmosphere to a hydrogen-containing atmosphere and using 

an effective hydrodeoxygenation (HDO) catalyst. To keep costs low, this can be conducted at near-

atmospheric pressure conditions. Pt/TiO2 and MoO3/TiO2 showed high activity and reduced coke 

formation. Stable performance has been demonstrated using Pt/TiO2 for 100+ 

reaction/regeneration cycles with woody biomass feedstock. If future works can demonstrate the 
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same durability for lower cost biomass containing higher contents of ash, N, and S, this would 

considerably boost the commercial viability of near atmospheric pressure HDO. Further research 

should be directed into testing the durability of lower cost HDO catalysts such as  MoO3/TiO2 and 

further improving the activity and stability of lower cost catalysts.   

1 Introduction 
Fast pyrolysis is a thermal process that in the absence of air transforms biomass into a liquid bio-

oil product, along with smaller amounts of gas and char. The char and light gases can be burned 

to provide energy for the process, or in an alternative configuration, only the light gases are burned 

while the nutrient-containing char is returned to the field for soil improvements [1–4]. Up to ~75 

wt% of bio-oil can be produced, depending on the source of the raw biomass, operating conditions, 

and type of reactor. However, this includes 15-30 wt% water [5], corresponding to a 10-20% yield. 

Some desirable conditions to carry out biomass pyrolysis aiming at high liquid yield include high 

heat transfer rate, moderate reaction temperature between 450 and 550 °C, low pyrolysis vapors 

residence time (< 2 s) and rapid condensation of pyrolysis vapors after the reactor to minimize 

secondary reactions [6–22]. Fast pyrolysis is already a commercial technology for specialty 

applications such as the production of “liquid smoke” food flavorings [23–26], albeit working in 

a much smaller scale of 100 to 200 tons per day, while regular petroleum refining units process 

thousands of tons per day of fossil fuel streams [27]. Bio-oils are generally unstable, viscous and 

acidic. Therefore, bio-oil chemical characteristics require its further chemical conversion into a 

transportation fuel [28]. Producing liquid hydrocarbon fuels from biomass would have the 

advantage of significant CO2 savings, particularly if widely used in the existing fleet of passenger 

cars, for which it may still take up to decades until a high fraction of electrical vehicles is achieved. 
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Furthermore, the heavy transport sector (ships, trucks, aviation) will require green liquid 

hydrocarbon fuels to become sustainable.  

Bio-oils are much more acidic and contain higher amounts of oxygen and water compared to 

fossil fuel oil, leading to less than half of the heating value found in fossil fuel oil (Table 1). 

Although the petroleum industry has a wide experience in characterizing petroleum streams and 

derivatives, its experience with oxygenated compounds is limited, since petroleum acidity, with 

total acid numbers (TAN) of ~1 mg KOH/g, is much lower than that of bio-oil (Table 1). Also, the 

oxygenated compounds present in bio-oils are highly diversified, including ketones, acids, 

aldehydes and phenolics [29–41]. Exemplary components often found in the primary pyrolysis 

vapors are shown in Figure 1. The cellulose component of biomass is a linear polymer of glucose 

units and decomposes into furfural, levoglucosan, small aldehydes and ketones. The hemicellulose 

component consists of C5 and C6 sugars, and due to its branched structure and lower degree of 

polymerization it decomposes in a more facile manner, i.e., at lower temperatures, compared to 

cellulose. Lignin is a three-dimensional polymer with many phenolic rings, serving as a binder for 

cellulose and hemicellulose components in biomass. Lignin is the most difficult biomass 

component to thermally decompose and has a very high charring tendency. Its decomposition 

products include guaiacol, catechol, cresol and phenol. Oxygenated compounds are responsible 

for the bio-oil polar characteristics, allowing water dissolution, and making it immiscible with 

petroleum fractions. Biomass also contains alkali and alkaline earth metals (AAEMs), and they are 

typically non-volatile at pyrolysis temperatures, especially Ca and Mg. However, metal ions that 

get dissolved in the molten biomass during its decomposition are known to alter the secondary 

reaction pathways of cellulose and catalyze char formation [42–44]. As a result, the yield of liquid 

organics is reduced by an increased ash content of the biomass feedstock [45].  
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Table 1. Properties of heavy fuel oil and fast pyrolysis oils derived from woody biomass and wheat straw. The data 

was compiled from refs. [6,22,46–53]. 

  

Heavy fuel oil 

(fossil) 

Fast 

pyrolysis oil 

from wood 

Fast pyrolysis 

oil from straw 

Moisture content (wt. %) 0.1 15-30 26 

pH - 2.5-3.2 3.8 

TAN [mg KOH/g] <1 70-100 ~70 

Specific gravity 0.94 1.1-1.2 1.15 

HHV (MJ/kg, wet basis) 40 16–19 17.6 

Viscosity (measured at 50 °C) (cP) 180 20-100 25 

Distillation residue  0.2 up to 50% ~30% 

Elemental composition    

C (wt. % d.b.) 85 49-58 49-59 

H (wt. % d.b.) 11 5.5-7 6-8 

O (wt. % d.b.) 1 35-44 32-44 

N (wt. % d.b.) 0.3 0–0.2 0.4-1.6 

S (wt. % d.b.) 0.2-1 <0.05 0.07-0.08 

 

 

Figure 1. Composition of biomass and prevalent compounds frequently observed in thermal pyrolysis vapors 

[14,54–59]. 
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Due to their acidic nature (high TAN), introducing thermal fast pyrolysis oils into refineries 

would cause severe corrosion in commercial operation [60], requiring expensive equipment and 

feeding modifications to allow co-processing [61,62]. Hence, the quest to remove oxygen by 

catalytic vapor-phase upgrading [63–71] in order to improve miscibility with fossil oil, evaporation 

properties, reduce the extent of bio-oil aging during storage, residue formation upon heating, and 

limit the risk for plant corrosion [46,72–79]. Direct upgrading in the vapor-phase is simpler and 

requires less energy compared to first condensing and then reheating the oil, with known issues of 

fouling the catalyst and reactor by coke [80–83]. Since biomass pyrolysis vapors are such a 

complex mixture of hundreds of different oxygenates, several works have investigated the 

upgrading of single oxygenated compounds [84,84–96] or mixtures of oxygenates [95,97,98] for 

a better understanding of the reaction steps involved during upgrading.  

The scientific literature (excluding review articles) published during the last 20 years (Figure 2) 

shows a continued growth in studies related to biomass catalytic fast pyrolysis (CFP) and 

hydrodeoxygenation (HDO) of biomass pyrolysis vapors. Deoxygenation of biomass-derived 

pyrolysis vapors to produce higher quality fuels therefore remains a hot topic. This review attempts 

to summarize the output from recent research with particular focus on the achieved deoxygenation 

while taking into account the bio-oil yield, since both high yields and improved heating value are 

required to maximize the energy content transferred from the biomass into the fuel product. 
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Figure 2. Yearly output of research papers related to CFP and atmospheric HDO (Source: Web of Science). CFP 

topic keywords: (“cataly*” OR “upgrading” OR “deoxygenation”) AND ((“pyrolysis” AND “biomass”) OR 

(“bio$oil” OR “bio$fuel”)) NOT ("hydrodeoxygenation” OR "hydrogen" OR “HDO”). HDO topic keywords: 

("hydrodeoxygenation” OR "hydrogen" OR “HDO”) AND ("upgrading" OR "Cataly*")) AND ((“pyrolysis” AND 

“biomass”) OR (“bio$oil” OR “bio$fuel”)). For both CFP and HDO-related searches, review articles were excluded 

from the search in order to present more representative numbers for the increased (experimental) research efforts. 

Both CFP and catalytic fast hydro pyrolysis (CFHP) (synonymously to vapor-phase HDO) can 

be carried out in a variety of processes and reactor configurations (Figure 3). For both processes, 

a catalyst can be added either in the pyrolysis reactor, termed in-situ CFP or CFHP (with H2), or 

downstream of the pyrolysis reactor in a close-coupled vapor upgrading reactor, termed ex-situ 

CFP or CFHP (with H2). The goal of adding a catalyst to the pyrolysis process is to produce a 

stable bio-oil with reduced oxygen content and acidity during the pyrolysis step [31,99–116]. It is 

worth mentioning that besides using a single catalyst for pyrolysis vapor upgrading, dual-bed 

approaches (for ex-situ CFP) and physical mixtures of catalysts have been investigated [117–124]. 

Advantages of the in-situ approach are a simpler process configuration and a shorter vapor 

residence time, which may improve the selectivity to desired products. An important drawback of 
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the in-situ upgrading is that the ash in the biomass can permanently deactivate solid acid catalysts 

by reducing their surface area and acidity [50,125–129]. Also with HDO catalysts where acidity 

is not necessarily important, alkali metal may deactivate the catalyst [130,131]. In addition, the 

separation of char and catalyst fines may be challenging. In ex-situ CFP and CFHP, the ash-rich 

char can be separated by hot gas filtration, thereby preventing direct contact of biomass ash species 

with the catalyst, greatly reducing the risk of catalyst poisoning [50,126,132–136]. In contrast to 

in-situ CFP, the pyrolysis and catalytic reactor temperature can be controlled independently in ex-

situ CFP, adding flexibility in optimizing the operating conditions. 

Since vapor-phase upgrading produces additional water during dehydration and hydrogenation 

reactions, the condensed liquid often separates into an organic-rich oil phase as the main product 

of interest for fuel applications, and an aqueous phase. Recovering valuable products such as 

levoglucosan and acetic acid from the aqueous phase stream is an active field of research [137–

140]. 

 

Figure 3. Outline of catalytic fast pyrolysis process coupled with further bio-oil processing and application options. 

Optional process configurations are shown in purple brackets and processes that involve using a catalyst are 

highlighted yellow.  
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While commercial attempts for large scale CFP have failed so far [141], thermal pyrolysis 

techniques are mature with several plants operating commercially. With the increasing interest of 

oil refineries to ramp up the share of renewables in their products, the co-processing of thermal 

pyrolysis oil at low blend ratios (~5%) has been tested in large scale trials [142]. The co-processing 

of bio-oil with reduced oxygen content (produced by CFP or CFHP) has not yet been carried out 

due to its low Technology Readiness Level (TRL). In the context of this review, the further 

catalytic upgrading of condensed pyrolysis oil in refinery processes [72] is considered as ‘further 

processing’ rather than ‘CFP’. As this review is focused on the direct vapor-phase 

(hydro)deoxygenation during the pyrolysis process (Figure 3), the readers interested in FCC co-

processing of thermal [27,61,143–147] and catalytic pyrolysis oils [74,144,147–150] are referred 

to recent literature in this field. Likewise, multi-stage hydrotreating of thermal pyrolysis oils [151–

155] and higher pressure hydropyrolysis [59] is outside the scope of the present review. This 

review aims to primarily summarize and benchmark the research output from the last ~10 years 

related to catalyst development for catalytic fast pyrolysis (CFP) and catalytic fast hydro-pyrolysis 

(CFHP) at close to atmospheric pressure.  

2 Catalytic Fast Pyrolysis 
Ideal requirements for a catalyst used in CFP include high selectivity for deoxygenation 

reactions, hydrothermal stability and low rate of deactivation. While coke deposition can hardly 

be avoided considering the reactive nature of biomass oxygenates, the permanent catalyst 

deactivation by structural changes (sintering, change in crystal structure, loss in crystallinity, 

poisoning by metals/inorganics present in biomass) are highly undesirable since replacing catalysts 

in large scale operation adds to the overall fuel production costs. Research on the development and 

optimization of new catalysts includes controlled formation of appropriate catalyst particles and 
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optimizing certain properties such as porosity, acidity, basicity, and metal–support interactions 

[156–158] to improve their performance.  

2.1 Solid acid catalysts 

Well known solid acids used for catalytic cracking include amorphous silica-alumina (ASA), -

Al2O3, and zeolites [121,159–164]. Mesoporous aluminosilicates such as MCM-41 and versions 

thereof with incorporated elements (Ni, Al, Co, Mo, Fe, Cu) have also been tested for CFP [107]. 

Al-doped MCM-41showed increased steam stability [158,159,165–169] and similar activity to γ-

Al2O3 [163]. In addition, metal oxides such as zinc oxide, titania, zirconia, ceria, copper chromite, 

and Mn oxides have acidic nature [170]. WO3 or MoO3 based catalysts may offer several 

advantages over zeolite and clay-based catalysts, such as water tolerance and activity over a wide 

range of temperatures. WOx/ZrO2 is highly active for small hydrocarbon activation, isomerization, 

and dehydration of hydrocarbons [171–174], but has been studied to a limited extent for CFP of 

biomass. 

Zeolites can be further modified by modifying the pore structure, addition of promoters, and 

their formulation into industrial bodies with binder and matrix similar to FCC catalyst formulation. 

Each of these strategies will be discussed in following subsections. 

The microporous zeolite HZSM-5 has been the most extensively used catalyst for CFP and is 

effective for removing oxygen from pyrolysis vapors while increasing the yield of aromatic species 

and decreasing the bio-oil molecular weight [101,175–177]. Amongst other common zeolites such 

as Mordenite, Beta, and Y, the yield of aromatics was highest for HZSM-5 while the coke yields 

were lowest [178].  

Figure 4 shows the observed chemical pathways for the conversion of biomass pyrolysis vapors 

to aromatic hydrocarbons and simple phenolics via CFP using HZSM-5 zeolite. As can be 

appreciated, the reaction network is highly complex and a detailed discussion is beyond the scope 
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of this review. Briefly, the primary anhydro sugars from the degradation of cellulose and 

hemicellulose react further towards furans and lighter oxygenates. These can create a hydrocarbon 

pool inside the micropores, for which two different cycles, viz. aromatic-based and olefin-based 

cycles were postulated, leading to the production of monoaromatics and light olefins [179–181]. 

Monoaromatics can then oligomerize further, possible under incorporation of light olefins, to 

polycyclic aromatics and eventually coke. The lignin-derived highly oxygenated aromatics are 

mostly converted to simple phenolics based on the high dissociation energy required to break the 

phenolic C‒O bond (466 kJ/mol)[182], but if the phenolic bond breaks e.g. on strong acid sites 

and/or at high reaction temperature, monoaromatics are formed. For phenol and guaiacol, a clear 

deactivation of HZSM-5 was observed [183]. Generally, many of the highly reactive oxygenates 

may form coke directly upon contact with strong acid sites in the initial upgrading phase [175,184]. 

 

Figure 4. Reaction of primary pyrolysis vapors over HZSM-5 [100,185–187]. 
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2.1.1 Optimization of pore structure 
Optimization of the pore structure of zeolites during the synthesis and by post-synthesis methods 

has attracted significant research efforts [136,188–198]. The primary pyrolysis vapors contain 

bulky oxygenates such as lignin-derived phenolic oligomers, which are too large to enter the 

zeolite micropores. In order to reduce mass transfer limitations of conventional microporous 

zeolites, adding mesopores creates hierarchical pore systems which may extend the upgrading 

reactions to bulkier molecules. Another benefit would be the faster transport of reactants and 

products to and from the active centers mostly located inside the micropores, which could reduce 

the extent of undesired secondary reactions [199–202]. Previous studies [188,191–193] using 

microreactors and different biomass feeds generally found that using mesoporous HZSM-5 gave 

higher yield of monoaromatics while the influence on the yields of coke, gas, oil and water, and 

important oil/vapor properties like acidity and oxygen content was not always investigated or 

differed between the different studies (Table 2).  

Table 2. Overview of references that reported the performance of mesoporous HZSM-5 in comparison with 

conventional HZSM-5 for the upgrading of pyrolysis vapors derived from whole biomass and cellulose. Two different 

methods of mesopore introduction are distinguished: ‘bottom-up’ refers to synthesis of hierarchal HZSM-5 (e.g. by 

use of surfactants or C-microspheres which are later removed during calcination), and ‘top-down’ refers to 

introduction of mesopores to the conventional zeolites, e.g. by desilication. It is indicated how the introduction of 

mesopores increased (+) or decreased (-) the product yields of monoaromatics, water, coke and gas in comparison to 

the parent HZSM-5. (~) indicates that no change was observed and (N/A) indicates that results were not available. 

Reproduced with permission from Ref. [64]. Copyright [2019] Publisher Elsevier. 

reference biomass scale 
reactor configuration 

(operation mode) 

Si/Al of parent 

and mesoporous 

HZSM-5 (in 

brackets)  

Method of 

mesopore 

introduction 

monoaromatics water coke gas 

[193] cellulose micro in-situ (batch) 25(N/A) top-down + N/A - N/A 

 straw micro ex-situ (batch) 51 (53) bottom-up + N/A + + 

[188] beech micro in-situ (batch) 26 (24) top-down + N/A - - 

[191] miscanthus micro in-situ (batch) 40 (37) top-down + N/A - + 

[192] 
red oak, 

cellulose 
micro in-situ (batch) 12(12) top-down + N/A N/A N/A 

[196] oak lab in-situ (batch) 45(N/A) top-down + N/A + ~ 

[203] pine lab ex-situ (batch) 20 (18) bottom-up + - + + 

[204] miscanthus lab ex-situ (batch) 15 (15) bottom-up + + N/A. ~ 

 straw bench ex-situ (continuous) 15-40 (12-32) top-down + ~ + ~ 
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Upgrading of pyrolysis vapors with mesoporous HZSM-5 at lab scale indicated improved 

deoxygenation and aromatization activity, while the oil yield decreased and gas and coke yields 

increased [203,204]. It is noteworthy that for continued feeding of biomass pyrolysis vapors over 

HZSM-5 and its mesoporous version, the hierarchical sample formed more coke compared to its 

parent microporous version [136,189,196,198]. Importantly, the yield of olefins and aromatic 

hydrocarbons decreased faster for the parent zeolite [196,198], indicating an improved resistance 

to deactivation allowing longer time on stream for deoxygenation using the hierarchical sample 

[136]. Similar observations were made using hydroxy-acetone as model compound [184]. Lower 

coke yields using mesoporous HZSM-5 than with parent HZSM-5 were mostly observed for in-

situ tests [188,190,191,193] without studying the deactivation over time, though this difference is 

not fully understood currently. 

2.1.2 Industrial solid acid catalyst formulations 
As one of the most well known refinery cracking catalysts, FCC catalysts comprise a 

combination of Y zeolite (FAU topology), mesoporous alumina and silica matrix active in pre-

cracking larger molecules, and binders and fillers to provide physical strength and integrity [205]. 

Using FCC-type catalyst formulations for the processing of pyrolysis vapors has the potential to 

avoid scale-up issues [206] and has been studied for CFP of biomass [159,163,169,207–217].  

Similarly, studies investigated using extrudates of HZSM-5 and -Al2O3 binder for the CFP of 

woody biomass [218,219] and straw [125,220]. While the mesoporosity of the catalyst increases 

by adding the mesoporous -Al2O3, it was suggested that the mesopores are still too small to 

accommodate the large aerosols ejected during pyrolysis of biomass [218]. Rapid coking and loss 

in activity was observed [218], and it was suggested that cellulose-derived oxygenates tend to form 

catalytic coke via ring-growth reactions inside the micropores of the catalyst, while large 

oligomeric species derived from lignin form thermal coke on the binder and the external surface 
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of the zeolite. Other works found that the coking propensity of HZSM-5/-Al2O3 extrudates is 

higher compared to bare HZSM-5 due to the high coking propensity of -Al2O3 [125,163,164,221]. 

When upgrading beech pyrolysis vapors in a bench-scale fixed bed reactor, the coke yields on 

alumina increased with increasing surface area [159]. While the mostly Lewis-acidic amorphous 

-Al2O3 has a lower selectivity for producing mono-aromatic hydrocarbons, it is active for 

deoxygenation [125,159–164,222–225] and is a lower-cost catalyst compared to zeolites. Zhang 

et al. [121] tested physical mixtures of a HZSM-5 based FCC additive and -Al2O3 for catalytic 

pyrolysis of rice stalks in a fluidized bed reactor and found increased aromatic and olefin yields 

and reduced coke when 10% -Al2O3 was mixed with HZSM-5. Higher alumina additions of 50% 

decreased the mono-aromatics yields to values below those obtained with bare HZSM-5. 

There have been several studies using ZrO2/ZSM‐5 with attapulgite as binder, claiming an 

enhancement in bio-oil deoxygenation activity due to a well-balanced distribution of acidic and 

basic sites, while other binders such as bentonite were found detrimental to the catalytic activity 

[123,226,227]. Other researchers tested HZSM-5 with bentonite as a binder with added V2O5 and 

Ni for in-situ steam pyrolysis of biomass [228] in a fluidized bed, and found that the deoxygenation 

activity increased with increased zeolite formulation in the binder. 

2.1.3 Promotion of zeolites with metals 
Adding metals to zeolites is a popular approach to modify their chemical properties (acidity, 

basicity), with the intention that the added metal may catalyze additional reactions and affect 

product selectivities, thereby exerting a promotional effect. Many different zeolite supported 

metals were tested for upgrading of model compounds and real bio-oil [229]. Zeolites (mostly 

HZSM-5) have been tested after promotion with Mg [220,230–232], Fe [71,220,233–238], Zn 

[220,239–243], Ga [220,232,240,244,245], Mo [246], Ni [220,232,240,244,246–250], Zr 
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[220,227,251,252], Co [220,238,246,247,253,254], Ce [220,255,256], La [220,257,258], Cu 

[67,220,232,238,259], B [220,260], and Sn [232] in CFP conditions. Metals may be situated in 

exchange positions in the zeolite lattice or be present as particles – or a combination of both. Often 

a significant decrease in the number of Brønsted acid sites is observed after impregnation, 

indicating that part of the acidic protons in the framework were ion-exchanged. Most metal 

particles will have a diameter too large to fit and be well dispersed inside the micropores, and they 

will therefore deposit preferentially as (nano)particles at the external surfaces of the crystals. In 

some instances [261], it was reported that upon reduction and re-oxidation, large agglomerates of 

Ga-oxide clusters which initially formed on the external zeolite surface could be dispersed into the 

zeolite micropores, lowering the Brønsted acidity and increasing the Lewis acidity.  

A summary of CFP studies using metal-modified zeolite is shown in Table 3, where the 

percentage change of the oxygen content and the yields obtained with metal-modified zeolite is 

compared to what was obtained using the unmodified zeolite. Note that while the metal 

abbreviation indicates the non-oxide form, in an inert atmosphere the added metals are likely 

present as oxides or partly reduced oxides due to high concentrations of CO in the gas. Some 

metals that are very facile to be reduced, such as Cu, Ni and Pt, may also be reduced to their 

metallic state under operating conditions. Several studies reported decreased oxygen content of the 

bio-oil after zeolite modification with Mg [230,232,262–264]. For Ni modification, many studies 

reported improved deoxygenation activity [232,248,262–264], which increased with increased Ni 

loading from 1 to 10 wt% [247], indicating that Ni particles rather than Ni in ion-exchange 

positions was responsible for the observed effect. Ambiguous effects of the Ni-modification with 

respect to the coke yields were reported for tests in an inert atmosphere [249,264,265]. For Co 

modification, several studies reported increased CO2 yields [190,253] and improved 
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deoxygenation activity [190,247,253,254,263]. The benefits of zeolite modification with Cu, Fe, 

Mo, Ce, and Zn (Table 3) seem less clear, and for La and Sn modification only minor 

improvements in deoxygenation activity resulted. Increased hydrocarbon yield and improved 

deoxygenation activity was reported for modification with Zr at loadings of 2-7.4 wt.% 

[251,266,267]. After Ga modification, several studies reported decreased oxygen content of the 

obtained bio-oil and an increased production of aromatics. The reported effect of metal addition is 

particularly ambiguous with respect to coke formation, and this may be a result of the different 

loadings, operating temperatures, vapor contact times, and possibly also the method of metal 

addition. The authors speculate that the formed coke may react with the oxides to form CO while 

(partially) reducing the oxide. Thus, initially the metal oxide can help to reduce the coke content. 

Once the metal is reduced, this reaction stops and the reduced metal may even promote coke 

formation. In this way, the metal addition may result in a reduction in coke or an increase – 

depending on metal loading and time on stream, i.e., how much mass of biomass, on a dry and 

ash-free basis was converted over the weight of catalyst loaded. This parameter is often referred 

to as biomass-to-catalyst(B:C) ratio. Further studies are needed to support this hypothesis. 

To summarize, improved deoxygenation was mostly observed for Ni, Co, and Ga addition, while 

in many cases the addition of a metal had only a moderate promotional effect (Table 3). The 

change in product distribution appears to be most pronounced at low B:C ratios in the in-situ CFP 

configuration [264]. When operating until higher B:C ratios in the ex-situ configuration, the metal 

activity will likely quickly be lost by coke deposition, showing similar product distribution 

compared to the parent zeolite [220]. Since for almost every metal listed in Table 3 studies exist 

that report no clear improvement or even a negative effect, it is necessary to optimize the metal 
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loading carefully for the studied process while considering if promotional effects by the metal 

addition outweigh the cost associated with the additional catalyst preparation step.  
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Table 3. Results from CFP under inert atmosphere with metal-modified zeolites (mostly HZSM-5 or beta). The up 

and down arrows indicate a significant change (%) by the metal incorporation compared to results obtained with an 

unmodified zeolite. The results were obtained for different biomass types, catalyst temperatures (°C), process 

configurations (in-situ or ex-situ CFP), and includes micropyrolyzer tests/batch tests as well as continuous tests from 

larger bench/pilot scale. Empty fields mean the data was not available. Reproduced with permission from Ref. [220] 

Copyright [2020] Publisher Elsevier and updated with recent references. 

Metal 
Loading 

(wt.%) 
Tcatalyst (°C) 

B:C (in or 

ex-situ 

CFP) 

wt.% Oa yield of 

ARa 

yield 

of HCa 
yield of cokea Reference 

Mg 

1 450 N/A 9% % % 11% [262] 

1 500  4 (ex)    % [220] 

5 500 0.5 (ex) 20%       [263] 

2 600 0.2 (in) 24%     % [264] 

1 450 N/A 9%     % [232] 

6 500 5 (ex) %     % [230] 

6 500 5 (ex) 4-13%      [231] 

Ca 1 500  4 (ex)    % [220] 

Zn 

5 500 0.5 (ex)       % [265] 

1.5 500  4 (ex)  %   [220] 

5 500 0.5 (ex) %       [263] 

0.1 600 0.05 (in)  ~    [268] 

2,4,6,8 500 2.5 (ex) %     % [269] 

8 500 5 (ex) %     % [230] 

8 500 5 (ex) %      [231] 

Cu 

5 550 0.2 (in)   36-44%     [259] 

0.1 600 0.05 (in)      [268] 

0.5 500 1 (in)       [270] 

3 500  4 (ex)       [220] 

3 500 N/A (ex) %   % [238] 

3 500 10 (ex)       % [67] 

5 500 0.5 (ex) %    [263] 

1 500 N/A %     % [232] 

1 450 N/A % % % % [262] 

0.25, 0.5, 

1, 3 
600 

0.3 (ex) 
  

  
  

% 
[271] 

3 500 2 (ex)     %   [272] 

Ni 

1 450 N/A. % % % % [262] 

0.1 600 0.05 (in)      [268] 

3 500  4 (ex)   %  % [220] 

4.5 500 1.5 (ex)       % [249] 

5 500 0.5 (ex) 24%        [263] 

2 600 0.2 (in) %     % [264] 

5 600 N/A. %     % [246] 

1, 5, 10 500 2.1 (ex) %     -5% [247] 

1, 3, 6 500 
1 (ex) 

    
-
40% % 

[248] 

1, 6, 12 500 10 (ex)       %-8% [273] 

5 500 0.5 (ex)       % [265] 

1 450 N/A. %     % [232] 

5 550 0.2 (in)   -14%     [259] 

3 500 2 (ex)     %   [272] 

2 600 0.15 (ex)       %-8% [274] 

Co 
N/A 400-600 0.1 (ex)     ~ % [63] 

4 500  4 (ex)     % [220] 
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3 500 N/A (ex) %   % [238] 

4 500  3 (ex) % %   % [190] 

5 500 0.5 (ex) %       [263] 

5 500 2.1 (ex) %       [253] 

5 550 0.2 (in)   %     [259] 

1, 5, 10 500 2.1 (ex) %     ~ [247] 

5 500 0.5 (ex)       % [265] 

4 550 2 (ex)       % [266] 

5 600 N/A. %     % [246] 

3 500 2 (ex)     %   [272] 

Fe 

1 500 6 (ex)   %   % [275] 

1.5 500  4 (ex) ~ %  % [220] 

3, 5 450 10 (ex)       % [71] 

3 500 N/A (ex) %   % [238] 

4 500 1.5 (ex)       % [249] 

2,4,6,8 500 2.5 (ex) %     %-4% [269] 

2 600 0.2 (in) %     % [264] 

0.6 500 0.25 (ex)       % [233] 

1.5, 2.5, 4 500 0.1 (in)   %     [237] 

4 550 2 (ex)       % [266] 

15 600 0.1 (ex)   %     [236] 

5 550 0.2 (in)   %     [259] 

5 500 0.5 (ex)       % [265] 

4 500 1 (in) ~    [276] 

Mo 

3 500 10 (ex)       % [67] 

5 550 0.2 (in)   %     [259] 

5 600 N/A. %     % [246] 

0.5,1,1.5 600 1 (in)   %     [277] 

2 600 0.15 (ex)       5-20% [274] 

Ce 

1 500 0.5-2 (ex)     % [256] 

1 500  4 (ex)  7%  % [220] 

3 600 0.11 (in)   %   % [255] 

Zr 

4 550 2 (ex)       % [266] 

7 500  4 (ex)     [220] 

7.4 400 
1.4-2.5 

(ex) % %   %-% 
[251] 

Ga 

4 500 1 (ex) %   % ~ [248] 

1 500  4 (ex)    % [220] 

N/A 400-600 0.1 (ex)     ~ % [63] 

1.7 500 1-4 (in) %     ~ [278] 

2 600 0.2 (in) %     % [264] 

5 500 0.5 (ex) %       [263] 

1 450 N/A. %     % [232] 

0.5 600 0.05 (in)      [268] 

1 550 0.18 (in)   %   % [245] 

5 550 0.2 (in)   -50%     [259] 

4 500 2 (ex)  ~   [272] 

Pt 

0.5 500 1 (ex)  ~   [279] 

0.5 500  4 (ex) % %  % [220] 

10 500 2 (ex)     %   [272] 

B 
0.5 500  4 (ex) % %  % [220] 

0.5, 1, 2, 3 590 1 (in)     -27% [260] 

La 5 500  4 (ex) % %  % [220] 
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5 500 5 (ex) %     % [257] 

Sn 
1 450 N/A. % % % ~ [262] 

1 450 N/A. %     % [232] 

K 2 600 0.2 (in) %     % [264] 

Li 0.5 500  4 (ex) % %  % [220] 

 
a ‘AR’ and ‘HC’ refers to aromatics and oxygen-free hydrocarbons, respectively. An empty field indicates that the 

information was not given; ‘~’ means not significant change; if decrease () or increase () is indicated without 

number, the change was only qualitatively stated. Where a range of numbers is stated, either several supports, metal 

loadings, or different biomass types were tested. 

2.1.4 Benchmarking of solid acid catalysts used in CFP 
To benchmark the performance of solid acid catalysts under CFP conditions, the deoxygenation 

of the liquid-range organics relative to the oxygen content (water-free) observed without catalyst 

is plotted against the carbon recovery of the liquid range organics relative to the carbon recovery 

observed without catalyst. This allows comparison of the results obtained with various biomass 

types, catalysts loadings, catalyst types, and CFP configurations (in-situ or ex-situ). For studies in 

which the bio-oil yields and properties of a non-catalytic reference test were not reported, it was 

estimated from other works for the same type of biomass feedstock [280,281]. Some studies 

reported only the carbon or the oxygen content of the bio-oil [5,159,226,228,253,282–285]. In 

those cases, the carbon or oxygen content was calculated according to the clear negative correlation 

(Figure 5a) observed in more than 200 bio-oils reported from a range of studies 

[5,159,177,190,214,224,227,228,238,257,285–299] including different biomass types, catalysts, 

catalyst contact modes, and reaction atmospheres (CFP and CFHP). For comparison, Figure 5b 

shows the slope if all oxygen would be removed selectively as H2O, CO, or CO2, and it is noted 

that the slope observed experimentally for the 200+ bio-oils from the 25 different studies more 

closely follows the dehydration pathway. 

For the often observed phase separation of an aqueous phase with ~70 to close to 100 wt% water 

content, the analysis of the carbon content (by CHNS elemental analysis) and water content (by 

Karl Fischer titration) is fairly straight forward. However, particularly for high water contents, 
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determining the oxygen content of the organics dissolved in the aqueous phase on a dry-basis 

becomes highly uncertain if this is determined by difference from CHNS analysis due to the high 

contribution of H2O. In this regard, estimating the oxygen content of the organics dissolved in the 

aqueous phase based on the measured carbon content (d.b.) in the aqueous phase and the 

correlation shown in Figure 5a may prove useful.  

 

 
Figure 5. (a) Linear correlation (R2 = 0.991) of oxygen and carbon content (d.b.) of the water-free organics in the 

bio-oil. The 200+ data points are from a range of studies [5,159,177,190,214,224,227,228,238,257,285–299] 

including thermal pyrolysis, CFP, and CFHP for both woody biomass and agricultural residues. (b) Illustration of 

the slopes if oxygen were selectively removed via dehydration, decarboxylation, or decarbonylation, respectively.  

The plot in Figure 6 shows how efficiently oxygen was removed from the bio-oil with respect 

to carbon preservation in the bio-oil when using a solid acid catalyst. Clearly, the deoxygenation 

is strongly negatively correlated with the carbon recovery of bio-oils, demonstrating that oxygen 

removal can only concur with carbon loss under these conditions [300] and approaching close to 

100% deoxygenation generally leads to very low carbon recovery in the liquid. This is due to the 

hydrogen deficiency of biomass, which does not allow removing all organic oxygen via 

dehydration, besides the challenge of developing a highly selective dehydration catalyst [300]. 

Despite the overall negative correlation, it can also be seen that there is a certain optimization 

0 10 20 30 40 50

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50

0

10

20

30

40

50

60

70

80

90 (b)

w
t.

%
 C

b
io

-o
il
 (

d
.b

.)

wt.% Obio-oil (d.b.)

wt.% Cbio-oil (d.b.) = -0.96×(wt.% Obio-oil (d.b.)) + 91.4

(a)

experimental fit of 200+ bio-oils 

from 25 different studies

solely decarbonlyation
w

t.
%

 C
b

io
-o

il
 (

d
.b

.)

wt.% Obio-oil (d.b.)

solely dehydration

solely decarboxylation



 22 

range within the CFP field (grey shaded area). As an example, at a carbon recovery of 60% relative 

to liquid-range organics obtained in thermal pyrolysis, the results range from only ~10% 

deoxygenation to ~70% deoxygenation and at 20% deoxygenation, results in relative carbon 

recovery in the liquid range from about 45 to 95%. This wide spread can not unambiguously be 

attributed to differences in catalyst properties since different studies often applied different 

experimental conditions in terms of reactor type, catalyst contact mode, gas-catalyst contact time 

and vapor residence time, and reaction temperature. Furthermore, the effectiveness of the 

condensation train, the researcher’s skill in collecting the sample and accurately analyzing the 

liquid’s moisture content and CHNS/O content on a dry basis are important parameters that can 

vary in the different studies. In addition, in some instances, phase separation with the formation of 

an aqueous phase occurs, which can constitute an appreciable carbon yield up to ~15%, particularly 

for mild deoxygenation [301]. Since there usually is no phase separation observed in bio-oils from 

thermal pyrolysis of woody biomass [301], the carbon content in the aqueous phase observed in 

CFP was included as liquid-range organics in Figure 6, and where its oxygen content was not 

directly measured it was assumed the same as for the oil phase. Lastly, some spread in the data 

may be the result of different efficiencies in quantifying volatile C4+ hydrocarbons, as their yields 

were not always reported. In conclusion, one must therefore be careful when attempting a direct 

comparison of the results obtained in different studies. How different parameters related to process 

conditions and catalyst properties affect the deoxygenation performance will be discussed in more 

detail in section 2.3.  

Generally, the catalyst and process optimization efforts should aim to move as far towards the 

upper right envelope of the grey indicated region as possible, e.g., by limiting carbon losses to 

light hydrocarbon gases and coke, and by favoring deoxygenation pathways via decarboxylation 
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and dehydration rather than decarbonylation. For solid acid catalysts, decarbonylation reactions 

are often favored over decarboxylation [123,216,289]. The performance of “novel” or “improved” 

solid acid catalysts [302] should be carefully evaluated in the context of this performance map, 

since the catalyst’s performance may only have been evaluated for a single degree of 

deoxygenation or in a limited range. It will be worth taking a closer look at studies located at the 

right boundary of the shaded grey area shown in Figure 6 to verify if i) these results can be 

reproduced or if they may be outliers, and ii) compare if certain process parameters [303] such as 

temperature, catalyst properties, catalyst contact time, operating pressure (e.g., operating under 

vacuum [238]), or operating for longer times over a pre-coked catalyst were beneficial to maintain 

fairly high carbon recoveries during deoxygenation. Likewise, one may learn from studies 

reporting very poor upgrading performance [190,298,304,305] located far to the left side of the 

diagonal line connecting 100% carbon recovery and 100% deoxygenation, since certain process 

conditions and/or catalyst properties must have severely favored coking and decarbonylation at 

the expense of carbon recovery in the liquid product. The possibility that some of these poor results 

constitute outliers or bad data cannot be excluded, and two main reasons for bad data are i) poorly 

performed experiments with insufficient collection efficiency and/or incomplete or non-

representative recovery of the liquid products, and ii) erroneous elemental analysis of the liquid, 

e.g., by determining a too low oxygen content for thermal pyrolysis oil or a too high oxygen content 

for catalytic pyrolysis oil. If water droplets are emulsified in the bio-oil, this can make elemental 

analysis prone to errors due to the small sample volume of ~1 mg, since the H2O content of the 

sample analyzed by elemental analysis may have been different than the one determined by Karl 

Fischer titration using a larger sample volume (~0.1-1 mL), resulting in a wrongly determined 

oxygen content on a dry basis. 
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Importantly, the results for catalytic upgrading of FP vapors generated from agricultural residues 

(green symbols in Figure 6) seem comparable with using woody biomass as the feedstock (brown 

symbols). While the absolute bio-oil yield is lower from agricultural residues [50,53,155,306,307], 

it is possible to increase the bio-oil yield from agricultural residues via biomass demineralization 

using acid washing [308–312]. This is because the minerals catalyze char formation and secondary 

cracking reactions to permanent gases, and removing or passivating their activity can thus 

prevent—or at least limit—their decreasing effect on the bio-oil yield. Whether this extra pre-

treatment step is worth the effort and extra cost depends on the process, e.g. if bio-oil production 

is the primary purpose or if higher char and gas yields are acceptable and considered as valuable 

byproducts for carbon sequestration or heat and power generation [313].  
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Figure 6. Extent of deoxygenation (%) correlated with relative carbon recovery (%) of liquid-range organics 

compared to a thermal pyrolysis oil when using solid acid catalysts. Results obtained with woody biomass are dark 

brown symbols, results with agricultural residues such as corn cob, rice husks, bamboo, bagasse, and straw are light 

green symbols.  
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In an attempt to better understand the wide spread in deoxygenation, the results reported in Figure 6 

were further filtered by including only HZSM-5 based catalysts and distinguishing between the in-situ and 

ex-situ catalyst contact mode. For in-situ CFP ( 

(a) in-situ CFP with HZSM-5 based catalysts  

 

 

 
 

(b) ex-situ CFP with HZSM-5 based catalysts  
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Figure 7a), it is interesting to note that the pilot scale data, often performed with a circulating fluid bed 

(utilizing a riser upgrader), tends to be better compared to bench scale data with bubbling fluid beds. The 

spread within each study is from studying different conditions and catalysts. For ex-situ CFP with HZSM-

5 catalysts (( 

(a) in-situ CFP with HZSM-5 based catalysts  

 

 

 
 

(b) ex-situ CFP with HZSM-5 based catalysts  
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Figure 7a), no real trend in the data could be discerned, and to the best of our knowledge no ex-situ pilot 

scale tests were conducted to date.  

(a) in-situ CFP with HZSM-5 based catalysts  

 

 

 
 

(b) ex-situ CFP with HZSM-5 based catalysts  

 

 

 

 

 

Figure 7. Collation of results reported using HZSM-5 based catalysts in (a) in-situ 

[214,253,285,288,292,298,318,319,324] and (b) ex-situ catalyst contact mode 

[126,147,301,317,320,159,189,190,218,221,227,253,287]. Dark brown and light green colors refer to using low-ash 

woody biomass and high ash agricultural residue as feedstock, respectively. In (a), half filled symbols refer to results 
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obtained in continuous bench scale tests, and filled symbols refer to results from continuous pilot scale tests. In (b), 

open symbols refer to semi-continuous bench scale tests and half filled symbols refer to continuous bench scale 

tests. 

 

2.2 Metal oxides and basic catalysts 
Metal oxides and basic catalysts are frequently studied for upgrading of biomass pyrolysis 

vapors since they are often of lower cost than zeolites and favor different deoxygenation pathways, 

in particular ketonization (Figure 8) and aldol condensation reactions (Figure 9). Favorably, these 

reactions form C–C bonds during the deoxygenation, which can help to produce liquid 

hydrocarbons with reduced oxygen content from the many light carboxylic acids and aldehydes 

found in high concentrations in the primary pyrolysis vapors (Figure 1).  

Natural minerals such as limestone (CaCO3), magnesium carbonate (MgCO3), dolomite 

(CaCO3·MgCO3), and olivine are abundant and of low cost. Their calcined versions have high 

catalytic activities for tar elimination and catalytic upgrading [225,325–329]. Alkaline-earth metal 

oxides such as MgO and MgO-based mixed oxides are among the most promising solid base 

catalysts [159,292,317,325,330,331]. Coke yields are markedly higher using MgO compared to 

HZSM-5, but the coke oxidized at lower temperatures compared to HZSM-5 [317]. MgO favored 

decarboxylation while HZSM-5 favored decarbonylation and dehydration [292]. This allowed 

more hydrogen retention in the bio-oils and achieved higher H/C values of ~1.4 compared to 

HZSM-5 (~1.2) at the same O/C ratio of ~0.1 [292]. Alkaline-activated high-silica zeolites [332], 

hydrotalcites [333,334], hydromagnesite, mixed oxides like MgO-BaO, and La2O3-MgO were 

tested for base-catalyzed condensation, cracking, and depolymerization reactions. While strong 

basic sites led to rapid coking, it is expected that catalyst deactivation due to coke formation can 

be minimized by moderation of the basic strength or upgrading over a pre-coked (or non-fully 

regenerated) catalyst [100]. 
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Compared to unsupported MgO, silica supported MgO, SrO and MgOSrO and HY supported 

MgO exhibited an almost five times higher activity for the vapor-phase butanal self-condensation 

reaction, a higher stability and an improved selectivity towards the primary aldol condensation 

product 2-ethyl-2-hexenal, indicating that both acid and base sites are needed to achieve good 

catalytic performance for gas phase aldol condensation reactions [335]. Lu et al.’s [336] 

investigation of catalytic upgrading of biomass fast pyrolysis vapors with nano metal oxides 

(MgO, CaO, TiO2, Fe2O3, NiO and ZnO) showed reduced aldehyde levels and increased formation 

of methanol, cyclopentanones, and phenols. CaO was able to greatly reduce the yield of acids, in 

agreement with findings by others [337–342]. Under reaction conditions in the presence of CO2, 

CaO will form CaCO3 [340,343], and as such both species appear to be active in deoxygenation. 

Good performance was also reported for Ca-rich Hydroxyapatite [344,345].  

Due to the large fraction (up to 20 wt.%) of reactive aldehydes in the bio-oil, catalysts promoting 

aldol condensations such as acidic, basic, and acid–base bi-functional catalysts have been 

investigated [346]. TiO2, ZrO2, and CeO2 catalysts are amphoteric and have a high activity for 

ketonization [347–356]. The different crystal phases of TiO2, i. e., anatase, rutile, or brookite, 

impact the catalyst performance in the gas-phase ketonization of carboxylic acids such as acetic 

acid and propionic acid, and rutile TiO2 was found to perform best when comparing the activity 

normalized by surface area [357]. TiO2 was also found effective in defunctionalizing monomeric 

methoxy phenolics from lignin into simple phenols [358], and deoxygenation of whole biomass 

pyrolysis vapors [159,225,359]. Also MnO2 and La2O3 were found to be active in ketonization 

[360,361]. CFP with ZnO showed only minor improvement of the viscosity and stability of the 

produced oils [325,362]. Besides investigations of impregnating alkali compounds (NaOH, KOH, 

Na2CO3, K2CO3, KC2H3O2, and NaCl) directly into biomass, Na2CO3 supported on -Al2O3 or 
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silica-alumina was investigated in ex-situ CFP and found highly active for reduction of the acids 

via ketonization [135,284,363–366].  

 

Figure 8. Ketonization of carboxylic acids 

 

Figure 9. Aldol-condensation of propanal [344] 

Finally, multiple works tested red mud [316,318,367–370,370–378], which is a waste product 

from bauxite refining of aluminum, for CFP. Red mud’s main component is Fe2O3 (~40-60 wt%), 

but it also contains many other metal oxides such as TiO2, Cr2O3, Na2O, and CaO [374]. Red mud 

contains both acidic and basic sites [379] and was found to be active in ketonization. The iron-

oxides present in red mud will be reduced to a certain extent by the H2 and CO produced under 

reaction conditions, and reduction to magnetite (Fe3O4) showed improved activity [380] and 

increased surface area (+57%) [379]. While red mud and natural oxides can have good 

deoxygenation performance, the material’s performance varies due to the different chemical 

composition with location of the mining (for natural ores) and the aluminum production site (for 

red mud).  
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2.2.1 Benchmarking of basic catalysts and metal oxides used in CFP 
While for basic catalysts and metal oxides there is less data published in larger scales that 

allowed for bio-oil collection compared to solid acid catalysts, one can discern a similar negative 

correlation of the carbon recovery of bio-oils and its extent of oxygen removal ( 

 

 

 

Figure 10) from the available data. While basic catalysts such as CaO, MgO, and Na2O/-Al2O3 

favor decarboxylation, they often showed higher coke yields compared to HZSM-5, which may 

have nullified the benefit of the more “carbon-lean” deoxygenation pathway. Particularly when 

comparing coke deposition per surface area, it was lower for HZSM-5 containing catalysts with 

0.5-0.7 mg coke/m2, while coke deposition on different MgO catalysts ranged from 1.6 to 9.5 mg 

coke/m2 when tested in ex-situ CFP at a catalyst/biomass ratio of 0.5 [159,317]. Also for larger 

pilot scale in-situ CFP operated at a much higher catalyst/biomass ratio of 15, HZSM-5 containing 

catalyst had 0.04 mg coke/m2 while MgO catalysts had about ten times higher coke deposition with 

0.42-0.45 mg coke/m2
 [292]. For ex-situ CFP at a biomass/catalyst ratio of ~4, coke deposition was 

~0.03 mg coke/m2 using HZSM-5 catalyst, ~0.11 mg coke/m2 using -Al2O3, and ~0.19 when 
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using Na2O/-Al2O3 [135], demonstrating the low coking propensity on HZSM-5 and that the 

addition of basic sites to -Al2O3 considerably increased the coking propensity per surface area. 

Generally, carbon yields at a similar extent of deoxygenation obtained with basic catalysts and 

metal oxides seem to lie a little lower than the many results obtained with the acidic catalysts, 

many of which contained a microporous zeolite (Figure 6). This could be attributed to the higher 

coking propensity of the basic catalysts, since the microporous channel structure of HZSM-5 limits 

the formation of bulky coke-precursors. Nevertheless, it is beneficial that carboxylic acids are 

effectively removed by basic catalysts. In line with the observations made for solid acid catalysts, 

processing agricultural residues over basic catalysts leads to a similar reduction in oil yield relative 

to the thermal reference oils as when processing woody biomass ( 

 

 

 

Figure 10). 

Examples of very poor performing results include the use of Ca-Y zeolite in an in-situ CFP 

bubbling fluidized bed, which obtained 38% relative carbon recovery of liquid range organics at 

only 22% of deoxygenation achieved [304]. High coke yields of ~30% (estimated from the 
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difference in mass balance) and a high selectivity for decarbonylation likely diminished the carbon 

recovery of liquid range organics. 

In the work by Zabeti et al. [364], amorphous silica alumina (ASA) with 10 wt% of added alkali 

Na, K and Cs as well as alkali earth Mg or Ca was used for ex-situ CFP. In terms of deoxygenation 

and efficiency for liquid-range carbon recovery, the Cs/ASA performed worst with only 14% 

deoxygenation at a relative carbon recovery of 54%. The best results were obtained with Na/ASA 

with 27% deoxygenation at a relative carbon recovery of 85% compared to the non-catalytic 

reference. Cs/ASA was the most active catalyst to remove oxygen via decarbonylation and it 

produced the highest coke yields (8.3 wt%), while Na/ASA showed the lowest coking propensity 

(3.5 wt%).  

Stefanidis et al. [159] screened different metal oxides such as MgO, Al2O3, NiO, zirconia/titania, 

tetragonal zirconia, titania, and silica alumina in a discontinuously operated fixed bed reactor in 

ex-situ mode. Amongst the tested basic metal oxides, zirconia/titania performed rather poor with 

a relative liquid carbon recovery of 44% while achieving only 30% deoxygenation. Zirconia/titania 

showed the highest coke yield amongst the tested metal oxides, which can explain why a lower 

carbon recovery resulted for the liquid product, while Al2O3 and MgO yielded results with higher 

deoxygenation and carbon recovery located closely to the diagonal line. These examples 

demonstrates that catalysts that favor decarbonylation and coking are detrimental for the recovery 

of liquid range organics.  
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Figure 10. Extent of deoxygenation (%) correlated with relative carbon recovery (%) of liquid-range organics 

compared to a thermal pyrolysis oil when using basic catalysts and metal oxides. Results obtained with woody 

biomass are shown with dark brown symbols and results obtained using agricultural residues such as corn cob, rice 

husks, and straw as feed are shown with light green symbols.  

2.3 Parameters affecting the performance in CFP 
Within the context of benchmarking and comparing experimental results in this review, the 

“most common” or “normal” trend is the linear negative relationship between extent of 

deoxygenation and carbon recovery of liquid range organics. Data points that fall below and above 

this dashed diagonal line can be regarded as poor and good performance, respectively. The larger 

the distance, measured perpendicularly, between the data points and the dashed diagonal, the 

“worse” or “better” the performance. For ex-situ CFP using nanocrystalline HZSM-5 zeolite 

catalyst in a semi-continuous reactor unit, it was attempted to optimize i) the catalyst temperature 

and energy recovery by optimizing the catalyst temperature between 400 and 500 °C at a fixed 

catalyst/biomass ratio of 0.2, and ii), the catalyst/biomass ratio for a fixed catalyst temperature of 

400 °C [289]. As shown in Figure 11a, increasing the catalyst temperature or increasing the 

catalyst loading at a fixed catalyst temperature increased the deoxygenation severity, however, at 

the expense of bio-oil due to increased coke and light gas formation [289]. Therefore, it appears 
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that for HZSM-5 it seems difficult to break the tight relation between carbon yield and oxygen 

removal by varying the operating conditions. 

The extent of deoxygenation is highest over a fresh catalyst and then decreases with continued 

biomass feeding due catalyst deactivation by coke. The obtained liquid product therefore contains 

both highly deoxygenated products from the initial upgrading stage and with continued operation 

also increasing amounts of less deoxygenated products. As shown in Figure 11b, this allowed for 

in-situ CFP using woody biomass and a HZSM-5 catalyst with Si/Al = 140 to obtain 43% 

deoxygenation when stopping the biomass feeding at B:C ~1, while the deoxygenation was only 

16% when the tests were stopped at B:C ~7 [298]. The carbon recovery followed closely the 

dashed diagonal line. Using a more acidic HZSM-5 with Si/Al = 15 in ex-situ mode and straw as 

feed, Eschenbacher et al. [136] observed a similar trend, i.e., a gain in carbon recovery at the 

expense of deoxygenation when operating to higher B:C.  

Very recently, Hernandez-Gimenez et al. [189] demonstrated the superior performance of a 

ZrO2-promoted nano-ZSM-5 catalyst in attapulgite, outperforming catalyst formulations with 

regular HZSM-5, mesoporous HZSM-5 obtained from desilication, and ZrO2-promoted 

mesoporous HZSM-5, all formulated with an attapulgite binder. This demonstrates the clear 

potential for CFP performance improvements by fine-tuning the catalyst properties, since the 

degree of deoxygenation could be increased from ~33% (standard HZSM-5) to ~66% (ZrO2-

promoted nano-ZSM-5 catalyst) while maintaining a reasonably high carbon recovery of ~60% of 

the one observed under non-catalytic conditions (Figure 11c). 

The scale at which the tests are performed can influence the results, as shown by Iliopoulou et 

al. [253] for HZSM-5 and Co-promoted HZSM-5 catalysts tested at bench scale (ex-situ CFP 

mode) and pilot scale (in-situ CFP mode) (Figure 11d). While the lower oxygen content of the oil 
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produced at pilot scale resulted from operation with higher catalyst to biomass ratios, the increased 

oil production was attributed to improved heat transfer due to a more intimate and fast solids 

mixing, which also resulted in ~6 wt% lower yields of combined char+coke at continuous pilot 

scale compared to semi-continuous bench scale tests [253]. It is noted, however, that in Iliopoulou 

et al.’s comparison many parameters varied in addition to the difference in scale, e.g., the bench 

scale tests were semi-continuous using an ex-situ fixed bed, while the pilot scale tests were 

performed in a continuous operated circulating fluid bed (in-situ CFP). Recent work by Mante et 

al. [224] using -Al2O3 as the catalyst in continuously operated in-situ mode reports fairly similar 

yields and oil properties for both lab (bubbling fluidized bed) and pilot scale (circulating fluidized 

bed) tests. 

For ex-situ CFP, Hernando et al. [123] recently studied the performance of ZrO2/hierarchical-

HZSM-5-attapulgite (ATP), (catalyst A) in a single fixed bed. In addition, the combination with a 

basic K/USY-ATP (catalyst B) was investigated by varying the order of the fixed beds (A+B) or 

(B+A), and preparing a physical mixture of both catalysts in a single bed (AB). As shown in Figure 

11f, the different catalyst configurations affected the extent of deoxygenation while keeping a 

similar level of carbon recovery. The configuration A+B, i.e., having an optimized cracking 

catalyst followed by a basic catalyst appears to be the most promising configuration. This is 

because the cracking catalyst is effective in reducing the molecular weight of oligomeric lignin-

fragments into oxygenated aromatics while having a lower coking propensity compared to the 

basic catalyst. By positioning the basic catalyst downstream the cracking catalyst allows 

ketonization reactions of carboxylic acids and aldol condensation reactions between the different 

carbonyl groups to occur, thereby forming C−C bonds and increasing the molecular weight of the 

light components, while oxygen is expelled further in the form of water and CO2 [123]. 
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While several studies compare in-situ vs ex-situ CFP, many of them were either conducted in 

micro-reactors [382–384], not allowing to properly quantify the liquid yield and elemental content, 

or they lack important yield or elemental content data. Iisa et al. [287] compared in-situ and ex-

situ CFP of a HZSM-5 based catalyst in a in a bench-scale fluidized bed. For ex-situ CFP, two 

bubbling beds were operated in series. As shown in (Figure 11g) the results obtained in the two 

different configurations using the HZSM-5 catalyst fall onto the diagonal line connecting 100% 

carbon recovery and 100% deoxygenation compared to the thermal reference, indicating that there 

is no advantage of one configuration over the other in providing a higher carbon recovery (at the 

same degree of oxygen removal).  

Castello et al. [301] recently compared the Na2O/Al2O3 performance in in-situ and ex-situ CFP 

of pine wood (Figure 11g). A downer reactor was used for in-situ CFP, and for ex-situ CFP, a 

fluid bed was used for the pyrolysis followed by the downer catalytic upgrader. Their data suggests 

that ex-situ CFP produced slightly better results in terms of ~20% higher degree of deoxygenation 

compared at the same relative carbon recovery of ~35%, or ~15% higher relative carbon recovery 

for the same level of deoxygenation (40%), which was attributed to a higher coke production in 

in-situ mode [301]. 

An immense improvement in deoxygenation activity while keeping fairly high carbon recoveries 

relative to the thermal reference case was reported by Kantarelis et al. [228] when increasing the 

HZSM-5 proportion in an agglomerate with bentonite and added V2O5 and Ni for in-situ steam 

CFP of biomass in a fluid bed (Figure 11h). However, the carbon yield of the liquid organics 

obtained without catalyst was rather low (44 wt%) and with increased HZSM-5 proportion in the 

catalyst the char yield decreased from 20.5 to 18.1 wt%, compared to 22.2 wt% in a non-catalytic 

tests. Therefore, it is highly likely that the decrease in char yield allowed improvement of the 
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relative carbon recovery of liquid range organics compared to the non-catalytic reference while 

providing oxygen removal. This is a particular effect which can only occur for in-situ CFP and not 

in ex-situ CFP, where the char yield remains unaffected by catalyst used. The effect may have been 

amplified by the presence of steam and Ni as an active WGS and steam reforming catalyst, since 

the in-situ formed hydrogen may have limited char-forming polymerization reactions. 

Aho et al. [321] tested different space velocities in an ex-situ CFP configuration with pine as 

feed and H-Beta as catalyst. The amount of biomass fed into the pyrolysis reactor was kept 

constant, but the amount of catalyst loaded in the ex-situ bed was varied to correspond to 

catalyst/biomass ratios of 0.25, 0.5 and 1. As expected, with increased catalyst loading (and 

therefore reduced space velocity), the extent of deoxygenation increased (Figure 11i); however, 

with increased catalyst loading, the distance of the data points to the dashed diagonal increased, 

indicating a deterioration in performance. This is again mainly attributed to the increased losses to 

coke, which more than doubled (from 5.1 to 11.0 wt%) when increasing the catalyst/biomass ratio 

from 0.25 to 1 [321]. Furthermore, water increased (from 8.3 to 15.5 wt%), CO (from 4.6 to 9.8 

wt%), and CO2 (from 5.6 to 8.5 wt%), and the carbon loss to CO and CO2 was coupled with 

deoxygenation while carbon loss to coke mainly diminished the recovery of liquid range organics. 

The results are in line with observations by Paasikallio et al. [298] for in-situ CFP in a fluid bed 

[298] using HZSM-5 as catalyst. It is noted that in Aho et al. and Paasikallio et al.’s work [298,321] 

(Figure 11i), the biomass/catalyst ratio decreased with decreasing space velocity. A comparison 

of the effect of space velocity in an ex-situ CFP configuration operated to the same B:C of ~6 is 

possible from the work by Eschenbacher et al. [125], using wheat straw as feed and different acidic 

catalysts (Figure 11j). From these results, using a lower space velocity mainly leads to increased 

deoxygenation coupled with loss in liquid range carbon; however, in contrast to Aho and 
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Paasikallio al.’s work [298,321], the trend follows closely the dashed diagonal. This could be 

explained by the fact that while the lower space velocity (at a 5 and 10 times higher catalyst 

loading) has a higher coking propensity initially, the test was operated 5 and 10 times longer to 

reach the same cumulative B:C as with the lower catalyst loading. If the continued operation over 

the coked catalyst with reduced coking propensity maintained a mild deoxygenation activity, this 

may have compensated for the initially high carbon losses. In addition, it is possible that the effect 

of space velocity depends on the configuration of the catalytic upgrader (fluid bed vs. fixed bed) 

[125,298,321]. This is supported by the results shown in Figure 11a, since the data points obtained 

using a fixed bed and varying the catalyst/biomass ratio between 0.1 and 0.7 lie close to the dashed 

diagonal [289], and suggests that for ex-situ CFP in a fixed bed, changing the space velocity affects 

the results along the diagonal, while for upgrading in a bubbling fluid bed (ex-situ or in-situ), 

operating at a low space velocity may be detrimental. On the other hand, work by Mante et al. 

[282] using a FCC catalyst in a fluid bed suggests that increasing the average vapor residence time, 

defined as the total volume of fluidized catalyst divided by gas flow rate at reactor conditions, 

from 3 s to 6.5 s, increased the extent of deoxygenation, albeit following closely the trend of the 

diagonal line (Figure 11j). 

One may also increase the deoxygenation severity— at the expense of carbon recovery of liquid 

range organics—by increasing the catalyst temperature (Figure 11k) [125]. It is noted that the data 

points shown in Figure 11k for catalyst temperatures of 450, 500, and 550 °C were obtained in 

ex-situ CFP and the deoxygenation is shown relative to a non-catalytic test performed at 500 °C. 

The effect of catalyst temperature appeared less clear in tests reported for in-situ CFP with HZSM-

5 catalyst using a pilot-scale fluid bed reactor (Figure 11l). Here, the data points are reported 

relative to what was obtained with an inert solid at a reactor temperature of 450, 500, and 550 °C. 
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Some deoxygenation resulted with the inert solid since the oxygen content in the liquid range 

organics decreased from 38.1 to 36.6 wt% using bagasse and from 46.9 to 35.3 wt% using wood 

as the feedstock, when comparing results obtained at 450 and 550 °C reactor temperature [296]. 

On the other hand, others [297] found an improved deoxygenation when increasing the reaction 

temperature from 400 to 475 °C for in-situ CFP with HZSM-5 (Figure 11m), following the 

expected trend. 

In contrast to solid acid catalysts, it was observed that for a continuously operated ex-situ CFP 

with Na2O/-Al2O3, the operation to higher cumulative biomass/catalyst (B:C) ratios allowed the 

possibility to maintain a high degree of deoxygenation in the bio-oil while improving the carbon 

recovery of the liquid (Figure 11n). The collected liquid in these experiments are the sum of 

liquids processed over the fresh catalyst until the stated B:C ratio in Figure 11n. The beneficial 

effect was mostly attributed to decreased carbon loss to coke, which was ~13.9 % of feedstock 

carbon at the lowest B:C of ~4 and only 7.9 C% at B:C ~12 [135]. By continued operation over a 

catalyst that had a reduced coking propensity but was able to maintain a certain deoxygenation 

activity, this seems to have allowed the investigators to break away from the general relation 

between C yield and O removal. In this regard, it may have been beneficial that under reaction 

conditions the sodium species can promote steam-gasification of carbonaceous deposits and the 

mesoporous -Al2O3 support maintains good accessibility to active sites [135]. 

Ratnasari et al. [320] used a 7:1 H‑ZSM-5/Al-MCM-41 catalyst mixture for ex-situ CFP for ten 

tests and regenerated the catalyst after each test by heating in airflow to 600 °C. As shown in 

Figure 11o, there was a clear loss in deoxygenation activity during the first few 

reaction/regeneration cycles, while for tests 4 to 10 (R4 - R10) the activity seemed to have 

stabilized. While the authors did not conduct a catalyst characterization after the tests, it is highly 
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likely that this initial loss in activity was due to dealumination of the zeolite under reaction 

conditions by steam, which is produced from the moisture introduced by the biomass and as a 

product of pyrolysis and catalytic upgrading.  

Mante et al. [282] studied the recycling of non-condensable gases for in-situ CFP using a FCC 

catalyst and a FCC catalyst mixed with 20 wt% FeCrCu water gas shift catalyst and 20 wt% 

CoMo/Al2O3 catalyst. It is noted that due to the low H2 partial pressure (<0.1 bar), the CoMo/Al2O3 

enhanced cracking reactions and not hydrogen consuming reactions. Nevertheless, there was a 

clear benefit of recycling the non-condensable gases (NCG) using these catalysts as this allowed 

to improve both the deoxygenation and the carbon recovery of liquid range organics (Figure 11p). 

It is noted, however, that the char yield was ~2-4 wt% lower when recycling the CO, CO2, and H2-

rich pyrolysis gas, indicating that the reactive nature of the NCG improved volatilization at the 

expense of char formation.  
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Figure 11. Parameters affecting the performance in CFP. (a) ex-situ CFP, catalyst: H-ZSM-5, feed: acid-washed 

wheat straw [289]; (b) in-situ CFP, catalyst: HZSM-5, feed: spruce [298]; ex-situ CFP, catalyst: HZSM-5 and 

desilicated HZSM-5, feed: wheat straw [136]; (c) ex-situ CFP, catalyst: see legend, feed: oak; (d), in-situ CFP, 

catalyst: HZSM-5 and Co/HZSM-5, feed: beech [253]; (e) Comparison of results obtained with HZSM-5 catalysts 

under atmospheric pressure [289] and vacuum (-5.0 kPa) [238]; (f) Different configurations of acidic catalyst A 

(ZrO2/h-ZSM-5-ATP) and basic catalyst B (K/USY-ATP) [123]; (g) in-situ vs ex-situ CFP, catalyst: Na2O/-Al2O3, 

feed: pine; (h) in-situ CFP, catalysts: Silica-Supported Nickel and Vanadium [323] and HZSM-5/bentonite-

promoted with V2O5 and Ni [228], feed: Pine+ spruce; (i) ex-situ CFP, catalyst: H-beta, feed: pine [321]; (j) ex-situ 

CFP, catalyst: -Al2O3 and HZSM-5/-Al2O3, feed: wheat straw [125] and in-situ CFP, catalyst: FCC, feed: poplar 

[282]; (k) ex-situ CFP, catalyst: desilicated HZSM-5/-Al2O3, feed: wheat straw [125] (l) in-situ CFP, catalyst: H-

ZSM-5, feed: bagasse and wood [296]; (m) in-situ CFP, catalyst: H-ZSM-5, feed: forest thinnings [297]; (n) ex-situ 

CFP, catalyst: Na2O/-Al2O3, feed: wheat straw [135]; (o) ex-situ CFP for 10 reactions (R1-R10) with catalyst 

regeneration in between each reaction, catalyst: 7:1 (w/w) HZSM-5/Al-MCM-41 mixture, feed: beech [320]; (p) in-

situ CFP, catalyst: FCC and FCC mixed with FeCrCu and CoMo/Al2O3, feed: poplar [282]; 

In conclusion, when using solid acid catalysts, certain approaches affect the deoxygenation 

activity but do not allow to improve the carbon recovery for a similar extent of deoxygenation; or, 
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in other words, they do not improve the deoxygenation compared for similar levels of carbon 

recovery: 

 Varying the catalyst temperature 

 Varying the gas-catalyst contact time or residence time 

 Lowered catalyst activity due to coke build-up 

 Lowered catalyst activity due to dealumination (for zeolites) 

 In-situ vs. ex-situ catalyst contact mode 

There are several factors reported in literature that appeared to allow to break the strong linear 

relationship between the extent of deoxygenation and the carbon recovery (relative to thermal bio-

oil): 

 Improved catalyst formulations and dual bed approaches using a cracking catalyst 

followed by a basic catalyst active in C-C coupling reactions [123]. 

 Allowing coke build-up while maintaining moderate deoxygenation activity using a 

basic catalyst composed of Na2O supported on mesoporous -Al2O3 [135]. 

 Process parameters, and, for in-situ contact mode, also the catalyst properties, that allow 

to reduce the char yield, can improve the yield of deoxygenated liquid products. 

Important process parameters include: 

1) The recycling of non-condensable gases, which increases the concentration of 

reactive gases such as CO/CO2/H2. This can decrease the char yields, thereby 

improving the carbon recovery of condensable organics [282].  

2) When operating in a larger scale circulating fluidized bed pilot plant, better heat 

transfer and a more intimate and fast mixing between the hot catalyst and the cold 

biomass particles can be achieved compared to a bench-scale pyrolysis unit. This 
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can reduce the formation of char/coke and improve utilization of biomass carbon 

towards liquid products formation [253]. 

3) Operating under vacuum can improve the volatilization, shorten the vapour 

residence time and thereby minimize unwanted secondary reactions [303]. By 

decreasing the char yield, this can increase the recovery of liquid-range organics 

[385]. 

3 Near-atmospheric Pressure Catalytic Fast Hydro Pyrolysis 
For HDO, bi-functional catalysts with both hydrogenation and acidic functionality are often 

utilized for biomass pyrolysis vapor-phase deoxygenation. This includes supported metal and 

bimetallic catalysts. For CFHP with metal-modified zeolites under a hydrogen atmosphere, fewer 

studies are available compared to CFP (Table 3), but the trends are more consistent with respect 

to lower coke deposition when using the metal-promoted zeolite, compared to the unpromoted 

zeolite (Table 4). Noble metals (Pt, Pd and Ru) and transition metals (Ni, Mo, Cu, and Co) have 

been widely tested as hydrogenation catalysts, typically at metal loadings of 1-3 wt.% [229]. 

Usually, noble metals (such as Pt, Pd, Ru) possess higher hydrogenation activity than non-noble 

metals (like Ni, Co, Mo, Fe) [229]. Modification with Pt, Cu, Ni, Co, or Mo resulted in decreased 

oxygen content of the pyrolysis vapors or bio-oil and increased the yield of heteroatom-free 

aromatics (Table 4). 

Generally, catalysts based on group 10 metals (Ni, Pd and Pt) are widely used in studies of HDO 

of lignin-derived phenolics [386,387]. To summarize, the catalysts employed for atmospheric 

HDO of biomass pyrolysis vapors can roughly be grouped into [174]: 

1) Noble metal catalysts. Examples include Ru, Pd, or Pt with high hydrogenation activity 

that are supported on solid acids such as zeolites (see examples in Table 4), tungstated 
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zirconia, and -Al2O3 [31,279,388–391], creating bifunctional catalysts. Noble metals can 

also be supported on reducible oxides such as TiO2, ZrO2 and CeO2 [293,359,390,392–

395], or on mixed metal oxides, e.g. Pt on Fe2O3/CuO. Furthermore, instead of a single 

precious metal, bimetallic catalysts such PtPd or combinations of a precious and transition 

metal can be used (see 2)). 

2) Transition-metal catalysts such as Ni, Co, Mo, Cu, Fe and their oxides, sulfides, 

carbides, nitrides, and phosphides were found active for atmospheric pressure HDO of 

biomass pyrolysis vapors and model compounds [31,70,118,389,391,396–409]. 

Particularly phosphides such as Ni2P, Co2P, Fe2P, WP, RuxP and MoP show good activity 

for HDO and direct deoxygenation [31]. The oxides, sulfides, carbides, nitrides, and 

phosphides can be promoted on solid acids, on reducible oxides such as TiO2, ZrO2 and 

CeO2 [174], or on mixed metal oxides, e.g. Ni2P on a Fe2O/CuO support [174]. In addition, 

bulk molybdenum trioxide (MoO3) [390,405,407,409,410] and supported MoO3 catalysts 

[274,314,359,390] were found active for vapor-phase HDO of pyrolysis model compounds 

and real biomass pyrolysis vapors at near-atmospheric hydrogen pressures. NiO is easily 

reduced to metallic Ni during CFP conditions [159,247,323,411], while Co, Mo, and Fe 

may only be reduced to a minor extent and will therefore still be present in their oxide 

form. Alloys of different transition-metal catalysts can have a higher activity than using a 

single transition metal. For Ni-Cu, a synergetic effect was observed since i) the addition of 

copper facilitates the reduction of nickel oxide and ii) smaller crystallite size and exposure 

of more active particles resulted [412–417]. The choice of support can further influence 

the catalyst activity as well, with Ni-Cu supported on TiO2 showing higher activity 

compared to other supports (CeO2–ZrO2, ZrO2, SiO2, and carbon) [418]. Bimetallic Ni-Fe 
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catalysts exhibited promising activity and selectivity for aromatics during m-cresol 

conversion under H2 at atmospheric pressure [419]. 

Several studies tested carbides, in particular Mo2C and WC and found that these can 

perform equally well as a noble metal Pt catalyst in terms of high selectivity to aliphatic 

and aromatic hydrocarbons [392,397,398,420]. Replacing—at least partly—expensive 

noble-metal catalysts with equally active and lower cost transition-metal catalysts would 

significantly lower the catalyst cost. Favorably, often promotional effects were reported, 

e.g. the addition of Pt or Ni to Mo2C enhanced the hydrogenation performance [421]. A 

similar example is the promotional effect of adding Pt, Ni or Cu to MoOx/TiO2 [422]. As 

these examples show, there are several promising lower-cost alternatives to the precious 

metal catalysts mentioned under 1). However, many of them were only tested for upgrading 

of model compounds and further testing at larger scales allowing to assess their stability 

and activity for upgrading whole biomass pyrolysis vapors are required.  

Table 4. Results from hydrodeoxygenation (HDO) at near-atmospheric pressure using metal-modified 

zeolites (mostly HZSM-5 or beta). The up ( and down (arrows indicate a significant change (%) by the 

metal incorporation compared to results obtained with an unmodified zeolite.. The results were obtained 

from either the produced bio-oil or from direct analysis of the non-condensed vapors by GC. Reproduced 

with permission from Ref. [220] Copyright [2020] Publisher Elsevier and updated with recent references. 

Metal 
Loading 

(wt.%) 
Tcatalyst (°C) 

B:C (in or 

ex-situ 

CFP) 

wt.% Oa yield of ARa 
yield of 

HCa 

yield of 

cokea 
Reference 

Pt 

10 500 2 (ex)     %   [272] 

0.5 500 4 (ex)     [220] 

1.3 500 1.5 (ex)     % [388] 

Cu 
3 500 2 (ex)     %   [272] 

3 500 4 (ex) %   % [220] 

Ni 

3 500 2 (ex)     ~   [272] 

3 500 4 (ex) % %  % [220] 

3 500 1 (ex) %   % % [248] 

2 600 0.15 (ex)   % %-% % [274] 

Co 
3 500 2 (ex)     %   [272] 

4 500 4 (ex) % 18%  % [220] 

Fe 
1 500 6 (ex)   %   % [275] 

1.5 500 4 (ex) % %  % [220] 

Mo 
2 600 0.15 (ex)   % %-% % [274] 

3 500 4 (ex) % %  % [220] 
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Ga 

4 500 2 (ex)   %     [272] 

1 500 4 (ex)    % [220] 

5 500 0.05 (ex)     [423] 

Nb 1 500 4 (ex)     [220] 

Ru 0.5 500 4 (ex)     [220] 

Pd 0.5 500 4 (ex)    % [220] 
a‘AR’ and ‘HC’ refers to aromatics and oxygen-free hydrocarbons, respectively. An empty field indicates that the 

information was not given; ‘~’ means not significant change; if decrease () or increase () is indicated without 

number, the change was only qualitatively stated. Where a range of numbers is stated, either several supports, metal 

loadings, or different biomass types were tested. 

 

3.1 Benchmarking of results reported for CFHP/atmospheric HDO 

Figure 12 summarizes results reported for HDO at near atmospheric pressure (H2  1 bar), with 

symbols shown in teal and pink referring to the use of woody biomass wheat straw as the feedstock, 

respectively. Fore reference, thee area into which most CFP results fell is indicated in grey. It is 

noted that only a small number of possible catalysts mentioned in section 3 has been tested at 

scales large enough to allow for quantification of bio-oil yield, elemental composition, and H2O 

content. Generally, the results from atm. HDO are placed more towards the favorable right corner 

of the plot. Nevertheless, it is also clear that there is a significant overlap between the results 

obtained under CFP conditions and atmospheric HDO. Low loadings (<5%) of noble metals such 

as Pt/Ru or higher loadings (~10 wt%) of non-noble metal MoO3 supported on reducible TiO2 

anatase yield highly active catalysts for atmospheric pressure HDO, which outperformed results 

obtained with solid acid catalysts [293,392,424,425]. Importantly, French et al. [293] demonstrated 

recently that a Pt/TiO2 catalyst showed stable performance for 100+ reaction cycles, with stable 

carbon yield and oxygen content. This improves the confidence in the catalyst durability. It is 

interesting to note that even though these tests were performed using pine as the feedstock and the 

vapors passed through a hot gas filter, potassium had accumulated (increase from 87 to 1100 ppm) 

on the catalyst, suggesting that potassium passed through the hot gas filter either in the vapor-

phase or in small aerosols [293]. Mineral matter in lower cost agricultural residues and forest 

residue is considerably higher, e.g. the potassium content in wheat straw was found to be ~20 times 
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higher than in pine [50], and also N and S contents can be substantially higher in agricultural 

residues [50,53]. While no decrease in activity was observed after several reaction-regeneration 

cycles using wheat straw as feedstock and Pt/TiO2 as HDO catalyst [359], the long term stability 

of these catalysts for processing of pyrolysis vapors derived from lower cost agricultural residues 

is still to be explored.  

While oxygen can be removed almost entirely at carbon recoveries >70% compared to the 

thermal pyrolysis oil when applying higher H2 pressures of 8-35 bar and using sulphided CoMo 

and NiMo catalysts [59], it is easier to operate, build, and feed biomass into atmospheric HDO 

systems [174]. Therefore, a trade-off exists and decentralized units will preferably be smaller, and 

want to operate at lower cost, i.e. at close to atmospheric CFP or HDO conditions. 

 

 

 

Figure 12. Extent of deoxygenation (%) correlated with the relative carbon recovery (%) of liquid-range organics 

compared to a thermal pyrolysis oil when using HDO catalysts. Results from CFP shown in grey for comparison. 

Results from HDO using woody biomass are shown with light blue (atm. HDO) and dark blue (higher pressure 

HDO) symbols, and the results from atm. HDO using wheat straw and rice husk as feed as feed are shown with pink 

symbols.  
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3.2 Parameters affecting the performance in CFHP 
As shown in Figure 13a, the choice of an effective HDO catalyst is also paramount under a 

hydrogen atmosphere. Meesuk and coworkers performed several studies in which Ni-based 

catalysts were investigated and process conditions optimized [294,295,305]. However, the 

performance of these Ni-based catalysts was comparable to results obtained with “simpler” acidic 

or basic catalysts under CFP conditions (Figure 6,  

 

 

 

Figure 10). On the other hand, an improved performance resulted using a CoMo/-Al2O3 catalyst 

[305]. For ex-situ CFHP, it was observed that better results were obtained with Pt/TiO2 (reaction 

temperature 400 °C) and MoO3/TiO2 (reaction temperature 450 °C) compared to MoO3/-Al2O3 

(reaction temperature 450 °C) [359] (Figure 13b). This observation may be explained by the 

higher coking propensity of the -Al2O3 supported catalyst (Figure 14). A shift to the right (higher 

C recovery) was observed using Pt/TiO2 and increasing the H2 partial pressure from 0.5 to 0.9 bar, 

along with a slight reduction in coke yield. An increased extent of deoxygenation and reduced 

coke yields with increasing H2 partial pressure from 0.2 to 0.8 bar were reported in a recent study 
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catalyst/reaction temperature of 400 °C and H2 partial pressure of 0.8 bar, the yields and 

deoxygenation performance could be further improved when increasing the pyrolysis temperature 

from 500 °C to 525 °C (Figure 13c). 

Recently, Cross et al. [299] studied the effect of reaction temperature, weight hourly space 

velocity (WHSV), H2 partial pressure, and time on stream in a bubbling fluidized-bed reactor with 

MoO3/-Al2O3 in the in-situ catalyst configuration. Since no thermal reference tests were 

conducted using an inert carrier for the different conditions, their results are represented in absolute 

values in Figure 13d. It is apparent that a temperature increase from 400 to 500 °C enhanced the 

deoxygenation, but at the same time the carbon recovery of liquid range organics decreased, even 

though the solid yield (char+coke) decreased from 36 C% at 400 °C to 27 C% at 500 °C [299]. 

Decreasing the WHSV from 1.1 to 0.7 h-1
 at a fixed temperature of 450 °C and hydrogen partial 

pressure of 0.9 bar improved the deoxygenation reactions at the expense of carbon recovery. This 

suggested that at the low WHSV the catalyst already worked at full capacity and HDO reactions 

became limited at higher WHSV. When increasing the time on stream (TOS), and therefore also 

the cumulative B:C ratio, at a fixed temperature, WHSV, and pH2, the oxygen content in the 

collected liquid increased while also increasing the carbon recovery of the collected product. 

However, increasing the hydrogen partial pressure from 0.9 to 3.3 bar at a fixed temperature, 

WHSV, and TOS allowed to further decrease the oxygen content from 8.5 wt% to as low 2.3 wt%, 

while, advantageously, not compromising carbon recovery Figure 13d. There is therefore a clear 

trade-off between process cost and complexity using expensive H2 at higher pressures and the 

benefits in terms of maintaining a high carbon recovery of liquid organics during deoxygenation. 
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Figure 13. (a) in-situ CFHP, catalysts: Ni-based catalysts and CoMo/-Al2O3; (b) ex-situ CFHP, catalysts: MoO3/-

Al2O3 (), Pt/TiO2 (), and MoO3/TiO2 (), feed: wheat straw [359]; (c) ex-situ CFHP, catalysts: Pt/TiO2, feed: pine 

[293]. (d) in-situ CFHP, catalyst: MoO3/-Al2O3, feed: pine [299]. 
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Figure 14. Carbon deposition on catalyst in ex-situ CFHP as a function of the cumulative ratio (w/w) of fed biomass 

to loaded catalyst. Catalysts and H2 partial pressure (total operating pressure = near atmospheric) according to 

legend; feed: wheat straw [359]. 
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500 to 400 °C, albeit there appeared to be an optimum when operating the process at 450 °C. For 

in-situ CFP the catalyst and pyrolysis temperatures are the same, and therefore there is a risk of 

increased char formation and reduced deoxygenation activity if the reactor temperature is too low. 

Generally, hydrogenation is favored at lower temperatures, and in ex-situ CFP the TiO2-supported 

MoO3 and Pt catalysts were frequently studied at lower temperatures (400-450 °C) [293,359,392] 

compared to catalysts tested in CFP in order to prevent sintering. 

 

4 Deactivation 
A combination of different mechanisms contributes to the loss of activity with time on-stream, 

with the main contributors being coke deposition, poisoning, sintering of dispersed metals, and for 

zeolites dealumination, i.e., the loss of Al from the framework under hydrothermal conditions, 

which reduces the zeolite’s acidity. For acidic catalysts, the most noticeable loss in activity occurs 

due to coke formation on the acid sites, blocking the access to reactants and thereby resulting in a 

reduced activity. The primary pyrolysis vapors (Figure 1) contain highly reactive oxygenates, and 

the methoxy and hydroxyphenols with two oxygens are more efficient coke precursors compared 

to simpler phenols. Coke formation often follows an exponential decay function, with initially very 

high coking rates over the fresh catalyst which then decreases gradually to a lower rate with longer 

time-on-stream (with lower conversions and deoxygenation activity) [136,184,218]. Therefore, 

pre-coking of the catalyst (e.g. zeolites or MgO), i.e., incomplete oxidative regeneration, was 

proposed in order to start the reaction with a lower coking rate compared to using a fresh or 

completely regenerated catalyst [100]. The advantage is that if the catalyst is fresh, coking is severe 

and liquid yields may be very low initially. With a pre-coked catalyst, a larger mass of catalyst 

may be used and operated to higher B:C ratio while obtaining a high liquid yield with good level 

of deoxygenation. 
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Coking is the result of polymerization/condensation reactions on the catalyst surface, and 

cyclization, disproportionation and coupling reactions contribute to the formation of aromatics and 

the observed buildup of coke. Coke is therefore often poly-aromatic in nature and is formed on the 

strong Brønsted acid sites, which promote deep deoxygenation and cracking [252]. Coke is 

primarily composed of carbon (main component) and hydrogen, but can also contain substantial 

amounts of heteroatoms, e.g. up to 37% O and ~2 wt% N were reported from wheat-straw CFP 

[123] and 49% O were reported for coke formed on HZSM-5 using woody biomass as feed [177]. 

A substantial quantity of energy can be locked up in coke, which can easily amount to ~20% of 

the energy of the feed [123], and while combustion of coke can provide the process heat needed 

for continuous operation (similar to FCC), too high a coke yield constitutes an undesirable carbon 

loss as it diminishes the carbon recovery of bio-oil. 

Zeolites such as HZSM-5 lose acidity by dealumination under the hydrothermal conditions of 

500-700 °C present during the biomass CFP and catalyst regeneration [218], since H2O is 

introduced with the biomass and produced during biomass pyrolysis and deoxygenation, and H2O 

is also produced during coke combustion during regeneration. It is worth mentioning that the 

hydrothermal stability of zeolites can be increased by phosphorus incorporation [430–437]. This 

is expected to increase the long-term stability for vapor-phase upgrading but has to the best of our 

knowledge only be studied to a limited extent for CFP of biomass by using refinery FCC catalysts 

and P-stabilized HZSM-5 additives [214]. P-modified HZSM-5 after steam-treatment has a much 

lower acidity, ~10% of the acidity of a freshly calcined non-modified HZSM-5. Therefore, higher 

catalyst loadings will be required to compensate for the lower acidity, but it is likely that for a 

similar level of conversion, steam-treated and P-modified HZSM-5 will show a lower coking 

propensity. 
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As already addressed in the introduction, a last deactivation mechanism, particularly relevant for 

solid acid catalysts in direct contact with biomass, is poisoning by the alkaline (K, Na) and alkaline 

earth (Ca, Mg) species found in the biomass ash, reducing the catalysts’ surface area and especially 

acidity by titration of the acid sites [50,125–129]. The rate of deactivation will depend on the ash-

metals deposition rate and their distribution in the catalyst particle, e.g. it was found that K 

accumulated very selectively and well-distributed within the catalyst [129]. This indicates a very 

high mobility of K, while Ca was mainly found as larger particles on the spent catalysts [130]. 

Replacing the complete inventory of expensive zeolite catalyst after 10-20 days of operation makes 

in-situ CFP with zeolite based catalysts commercially less attractive, although regeneration by 

washing in a mild acidic solution may be possible while adding operational costs [438]. 

Noble metals such as Pt, and transition metals like Cu and especially Ni may also be deactivated 

by sulfur (S) species such as H2S, RSH, RSSR, etc., via formation of sulfides, which are difficult 

to remove due to the formation of a strong metal-S bond [439–443]. Since essentially all biomass 

contains sulfur, sulfur tolerant catalysts, such as NiMoS2 or CoMoS2, may be advantageous. On 

the other hand, sulfur-containing catalysts are prone to sulfur bleeding and thus deactivation, if the 

sulfur concentration in the vapors is relatively low, which is true for biomass-based pyrolysis 

vapors, may occur. Therefore, it maybe required to add a sulfur species like H2S or dimethyl 

disulfide to keep the catalyst in its active sulfide state. While H2S may be more easily stripped 

from the upgraded liquid product, residual DMDS in the product can thwart the naturally given 

low sulfur contents in biobased-based pyrolysis condensates [444]. 
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5 Challenges, Gaps and Perspective 
5.1 Comparability issue 

The results reported from different research groups differ with respect to the used apparatus, 

biomass, and operating conditions. Therefore, in order to compare the results across different 

studies and further advance this field of research, it is paramount that new studies that test 

novel/improved catalyst formulations as a minimum provide the bio-oil yield, its oxygen and 

carbon content, and report results from a thermal reference test. Yields should be reported on the 

basis of dry biomass and the water content in the bio-oils must be quantified so that the oxygen-

content can also be compared on a water-free basis. Even amongst some of the most recent studies 

it is not clearly stated if the reported elemental analysis of the bio-oil is reported on a dry basis or 

includes H2O [287,291], and an analysis of the bio-oils’ H2O content [177,445] or carbon/oxygen 

analysis [216,384,446] is missing. If phase separation occurs, it is desirable that the yield, H2O 

content, and elemental analysis of the aqueous fraction are reported [50,125,136,296,301]. Only 

providing these important characteristics will allow adequate justification of a process by putting 

the improved oil quality in relation to the decrease in oil yield resulting from the catalytic treatment 

[116]. Researchers are encouraged to benchmark their results with the vast amount of results 

already available in literature which has been summarized in the present work and is available as 

supporting information. 

In Section 2 and Section 3 of this review, we have compared the results reported in different studies based 

on the oxygen content and carbon recovery relative to the thermal/non-catalytic reference obtained in each 

study. In this comparison, the position of the data points in the graphs is affected to some extent by the 

exact nature of the thermal reference case, i.e., if the thermal test was done using as an empty reactor, or, if 

an inert material such as sand or SiC was used. With the inert, the yield and oxygen content can be slightly 

lower due to surface reactions of the highly reactive oxygenates at high temperatures. Therefore, for a given 

wt% O and carbon recovery obtained with a catalyst, the extent of deoxygenation would be lower and the 
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relative carbon recovery higher if it is referenced against a result obtained with an inert solid compared to 

an empty reactor. It is to be noted that for ex-situ CFP, both options exist, while for in-situ CFP there is 

usually always an inert used for the non-catalytic case, e.g. in a fluid bed. How the data points from ex-situ 

CFP are affected when referenced against results obtained with an empty upgrader reactor or results 

obtained when the catalyst was replaced with an inert (SiC), is shown in Figure S1. While this does not 

affect the conclusions and trends within one study, it is another factor causing some spread in the data from 

different research groups, since for ex-situ CFP different researchers chose one of these two options. 

In addition to comparing the results relative to a thermal reference, Figure 15 summarizes the data 

reported for absolute yields of carbon recovery and the oxygen-content of the liquid range organics. As 

shown in Figure 15a and b, using woody biomass as the feedstock with a low ash content (<1 wt%) yields 

~40-60% carbon recovery of C4+ liquid-range organics with an oxygen content (d.b.) between 32 and 45 

wt%. The most data is available using solid acid catalysts and low-ash content feedstock (Figure 15a). 

While there is a clear trend of decreasing carbon recovery when removing oxygen from the liquid, there is 

also a substantial spread in the data, both for thermal and catalytic results. This spread seems less when 

using basic catalysts and metal oxides (Figure 15b).  

When feedstock with increased ash content is used (Figure 15c+d), the carbon recovery of C4+ liquid-

range organics tends to be in the low range (~45 %) compared to what is observed when using low-ash 

feedstock, with an oxygen content in the range of 30-40 wt% (d.b.). Higher carbon recoveries of ~60 wt% 

from high-ash content feedstock were reported in a process operated under vacuum and when subjecting 

the feedstock to an acid-wash. With respect to the effect of the catalyst, similar linear trends are observed 

for high-ash content feedstock when using acidic (Figure 15c) or basic (Figure 15d) catalysts. Overall, 

Figure 15 also demonstrates that a wide range of different catalysts are effective for deoxygenation. As a 

result, when selecting the most suitable catalyst for CFP conditions, not only the deoxygenation 

performance but also other factors such as catalyst stability and cost need to be considered. Similarly, the 

deoxygenated bio-oils using low or high ash content feedstock fall into the same range. This can be 

explained by the fact that alkaline earth metal ions act as indigenous deoxygenation catalysts [44]. As such, 
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it is questionable if the additional cost associated with removing ash from the feedstock is worth it if the 

overall objective is to produce a deoxygenated liquid product at low cost. 

Roughly speaking, Figure 15 suggests that it does not matter too much what type of catalyst is used under 

CFP conditions, and the majority of tested solid acid catalyst perform similar compared to using basic 

catalysts and metal oxides. It has to be acknowledged, however, that our review focused on the oxygen 

content as the most important oil quality parameter. There are, however, other oil quality parameters that 

need to be considered when comparing the performance of different catalysts and process parameters and 

configurations. Examples include the stability against ageing, the TAN, the basic nitrogen content, and the 

general content of the heteroatoms S and N, which are detrimental for the further upgradability of bio-oil 

product from CFP or CFHP [147,149,444]. The upgradability is further addressed in section 5.3. 
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(a) <1 wt% ash feedstock, solid acid catalysts  

 

 

(b) <1 wt% ash feedstock, basic and metal oxide catalysts  
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(c) >1 wt% ash feedstock, solid acid catalysts  

 

 

(d) >1 wt% ash feedstock, basic and metal oxide catalysts  

 

 

Figure 15. CFP results presented in absolute terms for (a) low ash-content feedstock and solid acid 

catalysts, (b) low ash-content feedstock and basic and metal oxide catalysts, (c) high ash-content 

feedstock and solid acid catalysts, and (d) high ash-content feedstock and basic and metal oxide catalysts. 

Figure 16 summarizes results obtained under atmospheric hydrogen (<1 bar pH2) conditions with active 

HDO catalysts, including both low and high ash-content feedstock. Compared to the results obtained in 

inert atmosphere or with recycle of non-condensable gases (Figure 15), the HDO results predominantly fall 

into a range to the right of the CFP region, which means that more carbon was retained in the liquid product 

during the deoxygenation reactions. Still, there is also some appreciable overlap with the CFP region. 
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Therefore, a case-by-case analysis is required to determine if the cost associated with introducing hydrogen 

to the process outweighs the benefits of an increased carbon-recovery of liquid-range products. 

 

 

Figure 16. Atmospheric HDO results presented in absolute terms. Includes both high-ash feedstock (rice 

husk and wheat straw) and low-ash feedstock (woody biomass). 
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model allowed to predict the yields under different conditions in the fixed bed reactor system for 

woody biomass (pine) and this type of catalyst, taking into account the apparent kinetics from both 

intraparticle and reactor-scale transport phenomena.  

Further development of this type of model to be able to take into account, i) the feedstock 

characteristic, in particular the content of AAEM in the feedstock, ii) different types of catalysts, 

and iii) the reaction atmosphere (inert vs. pH2 vs. recycled product gas) would be highly useful. 

5.3 Upgradability 
Given that a high extent of deoxygenation (>50% compared to thermal oil) is achieved, both 

CFP and atm. HDO can produce stabilized bio-oils, and the remaining oxygen content can be quite 

easily removed via a single stage hydrotreatment or further treatment in an FCC 

[149,377,381,392]. However, there does not seem to be a consensus yet on the exact level of 

oxygen that is permissible to remain in catalytic fast pyrolysis oil that would guarantee full 

upgradability. This is likely due to the fact that not only the total oxygen content, but also the 

oxygen speciation impacts the upgradability. As an example, a bio-oil with a given reduced oxygen 

content can be produced from in-situ upgrading utilizing for example a circulating bed reactor in 

which the biomass gets in contact with a regenerated catalyst and therefore a certain degree of 

deoxygenation is continuously achieved. The produced bio-oil from this configuration will have a 

constant/steady composition and consist of fully deoxygenated products and simpler oxygenates 

such as phenolics that were too recalcitrant for deoxygenation under the given conditions. On the 

other hand, bio-oil with the same oxygen content can be produced from ex-situ upgrading, often 

performed in a fixed bed, which will undergo cycles of deactivation and regeneration. Here, the 

liquid product will initially have a very low oxygen content, however, with increasing TOS and 

progressed catalyst deactivation, the products will contain more oxygenated species. As a result, 

the liquid product is a mixture of highly deoxygenated species and at the same time it can contain 
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highly reactive oxygenated species that were produced over a largely deactivated catalyst [50]. 

This may affect the ageing characteristic and upgradability, and further research in this area would 

be useful.  

The bio-oil obtained from CFHP using Pt/TiO2 was stable enough to allow for continuous single-

stage hydrotreatment for 140 h time-on-stream, and 84 wt% of the hydrotreated product was 

reported to have a boiling point in the gasoline and distillate range [392]. However, also for bio-

oils with reduced oxygen content produced from CFP with red mud [377] and an alumina-based 

catalyst [451], continuous single-stage hydrotreatment for 300 h was reported. A more systematic 

study comparing a selection of the most promising CFP and CFHP catalysts while using the same 

biomass and reactor configuration and subsequently tracing the bio-oil’s yield, quality, 

upgradability, and the yield of biogenic carbon in the final fuel products would be highly relevant. 

A lower coking propensity for the bio-oils derived from atmospheric HDO is expected due to 

their higher H/Ceff ratios compared to CFP oils [392]. However, CFP and HDO-derived bio-oils 

with reduced oxygen content contain a high content of difficult-to-crack phenolics and aromatics 

and are therefore still more hydrogen-deficient compared to fossil crude. From agricultural 

residues, also higher basic nitrogen content remains in the bio-oils compared to fossil crude oils 

[147,149]. Since basic nitrogen compounds are prone to coke formation by attaching to the acidic 

sites of the FCC catalyst, blend ratios need to be limited in FCC co-processing approaches to avoid 

a negative impact on the product distribution [149]. For more details on the reaction pathways 

occurring in the catalytic upgrading of biomass pyrolysis liquids, the readers are referred to a recent 

dedicated review on that topic [452]. 

5.4 Reactor design and operation 
Fixed bed reactors are generally considered cheaper and easier to build and operate than 

circulating fluid bed reactors. This led to a rethinking of the reactor configuration [392], since 
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continuous operation with parallel fixed bed reactors could be achieved by regenerating one reactor 

off-line while blending the effluents from the other reactors on-stream (which have varying 

degrees of catalyst deactivation fronts along the bed lengths), thereby maintaining an 

approximately constant degree of deoxygenation in the effluent. It needs to be considered, 

however, that the coke-burn off in fixed bed reactors needs to be conducted very carefully, since 

otherwise hot-spots and heat-fronts can develop that lead to sintering and permanent loss in activity 

due to a reduction in active metal surface area.  

The different reactor design and operations are sufficiently addressed in comprehensive reviews 

related to pyrolysis of biomass and municipal waste [8,450,453–455] and will not be discussed in 

detail here. Nevertheless, it is worth mentioning that there are many different combination options 

between the reactor used for (catalytic) pyrolysis and close-coupled vapor phase upgrading reactor, 

as indicated in Figure 17. Not all of these combinations have been tested yet, and further 

exploratory research in this field is certainly useful. In this regard, the goal should be for 

continuous operation, efficient heat integration, and minimizing the external energy demand of the 

process, e.g. for reactor heating and compressor shaft power. Likewise, recycling of the non-

condensable pyrolysis gas is preferable over using an inert such as N2 as the carrier gas due to the 

costs associated with gas separation.  

 



 68 

 

Figure 17. Examples for reactor combination options for (a) in-situ catalyst contact mode and (b) ex-situ 

catalyst contact mode. 

There are continuous development efforts ongoing in further developing/improving novel 

reactor designs. As an example, biomass fast pyrolysis can be performed in an innovative gas-

solid vortex reactor [456]. However, adding a catalyst in a vortex reactor for in-situ CFP is 

challenging, as it may be ground down by attrition and be entrained, which is highly undesirable 

since it requires continuous addition of catalyst to the system and separation of the catalyst fines 

from the products. Likewise, technologies related to microwave or solar-assisted pyrolysis have 

been extensively investigated recently [448]. These approaches have their own advantages over 

conventional electrical-heating-assisted biomass pyrolysis. On the other hand, process 

intensification allowing to use smaller reactors such as vortex reactor systems is of interest as it 

would allow inductive heating and hence, easy electrification. The chemical industry is currently 

striving to ramp up the use of green electricity in its processes [457].  
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5.5 Future work 
A large number of studies have focused on the performance of fresh catalysts and their initial 

cycles, with less emphasis on catalyst long-term stability [270]. For their industrial employment it 

will be crucial that catalysts are able to withstand harsh regeneration conditions meaning they 

require good hydrothermal stability and show good resilience against sintering and poisoning. 

Application of hierarchical catalysts in biomass CFP could to some extent mitigate the deactivation 

issue, and combinations of basic and acidic catalysts could create more efficient deoxygenation 

pathways. 

While good HDO performance and durability of 0.5 wt% Pt/TiO2 has been observed, based on 

the high cost of Pt it may be of interest to further lower the Pt loading at optimized particle size if 

it is possible to maintain a similar good (hydro)deoxygenation activity. Catalyst cost could 

potentially be lowered by replacing some of the noble metal loading with MoO3 and adding only 

a minute amount of noble metal as promoter [422], preferentially well dispersed. Future studies 

should also be aimed at comparing the technoeconomics of using HDO catalysts vs. well-

performing CFP catalysts, since there appears to be appreciable overlap between these two and if 

the requirement for external H2 supply could be circumvented, it would likely improve the 

economics of the process. However, this consideration also needs to take the upgradability into 

account, in order to confirm or disprove the hypothesis that the cost of adding H2 to the process is 

worth any additional improvement in bio-oil yield or upgradability compared to using CFP 

catalysts. 

Taking into account that basic catalysts such as MgO and Na2O--Al2O3 are highly selective for 

acid conversion via ketonization while the HDO catalyst achieved a high bio-oil energy recovery 

but were not as efficient in converting acids at low H2 pressure, there could be further potential for 
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synergies. As an example, promoters with basic functionalities could be added to the HDO catalyst, 

or a dual bed or physical mixtures of a HDO and a basic catalyst could be trialed. 

6 Conclusion 
Increasing the extent of deoxygenation with minimal loss in bio-oil carbon recovery remains a 

challenging task. Catalysts and process/operating conditions that favor decarbonylation and coking 

are detrimental for the recovery of liquid range organics. Reporting a decrease in oil yield and an 

improvement in bio-oil properties for a single experiment does not advance the field without 

critically comparing the results with literature, preferentially on a carbon or energy basis. 

However, comparison with the literature is not straightforward because of the differences between 

feedstocks, operating conditions, types of reactors, and analysis techniques applied. Researchers 

working in this field are encouraged to report as a minimum the elemental (CHNS/O) analysis of 

i) the biomass feedstock, ii) a non-catalytic fast pyrolysis oil, and iii) that of the catalytically 

upgraded oil(s). In addition, it is paramount to clarify if the results are reported on a dry basis or 

include moisture. It is crucial that the moisture content of the bio-oils is determined in order to 

compare the yields and oxygen content on a water-free basis.  

While from agricultural residues with elevated ash content the bio-oil yields and oxygen contents 

are often lower than that obtained from woody biomass, the relative loss in bio-oil carbon recovery 

during deoxygenation seems to be independent of the biomass feedstock type. 

A wide range of catalysts including solid acid catalysts, basic catalysts, and metal oxides can 

obtain very similar results in terms of carbon recovery and oxygen content of the liquid. 

Nevertheless, the careful optimization of catalyst formulations shows potential to improve the 

deoxygenation activity while keeping a similar level of bio-oil carbon recovery. Furthermore, there 

exist handles on the process side to improve the recovery of CFP bio-oil. Clear improvements were 
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observed in a dual-bed approach when an optimized cracking catalyst was followed by a basic 

catalyst active in C−C bond formation. Other oil-enhancing process approaches include the 

operation under vacuum, minimizing the formation of char and coke by utilizing reactive gas 

atmospheres (steam, recycled light gases), and ensuring rapid heat transfer in in-situ CFP from the 

catalyst to the biomass particles by operating at larger scales. The catalyst deactivation via ash 

transfer from the biomass remains a concern in in-situ CFP. In addition to the oxygen content as 

the most important oil quality parameter, other oil quality parameters that need to be considered 

when comparing the performance of different catalysts and process parameters include the stability  

against aging, TAN, the basic nitrogen content, and the general content of the heteroatoms S and 

N, which all determine the bio-oils’ upgradability. Under hydrogen atmosphere (CFHP), using 

TiO2-supported noble metal and MoO3 catalysts enabled higher carbon recoveries at the same level 

of deoxygenation, in comparison to many CFP studies using solid acid catalysts, basic catalysts, 

and different (mixed) metal oxides. Considering the additional cost for hydrogen demand under 

CFHP conditions and the fact that HDO catalysts are usually expensive, particularly if they contain 

noble metals, optimizing low cost and robust CFP catalysts remains an active research task for 

their industrial employment. 
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