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ABSTRACT: During ex situ catalytic fast pyrolysis (CFP) of 
biomass, the separation of reactive char and alkali/alkaline 
particulates from biomass pyrolysis vapors by hot-gas filtration 
(HGF) leads to improved vapor stability and quality. HGF in 
tandem with chemical tailoring (e.g., partial deoxygenation) of 
the clean pyrolysis vapors, denoted as catalytic hot-gas 
filtration (CHGF), has the potential to further improve 
vapor composition by removing reactive oxygen moieties and 
protect downstream upgrading catalysts from fouling. Down-
stream upgrading refers to both vapor phase upgrading (e.g., ex 
situ CFP) and condensed phase upgrading (e.g., hydro-
treating). Consequently, CHGF (as a single unit operation) 
was evaluated  for preconditioning  pyrolysis vapors for
downstream upgrading processes. In order to understand the effective operating conditions that successfully filter and partially 
deoxygenate pyrolysis vapors, a titania-supported molybdenum heteropolyacid (Mo-HPA/TiO2) catalyst was studied for use in 
CHGF. Here, pine pyrolysis vapors were generated in a small pilot-scale pyrolyzer and transferred to a CHGF unit via a 
continuous-flow slipstream. In the CHGF unit, the pyrolysis vapors were filtered and upgraded over a packed Mo-HPA/TiO2
catalyst bed. Real-time monitoring and identification of the products formed were achieved by molecular beam mass 
spectrometry. The results showed that under a hydrogen-rich environment, the pine vapors were partially deoxygenated and 
alkylated over the Mo-HPA/TiO2 catalyst. Reactivity studies revealed that an increase in hydrogen concentration and a 
reduction in weight-hourly space velocity enhanced deoxygenation and alkylation. Time-on-stream (TOS) studies showed 
stable product formation up to 1 h with little change in catalyst activity. Additionally, the liquid product was collected using a 
custom fractional condensation unit (built in-house) and analyzed by gas chromatography mass spectrometry to confirm that 
the product was partially deoxygenated and alkylated. The combination of CHGF and fractional condensation allowed for 
chemical and physical removal of both foulant and value-added compounds (e.g., phenols, alkylphenols, methoxyphenols, 
cyclopentenones) for additional enhancement of downstream upgrading processes. The pre- and postreaction catalysts were 
characterized using temperature-programmed desorption, N2 physisorption, and elemental analysis with results indicating some 
catalyst coking. A hydrogen-based catalyst regeneration procedure restored the reacted catalyst activity to that of fresh Mo-
HPA/TiO2. 

KEYWORDS: Biomass pyrolysis vapors, Catalytic hot-gas filtration, Hot-gas filtration, Heteropolyacid, Keggin-type structure, 
Preconditioning, Process intensification, Partial upgrading, Fractional condensation, Separation 

■ INTRODUCTION
Catalytic fast pyrolysis (CFP) of biomass has the potential to 
produce valuable end-products and intermediates for the 
production of renewable liquid fuels and chemicals. This 
conversion process integrates rapid thermal depolymerization 
of biomass (fast pyrolysis) with catalytic upgrading to yield 

desirable products.1−7 Significant advances in heterogeneous
catalysis for bio-oil upgrading via CFP have been made but 
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there is a continuing need for new catalytic processes and 
chemistries in order for CFP to be successfully deployed.8 One 
of the main challenges associated with CFP is catalyst 
deactivation due to coke formation, which ultimately leads to 
biogenic carbon loss.8−10 The formation of coke is strongly 
influenced by feed composition. Char and residual alkali metals 
(particulate matter) are known to catalyze polymerization 
reactions in both vapors and condensed oils, accelerating coke 
formation and bio-oil instability, respectively.8,11−15 Recently, 
the importance of removing the char and alkali metals from 
biomass-derived fast pyrolysis vapors was highlighted by 
demonstrating that hot-gas filtration (HGF) was able to 
produce a bio-oil with substantially improved properties (i.e., 
greatly reduced particulate matter including alkali met-
als).12,16,17 Additionally, a significant portion of the biomass-
derived pyrolysis vapors has reactive oxygen moieties such as 
acid carbonyls (e.g., acetic acid), which tend to negatively 
impact CFP due to their corrosive properties. These corrosive 
acids promote coking reactions (leading to carbon loss) and 
poor bio-oil stability with respect to storage.11,14,18−20 Catalytic 
deoxygenation reactions for the conversion of corrosive acids 
to more desirable products have been identified in CFP (e.g., 
decarboxylation). The ketonization of carboxylic acids is a 
feasible reaction pathway for upgrading biomass-derived 
pyrolysis vapors and suppressing the formation of corrosive 
acids while achieving additional carbon−carbon coupling 
chemistry (i.e., compounds with higher heating values).19−21 

It is important to note that decarboxylation and ketonization 
reactions tend to remove oxygen from carboxylic acids as 
CO2.

20,22,23 This loss of carbon ultimately lowers the carbon 
efficiency of the conversion of biomass to liquid fuel products. 
For maximizing fuel yield and quality, hydrodeoxygenation 
(HDO) is the preferred reaction route since oxygen is 
eliminated as water and carbon is retained.8 HDO further 
presents an opportunity for incorporating hydrogen into end-
products prior to hydrotreating, thereby mitigating down-
stream hydrotreating severity. In order to expand the types of 
potential catalysts to achieve the desired chemistry, it may be 
necessary to precondition the vapors with advanced separation 
processes before downstream catalytic upgrading. 
Preconditioning strategies (e.g., partial deoxygenation) have 

the capacity to chemically convert specific components of 
biomass-derived pyrolysis vapors to more amenable com-
pounds for CFP. Efforts have been made to integrate catalytic 
components into hot-gas filter elements used in biomass 
gasification and gas reforming processes.24−33 These efforts 
utilized metal-impregnated (e.g., nickel, ruthenium) ceramic 
filter elements, with or without mixed-metal oxides (e.g., 
alumina, zirconia, CaO) incorporated, to both remove 
particulates and reform tars and light hydrocarbons to 
synthesis gas (H2 + CO). Our approach here is to apply 
hot-gas filtration with an integrated catalytic component to 
biomass pyrolysis vapors. Denoted as catalytic hot-gas filtration 
(CHGF), this approach was taken to capture char and alkali 
metals while simultaneously performing partial deoxygenation 
and alkylation (i.e., carbon−carbon coupling) on pyrolysis 
vapors prior to ex situ CFP upgrading. The effect of reaction 
conditions on the concentration of partially upgraded product 
vapors was studied. This single unit operation has the potential 
to extend catalyst lifetime, enable efficient downstream 
processing, and provide low CapEx oil stabilization, while 
preserving carbon for downstream CFP upgrading and 
allowing for the production of carbon−carbon coupled species 

for tailoring the fuel end-product properties. The use of CHGF 
within CFP may also present an opportunity for eliminating a 
cyclone separator used to remove entrained solids in fast 
pyrolysis vapors.25 

Fractional condensation of biomass pyrolysis vapors has 
been previously utilized to alter the composition of the 
condensed phase by removing water, fouling agents, and value-
added chemicals.34−41 Fractional condensation permits addi-
tional tailoring of vapors for downstream upgrading through 
the removal of reactive and high molecular weight components 
that contribute to catalyst fouling and oil instability. Moreover, 
the selective removal of value-added components, such as 
polymer precursors (e.g., phenols, alkylphenols, methoxyphe-
nols, cyclopentenones), by fractional condensation presents an 
opportunity for offsetting capital costs within a CFP and/or 
hydrotreating process.42,43 In this paper, a custom fractional 
condensation system was utilized to demonstrate the efficacy 
of the CHGF unit operation. Here, fractions were collected 
and analyzed to determine the degree of deoxygenation 
achieved by CHGF. In addition, the effect of condensation 
conditions on fractionation is discussed. A new approach is 
proposed to utilize partial deoxygenation and fractional 
condensation in tandem to control the composition of 
biomass-derived product for downstream upgrading processes. 

■ EXPERIMENTAL MATERIALS AND METHODS 
Biomass and Catalyst Materials. Loblolly pine biomass 

feedstock was supplied by Idaho National Laboratory for all 
experiments. The feedstock was provided in nominal size <2 mm 
with subsequent knife-milling to <1 mm prior to being used. Carbon, 
hydrogen, and nitrogen (CHN) and proximate analysis indicated the 
composition of the pine on a dry basis to be 51.0 wt % carbon, 6.2 wt 
% hydrogen, 0.1 wt % nitrogen, 42.6 wt % oxygen (by difference), and 
0.4 wt % ash. The pine was further characterized as 42 wt % cellulose, 
21 wt % hemicellulose, and 30 wt % lignin. 

Titania-supported molybdenum and tungsten heteropolyacid 
catalyst materials (Mo-HPA/TiO2 and W-HPA/TiO2, respectively) 
were prepared using standard techniques. Titania (Alfa Aesar, anatase, 
#44429) was ground and sieved to a particle size of 1.4−2.0 mm. The 
catalysts were prepared via incipient wetness impregnation of the 
TiO2 support using an aqueous solution containing either 
phosphomolybdic acid hydrate (Sigma-Aldrich, #221856) or 
phosphotungstic acid (Sigma-Aldrich, #P4006) to obtain an ∼15 wt 
% HPA loading. The resulting samples were dried at 120 °C for 18 h. 
These materials possess the well-characterized Keggin-type structure 
within the class of heteropolyacids (HPAs) and are also referred to as 
polyoxometalates when in their conjugate anion form.44 The HPA 
structure consists of a metal oxide framework surrounding a central 
heteroatom, in this case phosphorus. The metal oxide framework is 
comprised of 12 octahedrally coordinated metal clusters (e.g., 
molybdenum or tungsten) bonded together through oxygen atoms 
with oxygen linkages to the central heteroatom. These HPA materials 
were selected based on their HDO and alkylating activity toward 
pyrolysis model compounds.45 Similar activity was promoted with 
molybdenum oxide supported catalysts,46−49 and it was determined 
that the redox properties of molybdenum oxide influenced the 
reaction selectivity.50−53 Due to the unique redox properties of 
molybdenum oxide, a reducible support material (i.e., TiO2) was 
leveraged in an attempt to further stabilize and tune the activity of the 
Mo-HPA via a charge-transfer mechanism between the TiO2 support 
and HPA.54 

Pulsed-Flow Lab Scale Experiments for Catalyst Screening. 
Initial Mo-HPA/TiO2 and W-HPA/TiO2 catalyst screening experi-
ments were accomplished via a pulsed-flow lab scale horizontal quartz 
reactor system coupled to a molecular beam mass spectrometer 
(MBMS) for real-time analysis of products. The reactor employed a 
tubular packed-bed geometry (i.e., axial flow path) with 12.7 mm 
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Figure 1. Catalytic hot-gas filter (CHGF) and Davison Circulating Riser (DCR) systems coupled to a small pilot-scale pyrolyzer reactor system. 
The pyrolyzer system includes a biomass feed system, fluidized bed pyrolyzer, char cyclones + catch-pots, hot-gas filter (HGF) unit, slipstreams to 
the CHGF and DCR systems, and a scrubber product quench system for raw pyrolysis oil product with liquid phase separation and collection 
systems. The biomass feed system employs a feed hopper drive (1), a biomass metering drive (2), and a biomass conveying drive (3). The CHGF 
system is comprised of the CHGF unit operation (shown as inset) housed in a furnace (not shown), CHGF flow control valve, molecular beam 
mass spectrometer (MBMS) slipstream, and fractional condensation train (FCT). The FCT includes a passive-cool condenser, electrostatic 
precipitator (ESP), aqueous condenser, and coalescing filter, each with an associated product knockout. The system effluent train is equipped with 
a backpressure regulator (117 kPa (5 PSIG) setpoint), volumetric flow meter (dry test meter), and gas bag sampling system. Effluent is exhausted 
to local exhaust ventilation (LEV). *The MBMS system utilized a slipstream via a flow-by plate and was used for real-time analysis of products. 

internal diameter and has been detailed elsewhere.9,55 Pulsed-flow 
biomass feeding was implemented because of its ease of operation at 
the lab scale for the catalyst screening experiments. Loblolly pine was 
pyrolyzed at 500 °C in a  flow of He or H2/He mixture, and the 
resulting vapors were subsequently upgraded at 400 °C over 0.5 g of 
catalyst. Resulting upgraded vapors were swept into the MBMS for 
analysis. Biomass increments of 30 mg were added via quartz boats to 
give a cumulative biomass-to-catalyst ratio of 1.5 (25 boats) and vapor 
weight-hourly space velocity (WHSV) of ∼2 h−1. Literature regarding 
the thermocatalytic conversion of lignin model phenolics (e.g., anisole 
and 4-propylguaiacol) over a Mo-HPA/TiO2 catalyst suggested that 
H2 was necessary to promote HDO and alkylation reactions via Lewis 
and Brønsted acidic site activation.45 Therefore, experiments were 
conducted with 10 vol % and 50 vol % H2 (balance He). The reaction 
temperature (400 °C) was chosen based on the thermal stability of 
the HPA and TiO2.

56−58 Elevated temperatures (>500 °C) induce a 
phase transition from anatase-to-rutile, where anatase is the preferred 
phase. Additionally, pyrolysis vapors tend to condense below 400 °C. 
All catalyst experiments were tested against corresponding control 
experiments using only the TiO2 support. Pulsed-flow lab scale 
experimental results were used to guide the continuous-flow 
experiments described in the following section. 
Continuous-Flow Experiments Using a Small Pilot-Scale 

Pyrolyzer and Catalytic Hot-Gas Filtration. As depicted in Figure 
1, a custom small pilot-scale fluidized bed pyrolyzer system was 
employed to pyrolyze biomass at a rate of 1.2 kg/h at 500 °C in a  
nitrogen (N2) carrier gas fed at a rate of 1.8 kg/h with ∼0.4 kg of 
additional N2 purges and operated at 220 kPa (20 PSIG) 

backpressure (backpressure regulator at the Scrubber outlet not 
shown in Figure 1). The pyrolyzer consisted of a 5.3 cm internal 
diameter fluidized bed reactor employing an olivine bed material as a 
heat transfer media. The system uses a series of two cyclones 
downstream of the pyrolyzer followed by HGF for char and alkali 
removal. Subsequently, clean hot-gas filtered pyrolysis vapors could be 
quenched and condensed in a scrubber or sent to a Davison 
Circulating Riser (DCR) system as a slipstream for vapor-phase 
upgrading via CFP.59 For our study, a pyrolysis vapor slipstream post-
HGF was utilized to transfer vapors to a second, smaller, filtration unit 
operation. This secondary filter setup functioned as a continuous-flow 
apparatus for CHGF. Experiments employing a pre-HGF slipstream 
were initially conducted but significant clogging occurred in the 
transfer line due to char fines entrainment and subsequent deposition. 
Preliminary results suggested that the pre- and post-HGF slipstream 
configurations did not significantly affect the pyrolysis vapor 
composition (data shown in Figure S1 for vapors using TiO2 
control). In addition, complete removal of char and ash using the 
small pilot-scale HGF was demonstrated and detailed below in the 
Results and Discussion section. The removal of these components will 
protect downstream catalyst beds regardless if the catalyst bed is 
internal to the immediate filter (small pilot-scale HGF) or secondary 
filter downstream (CHGF). Therefore, utilizing a slipstream post-
HGF was suitable for evaluating CHGF. Both the HGF and CHGF 
unit operations utilized ceramic DiaSchumalith filter elements 
(filtration grade, 0.3 μm) composed of a silicon carbide inner-core 
with a mullite (aluminosilicate mineral) outer layer. The cyclones, 
HGF, and transfer lines were heated to 450, 430, and 400−450 °C, 
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respectively. CHGF was accomplished by the addition of catalyst 
materials within the core of the filter elements of the slipstream 
filtration unit operation (Figure 1; see inset). In packing the elements 
with catalyst material, a decoupling of HGF from partial 
deoxygenation and chemical conditioning was accomplished, allowing 
for char and alkali removal prior to partial catalytic upgrading in a 
single unit operation. Additionally, the CHGF filtration apparatus was 
coupled to an MBMS for real-time analysis of products followed by a 
fractional condensation train (FCT) for controlled condensation of 
liquid products. The FCT (shown in Figure 1 and detailed in Figure 
S4) was comprised of a passive-cool condenser, temperature-
controlled electrostatic precipitator (ESP) with condenser, aqueous 
condenser, and coalescing filter; all with associated product 
knockouts. The ESP condenser was operated between 70 and 170 
°C with the aqueous condenser at −15 °C and coalescing filter at 
ambient temperature. Mass flow rate through the CHGF system was 
controlled using an air-to-close proportioning control valve (CHGF 
flow control valve). The MBMS and FCT systems were operated at 
117 kPa (5 PSIG) with the CHGF operating at 220 kPa (∼20 PSIG), 
and ∼6.9−13.8 kPa (∼1−2 PSI) differential across the CHGF unit 
operation with the pyrolyzer marginally above 220 kPa (20 PSIG). 
The volumetric flow rate of the vapor-stripped effluent from the 
coupled MBMS-FCT system was measured by a dry test meter. 
Residual noncondensable gases were captured for off-line analysis via 
a gas bag sampling system on the MBMS-FCT system effluent. 
The continuous-flow CHGF system was comprised of a housing 

equipped with a mount for securing 102 mm lengths of 60 mm 
diameter ceramic DiaSchumalith filter elements. Filters were mounted 
in the housing, and the filter unit was installed in a heated furnace in 
line with the slipstream transfer line. The flow path was directed from 
the outside of the filter, inward radially through the filter, and into the 
packed catalyst bed. All CHGF experiments were conducted at 400 
°C with a time-on-stream (TOS) of 60 min using 40 g of Mo-HPA/ 
TiO2 catalyst. A series of control experiments were conducted prior to 
upgrading experiments: (1) empty filter housing, (2) filter housing 
with ceramic filter, and (3) filter housing with ceramic filter packed 
with TiO2, all in 40 vol % H2. The filter elements were then packed 
with Mo-HPA/TiO2 catalyst for upgrading experiments. The series of 
controls followed by catalyst testing allowed for the tracking of 
incremental changes in the vapor composition throughout the 
experimental hierarchy of no filter, filter, TiO2-packed filter, and 
catalyst-packed filter. Only the Mo-HPA/TiO2 catalyst material 
described above was investigated in the continuous-flow catalyst 
test experiments as the W-HPA/TiO2 proved to be ineffective based 
on the pulsed-flow lab scale results (discussed below). Both WHSV 
and H2 concentration sweep experiments were conducted with the 
Mo-HPA/TiO2 catalyst to investigate the impact of each parameter 
on activity. Initial testing of the Mo-HPA/TiO2 at a pyrolysis vapor 
WHSV of ∼2 h−1 with 40 vol % H2 showed diminished activity 
compared to the lab scale results obtained at the same WHSV and 50 
vol % H2. Consequently, pyrolysis vapor WHSV was swept from 1− 
0.25 h−1 while the H2 concentration was swept from 40 to 80 vol %. 
These parameter sweeps were conducted both independently and 
simultaneously to determine their individual and combined effects. 
Subsequent to the sweep experiments, a triplicate set of Mo-HPA/ 

TiO2 experiments was conducted to assess reproducibility and mass 
balance closure. Because the goal was to implement a partial 
deoxygenation step between pyrolysis and downstream upgrading, the 
replicate experiments were conducted at the less severe conditions 
using WHSV of 1 h−1, 40 vol % H2 at 400 °C, and 60 min TOS. In 
addition, Mo-HPA/TiO2 regeneration experiments were conducted 
using H2. This protocol (in situ regeneration) entailed flowing 100 vol 
% H2 at a flow rate of 300 SCCM over the catalyst at 400 °C for 5 h. 
The regeneration time was based on the complete removal of the 
hydrogen-induced desorbed species as monitored via MBMS. 
Postregeneration, the catalyst was re-evaluated using the same 
conditions as those used in the replicate experiments above. 
Data Acquisition and Analysis. Real-time analysis of products 

was accomplished via the MBMS slipstream on the CHGF setup. 
Condensed liquid product from the FCT was quantified gravimetri-

cally and analyzed via GC-MS and Karl Fischer titration while 
noncondensable gases were analyzed via a GC-FID equipped with a 
Polyarc universal carbon detector (Activated Research Company). 
The Polyarc employs a catalytic methanation reaction to convert all 
GC-separated species into methane prior to FID analysis (i.e., 
normalizes response factors to 1) to provide for a uniform carbon 
quantification (i.e., carbon number). The total mass of non-
condensable products was determined from the average molecular 
weight of the product gas, the molar concentration of carbon detected 
from the Polyarc, and the total volumetric flow through the CHGF 
system. The average molecular weight of the product gas was 
determined from the weight fractions and molecular weights of the 
quantified species. Quenched pyrolysis oil product from the small 
pilot-scale pyrolyzer was analyzed for alkali metals content via ICP-
AES. Mass balances were completed around the replicate experiments 
by comparing the gravimetric yields of condensable FCT fractions 
and noncondensable products to those obtained for the filter housing 
with filter control. The degree of char and alkali removal was assessed 
gravimetrically through a char and ash balance surrounding the small 
pilot-scale pyrolyzer and associated HGF system. Both the TiO2 
control and Mo-HPA/TiO2 materials were analyzed, pre- and 
postreaction, for  metals  composition (ICP-AES), surface  area  
(BET), acid site density (NH3 TPD, combined Brønsted and Lewis 
acidity), and coke deposition (gravimetrically) to assess reaction-
induced changes as they relate to morphology and deactivation. Prior 
to ICP-AES, BET, and TPD analysis, both pre- and postreaction 
catalyst materials were calcined in air. The calcination protocol 
entailed heating in air using a muffle furnace to 550 °C at 3  °C/min, 
holding for 4 h, and then passively cooling to ambient temperature. 
Further details regarding the analytical methods employed are 
provided in the Supporting Information. 

■ RESULTS AND DISCUSSION 

Pulsed-Flow Biomass Pyrolysis Vapors: Catalyst 
Screening Studies. Initial lab scale screening of Mo-HPA/ 
TiO2 and W-HPA/TiO2 catalyst materials without hydrogen 
using a WHSV of pyrolysis vapors of 2 h−1 showed limited 
activity toward pyrolysis vapor deoxygenation or alkylation 
with rapid deactivation. Both materials produced large 
amounts of carbon dioxide (m/z = 44) at the expense of 
primary pyrolysis vapors without any clear changes in 
oxygenate composition, suggesting thermal and/or catalytic 
cracking as the primary mechanism for carbon loss. Upon the 
addition of 50 vol % hydrogen, Mo-HPA/TiO2 showed a 
marked increase in activity and stability, while the W-HPA/ 
TiO2 catalyst showed little improvement. Comparison of 
catalytic activity between the Mo-HPA/TiO2 and W-HPA/ 
TiO2 materials is shown in Figure S2. Due to the inactivity of 
the W-HPA/TiO2 material, continued screening experiments 
focused on Mo-HPA/TiO2. The  Mo-HPA/TiO2 catalyst 
exhibited both HDO activity, as evidenced by benzene, 
toluene, and xylene (BTX) production and alkylation activity 
based on the appearance of polyalkyl benzenes, naphthalene, 
anthracene, and their respective alkylated derivatives (methyl 
and dimethyl). In addition, higher order alkylated hydro-
carbons (m/z > 200) were observed (data not shown). Both 
HDO and alkylation activity appeared to be proportional to 
the hydrogen concentration. These findings coincide well with 
those of Anderson et al. for lignin model phenolic 
compounds.45 Here, similar HDO and alkylation reactions 
were promoted when using a polyoxometalate catalyst 
(conjugate anion of a heteropolyacid) with anisole and 4-
propylguaiacol model compounds in a hydrogen environment. 
Stability experiments for Mo-HPA/TiO2 (50 vol % H2) over a 
cumulative catalyst-to-biomass ratio of 1.5 indicated that little 
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Figure 2. Mass spectra for simultaneous reduction in weight-hourly space velocity (WHSV) and increase in H2 concentration for (A) partial 
upgrading of pine pyrolysis vapors with 15 wt % molybdenum heteropolyacid on titania (15 wt % Mo-HPA/TiO2) using a WHSV of 0.25 h−1 and 
80 vol % H2, (B) partial upgrading of pine pyrolysis vapors using 15 wt % Mo-HPA/TiO2, WHSV of 0.5 h−1, and 60 vol % H2, (C) partial 
upgrading of pine pyrolysis vapors using 15 wt % Mo-HPA/TiO2, WHSV of 1.0 h−1, and 40 vol % H2, and (D) pure pine pyrolysis vapors (control) 
at a flow rate equivalent to WHSV of 1.0 h−1 and 40 vol % H2. Carbon dioxide signals (m/z = 44) were similar across spectra and were omitted to 
reduce the ordinate scale. All experiments were conducted at 400 °C. The m/z values 78, 91, 106, 120, and 134 correspond to benzene, toluene, 
xylenes, tri-, and tetramethylbenzenes, respectively. The m/z values 124, 138, 150, 164, and 180 correspond to primary vapor products guaiacol, 
methyl-guaiacol, 4-vinyl-guaiacol, isoeugenol, and coniferyl alcohol, respectively. (*m/z = 43 is a carbohydrate fragment). 

Figure 3. Mass spectra difference data plots for partial upgrading of pine pyrolysis vapors using molybdenum heteropolyacid on titania (15 wt % 
Mo-HPA/TiO2) and associated controls. (A) Difference plots showing conversion of primary pyrolysis vapors (sugar- and lignin-derived) to 
benzene, toluene, and xylene (BTX); polyalkyl benzenes; naphthalenes; and anthracenes upon catalyst addition. Control 1 represents filter housing 
data subtracted from empty filter data (i.e., Filter − Filter Housing), Control 2 represents empty filter data subtracted from filter + TiO2 data (i.e., 
Filter/TiO2 − Filter), Catalyst represents empty filter data subtracted from filter + Mo-HPA/TiO2 data (i.e., Mo-HPA/TiO2 − Filter), and Regen. 
represents Mo-HPA/TiO2 − Filter data for H2-regenerated catalyst. Catalyst experiments were conducted in triplicate with standard deviation bars 
shown. (B) Time-on-stream (TOS) plot using difference data (Mo-HPA/TiO2 − Filter) showing trends in BTX, polyalkyl benzenes, naphthalenes, 
and anthracenes as a function of TOS. Primary pyrolysis vapor difference data was negative and therefore was not shown in TOS plot. All 
experiments implemented a weight-hourly space velocity (WHSV) of 1.0 h−1 and 40 vol % H2 at 400 °C. 

to no deactivation occurred. In fact, the deoxygenated and 
alkylated products appeared to increase with TOS. 
Continuous-Flow Biomass Pyrolysis Vapors: Integra-

tion of a Catalytic Component with Hot-Gas Filtration. 

conditions as used in the pulsed-flow studies (i.e., 400 °C, 
WHSV of ∼2 h−1, 40 vol % H2) showed lower activity. Since 
hydrogen was constantly flowing during the biomass pulses, 
catalyst deactivation in pulsed-flow experiments may have been 

Continuous-flow pyrolysis vapor experiments using Mo-HPA/ mitigated. Additionally, the difference in flow dynamics 
TiO2 with the CHGF system employing the same operating between the pulsed- and continuous-flow experiments (i.e., 
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axial versus radial flow path, respectively) may have 
contributed to the diminished activity. As shown in Figure 2, 
a marked improvement in HDO and alkylation activity 
emerged after decreasing the WHSV to 1 h−1. A progressively 
higher activity was observed after lowering the WHSV to 0.25 
h−1 . Activity was also enhanced by increasing the H2 
concentration at a constant WHSV of 1 h−1. Simultaneously 
decreasing the WHSV of the pyrolysis vapors over the catalyst 
and increasing the hydrogen concentration resulted in a 
cumulative effect where activity was further enhanced 
compared to the independent changes in the two parameters. 
These results are summarized in a series of MBMS spectra 
shown in Figure 2: (A) partial upgrading of pine pyrolysis 
vapors with 15 wt % Mo-HPA/TiO2, WHSV of 0.25 h−1 and 
80 vol % H2, (B) partial upgrading of pine pyrolysis vapors 
using 15 wt % Mo-HPA/TiO2, WHSV of 0.5 h−1 and 60 vol % 
H2, (C) partial upgrading of pine pyrolysis vapors using 15 wt 
% Mo-HPA/TiO2, WHSV of 1.0 h−1 and 40 vol % H2, and (D) 
pure pine pyrolysis vapors (control) at a flow rate equivalent to 
WHSV of 1.0 h−1 and 40 vol % H2. In decreasing WHSV and 
increasing H2, enhanced HDO and alkylation activity were 
observed with the progressive appearance of benzene (m/z 
78), toluene (m/z 91), xylene (m/z 106), and further 
methylated benzene derivatives (m/z 120 and 134) at the 
expense of lignin-derived pine pyrolysis compounds (primary 
vapor products: m/z 124, 138, 150, 164, and 180) produced in 
the pure pine pyrolysis vapors control (D). Carbon dioxide 
signals (m/z = 44) were similar across spectra and were 
omitted to reduce the ordinate scale. These products coincide 
well with Anderson et al. where methylated benzene derivatives 
up to pentamethylbenzene and alkylated phenolics were 
observed for anisole conversion over a titania-supported 
molybdenum polyoxometalate at 320 °C.45 

The replicate experiments conducted at less severe 
conditions (WHSV of 1 h−1, 40 vol % H2 at 400 °C, and 60 
min TOS) demonstrated production of BTX with minor 
alkylation activity, in accord with the goal of achieving partial 
deoxygenation prior to additional downstream upgrading. 
Reasonable agreement in activity between replicate experi-
ments was achieved with results shown as difference plots in 
Figure 3A. The difference plots were generated from argon-
normalized MBMS composite signals. The composite signals 
were grouped into five categories; sugar- and lignin-derived 
pine primary pyrolysis vapors, BTX, polyalkyl benzenes, 
naphthalenes, and anthracenes. Aside from anthracenes, these 
representative chemical species were selected based on 
previous literature results.9,55 The summed sugar- and lignin-
derived pine primary pyrolysis vapor species include acetic 
acid, furan, furfuryl alcohol, guaiacol, 5-hydroxymethyl-furfural 
or levoglucosenone, methyl-guaiacol, 1,4:3,6-dianhydro-α-D-
glucopyranose, 4-vinyl-guaiacol, isoeugenol, and coniferyl 
alcohol with corresponding m/z values of 60, 68, 98, 124, 
126, 138, 144, 150, 164, and 180, respectively. Summed BTX 
includes benzene, toluene, and xylenes with m/z values of 78, 
91, and 106, respectively. The composite naphthalenes and 
anthracenes signals, including their associated methyl- and 
dimethyl-derivatives, have corresponding m/z values of 128, 
142, 156, 178, 192, and 206, respectively. The degree of HDO 
activity was assessed on the basis of BTX while alkylation 
activity can be correlated to the production of toluene, xylenes, 
polyalkyl benzenes, naphthalenes, and anthracenes. 
In Figure 3A, Control 1 represents filter housing MBMS 

spectral data subtracted from empty filter data (i.e., Filter − 

Filter Housing), Control 2 represents empty filter data 
subtracted from filter + TiO2 data (i.e., Filter/TiO2 − Filter), 
Catalyst represents empty filter data subtracted from filter + 
Mo-HPA/TiO2 data (i.e., Mo-HPA/TiO2 − Filter), and 
Regen. represents Mo-HPA/TiO2 − Filter data for H2-
regenerated catalyst. Minimal difference is seen between the 
filter and the filter housing data (Control 1). The minor 
increase in primary vapors and products may be attributable to 
thermal cracking in the filter housing experiments since, 
without a filter present, the housing possesses a greater volume 
and thus the vapor residence time within the housing is greater. 
This is substantiated in that oil yield loss was shown via mass 
balance to be minimal between filter and filter housing 
experiments (discussed below). A large difference in primary 
vapors is exhibited between the filter + TiO2 and the filter data 
(Control 2) indicating that the TiO2 support chemically 
interacts with oxygenates in the pyrolysis vapors. This is 
thought to be due to the reducible nature of the TiO2 support. 
Previously, Zhao et al. demonstrated that oxygen deficient 
titania (TiO2‑x) can be obtained by the thermal treatment of 
anatase TiO2 under flowing H2.

54 The difference between filter 
+ TiO2 + H2 and filter + TiO2 controls (data not shown) 
indicated minimal changes in vapor composition except for a 
significant increase in water production (52%). This increase in 
water suggests that the TiO2 support was partially reduced 
under hydrogen. Because of the reducible nature of the TiO2 
support and the redox properties of the Mo-HPA, it is likely 
that the activity enhancement of the Mo-HPA is occurring due 
to charge-transfer dynamics between the TiO2 support and 
HPA.19−21,54,58,60−64 The agreement between the triplicate 
Mo-HPA/TiO2 experiments in terms of HDO and alkylation 
activity is evident in that primary pyrolysis vapors were 
reduced by 23.3 ± 6.2%, BTX increased by 23.2 ± 1.8%, 
polyalkyl benzenes increased by 15.2 ± 1.9%, naphthalenes 
increased by 12.6 ± 1.0%, and anthracenes increased by 2.1 ± 
0.5%. Intriguingly, acetic acid was reduced by 1.8 ± 0.6%. This 
was an encouraging result, as acetic acid is known to promote 
instability in condensed oil products and is a target of the 
CHGF process for vapor preconditioning prior to downstream 
upgrading. In addition, H2-regeneration of the catalyst was 
effective since results were within statistical variation 
(Gaussian) of the replicates (Figure 3A). 
Figure 3B shows a plot using MBMS difference data (Mo-

HPA/TiO2 − Filter) showing trends in BTX, polyalkyl 
benzenes, naphthalenes, and anthracenes as a function of 
TOS. Primary pyrolysis vapor difference data was negative (i.e., 
reduction in primary pyrolysis vapors) and are not shown on 
the TOS plot. It is significant to note that this catalyst system 
was stable under H2 with no significant indication of 
deactivation after 1 h of continuous-flow TOS, as evidenced 
by a continuous increase in the trends for BTX and 
anthracenes with TOS. Polyalkyl benzenes and naphthalenes 
also increase to a stable level before decreasing marginally at 
the end of 60 min TOS. This suggests that hydrogen may not 
only promote HDO and alkylation activity but balance coke 
and product formation, thereby stabilizing activity by hindering 
coke-induced deactivation. As discussed below, it is proposed 
that hydrogen activation and subsequent reaction with surface-
adsorbed intermediates hinders conversion of those inter-
mediates to coke and promotes product formation. Similarly, 
concomitant generation of water (steam) and subsequent 
reaction with surface-adsorbed species may further reduce 
coking.65 This is further substantiated in Figure S3. Figure 
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Table 1. Characterization of Pulsed-Flow (PF) and Continuous-Flow (CF) Unreacted and Reacted TiO2 Control and Mo-
HPA/TiO2 Materials with and without H2 

Catalyst ID 

ICP-AES, Mo 
(wt %) 

ICP-AES, P 
(wt %) 

Mo-HPA Loading 
(wt %) 

BET Surface Area 
(m2/g) 

NH3 TPD 
(μmol/g) 

Catalyst Coke 
(wt %) 

Mo-HPA/TiO2 (PF) Reacted w/out 13.4 
H2 

Reacted w/H2 8.5 
TiO2w/H2 (Control) (CF) Unreacted 55 365 

Reacted 67 412 7.2 
Mo-HPA/TiO2w/H2 (CF) Unreacted 9.1 0.4 14.4 97 480 

Reacted 9.2 0.4 14.6 101 497 3.5 
Mo-HPA/TiO2w/H2 Unreacted 9.2 0.4 14.6 94 432 
Regen. (CF) Reacted 9.2 0.4 14.6 96 481 3.2 

S3A,B presents MBMS spectra for desorbed products evolved 
from the postreaction Mo-HPA/TiO2 catalyst before H2-
regeneration and during H2-regeneration, respectively, using 
the same temperature and flow rate conditions. Minimal 
product evolution was seen under nitrogen while significant 
amounts of BTX, naphthalenes, anthracenes, and their 
alkylated derivatives were produced under hydrogen. Because 
these are the same compounds produced during the CHGF 
reaction, it is suggested that this coke mitigating mechanism is 
inter-related with HDO and alkylated product formation and 
that the two processes utilize similar chemistries. Interestingly, 
the catalyst material exhibits an induction period for the first 
∼15 min TOS where the products increase at a rapid rate 
before leveling off to a steadier rate of increase. This 
phenomenon needs to be further investigated and may be 
due to the formation of reactive intermediates on the surface of 
the catalyst that accumulate prior to developing a steady-state 
reactive phase. In future studies, catalyst lifetime analysis will 
be conducted with concomitant regeneration optimization to 
assess catalyst behavior beyond 1 h TOS for long-term 
stability. In addition, the potential effect of organic aerosols on 
the performance of HGF and CHGF was not addressed in this 
study. It is understood that biomass fast pyrolysis produces 
aerosols that contain a significant amount of inorganic content 
(especially potassium and calcium).66 Under these conditions, 
it is possible that some of the coking is due to aerosols that 
pass through the filter media. 
Pre- and Postreaction Catalyst Characterization. The 

proposed hydrogen-based mitigation of coke-induced deacti-
vation is further supported by the reduction in coke on the 
reacted catalyst in the presence of H2 as shown in Table 1 for 
the Mo-HPA/TiO2 catalyst used in pulsed-flow screening 
experiments. The coke was reduced from 13.4 to 8.5 wt % with 
the addition of H2. Moreover, in hydrogen, a potentiating 
effect is exhibited for the Mo-HPA/TiO2 as coke was further 
reduced on the catalyst relative to the titania support for the 
materials used in the continuous-flow experiments. Here, coke 
was reduced from 7.2 to 3.5 wt % with the addition of the Mo-
HPA on the titania in H2. In both instances, it is believed that 
hydrogen activation on either the TiO2 and/or Mo-HPA/TiO2 
occurs followed by reaction with surface-adsorbed intermediate 
species; the resulting hydrogenated products more readily 
desorb from the catalyst surface, thereby preventing further 
surface reactions that form coke. Coproduction of steam may 
further contribute to coke reduction in a similar fashion.65 This 
indicates that Mo-HPA promotes H2 activation in addition to 
TiO2, with a synergy potentially experienced between the two 

materials. Again, this may be due to charge-transfer and redox 
dynamics between the support and Mo atoms of the Mo-HPA 
catalyst.46,52,53 A summary of additional pre- and postreaction 
catalyst characterization results for molybdenum and phos-
phorus content, surface area, and acid site density are shown in 
Table 1. The Mo-HPA loading on the titania support was 
determined based on the molybdenum content of the samples 
and the known weight fraction of molybdenum of the Mo-
HPA (i.e., H3PMo12O40). The molybdenum and phosphorus 
content, and therefore the Mo-HPA content, of the catalysts 
remained unchanged upon reaction. The BET surface area 
increased upon deposition of the Mo-HPA material on the 
titania support while it remained unchanged upon reaction for 
both titania and Mo-HPA/TiO2 materials. The increased 
surface area upon addition of Mo-HPA is expected due to the 
surface area enhancement imparted by the dispersed nano-
structured Mo-HPA deposits on the low porosity titania 
support. The acid site density (combination of Brønsted and 
Lewis acid sites) of the Mo-HPA impregnated titania support 
was approximately 100 μmol/g greater than the native titania 
support. Upon reaction, the acid site density marginally 
increased for both the support and the Mo-HPA/TiO2. The 
reducible nature of and subsequent oxygen deficient site 
formation on titania is believed to be responsible for this 
increase in acidity.54 The stability of these catalyst properties 
was expected since minimal deactivation was observed during 
the TOS experiments. These data are in agreement with lignin-
derived model compound studies where a reacted molybde-
num-based HPA catalyst maintained its Keggin-type structure 
and did not deactivate appreciably.45 

A char and ash balance surrounding the small pilot-scale 
pyrolyzer and associated HGF system was measured gravi-
metrically. On the basis of these measurements, 98.3 wt % of 
the char and ash was removed by the two-stage cyclone system 
with the balance of 1.7 wt % captured by the HGF unit. Within 
the cyclone system, 97.3 wt % of the char and ash was captured 
in the first cyclone. Char and ash breakthrough past the HGF 
unit was not detected while ICP-AES analysis of condensed 
pyrolysis oil from the small pilot-scale pyrolyzer showed minor 
quantities of Na, K, Mg, and Ca with values of 6, 20, 54, and 74 
ppm, respectively.12,67−70 Since char and alkali metals have 
been shown to promote aging of condensed oils through 
accelerated polymerization reactions,8,11−15 the ability to 
remove these materials via cyclonic action coupled with hot-
gas filtration is significant. Because the majority of the char and 
ash was captured in the first cyclone, it is proposed that the 
second cyclone can be eliminated (Figure 1). According to 
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Dutta et al., the impact of HGF may lead to a capital savings if 
one of the two cyclones after the fast pyrolysis reactor is 
eliminated.25 

Fractional Condensation of CHGF Vapor Products 
and System Mass Balance. Fractional condensation is a 
strategy for separating liquid product from vapor phase 
product conversion streams in a controlled, sequential process. 
The strategy can be used to separate selected compounds from 
the organic oil product (ketones, acids, aldehydes), remove 
heavy oligomeric material, concentrate organic matter, separate 
the aqueous phase, and isolate coproducts by process 
control.71 Oil stability, and therefore oil quality, depends on 
the ability of reactive oxygen moieties (e.g., acid carbonyls) 
within the oil to promote aging reactions during storage. The 
complex mechanisms and pathways associated with oil aging 
reactions have been described in other studies.11,18,72−75 Since 
carbonyl compounds (e.g., aldehydes and ketones) and organic 
acids (e.g., acetic acid) are the main contributors to oil 
instability of fast pyrolysis oil,11,74 an FCT (staged 
condensation process) was coupled with the CHGF unit 
operation to reduce the content and distribution of these aging 
compounds within the organic liquid product. A schematic 
diagram of the FCT unit is shown in Figure S4. 
The hot-gas filtered pyrolysis vapors were condensed in the 

FCT (shown schematically in Figure 1 and Figure S4) with 
both qualitative and quantitative analysis conducted on the 
liquid product samples. The impact of Mo-HPA/TiO2 catalytic 
activity on pyrolysis vapor composition is shown in the GC-
MS analysis of the condensed oil product as indicated in Figure 
4. Figure 4 represents the quantity of GC-detectable 

Figure 4. Composition of condensed organic oil product, as 
determined by GC-MS, for pine pyrolysis vapors partially upgraded 
via catalytic hot-gas filtration (CHGF) using a molybdenum 
heteropolyacid on titania (15 wt % Mo-HPA/TiO2) catalyst. From 
left to right: empty filter (control) with WHSV 1.0 h−1 and 40 vol % 
H2, filter + TiO2 with WHSV 1.0 h−1 and 40 vol % H2, filter +15 wt % 
Mo-HPA/TiO2 with WHSV 1.0 h−1 and 40 vol % H2. All experiments 
were conducted at 400 °C. 

compounds per condition, where the increase in GC-
detectable compounds when using a catalyst is consistent 
with upgrading and the concurrent reduction in primary 
vapors. The change in GC-detectable compounds as a function 
of upgrading accounts for the lower detectable yield shown in 
Figure 4 for the filter alone (noncatalytic) since the heavy, 
nonupgraded species were not detected by the GC method. It 
is important to note that the group of compounds labeled 

“Unknown” refers to those compounds that were detected but 
not identified by the GC method employed. A summary of the 
oil compositions of CHGF vapors for filter, filter + TiO2, and 
filter + Mo-HPA/TiO2 is provided inTable S1. When the filter 
was packed with the TiO2, an increase in the percentage of 
alkylphenols from 3 to 10 wt % relative to the filter was 
observed, and this effect was maintained upon the addition of 
the Mo-HPA (Figure 4). Minor increases in phenol and 
cyclopentenones were observed using TiO2. The production of 
phenol and alkylphenols from biomass using TiO2 has been 
reported in the literature.60,61 While alkylated phenols 
production was catalyzed by the TiO2 support, aromatic 
hydrocarbons and methoxyphenols were further enhanced 
through the addition of the Mo-HPA to the support (Figure 
4). The aromatic hydrocarbon class depicted in the plot 
comprises 1-ring, 2-ring, and 3-ring aromatic hydrocarbons and 
alkyl benzenes. These results confirm the real-time MBMS 
data, which also showed an enhancement of aromatic 
hydrocarbons and alkylation of aromatic rings along with the 
production of phenolic compounds. The presence of these 
upgraded products validates the results obtained in the pulsed-
flow lab scale experiments and the scaled-up, continuous-flow 
system. In addition to hydrocarbons, alkylated phenols and 
methoxyphenols are chemical classes of interest as value-added 
chemicals since they are or can be converted to polymer 
precursors (e.g., phenol, cresols, and xylenols) via further 
upgrading processes like catalytic hydrodeoxygenation.42,43 In 
addition, cyclopentenones and other carbonyls (e.g., aromatic 
aldehydes or ketones) marginally decreased in the condensed 
oil and increased in the gas phase (gas bag analysis) with the 
catalyst addition. The Mo-HPA/TiO2 in the presence of 
hydrogen promotes the conversion of acids as demonstrated by 
the compositional analysis. GC-MS results show a reduction of 
∼4 wt % in the collected aqueous phase relative to a blank filter 
and a ∼ 2 wt % reduction relative to the catalyst support. 
These results are presented in Table S2. 
To further investigate staged condensation of pyrolysis 

vapors partially upgraded using Mo-HPA/TiO2, the distribu-
tion in mass fractions for several main compound classes 
(methoxyphenols, ketones and acids) was tracked across 
different condensation conditions. The product distribution 
between the fractions depends on vapor pressure, composition, 
and temperature of the pyrolysis mixture. Moreover, 
thermodynamic interactions between oxygenated compounds, 
heat-transfer characteristics of the condenser (tube-in-shell in 
this case), and residence time of vapor mixture in the heat 
exchanger can have strong effects on the selective condensation 
efficiency as mentioned in other works.71 

Throughout the CHGF-FCT experiments, no product was 
captured in the first passive-cooled condenser shown in Figures 
1 and S4. The class-selective staged condensation was achieved 
by varying the ESP condensation stage temperature (heat 
exchanger + ESP) from low (70 °C) to high (170 °C) while 
keeping the third condensation stage (cold trap) temperature 
constant at −15 °C. The tube-in-shell heat exchanger used in 
the third stage cold trap was designed to condense the 
compounds in the oil according to their dew point, while the 
ESP stage actively removes entrained aerosols electrostatically 
and thermally. At 70 °C, the majority of the organic phase was 
condensed in the ESP second stage while the majority of the 
aqueous phase was condensed in the third stage cold trap. At 
the condensation temperature of 170 °C, only sugars (e.g., 
levoglucosan) were collected in the ESP stage and the oil phase 
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was condensed together with the aqueous fraction contained in 
the cold trap. In the latter case, the aqueous phase was 
decanted from this composite oil-aqueous product and the 
resulting separated oil and aqueous phases were quantified 
gravimetrically and characterized independently. Fugitive 
vapors that were not captured in the third stage cold trap 
were subsequently captured in the coalescing filter as an 
organic phase. The oil captured in the coalescing filter 
accounted for <5 wt % of the total product recovered. 
The organic phase collected in the second ESP condenser at 

70 °C was nearly free of water (1.6 wt % water) as determined 
by Karl Fischer titration. Coupling CHGF with fractional 
condensation improved the ability to collect light organic 
components (<300 °C boiling point). A 42% decrease in 
heavies (pyrolytic lignin) collected in the heat exchanger 
(FCT-V-04, in Figure S4) and a 67% increase in light organics 
(FCT-V-03, in Figure S4) with the ESP condensation stage 
operated at 70 °C were observed. Separation of the heavy 
components of pyrolysis vapors is a significant challenge, and 
the reduction in the heavy component demonstrates the 
benefit of combining the two unit operations to access 
chemicals and fuels from pyrolysis vapors. Normalized mass 
distributions between the ESP condenser and the cold trap of 
selected classes are provided in Table 2. These results show the 

Table 2. Mass Distribution of Chemical Classes between the 
Condenser and the Cold Trap of the Fractional 
Condensation Train 

Condenser 
Temperature Condenser Cold Trap 

Chemical Class (°C) Product (wt %) Product (wt %) 

Methoxyphenols 70 94 6 
170 0 100 

Ketones 70 33 67 
170 0 100 

Cyclopentenones 70 59 41 
170 0 100 

Carboxylic Acids 70 5 95 
170 0 100 

Water 70 <1 >99 
170 <1 >99 

ability to shift compounds between liquid products based on 
temperature. At 70 °C, in the ESP condensation stage 
(second), the methoxyphenols were condensed primarily in 
the oil fraction while upon increasing the temperature to 170 
°C they were allowed to remain as vapor through the second 
stage until being condensed in the cold trap. Here, the aqueous 
and organic phases condensed together as a phase-separated 
composite. Methoxyphenols have a higher dew point where 
vapor saturation is reached at higher temperatures (>250 °C), 
and therefore at 70 °C, the condenser is able to remove them 
effectively. 
As shown in Table 2, slightly different behavior was 

observed for the ketones when condensed at 70 °C. The 
total mass of cyclopentenones generated during pyrolysis 
tended to be distributed evenly between the ESP condenser 
stage and cold trap. The cyclopentenone compound class has a 
broad range of boiling points (and therefore dew points) which 
contribute to the distribution between the two stages. Hence, 
saturation in the ESP condensing stage could not be achieved 
for all compounds within the cyclopentenone class. For 
example, 2-cyclopenten-1-one, 2-hydroxy-3-methyl- has a 

normal boiling temperature of 253 °C and is completely 
condensed into the first fraction at 70 °C, while 2-cyclopenten-
1-one has a lower normal boiling point (135 °C) and tended to 
condense within the cold trap. The same reasoning can be 
applied to the remaining ketones detected with compositional 
variations in distribution arising from differing dew points 
among the various ketones. When the condensation temper-
ature was controlled to 170 °C, all the cyclopentenones and 
the other ketones present in the vapors were completely 
condensed in the cold trap. The organic acids, including acetic 
acid, represented ∼5 wt % of the mass collected in the ESP 
condensation stage at 70 °C. Because these compounds 
possess low dew points, they remained as vapor at 70 °C and 
were therefore collected in the cold trap within the aqueous 
phase. This resulted in a deacidified oil phase in the ESP 
condensation stage. These results show the difficulty in 
removing any specific class of compounds in high purity 
using a simple separation and are in accordance with Rover et 
al.76 However, the ability to remove crude fractions of 
unwanted compounds (e.g., acids) from the organic product 
through the combined use of partial upgrading via CHGF 
coupled to fractional condensation was demonstrated and has 
the potential to enhance oil stability and mitigate downstream 
CFP and/or hydrotreating catalyst deactivation. 
The product distributions obtained for the FCT experiments 

conducted with CHGF using Mo-HPA/TiO2 suggest that an 
average temperature between the two evaluated temperatures 
(70−170 °C) may be sufficient to isolate the majority of the 
ketones from the oil, aside from trace-amounts of cyclo-
pentenones. The results further indicate that, for temperatures 
below 170 °C, the majority of the methoxyphenols can be 
retained in the organic oil phase within the ESP stage while 
simultaneously isolating the majority of the acids in the 
aqueous phase within the cold trap. Controlling product 
condensation in this fashion allows for the ability to densify, 
deacidify, and dewater the organic oil phase while concentrat-
ing alkylphenols within the same phase. Alternatively, at the 
higher ESP stage temperature of 170 °C where all upgraded 
product condensed in the downstream cold trap, the acids and 
carbonyls partitioned between the oil and aqueous phases; 
partitioning of reactive carbonyls into the aqueous phase 
constitutes another means for enhancing oil stability and 
catalyst lifetime in downstream processes since these species 
promote aging reactions in the condensed oil phase and 
catalyst coking reactions in the vapor phase.75,77 In addition, 
the heavier aromatic hydrocarbons, alkylphenols, methoxyphe-
nols, and polyalkylated benzenes generated during the 
upgrading using Mo-HPA/TiO2 were collected completely in 
the condensed oil phase within the ESP stage at 70 °C. This 
demonstrates our intended separation control toward targeted 
alkylphenols and methoxyphenols as value-added chemicals. 
Additional stages within the FCT may prove useful in 
enhancing separations control over targeted cyclopentenones. 
The efficiency of the FCT in capturing product was assessed 

via mass balance using Mo-HPA/TiO2 CHGF replicates 
(WHSV of 1 h−1, 40 vol % H2) with the FCT ESP stage at 
170 °C. These data are shown in Table S3 in conjunction with 
mass balance data for when the FCT ESP stage was at 70 °C. 
The mass balance closure for the Mo-HPA/TiO2 replicate 
experiments was 97.3 ± 3.3 wt % with 45.2 wt % residing as 
gaseous product, 3.5 wt % lost to catalyst coke, 33.5 wt % 
aqueous product, and 15.1 wt % as organic oil product. In 
comparison, the filter + TiO2 control exhibited a mass balance 
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closure of 96.6 wt % with 48.0 wt % residing as gaseous 
product, 7.2 wt % lost to catalyst coke, 15.9 wt % aqueous 
product, and 25.5 wt % organic oil product. The filter control 
without packing yielded a mass closure of 92.0 wt % with 43.1 
wt % gaseous product, nondetectable coke loss, 24.4 wt % 
aqueous phase, and 24.1 wt % organic oil product. The gas 
yields were high due to thermal cracking of pyrolysis vapors in 
the small pilot-scale pyrolyzer system prior to their delivery to 
the CHGF unit. The pyrolyzer was not optimized for pyrolysis 
vapor quality prior to experiments. It is anticipated that an 
optimized pyrolyzer would improve vapor quality by reducing 
the light gas yield while concomitantly increasing the viable 
upgradable vapor yield. A reduction in the oil product yield in 
the Mo-HPA/TiO2 can be attributed to much of the upgraded 
product being volatile and not efficiently condensed in the 
FCT. Partial deoxygenation also removes oxygen as water, 
evidenced by the increase in aqueous phase when using 
catalyst. Previous work indicated a negative correlation to oil 
yield and degree of deoxygenation.78 It should be noted that 
the mass balances were comparable for the two ESP stage 
temperatures investigated (70 and 170 °C). 

■ CONCLUSION 
Catalytic hot-gas filtration (CHGF) was successfully used to 
condition biomass fast pyrolysis vapors provided by a 
continuous-flow small pilot-scale pyrolyzer unit by integrating 
a catalytic component based on a heteropolyacid into a hot-
gas-filtration (HGF) unit. This CHGF process in combination 
with a cyclone system produced clean (i.e., no particulates and 
low alkali metals) and partially upgraded fast pyrolysis vapors 
for either fractional condensation or downstream catalytic 
upgrading. Produced vapors contained increased quantities of 
aromatic and alkylated hydrocarbons. Both hydrodeoxygena-
tion and alkylation reactions were essential in the partial 
conversion of the pine-derived oxygenates. In the combined 
process, the removal of alkali metals stabilizes associated 
pyrolysis and upgraded oils, while the partial deoxygenation 
(i.e., removal of reactive oxygen moieties) enhances CFP by 
reducing coke formation and promoting improved oil stability. 
The efficient capturing of char and alkali particulate at the 
HGF indicates that a single cyclone for entrained solids 
removal will suffice, thereby allowing for the elimination of the 
second cyclone typically employed in ex situ CFP. 
The coupling of the catalytic preconditioning of pyrolysis 

vapors via CHGF with the controlled condensation demon-
strated an additional means to enhance oil stability while 
preserving carbon for downstream upgrading and production 
of carbon−carbon coupled species for tailoring fuel end-
product properties. Controlled condensation provided phase 
separation between organic oil and aqueous products. 
Controlled condensation additionally allowed for the targeted 
condensation of heavy aromatic hydrocarbons, alkylphenols, 
and methoxyphenols within the oil phase and reactive acid 
carbonyls within the aqueous phase. On the contrary, the 
distribution of ketones spanned both the oil and aqueous 
phases, suggesting that additional FCT stages would be 
necessary for improving their separation. This chemical 
tailoring of either vapor phase or condensed phase product 
composition is a viable option for enhancing downstream 
upgrading within CFP and/or hydrotreating via foulant 
removal. Value-added product separation using FCT repre-
sents an additional enhancement to the upgrading process; 
polymer precursors have the potential to offset process capital 

costs. The CHGF and FCT unit operations together offer a 
low CapEx approach for enhancing oil stability, product 
composition, and overall efficiency within CFP processing of 
biomass fast pyrolysis vapors to selected fuels and chemicals. 
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