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Abstract 11 
While energy dense liquid biofuels can be produced from sustainable waste feedstocks via 12 
thermochemical conversion techniques, these biofuels are plagued by high acidity and low stability, 13 
largely due to the presence of oxygenated functional groups. By utilizing transition metal catalysts during 14 
pyrolysis either in situ within the biomass, or ex situ (directly downstream supported on an alumina 15 
substrate) acting on the pyrolysis vapors, the quality of the bio-oil can be improved via deoxygenation. 16 
Four transition metals (Cu, Mn, Ni, Zn) were either wet impregnated on cherry pit biomass, or by 17 
impregnated on alumina wool fibers placed downstream of the biomass to act on the devolatilized gases. 18 
The in situ catalysts Cu, Mn and Zn increase the pyrolysis bio-oil yield. The Mn, Ni and Zn used as ex 19 
situ catalysts increase the total non-condensable gas produced, suggesting that these downstream catalysts 20 
crack the pyrolyzed molecules into smaller organics and water. The ex situ catalysts result in larger 21 
quantities of especially oxygen-containing gases like CO2, which in turn lowered the bio-oil’s O/C ratio. 22 
However, such reactions also increase the water content of the resulting bio-oil. Both Mn and Zn used in 23 
either location enhance the concentration of alcohols relative to aromatic carbons, and when used ex situ, 24 
Mn shows a decrease in the ratio of aromatic to aliphatic carbon content. 25 
 26 
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1. Introduction 30 

The widespread adoption of liquid biofuels is critical for climate change mitigation in sectors 31 

that require high-density combustible liquid fuels for the foreseeable future [1]. In September 32 

2021, the Biden administration set a production goal of three billion gallons of sustainable 33 

aviation fuel by 2030, and a completely carbon neutral aviation sector by 2050 [2]. Using liquid 34 

biofuels from pyrolysis of lignocellulosic feedstocks in the current fossil fuel infrastructure is 35 

hindered by complex and costly upgrading of as-produced bio-oils. One of the largest inhibiting 36 

factors of pyrolysis bio-oil utilization is its high oxygen content [3,4] which increases fuel 37 

acidity [5] and viscosity [6] (further increasing viscosity during storage [7]), and lowers energy 38 

density [8,9]. Pyrolysis bio-oils are upgraded via multiple unit operations, including distillation 39 

[10], steam reformation [11] and hydrodeoxygenation [12]. However, the cost of cascading 40 

numerous upgrading processes limits the economic viability of biomass to biofuel conversions. 41 

Instead, in situ catalytic upgrading has gained traction over the years, whereby the catalyst and 42 

feedstock are co-mingled into a single-step thermochemical conversion to reduce the need for 43 

intensive downstream upgrading [13–15].  44 

 45 

A growing body of literature explores the use of transition metals (TMs) [16–18] as inexpensive 46 

alternatives to precious metal catalysts such as platinum-group metals [19–21]. TMs are often 47 

scaffolded onto frameworks like zeolites. For example, Dyer et al. examined the effects of 48 

zeolite-metal catalysts on bio-oil and gas composition of co-pyrolyzed biomass-polystyrene [22], 49 

and Li et al. paired transition metals with zeolites to improve the hydrodeoxygenation (HDO) of 50 

guaiacol [23]. Copper-zeolite catalysts can achieve upwards of 96% conversion of glucose to 51 

hydroxymethylfurfural, and 92% of xylose could be converted to furfural over a copper-52 
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mesoporous silica catalyst [24]. While these and other works show improved yields and identify 53 

key mechanisms for various pyrolytic biomass transformations, there is little discussion in the 54 

literature about the combined effects of the TM-scaffold catalysts’ components.  55 

 56 

In addition to bespoke TM-scaffold catalysts, naturally occurring heterogeneous catalysts (such 57 

as clay minerals) and process wastes (e.g. spent drilling mud and adsorbents) that contain TMs 58 

are often used to upgrade pyrolysis bio-oils either in situ or downstream. For example, Chen et 59 

al. demonstrated how copper slag can accelerate the devolatilization of sewage sludge [25]. Our 60 

group previously demonstrated how in situ addition of clays such as montmorillonite can 61 

enhance deoxygenation reactions, whereas attapulgite increases alkylation, ketonization, and 62 

aldol condensation reactions [26]. While important additions to the field, many of these works 63 

cannot speak to the impact of the TM contained within the clay or waste on the pyrolysis 64 

reactions. Recently, Praserttaweepron et al. demonstrated how Ni-doping of dolomite clay 65 

promoted decarboxylation, decarbonylation and secondary tar cracking reactions to enhance 66 

hydrocarbon yields [27]. As the Ni concentration increased, the non-condensable gas yield 67 

increased. As there was no Ni-only run performed, we cannot determine if this effect is due only 68 

to the presence of Ni, or synergistic effects between the Ni and dolomite. Similarly, TMs 69 

supported on activated biochar (AB) show greater deoxygenation potential than alkali metal 70 

oxides on biochar [28]. However, as ABs themselves show catalytic activity during biomass 71 

pyrolysis [29], the TM-AB complex may be responsible for the deoxygenation, rather than the 72 

TM itself.  Synergistic effects between co-catalysts exist across many areas of catalysis, from 73 

dichloromethane oxidation [30], to base-free oxidation of glycerol [31], to hydrogen production 74 



3 
Hubble et al.  2023 

by steam reforming of ethanol [32]. As such, one goal of this paper is to understand the potential 75 

role of single TMs in biomass pyrolysis by decoupling the TM and scaffold/mixture effects.  76 

 77 

TM pyrolysis catalyst studies in the literature often investigate specific compound and 78 

conversion pathways rather than actual mixtures of biomass pyrolysis products. For example, 79 

Resasco et al. used platinum to upgrade m-cresol, an important bio-oil component and 80 

intermediary, but one that is not necessarily representative of heterogeneous pyrolysis bio-oils 81 

[33]. Bodachivskyi et al. started with the representative biomass feedstock (cellulose) and 82 

tracked ethyl levulinate production over metal triflate catalysts. While achieving yields and 83 

selectivity of over 70% and 80% respectively [34], pyrolysis of heterogeneous biomass generates 84 

hundreds of compounds [6,35] of which ethyl levulinate represents but one potential mixture 85 

component. The effects of the transition metals on “real” (heterogeneous) biomass 86 

thermochemical conversions are a nascent area of research.  87 

 88 

During pyrolysis, a TM catalyst could act on vapor phase reactions (i.e. devolatilized gases), and 89 

(or) on reactions at the solid-vapor interface (i.e. devolatilization, primary decomposition, or the 90 

formation of biochar). Recondensation at the solid-vapor phase boundary causes (re)deposition 91 

of tar onto the biochar, which alters biochar yield, quality and potential further pyrolytic 92 

reactions, whereas tar-forming compounds that enter the pyrolysis vapor phase could drastically 93 

alter the composition of the bio-oil once it condenses [36]. A catalyst placed in situ – that is, 94 

within the pyrolyzing biomass – could impact both interfacial and vapor phase reactions.  95 
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A catalyst placed downstream of the devolatilization zone (termed here ex situ catalysis) will 96 

only contact the devolatilized gases.1 The catalyst position can lead to vastly different bio-oil 97 

compound distributions, depending on the feedstocks. For example, the concentration of fatty 98 

acids in pyrolysis bio-oil were halved when CaO was used as a downstream catalyst versus in 99 

situ positioning [37], likely due to decarboxylation and decarbonylation reactions in the vapor 100 

phase. A commercial HZSM-5 zeolite was used by Wang et al. to study the catalytic pyrolysis of 101 

hybrid poplar. In this instance, in situ pyrolysis yield more aromatic compounds, whereas ex situ 102 

saw three times as many olefins; aromatics that did form from ex situ pyrolysis were 103 

predominantly monocyclic aromatics, whereas in situ favored polycyclic aromatics [38]. 104 

 105 

Iisa et al. made a compelling techno-economic argument that partial deoxygenation via ex situ 106 

upgrading could mitigate bio-oil instability, which would facilitate transportation and produce a 107 

distillable bio-oil. In turn, this would reduce hydrogen requirements (and therefore costs) for 108 

downstream hydrotreating [39]. As such, a second goal of this work is to explore the impact of 109 

TMs on deoxygenation when placed in contact with biomass (in situ) and in contact with 110 

uncondensed pyrolysis vapors (ex situ).  111 

 112 

2. Materials and methods 113 

Cherry pits were used as a model biomass feedstock given their reasonably uniform composition 114 

[40–42] and large untapped potential resource with nearly four million tons produced globally in 115 

2020 [43]. In the U.S. cherry pit production reached 400,000 tons annually (2020) [44] with the 116 

 
1 We note that ex situ pyrolysis is also used to describe downstream upgrading of condensed pyrolysis vapors 

in a separate unit operation. Such a definition is used in the review of in situ versus ex situ deoxygenation of 

pyrolysis products by Saraeian et al. [72]. The exploration of TM on this form of ex situ upgrading is beyond 

the scope of this work. 
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majority processed by a single facility in the Great Lakes region, concentrating the cherry pits in 117 

one location [42]. American tart cherry pits (prunus cerasus) were supplied by the Great Lakes 118 

Packing Company in Kewadin, MI, where they are dried onsite at 120 °C for one hour and stored 119 

in bulk in grain silos. Upon arrival at Cornell University, the cherry pits were washed with 120 

deionized water, dried at room temperature, and ground and sieved to 1-2 mm (with brass ASTM 121 

sieves). While it would be somewhat impractical to wash dry biomass prior to pyrolysis, samples 122 

were washed to ensure samples were as homogeneous as possible to enhance reproducibility. 123 

From prior work with this feedstock, the cherry pits contain between 77.7 – 80.7 wt% volatile 124 

matter, 16.0 - 22.3 wt% fixed carbon and 0 – 3.3 wt% non-oxidizable inorganic matter [42]. 125 

 126 

2.1 Catalyst preparation 127 

Four metal acetate compounds were sourced from Sigma Aldrich: copper(II) [Cat:341746, 98%], 128 

manganese(II) [Cat:221007, ≥99%], nickel(II) [Cat:244066, 98%], and zinc [Cat:383058, ≥98%] 129 

and were used as received. A wet impregnation method, similar to those detailed by Haukka et 130 

al. and Sietsma et al. [45,46], was used for this work.  131 

 132 

For the in situ experiments, biomass was directly contacted with the TMs. 0.05 M solutions of 133 

each metal acetate were prepared using Milli-Q water (18.2 mq·cm/25 °C). Six grams of cherry 134 

pits were soaked in 50.0 mL of each metal acetate solution for one hour. After this soak time, the 135 

samples were vacuum filtered through a Buchner funnel over cellulose filter paper (Whatman, 47 136 

m). The filtered samples were dried at ambient conditions for 48 hours. As an experimental 137 

control for in situ experiments, and to provide biomass samples for ex situ experiments, cherry 138 

pits were soaked in pure Milli-q water in the same 6 g: 50 mL water ratio, then filtered and dried. 139 
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 140 

To synthesize the ex situ catalysts, 0.3 grams of alumina oxide wool fibers (Merck 142844-00-6) 141 

were soaked in 50 mL of the 0.05 M metal acetate solutions for one hour. The alumina fibers 142 

were removed from the soak solution using tweezers and dried at ambient conditions for 48 143 

hours. This quantity of alumina oxide fibers provided sufficient sample for duplicate runs of each 144 

metal. The final metal loading for alumina and biomass-only samples ranged between 1-2% 145 

metal by weight and was calculated by the difference in mass before and after impregnation 146 

(correcting for the weight of acetate).  147 

 148 

While the alumina substrate is not chemically reactive under our pyrolysis conditions (initial 149 

experiments showed alumina weight loss of around 0.2-0.3% when pyrolyzed at 600 °C for one 150 

hour; the manufacturer’s tolerance guarantees no more than 0.5% at 900 °C), the alumina may 151 

impact pyrolysis products as the pyrolysis vapors flow over its fibers. This could lead to 152 

heterogeneous reactions on the surface of the alumina (e.g. one could imagine a scenario where 153 

some tarry pyrolysis products coalesce on the surface and then crack or (re)devolatilize, which 154 

could alter the composition of the bio-oil and non-condensable gases. As such, a control run of 155 

pure alumina fibers was included to account for any effects of the alumina.  156 

 157 

2.2 Pyrolysis and bio-oil generation 158 

Samples were pyrolyzed in a 5 cm diameter quartz tube furnace (MTI single heating zone GSL-159 

1100X). During pyrolysis, the furnace was purged with 100 mL/min of nitrogen (≤0.1% 160 

atmospheric O2) supplied by a nitrogen gas generator (Parker Balston Model N2-04). Before the 161 

start of each experiment, the furnace was purged with N2 for 25 minutes to remove oxygen. 162 
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Samples were initially heated to 110 °C for 30 minutes to remove residual moisture, then heated 163 

to 600 °C for 60 minutes. The furnace temperature was ramped at 10 °C/minute. To separate and 164 

collect the bio-oil, the pyrolysis vapors exiting the system were routed through two cold traps 165 

(Chemglass Schwartz drying tubes). The tubes were immersed in a mixture of dry ice and glycol. 166 

Downstream of the cold traps, the non-condensable gases were analyzed in real time via a 167 

residual gas analyzer (RGA; Extorr XT300M with Pfeiffer HiCube 80 Eco Vacuum), sampled 168 

via a 40 μm ID silica capillary. The RGA was tuned to detect the mass to charge (m/z) ratios of 169 

four gases: hydrogen (m/z = 2), carbon dioxide (m/z = 44), methane (m/z = 15), ethane (m/z = 170 

27). Note that the non-dominant m/z peaks for methane and ethane are utilized because of 171 

interference. Methane’s dominant peak (m/z = 16) corresponds with minor peaks for carbon 172 

dioxide and oxygen, and ethane’s dominant peak (m/z = 28) corresponds with the dominant 173 

peaks for nitrogen and carbon monoxide. We note that the use of N2 for pyrolysis and an RGA 174 

does limit our discussion of the mechanisms responsible for catalytic activity given the inability 175 

to parse out CO and N2. However, the goal of the work was to understand the overarching 176 

behavior of in situ versus ex situ TM catalysts. Depending on the degree of deoxygenation, 177 

further work could involve running experiments in argon gas and using FTIR to further probe the 178 

gas composition and behavior.  The MS peaks were normalized to the quantity of input biomass. 179 

The remaining gas outflow was vented into a fume hood.  180 
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For in situ catalysis runs, approximately 1.5 grams of TM-impregnated cherry pits or water-181 

washed cherry pits, measured on a Shimadzu semi-microbalance (±0.1 mg) was placed in a 182 

porcelain combustion boat in the furnace. For ex situ catalysis, 1.5 grams of water-soaked cherry 183 

pit sample were placed in the porcelain combustion boat, with 0.15 grams of metal-soaked 184 

alumina fibers placed in a narrow vapor outlet tube downstream of the sample in the exhaust gas 185 

path. The alumina was set 5 cm back from the outlet to ensure minimal backflow after the 186 

pyrolysis gases contacted the alumina, and the alumina was stretched over a 3 cm section of the 187 

pipe to ensure the same packing density of the fibers across all runs. The alumina is still 188 

contained within the furnace, as seen in the diagram in Figure 1. The alumina experiences the  189 

same furnace temperatures as the pyrolyzing sample, as measured by a type-K thermocouple 190 

inserted into the alumina during a test (no-biomass run). The ex situ experiments have no direct 191 

contact between the biomass solid and catalyst. Only material volatilizing and leaving the 192 

biomass sample in the gaseous phase contacts the catalyst.  193 

 194 

2.3 Bio-oil extraction and characterization 195 

After pyrolysis, once the furnace cooled to below 100 °C, the purge gas was shut off and the cold 196 

traps were removed from the dry ice and glycol baths. The exterior of the cold traps was 197 

 
Fig. 1. Pyrolysis flow diagram and location of transition metals 
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immediately wiped clean of excess glycol and the traps weighed. The weight gain of the two 198 

traps represents the bio-oil + water generated during the pyrolysis run. 10 mL of HPLC grade 199 

(≥99%) dichloromethane (DCM) was used to rinse the cold traps and pull as much of the oil into 200 

solution as possible. Parts of the aqueous phase and other non-DCM soluble oil remained 201 

adhered to the cold traps, and the weight difference before and after the DCM rinse constituted 202 

the ‘non-recoverable’ oil. Before analyzing the bio-oil samples with gas chromatography mass 203 

spectroscopy (GC-MS), anhydrous magnesium sulfate (AMS; Fisher Scientific) was used to 204 

remove water from the bio-oil. Approximately 0.2 grams of AMS (weighed on a Shimadzu semi-205 

microbalance to the 0.1 mg) was placed into a 1.5 mL microcentrifuge tube to which 206 

approximately 1.0 mL of the collected bio-oil/DCM mixture was added. The tube was capped 207 

and weighed again to determine the mass of bio-oil/DCM added. The centrifuge tube was shaken 208 

for 5 minutes, then spun to separate the AMS/water and bio-oil. The now dried bio-oil/DCM 209 

mixture was diluted further at a ratio of 0.6 mL DCM to 0.4 mL bio-oil mixture. The solid (now 210 

hydrated) magnesium sulfate was allowed to dry in the fume hood overnight to remove any 211 

surface volatiles, and the hydrated magnesium sulfate was weighed to determine the amount of 212 

water present in the bio-oil. 213 

 214 

2.4 GC-MS analysis 215 

The diluted bio-oil was analyzed with a Shimadzu QP2020 gas chromatography mass 216 

spectrometer with AOC-20i autosampler on a crossbond 30 m long 0.25 mm ID silica column. 217 

Samples were injected with a 15:1 split ratio at 250 °C at an initial oven temperature of 40 °C, 218 

purged with 1 mL/min of helium (Airgas UHP-300). The oven was held at 40 °C for 5 minutes, 219 

then ramped at 5 °C/min to 150 °C where it held for an additional 5 minutes. The oven 220 
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temperature was increased at 1.75 °C/min to 250 °C with a final 10-minute hold. The mass 221 

spectrometer scanned between 15-400 m/z after a 6-minute solvent cut time. The resulting peaks 222 

were filtered (slopes ≥ 900, duration ≥ 2 seconds) and identified by matching spectra with the 223 

internal NIST libraries. [47–49] 224 

 225 

The GC-MS was calibrated with 26 marker compounds in DCM (see supplemental information) 226 

on a 5-point calibration curve with concentrations ranging from 10 ppm to 1500 ppm . The total 227 

list of GC-MS identified compounds has over 200 entries, such that it is not possible to calibrate 228 

for every compound. Instead, peaks are matched to their most similar calibrated neighbor, based 229 

on Tanimoto similarity and molar mass. Similar compounds are separated and detected by GC-230 

MS similarly, so while their response is not a perfect match, this method results in an accurate 231 

approximation and is similar to other approximation methods [47–49]. Identified compounds are 232 

split into their functional group and their relative mass fraction. The approach of splitting 233 

compounds into functional groups is more precise than attributing one functional group to each 234 

compound when compounds have multiple functional groups. The aggregated results for each 235 

functional group in each sample are computed by multiplying the concentration of each 236 

compound by the fraction of a functional group and summing for all compounds in the sample.  237 

 238 

2.5 Biochar elemental analysis 239 

Biochar samples were analyzed in triplicate on a CE-440 elemental analyzer from Exeter 240 

Analytical to determine carbon, hydrogen, and nitrogen content (oxygen by difference) via 241 

ASTM 5373-21. The calibration of the CE-440 analyzer used 1.8 mg acetanilide (≥ 99.99%, 242 

Lot# 0240-1121, Exeter Analytical) at 650 °C and 980 °C 243 



11 
Hubble et al.  2023 

3. Results and Discussion 244 

Cherry pits were pyrolyzed using either in situ and ex situ TM catalysts whose loadings are 245 

described in Table 1 (average reported; replicate data available in SI).   246 

 247 

3.1 Product yields 248 

The effects of in situ and ex situ transition metal catalysts on product formation were 249 

investigated through product yields (Table 1). The overall liquid yield results are consistent with 250 

literature [50–52]. A statistically significant increase is observed for the bio-oil yield (unpaired 251 

two-tailed t-test, p < 0.05) between the control CP and in situ samples for Cu, Mn, and Zn, 252 

though the difference between the water contents for each of these samples is not statistically 253 

significantly difference. The raw CP and in situ CP+Ni are roughly equivalent in terms of 254 

organic bio-oil yield, and though in Figure 2 the Ni appears to have a lower water and higher 255 

total liquid yield, the differences are not statistically significant, nor are the differences in 256 

biochar or gas yield (including that of Ni, which does appear lower than all others). This suggests 257 

that the Cu, Mn and Zn are enhancing devolatilization of the biomass matrix though not 258 

necessarily reactions that would lead to fragmentation of volatiles to non-condensable gases.  259 

While the total liquid yields for the in situ and ex situ pure cherry pits are roughly equivalent, the 260 

ex situ sample has a considerably higher bio-oil yield than that of the in situ run the bio-oil yield 261 

(25.3 wt% versus 15.5 wt%, p < 0.02), such that the in situ run produces more water. As shown 262 

in Figure 2, given that the biochar yields are quite similar (meaning that both samples 263 

devolatilized roughly the same amount of volatile matter), this suggests that the inert alumina 264 

support may well impact gas phase reactions (e.g. limiting recombination of water). The 265 

alumina-supported Cu, Mn, and Ni runs shows similar water content to the CP+Alumina (and 266 
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Zn, while higher, is not statistically significantly different than the other samples). While the ex 267 

situ Cu pyrolysis yielded approximately the same amount of bio-oil as the CP+Alumina, the bio-268 

oil yield for Mn, Ni and Zn was quite lower. As the char yields are roughly equivalent (as would 269 

be expected as the catalyst is downstream), the difference is made up with considerably higher 270 

gas yields. This suggests that the Mn, Ni and Zn are cracking the devolatilized molecules, 271 

increasing non-condensable gas formation.  272 

Table 1. Pyrolysis product yields and ultimate analysis as a function of metal catalyst loading; 273 
average ± one standard deviation (*by difference) 274 

  Pyrolysis Product Yields (wt%) Metal 

Loading 

(wt%)   
Bio-oil Water Biochar Gas* 

in situ experiments 

CP 15.5 ± 4.4 26.9 ± 7.1 24.9 ± 0.3 32.7 ± 11.8 - 

CP+Cu 37.4 ± 11.6 13.2 ± 0.8 24.9 ± 0.1 24.6 ± 15.6 1.56 ± 0.05 

CP+Mn 40.4 ± 15.4 12.0 ± 5.2 25.9 ± 0.3 21.7 ± 20.2 1.29 ± 0.03 

CP+Ni 17.8 ± 8.5 18.4 ± 6.3 20.5 ± 3.7 43.3 ± 13.6 1.42 ± 0.07 

CP+Zn 46.6 ± 1.8 15.8 ± 3.4 25.5 ± 0.3 12.1 ± 2.1 1.12 ± 0.01 

ex situ experiments 

CP+Alumina 25.3 ± 0.6 14.8 ± 6.0 26.4 ± 0.4 33.6 ± 0.6 - 

CP+Alumina Cu 28.5 ± 2.6 14.3 ± 0.6 26.2 ± 0.2 30.9 ± 4.1 1.77 ± 0.24 

CP+Alumina Mn 12.3 ± 2.6 13.4 ± 3.1 26.2 ± 0.3 48.1 ± 5.7 1.16 ± 0.08 

CP+Alumina Ni 15.8 ± 5.9 16.4 ± 6.3 26.3 ± 0.3 41.5 ± 12.2 1.70 ± 0.03 

CP+Alumina Zn 10.0 ± 4.9 22.3 ± 10.1 25.8 ± 0.1 41.9 ± 15.9 2.07 ± 0.33 

 Ultimate Analysis (wt% dry, ash-free basis)    

 Carbon Hydrogen Nitrogen Oxygen*    

Raw CP 51.6 ± 0.1 6.8 ± 0.0 3.8 ± 0.0 36.7 ± 0.1    

in situ experiments    

CP 81.4 ± 0.1 1.9 ± 0.1 0.6 ± 0.0 16.2 ± 0.1    

CP+Cu 79.3 ± 2.3 1.8 ± 0.1 0.6 ± 0.0 18.3 ± 2.2    

CP+Mn 83.4 ± 2.2 1.8 ± 0.0 0.6 ± 0.0 14.2 ± 2.2    

CP+Ni 72.8 ± 1.7 1.7 ± 0.0 0.6 ± 0.4 24.9 ± 1.4    

CP+Zn 78.6 ± 2.8 1.8 ± 0.0 0.7 ± 0.0 18.9 ± 2.8    

ex situ experiments    

CP+Alumina 76.3 ± 1.8 1.8 ± 0.1 0.6 ± 0.0 21.4 ± 1.9    

CP+Alumina Cu 76.9 ± 6.7 1.8 ± 0.1 0.8 ± 0.7 19.9 ± 6.1    

CP+Alumina Mn 78.1 ± 2.1 1.8 ± 0.1 0.6 ± 0.1 19.6 ± 2.2    

CP+Alumina Ni 72.8 ± 2.3 1.8 ± 0.1 0.7 ± 0.0 24.8 ± 2.4    

CP+Alumina Zn 77.9 ± 0.0 1.5 ± 0.0 2.1 ± 0.0 19.4 ± 0.0    
 275 
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 276 

 277 
Figure 2. Pyrolysis experiment yields where liquid collected is separated into water and bio-oil phase in 278 
stacked bar; CP+metal data on left indicate in situ experiments; CP+Al+metal on right indicate ex situ 279 
experiments 280 
 281 
 282 
3.2 Pyrolysis bio-oil  283 

Figure 3 reports the mass fraction of each functional group in the bio-oils, computed by 284 

multiplying the concentration of each compound by the fraction of each functional group in the 285 

compound and summing over all compounds in the sample. There is considerable heterogeneity 286 

in the bio-oil samples themselves across the duplicate runs, in particular for the in situ nickel 287 

samples (individual sample analysis available in SI). However, the heterogeneity in terms of raw 288 

GC-MS chromatogram area data across duplicates is related to the mass of oil recovered, and not 289 

the representative quality. When we investigate the relative concentration profile of the duplicate 290 

samples, we see increasingly clearer trends emerge across TMs and catalyst placement. Figure 3 291 

shows the average ratio of bio-oil components produced in each functional group to the aromatic 292 

carbon content computed by dividing the GC area for all compounds exhibiting a particular 293 
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functional group by that of the aromatic carbon’s area for that sample and averaged across 294 

duplicates.  295 

 
a. Bio-oil from in situ pyrolysis 

 
b. Bio-oil from ex situ pyrolysis 

Figure 3. Bio-oil broken into functional groups normalized to aromatic carbon content (C-arom 296 
= aromatic carbons; C-aliph = aliphatic carbons; O-arom/O-aliph = aromatics/aliphatics 297 
containing oxygen heteroatoms; N-aliph =  aliphatics containing nitrogen heteroatoms) 298 
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To generate an improved bio-oil, reducing oxygen-containing functional groups is desirable, 299 

with exceptions for fuel-necessary components such as alcohols [53,54]. Ethers and alcohols 300 

account for the majority of oxygen-containing functional groups, with carboxylic acid and esters 301 

representing an almost negligible quantity. If alcohol-containing compounds are targeted, it 302 

appears that manganese and zinc, when used as in situ catalysts, and manganese, nickel and zinc 303 

supported on alumina used as ex situ catalysts shifts towards higher alcohol quantities. When 304 

used in situ, zinc may promote the formation of aldehydes (p < 0.05), but the effect is minimal, 305 

and aldehydes represent a fairly small fraction of the overall bio-oil. The lack of significant 306 

compositional differences in the bio-oils resulting from the in situ metal experiments, Figure 3a, 307 

again point to the bio-oils role in enhancing devolatilization but of less potential to tune the bio-308 

oil composition than the downstream catalysts.   309 

 310 

Across the ex situ experiments, the bio-oil from Cu-based runs is not statistically significantly 311 

different from the alumina-only runs, though may perhaps shift some aromatic to aliphatics. 312 

Whereas there is scant effect on the ratios of aromatic carbons to other compounds and of overall 313 

bio-oil quality for the in situ runs, the ex situ experiments suggest a different story.  314 

Mn may result in the opposite effect as overall there is a statistically significant increase in the 315 

aromatic carbon content of the Mn-based bio-oils versus the alumina blank (p < 0.05; see SI), 316 

though the ratios of C-aromatic to C-aliphatic are not statistically significantly different. Versus 317 

the alumina blank, Mn enhances the ether, alcohol ketone, aldehyde and oxygen-containing 318 

aromatic content of the bio-oil, with the ether and alcohol portion (relative to the aromatic carbon 319 

content) seeing the greatest change (Figure 3). The relative concentrations of ethers, alcohols and 320 

aldehydes increases for Ni and Zn bio-oils as well.  321 
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 322 

Oxygen concentration is calculated by multiplying each oxygen present in the oil by the 323 

concentration (ppm) of the corresponding compound. Oxygens across all compounds are 324 

summed to provide a total amount of oxygen present in the (dry) bio-oil. Figure 4 illustrates the 325 

van Krevelen diagram for the bio-oil. The van Krevelen diagram for bio-oil was generated by 326 

quantifying the compounds present, and using their total hydrogen, carbon, and oxygen counts to 327 

develop the molar O/C and H/C ratios. This analysis therefore represents the entire composition 328 

of the oil and is not limited to functional groups.  329 

 330 

With the exception of the ex situ Zn sample, all of the alumina-supported metal bio-oils 331 

(represented by the open circle data points on Figure 4) have a statistically significantly (p < 332 

0.05) reduced O/C ratio versus the in situ catalyzed runs (and CP), and most have improved H/C 333 

ratios. The ex situ Mn bio-oil has the highest H/C ratio of all the bio-oils examined, though the 334 

degree of deoxygenation among all of the ex situ runs is not statistically significant. Interestingly, 335 

we see a significant decrease in O/C and increase in H/C for even the alumina blank versus all of 336 

the in situ samples. This suggests that the alumina is preventing condensation of oxygenated tars 337 

in the bio-oil and/or cracking compounds to produce more non-condensable gases. We do note, 338 

however, that the changes in these ratios are quite small (as evidenced by the scales in Figure 4) 339 

though in line with other pyrolysis bio-oils.  340 
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 341 
Figure 4. van Krevelen diagram of bio-oils made via in situ versus ex situ pyrolysis of cherry 342 
pits (error bars equal to one standard deviation) 343 

 344 

3.3 Biochar composition 345 

With decreased O/C and increased H/C ratios in the bio-oil for alumina-metal catalysts, the 346 

changes in the solid biochar phase could serve as indicators of solid vs. vapor phase interactions. 347 

Whereas the alumina-metal catalysts are situated downstream and are poised to catalyze the 348 

vapor phase, the direct mixing of biomass and metal (in the in situ cases) has the potential to 349 

alter the biomass to biochar conversion and composition. Figure 5 highlights the change in 350 

composition of the biochar on a van Krevelen diagram. Unlike in the oil phase, the char is not 351 

distributed into ‘alumina’ and ‘no-alumina’ regions, but instead we see a range of compositions 352 

without a clear trend based on catalyst or its location.   353 

 354 
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 355 
Figure 5. van Krevelen diagram of biochars made via in situ versus ex situ pyrolysis of cherry 356 

pits (error bars equal to one standard deviation) 357 
 358 

The lack of statistically significant differences between the ex situ run biochars (with the 359 

exception of the Ni) is expected considering that these cases do not allow for the alumina 360 

impregnated metal to contact the biochar. The samples with in situ metals can alter the 361 

composition of the biochar, however all the downstream ex situ metals would only act on 362 

compounds that have entered the gas phase (and should have no opportunity to recondense on 363 

the biochar). The lack of significant differences among the in situ samples indicates that the in 364 

situ metals may catalyze the overall devolatilization, but that their ability to chemically change 365 

the biochar and bio-oil/gas is limited when used in situ. The muted effects of the in situ metals is 366 

potentially due to coking [55], deactivation [56], or limits on heat/mass transfer [57] where the 367 

metals become unable to interact with the vapor phase.  368 

 369 

Throughout our analyses – despite multiple replicates – the use of Ni in both in situ and ex situ 370 

runs appears to be a bit of an outlier. The bio-oils are rather heterogeneous, negating any 371 
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statistically significant observations. In the solid products, both catalyst placements lead to 372 

biochars with slightly higher oxygen to carbon ratios than any other sample. While for in situ 373 

positioning this could mean that the catalyst spurs oxidation of the biochar, this is more difficult 374 

to interpret for the ex situ samples. One plausible explanation is that the Ni-supported alumina 375 

catalyzes reactions that release fairly significant amounts of oxidizing gases (CO, O2), of which 376 

some back mix near the biochar and oxidize the surface. This could be decarboxylation of the O-377 

aromatic compounds in the pyrolysis bio-oil, which are reduced for both Ni samples. Given the 378 

high gas sweep rate this seems unlikely, however (to date) it is the most plausible explanation we 379 

have found, and we look forward to engaging with the field further in determining the root 380 

causes for these observations. 381 

 382 

3.4 Non-condensable gas formation 383 

Carbon dioxide is a major gaseous product of all the pyrolysis reactions (Figure 6) that provides 384 

a direct measure of oxygen leaving the system. The in situ cases result in mixed outcomes, with 385 

nickel generating an increase in CO2 production by 44%, likely due to the added activity near the 386 

reaction hold temperature of 600 °C (between 80-100 minutes). Manganese and zinc see similar 387 

increases in CO2 production (20% and 43% respectively), however copper experiences a slight 388 

decrease of 7%. The ex situ experiments, where the evolved gas is passed over the alumina-389 

soaked catalyst downstream, yield an altogether larger quantity of CO2 compared to the in situ 390 

cases (note the change in axis scaling by nearly an order of magnitude).  391 

  392 
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 393 

  
a. CO2 for in situ pyrolysis experiments b. CO2 for ex situ pyrolysis experiments 

Figure 6. CO2 in evolved pyrolysis gas for in situ and ex situ transition metal catalysis; pressure 394 

normalized to sample mass. 395 
 396 

The inclusion of the alumina oxide – without the addition of transition metals – enhances CO2 397 

production itself. This is likely due to the improved heat transfer effects on the gas passing 398 

through a heated porous material, which can be demonstrated by the disparity in their heat 399 

capacity. While an exact figure for the heat capacity of cherry pit biochar is not known, graphite 400 

can be used as a conservative stand-in, since the biochar begins to graphitize as the temperature 401 

in the furnace rises to pyrolysis conditions. This gives a conservative estimate for Cp as high as 402 

20 J/molK (at 1000K) [58], which is still far less than the downstream alumina counterpart at 403 

120 J/molK (at 1000K) [59]. Alumina’s higher heat capacity translates to smaller variations in 404 

temperature during pyrolysis as the relatively cool nitrogen gas has a smaller cooling effect on 405 

the alumina, and the alumina retains heat (and therefore energy) for a longer duration after 406 

heating. While the particles have been finely ground (1-2mm), improving the heat transfer across 407 

any given particle assists in its devolatilization by providing the energy needed to move to a 408 

lower-energy oxidized state [60].  The alumina possibly provides nucleation sites for the vapor 409 

phase to interact at high temperatures [61]. However, the effects of the inclusion of manganese 410 
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are magnified greatly by the ex situ alumina. Instead of the 20% increase in CO2 production as 411 

seen for Mn versus raw CP in situ, the ex situ manganese impregnated alumina increases CO2 412 

production by 148%, or nearly 2.5 times. These trends continue for ex situ hydrogen, methane, 413 

and ethane, with manganese impregnated alumina generating gases far above the baseline. 414 

Various forms of manganese have been used in a wide array of catalytic reactions due to the 415 

numerous oxidation states, ranging from the targeting of C-H hydroxylation to assist with the 416 

‘magic methyl effect’ [62], to promoting oxidation of CO waste streams [63]. The concentrations 417 

of available oxygen and operating temperature affect the form manganese oxides commonly take 418 

as either MnO2, Mn2O3, or Mn3O4 [64,65] though more states exist. This variable oxidation state 419 

allows manganese to act as either an oxidizing or reducing agent. Despite the inert nature of 420 

alumina oxide at temperatures below 1000 °C, some mass loss is expected (manufacturer reports 421 

≤ 5%). Excess oxygen present from the Al2O3 may interact with the manganese to form more 422 

productive species than its in situ counterpart. Higher oxygen contents and lower temperatures 423 

have shown to favor the formation of MnO2 [63] which may account for the difference in 424 

activity.  425 

 426 

The increased generation of carbon dioxide for the manganese and alumina catalyst is a strong 427 

indicator that oxygen is being removed from the bio-oil via decarboxylation, as confirmed by the 428 

drop and increase in the O/C and H/C ratio for the in situ versus the ex situ experiments, in 429 

Figure 4 respectively. By removing the oxygen from the liquid phase, the bio-oil can be 430 

fragmented into smaller oil compounds with reduced acidity and instability [66]. 431 

 432 
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The ex situ manganese samples outperform other ex situ metals (and in situ metals) in the 433 

production of hydrogen, methane, and ethane (plots available in supplemental information). 434 

Metals used in situ generate hydrogen to varying degrees, with copper producing nearly the same 435 

amount as the baseline, and manganese, zinc, and nickel producing 50% (± 6%), 84% (± 17%), 436 

192% (± 67%) more hydrogen gas respectively. This increase in hydrogen gas production is 437 

advantageous. Hydrogen can be separated and used as its own renewable fuel, either through 438 

direct combustion of H2 gas or fuel cell use [67,68]. Furthermore, this release of hydrogen gas 439 

can be indicative of increased fragmentation of the vapor phase, potentially leading to smaller, 440 

more desirable, bio-oil compounds (hydrocracking) [69]. Previous studies show that 441 

thermochemical reactions of lignin without a hydrogen donor tend to repolymerize intermediates 442 

to form more solids via hydrogenolysis of β-O-4 and α-O-4 bonds [70,71], adversely affecting 443 

bio-oil yield and quality. Additionally, hydrogen can be used in catalytic cracking reactions such 444 

as hydrogenation to increase the saturation of compounds, which leads to fuels producing less 445 

CO2 when burned [69].  446 

 447 

3.5. Summary and Future Work 448 

The present work sheds insight into the relative levels of deoxygenation achievable with single 449 

TM catalysts. TM are often complexed with sulfides (forming transition metal sulfides) and used 450 

for hydrogenation, Fischer-Tropsch and heteroatom removal in refineries around the world. The 451 

role of the S is (likely) to activate molecular hydrogen to form S-H groups and catalyze 452 

hydrodeoxygenation. As reported by Ruddy et al., the relative reactivities of oxygenated 453 

compounds on transition metal sulfides is roughly: aliphatic alcohols > ketones > alkyl ethers > 454 

carboxylic acids ≈ m-/p-phenols ≈ naphthol > phenol > o-ethylphenol > dibenzofuran, with 455 



23 
Hubble et al.  2023 

furans being the least reactive of the pyrolysis bio-oil oxygen species. Given the lack of a sulfur 456 

site to enable such coordination and dearth of hydrogen in the cherry pit feedstock used here, it is 457 

interesting to see how the relative concentrations of alcohols versus aromatic carbons increases, 458 

as do ketones and ethers, supporting the hypothesized role of the S in the TM sulfides. However, 459 

given the increase in the ratio of water to bio-oil produced for the ex situ experiments, it is 460 

reasonable to assert that these catalysts are participating in some degree of hydrodeoxygenation.    461 

  462 

As the goal of this work was to explore fundamental science surrounding the impact of these TM 463 

catalysts (1) without scaffolds or bifunctionality and (2) when used in situ versus ex situ, the 464 

present work explores these TMs only as single-use catalysts, which is not industrially feasible 465 

or sustainable. Future work – as is ongoing in our laboratory, with our industrial collaborators, 466 

and beyond our lab – should explore the reclamation and reusability of TMs when used in situ, 467 

and coking propensity and decoking required when used for downstream upgrading of pyrolysis 468 

vapors. Finally, as most industrial processes for bio-oil are adopting fast (or even flash) 469 

pyrolysis, the present work is useful in understanding how in situ versus ex situ schemes can 470 

alter the product balance and degree of deoxygenation during versus after pyrolysis, but further 471 

work should investigate how such processes scale in terms of pyrolysis heating rates. 472 

 473 

4. Conclusions 474 

This study examined the effect of using transition metals as in situ and ex situ catalysts as 475 

alternatives to precious metals for the upgrading of pyrolysis bio-oils. Specifically, ex situ metals 476 

supported on alumina, acting on the pyrolysis vapor phase, lowered the O/C ratio in the bio-oil 477 

when compared to in situ metals and increased the H/C ratio for some metals (in particular Mn), 478 
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without drastically altering the composition of the biochar. Manganese-impregnated alumina 479 

demonstrated an ability to generate high quantities of pyrolysis gas, specifically H2, CO2, CH4, 480 

and C2H6 when placed in the ex situ downstream position. By moving the catalyst downstream, 481 

the devolatilized compounds fragment into smaller, non-condensable gases, and increase the 482 

production of water, indicating a higher degree of hydrodeoxygenation. instead of heterogeneous 483 

surface-gas interactions on the biochar taking place at the solid-vapor interphase. Large, tarry 484 

(viscous, unstable, and oxygenated) compounds that pyrolyze into the vapor phase (and 485 

ultimately recondense in the bio-oil) can be addressed using ex situ downstream catalysts at 486 

relatively low temperatures (e.g. the same as pyrolysis). Conversely, in situ catalysts result in 487 

greater liquid production with lower water fractions than ex situ catalysts. In particular, Mn, Ni 488 

and Zn boost the relative concentrations of ethers and alcohols in the resulting bio-oils as 489 

compared to uncatalyzed or Cu-catalyzed biomass. However, because of coking and 490 

deactivation, the use of such in situ catalysts in fixed bed pyrolysis may be limited. 491 
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