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ABSTRACT. A bench-scale continuous-flow catalytic fast-pyrolysis (CFP) reactor system was
implemented for the optimization of CFP and screening of catalysts to gain insight into
commercial scale CFP processes across various reactor types. Operated in an ex situ
configuration, tandem laminar entrained-flow pyrolyzer and vapor-phase upgrading reactors
were optimized to successfully demonstrate CFP of pine over two different zeolite catalysts.
Mixing-enhancers within the vapor-phase upgrader induced laminar flow dynamics with larger
Reynold’s numbers, thus enhancing heat and mass transfer and in turn CFP conversion. Real-

time analysis of products was accomplished via molecular beam mass spectrometry (MBMS),
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while light gas yield was determined using non-dispersive infrared (NDIR) analysis. The transfer
of the pyrolysis vapors to the vapor-phase upgrader was investigated to gain insight into optimal
transfer-line conditions for limiting secondary thermal cracking and preserving carbon in the ex
situ CFP process. The products were comparable to those previously obtained from fixed bed
and fluidized bed reactor systems as well as entrained-flow riser reactor systems. Similar trends
in catalyst deactivation were observed for the laminar entrained-flow reactor system with
decreasing catalyst-to-biomass ratio as reported in the literature. Under optimized continuous-
flow conditions, constant catalyst activity was maintained, suggesting that the laminar entrained-
flow reactor system was a viable option for the CFP of pine. Minor differences in catalytic

activity were observed for the two catalysts tested.

Introduction

Catalytic fast-pyrolysis (CFP) of biomass has the potential to produce valuable fuel intermediates
for the production of renewable transportation fuels.!"'> During fast-pyrolysis, 70-75 wt%!6° of
the biomass can be converted into oxygenated vapor products, including various alcohol, acid,
carbonyl, methoxy phenol, and anhydrosugar compounds.?*?! Upgrading of the oxygenated
vapors by catalytic deoxygenation in CFP is necessary to remove chemically bound oxygen to
improve the quality of the fast-pyrolysis product.’**7? One of the main challenges associated
with CFP is catalyst deactivation. Currently, solid acid catalysts such as zeolites are commonly
used for the CFP of biomass. The acidity of these materials promotes pyrolysis vapor
deoxygenation through dehydration, decarboxylation, decarbonylation, and catalytic cracking
reactions. In addition, some acid zeolites, such as HZSM-5, promote chemical condensation,
oligomerization, isomerization, alkylation, cyclization, and aromatization reactions via phenolic

pool and hydrocarbon pool mechanisms.?>?® Acidic zeolite catalysts have a high tendency to
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deactivate due to the formation of coke and must be continuously regenerated.>!!?’*3 Various
reactor configurations, including fixed bed, fluidized bed, and entrained-flow systems have been
utilized to study CFP in combination with regeneration methods to remove the coke from the
catalyst as CO and COz via oxidative treatment.>3¢ A range of mechanisms exists for
understanding the formation of coke in zeolites. Several investigations have concluded that
coking occurs due to the formation of coke precursors, such as alkylated aromatic hydrocarbons
and polycyclic aromatic hydrocarbons, near catalyst pore openings. An increase in these coke
precursors leads to more surface coke that eventually blocks access to the pores, thus
deactivating the catalyst.!!?728:3033 Recently, Fan et al.?® and Shao ef al.3! demonstrated that the
contact time between the pyrolysis vapors and the catalyst must be minimized so that the
resulting deoxygenated CFP products can be desorbed before reacting further to form polycyclic
aromatics (i.e., coke precursors). In addition, flow-rates including the ratios of pyrolysis vapors,
carrier gases, and catalysts are operational parameters that are critical for controlling the catalyst
and vapor residence times and limiting the contact time between the catalyst and pyrolysis
vapors.>’* The influence of these operational parameters and overall reactor design on CFP
carbon efficiency must be investigated to gain a thorough understanding of the potential for

implementing CFP at industrially relevant scales.

It has been shown previously that small-scale reactor studies are essential to understand the
influence of operating parameters and reactor design on the extent of the catalytic reactions and
quality of the products. Both micro- and bench-scale reactor systems with fixed and fluidized
beds, respectively, were successfully utilized for the ex situ CFP of yellow pine over HZSM-
5.2649-45 These studies showed a correlation between product selectivities and the degree of

catalyst deactivation, which was in turn dependent on the catalyst-to-biomass ratio used for the
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conversion process. Specifically, the CFP oil oxygen content and oil yield were determined to be
negatively correlated to the catalyst-to-biomass ratio for both fixed bed and fluidized bed
systems. At high catalyst-to-biomass ratios, fully deoxygenated aromatic hydrocarbons (e.g.,
benzene, toluene, xylenes, and naphthalenes) were produced while at low catalyst-to-biomass
ratios, the catalyst was deactivated and the vapor product was similar in composition to pure
pyrolysis vapors (e.g., levoglucosan, carboxylic acids, furfurals, guaiacol and substituted
guaiacol derivatives). Intermediate catalyst-to-biomass ratios produced partially deoxygenated
CFP products such as furans, phenols, and cresols. Entrained-flow reactors (e.g., circulating
fluidized bed reactors) have been successfully implemented in CFP processes.>**%*® In contrast
to fixed bed and fluidized bed operations, entrained-flow systems allow for constant catalyst
activity to be maintained by employing a single-pass, fast-contacting mode for the catalyst and
pyrolysis vapors. Here, pyrolysis vapors contact the catalyst during a single pass through the
reactor prior to vapor-catalyst disengagement where the contact time is limited to less than two

46-49 Tliopoulou et al.*’ conducted in situ CFP experiments where biomass was directly

seconds.
added to an entrained-flow riser reactor containing either HZSM-5 or metal-modified HZSM-5
catalysts. The results of their experiments showed significant improvement in the yields
compared to previous experiments in which the catalyst was contained in a fixed bed or fluidized
bed operating in both in situ and ex situ CFP modes. Typically, the catalyst-to-biomass ratios in
these experiments were significantly greater than 1, which resulted in products with low oxygen
content. Comparatively, CFP oil oxygen contents were lower in these entrained-flow

experiments with similar yields compared to fixed bed experiments, implying higher carbon

efficiencies in entrained-flow systems.*
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As the need for assessing the commercial viability of bio-fuels becomes more prominent, it is
important to characterize the CFP process efficiency associated with scale-up using various
reactor types, so that efficient conversion of biomass to fuels can be realized at the commercial
scale. To this end, a custom bench-scale tandem laminar entrained-flow reactor (LEFR) system
was designed, built, and implemented for the optimization of CFP and screening of catalysts to
gain insight into commercial scale CFP processes across various reactor types. This novel reactor
system was compared to previously used fixed bed and fluidized bed reactor systems as well as
entrained-flow riser reactor systems for the ex situ CFP of biomass over zeolite-based catalyst
materials. Two different HZSM-5 zeolite catalysts were used to demonstrate the novel reactor
system’s value as a tool for investigating the operating parameters for the catalytic conversion of
biomass. The two solid acid catalysts were selected on the basis of their deoxygenating activities
resulting from acid-catalyzed reactions, including phenolic and hydrocarbon pool chemistries.
Our studies verified that the LEFR system was a viable bench-scale CFP reactor for the
upgrading of biomass. Catalyst deactivation was successfully monitored and indicated that this
platform was a useful screening tool to assess catalyst activity. The pyrolysis reactor and
transfer-line conditions between the tandem laminar entrained-flow reactors were controlled to
maintain a high viable pyrolysis vapor yield in the ex situ CFP process. An optimal balance
between transfer-line residence time and temperature was achieved to limit secondary thermal
cracking of pyrolysis vapor.’>! Thermal cracking leads to carbon losses in the form of CO, CO»,
and light hydrocarbons.?°%32->* Carbon loss to light gases results in reduced viable pyrolysis
vapor yields, thereby negatively impacting CFP efficiencies. The vapor-phase upgrading reactor
was operated at various temperatures to determine optimal conversion in conjunction with the

pyrolysis vapor yield to achieve optimal CFP product composition and overall yield.
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Experimental Materials and Methods

Entrained-flow Reactor System Overview

A general schematic diagram for the LEFR system is shown in Figure 1 while a more detailed
process flow diagram is shown in Figure S1 of the Supporting Information. The employed
backpressure-controlled CFP LEFR system was comprised of two tandem vertical stainless steel
tubular reactors heated via resistive heater systems joined by heat-traced transfer-lines and a char
cyclone/hot-gas filtration setup. In the first LEFR, functioning as a pyrolyzer, biomass was fed
into the top of the reactor and entrained in nitrogen (N2) carrier gas in a downward-flow fashion.
Pyrolysis vapors produced in this first reactor were transferred through a heated transfer-line to a
char cyclone to remove char fines before moving through a hot-gas filter (HGF). The filtered
vapors were subsequently transferred to the side inlet of the second LEFR, functioning as a
vapor-phase upgrading (VPU) reactor, and contacted with the catalyst to facilitate upgrading.
The resultant heat-traced effluent was sent to a cyclone to disengage solids and filtered to
remove remaining catalyst fines. During optimization and catalyst screening experiments
(described below), a slipstream of the filtered vapors was analyzed, in real-time, via molecular
beam mass spectrometry (MBMS, Extrel Core Mass Spectrometers). The MBMS product
slipstream undergoes adiabatic expansion through a 250 um orifice into a vacuum chamber held
at ~100 mtorr, which rapidly cools the product stream, effectively freezing the chemistry and
hindering further reactions. The resulting cooled product gas is then skimmed into a molecular
beam to be positively ionized prior to being mass-resolved and analyzed via a quadrupole mass
spectrometer. As MBMS separates and identifies compounds based on mass (m/z) and because
the employed system has a resolution of 0.1 amu, full speciation was not achieved, leaving

isomers unresolved. Speciation of pyrolysis and CFP products has been completed on similar
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systems in previous studies with results from these studies used in this work.2%!? The
remaining effluent was directed into a gas conditioning system to actively and thermally
condense product vapors via an electrostatic precipitator (ESP) and cooled thermal condenser,
respectively. Condensable vapors were sequentially separated into organic and aqueous phases
within the gas conditioning system. A coalescing filter at the outlet of the conditioning system
trapped any fugitive vapors. The resulting conditioned product stream was sampled via a gas bag
slipstream, to be analyzed offline by GC-MS, while light gases, CO, CO,, and CH4, were
analyzed online via non-dispersive infrared (NDIR, CAI ZRE Gas Analyzer, Type: ZRECBT31-
JIMIJMH-LYYC2CE-YYYAA) analysis. System control was achieved through an Opto22
programmable automated control package (PAC, Project Professional Version 9.3) using a
human machine interface (HMI). Total system pressure was controlled in the pyrolyzer reactor
by a feedback-controlled backpressure regulator located at the system outlet. Therefore, pressure
downstream of the pyrolyzer was dependent upon system flow dynamics. Additional details
regarding control configuration, including operational and temperature control configurations,
are given in the Supporting Information (Section 1). Of note, the pyrolyzer LEFR is controlled
primarily by gas temperature while the VPU LEFR and transfer-lines were controlled by wall

temperature.
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Figure 1. Laminar entrained-flow reactor (LEFR) system showing the pyrolyzer (Reactor 1),
char cyclone + hot-gas filter, vapor-phase upgrader (VPU, Reactor 2), catalyst cyclone +
catalyst filter, electrostatic precipitator (ESP), aqueous condenser, and coalescing filter along
with slipstream analytics (molecular beam mass spectrometer (MBMS) and gas bag sampling)
and online analysis (non-dispersive infrared (NDIR) analyzer). Aqueous condenser is a
counter-flow heat exchanger (thermal condenser) with the associated chilled glycol supply
(CGY) and chilled glycol return (CGR) shown. *MBMS utilized a slipstream via a flow-by

plate and was solely implemented during optimization and screening studies.
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Biomass and Catalyst Materials

Southern yellow pine was used as biomass feedstock throughout all experiments and was
supplied by Idaho National Laboratory (INL). Prior to being used, the pine was mechanically
reduced in size via knife-milling followed by sieving to a 60-80 mesh (250-125 um) particle size
distribution. The composition of yellow pine was 42 wt% cellulose, 21 wt% hemicellulose and
30 wt% lignin.”® Elemental analysis was accomplished with a LECO TruSpec CHN module,
showing elemental composition on a wet basis of 49.6 wt% C, 6.3 wt% H, 43.5 wt% O, <

0.1 wt% N, 0.1 wt% S, and 0.4 wt% ash, and a water content of 2.9 wt%.*>> Two catalyst
materials were investigated; Grace Davison (GD) HZSM-5 and Johnson Matthey (JM) HZSM-5
catalysts. The Grace Davison and Johnson Matthey catalysts were both bound, spray-dried
materials with a nominal particle size of 70 pm containing approximately 50 wt% HZSM-5.
Both these materials possessed free-flowing rheological properties due to their spray-dried
spherical particle morphologies, which allowed for trouble-free continuous catalyst feeding.
While the balancing component of these spray-dried catalysts was comprised of binder materials
and other additives, complete compositional specifications were not available from the
commercial suppliers. The catalytic activity of these two materials is largely associated with the
acid sites of the zeolites, which was the basis for their selection and testing in the LEFR system.
Prior to use, all catalysts were calcined in a muffle furnace using the same procedure; ramp to

550°C at 3°C/min, hold for 4 h and allow to passively cool to ambient temperature.

Transfer-line Temperature Optimization and Reactor Optimization

Thermal cracking of pyrolysis vapors is dependent upon temperature and residence time. As the

total residence time within all transfer-lines was below 1 s, thermal cracking minimization
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focused on optimizing transfer-line temperature. Therefore, to investigate the temperature
dependence of thermal cracking of pyrolysis vapors in the employed system, a series of
experiments were conducted with the system downstream of the pyrolyzer LEFR, including the
VPU LEFR (without the use of catalyst), functioning as a transfer-line (inclusion of the VPU as a
transfer-line during optimization ensures further minimization of thermal cracking during CFP
experiments). These entailed pyrolyzing biomass at 500°C (10 g/h feedrate) and sweeping the
transfer-line temperature from 375-475°C, in 25°C increments, while monitoring product
changes via MBMS and measuring the quantity of light gases as CO, CO., and CH4 via NDIR.
20,50,52-54

Since these light gases are partially produced by thermal cracking of pyrolysis vapors,

the quantity of gases produced should be proportional to transfer-line temperature.

Optimization of the pyrolysis reactor entailed sweeping the reactor gas temperature from 400-
600°C in 25°C increments while measuring light gas and char yields. As light gas and char
production are negatively interdependent on temperature,>>-> the intersection of light gas and
char yield curves as a function of temperature gives the optimal temperature at which pyrolysis
vapor production is maximized. Initial VPU reactor optimization entailed mass and heat transfer
enhancement through employment of coaxial mixing-enhancers as documented in the Supporting
Information. The employed mixing-enhancers are shown in Figure S2. Further VPU reactor
optimization entailed conducting upgrading experiments at a fixed pyrolysis vapor composition
(~0.04 g biomass/g N») while sweeping the reactor wall temperature from 400-625°C to
determine where optimal upgrading occurred. Optimal upgrading was gauged by the
maximization of m/z signals for benzene (m/z =78), toluene (m/z = 91), ethyl benzene (m/z
=106), and xylenes (m/z =106) (BTEX) with simultaneous minimization of the CO> signal (m/z

= 44) via MBMS analysis at the catalyst-to-biomass ratio of 10. A catalyst-to-biomass ratio of 10
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was chosen based on initial non-optimized screening results that showed partial deoxygenation
of the pyrolysis vapors. The GD HZSM-5 catalyst was used throughout the VPU LEFR
optimization experiments. The MBMS was solely used for monitoring the degree of upgrading
during reactor optimization and catalyst screening experiments (described below) and not for the

subsequent mass balance experiments.

System Validation: Screening Studies, Mass Balance Experiments, and Catalyst Deactivation

Experiments were conducted to investigate CFP performance as a function of catalyst and
catalyst-to-biomass ratio in the LEFR system using real-time analysis of products via MBMS
and NDIR. Prior to the performance evaluation experiments, system optimization studies
resulted in the configuration outlined in both Figure 1 and Figure S1. A series of catalyst-to-
biomass ratio experiments were conducted to both determine the optimal ratio for pyrolysis
vapor upgrading to BTEX via CFP and to compare the performance of two selected HZSM-5-
based catalysts. The purpose of comparing two catalysts was to demonstrate that the LEFR
system can be used as a catalyst screening tool to evaluate catalytic performance. The catalyst-
to-biomass ratio was swept by varying both biomass feedrate at constant catalyst feedrate and the
catalyst feedrate at constant biomass feedrate. The biomass feedrate ranged from 5 g/h to 40 g/h
while the catalyst feedrate spanned from 50 g/h to 475 g/h with combinations of these feedrates
allowing the catalyst-to-biomass ratio to range between ~2-30. The various catalyst-to-biomass
ratios evaluated for the two catalysts are provided in Table 1. The majority of the MBMS
screening data associated with these catalyst-to-biomass ratio scoping studies were omitted for
brevity, while the pertinent data showing acceptable performance is presented below (Figures 4

and 5).
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Table 1. Evaluated catalyst-to-biomass ratios for two commercially available HZSM-5

catalysts: Grace Davison and Johnson Matthey.

CaalystID ey Biomass R

11.1 309.2 28

11.7 103.0 9

11.7 75.2 6
23.8 475.1 20

21.3 279.5 13

Grace Davison 23.8 255.7 11
HZSM-5 0 a0 o
23.8 117.4 5

22.0 63.3 3

22.5 59.0 3

40.8 184.6 5

40.7 72.1 2

12.3 360.6 29

12.3 3594 20

Johnson Matthey 12.3 264.1 21
HZSM-5 123 55k .
22.0 386.6 18

22.0 290.8 13
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Subsequent to the performance evaluation experiments using the MBMS, a replicate series of
mass balance system validation experiments were conducted using the GD HZSM-5 catalyst at a
catalyst-to-biomass ratio of ~25. The mass balance experimental data complemented the MBMS
experimental data, where all reactor conditions were the same as those used in the performance
evaluation experiments. The mass balance experiments employed a biomass feedrate of 10 g/h.
Due to the high catalyst demand (~250 g/h) and the catalyst hopper volume limitations, these
experiments were limited to 1 h time-on-stream (TOS). Gravimetric analysis was conducted on
the char catch-pot, char cyclone, catalyst catch-pot, catalyst cyclone, ESP product, condenser
product fractions, and coalescing filter for each replicate. Coked catalyst materials were analyzed
via thermogravimetric analysis (TGA) to quantify the amount of coke deposited. Aliquots of
these coked catalysts were washed with xylene and the washes were analyzed by GC-MS to
identify any trapped hydrocarbons in the catalyst pore structure. Trapping of aromatic
hydrocarbons within HZSM-5 catalyst materials has been shown to occur as a result of coking
reactions.”®*>7 Due to the short TOS, the majority of CFP product accumulated on the glass
surface of the ESP (~1.0 g upgraded oil). Thus, the ESP product was solubilized in a fixed and
known amount of acetone prior to being analyzed via GC-MS and gel permeation
chromatography (GPC). Aqueous product fractions collected in the thermal condenser
(downstream of the ESP) were analyzed by GC-MS and Karl Fischer (KF). The residual carbon
build-up within the LEFR system during each experiment (system coke) was quantified by
burning off the material under flowing air (200 SCCM in 3.4 SLM N») while monitoring CO,
CO», and CH4 evolution via NDIR. Details regarding data acquisition and analysis via MBMS,

NDIR, GC-MS, TGA, GPC, and KF are provided in the Supporting Information (Section 2).

Results and Discussion
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Transfer-line Temperature Optimization

The transfer-line secondary thermal cracking studies are summarized by data presented in Figure
2. Figure 2A shows the pyrolysis products via MBMS after being exposed to various transfer-
line temperatures. The total light gas yield, including CO», was determined via NDIR analysis as
a function of transfer-line temperature and increased with increasing transfer-line temperature
(Figure 2B). These results are in agreement with previous pyrolysis vapor thermal cracking
studies.>*>2>* Furthermore, as shown in Figure 2A, higher molecular weight species (m/z > 180)
were more prevalent at higher temperatures (e.g., 475°C). Chemical condensation of lower
molecular weight compounds is suggested to be responsible for the prevalence of higher
molecular weight species at the higher temperatures. Surprisingly, a slight increase in higher
molecular weight species at 375°C was observed. We suggest that physical vapor condensation
was beginning to occur at 375°C leading to clustering within the MBMS sampling system and
thus, the increase in concentration of higher molecular weight species. Additional thermal
cracking experiments below 375°C resulted in significant transfer-line clogging due to physical
vapor condensation. Since the light gas yields (NDIR) increased above 400°C and vapor
condensation commenced at 375°C, the optimal transfer-line temperature was chosen to be

400°C and therefore utilized moving forward.
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Figure 2. A) Mass spectra via MBMS for thermal cracking of pyrolysis vapors from
375-475°C. B) Light gas (CO, CO,, CHas) production during thermal cracking studies as

determined via NDIR.
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Pyrolyzer LEFR Optimization

The ideal pyrolysis LEFR temperature was determined by measuring the biomass char and light
gas yields as a function of reactor gas temperature. As shown in Figure 3, the optimal
temperature for pine pyrolysis was approximately 480°C (gas temperature) based on the
intersection of the two curves for biomass char and light gas production, where each was at a
minimum. The total of these two values is also plotted in Figure 3, where the difference between
their sum and 100% gives the theoretical pyrolysis vapor yield. Maximum theoretical pyrolysis
vapor yield is shown to occur when the sum of char and light gas yields is minimized. Based on
previous work by Thompson et al., which correlated the degree of pyrolysis with char coloration,
pyrolysis in the LEFR system at the minimization point (480°C) was determined to be
incomplete since the LEFR-produced char was mainly brown in color.’® Additionally,
incomplete pyrolysis was clearly observed at temperatures below 480°C and further supported by
the elevated char yields obtained in the LEFR system relative to other CFP systems. Based on
previous work,??4143:56.39.60 the pyrolyzer was operated at a gas temperature of 500°C
(marginally above 480°C) for the pine pyrolysis. It should be noted that the optimal pyrolysis

reactor temperature is dependent on the biomass feedstock.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher. 16



70.00

60.00

wn
i
=
S

N
S
=3
S

[9%)
e
=3
S

20.00

Percent Yield (%)

400 425 450 475 500 525 550 575 600
Pyrolyzer LEFR Gas Temperature (°C)

@ NDIR Light Gas Production (%) B LEFR Char (%) Light Gas and Char Total (%)

Figure 3. Pyrolyzer laminar entrained-flow reactor (LEFR) char and light gas yield as a
function of reactor gas temperature with associated best-fit trendlines. Co-minimization of
char and light gas yields as a function of temperature gives the optimal temperature for
maximum theoretical pyrolysis vapor production, shown here to be a value of ~480°C.

Maximum theoretical pyrolysis vapor yield is 100% minus the sum of char and light gas

yields.

VPU LEFR Optimization

Utilizing the reactor optimization procedure described in the Experimental Methods and
Materials section, the optimal temperature for the VPU LEFR was determined to be 475°C
(reactor wall temperature). Significant pyrolysis vapor upgrading (deoxygenation) was observed
at a catalyst-to-biomass ratio of 10. At this ratio, BTEX hydrocarbons were observed in addition
to pine pyrolysis components (primary vapor products). Based on the catalyst-to-biomass ratio

sweep experiments (see Experimental Methods and Materials), optimal CFP for the LEFR
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system occurred within the catalyst-to-biomass ratio range of 20-30. Under this condition, two
catalyst materials were screened and compared (Figure 4). The MBMS spectrum in Figure 4A
shows the characteristic pine pyrolysis peaks (primary vapor products: m/z 110, 124, 137, 138,
150, 164 and 180) expected for pure pyrolysis at 500°C.2%?12640 Figure 4B shows the MBMS
spectrum for CFP at a low catalyst-to-biomass ratio of 2 using a GD HZSM-5 catalyst. For this
ratio there was a minor reduction in primary pyrolysis vapors and minimal upgrading to fully
deoxygenated products based on the low production of BTEX (m/z 78, 91, 106). A significant
BTEX enhancement and reduction of primary vapors was observed with a JM HZSM-5 catalyst
using a catalyst-to-biomass ratio of 29 (Figure 4C). An improved CFP performance, based on
BTEX enhancement and reduction of primary vapors, was observed for the GD HZSM-5 catalyst
using a catalyst-to-biomass ratio of 28 (Figure 4D). Only minor conversion differences were
observed between the JM HZSM-5 and GD HZSM-5 catalyst materials. To achieve results
comparable to those obtained by Iliopoulou et al.,*” the LEFR system was operated in a higher
catalyst-to-biomass ratio regime (catalyst-to-biomass ratio > 25) when conducting mass balance

experiments.

The TOS plot for the better performing catalyst (GD-HZSM-5; catalyst-to-biomass ratio = 28) is
shown in Figure 5, where one-ring deoxygenated aromatic (m/z =78, 91, 106), deoxygenated
polyaromatic (m/z = 128, 142, 156), furanic (m/z = 82, 96, 98), phenolic (m/z = 94, 108, 122),
and primary vapor (m/z = 124, 138, 150, 164, 180) products were trended as a function of time.
As biomass was added to the reactor and pyrolyzed (Figure 5, see Biomass Feed Start at three
minutes TOS), the concentration of all five groups of products increased. In contrast, upon
catalyst feed initiation (Figure 5, see Catalyst Feed Start at eight minutes TOS), one-ring

aromatics increased, while primary vapors, furans, and phenols decreased. These product trends
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were expected for CFP where the conversion of primary vapors, furans, and phenols into BTEX
was the favored process. The signal intensity for the polyaromatic species remained constant
throughout pyrolysis and CFP (catalyst addition). Since deoxygenated polyaromatic species are
not produced in pyrolysis, the constant signal intensity is believed to result from the
fragmentation of lignin species during MBMS sampling to fragments with m/z values coinciding
with 128, 142, and 156. This same phenomenon is believed to account for the signal intensity for
one-ring deoxygenated aromatic species after biomass addition and prior to catalyst introduction.
Deoxygenated polyaromatics are typically produced during CFP.**!"$4% An increase in the
signal intensity for deoxygenated polyaromatics upon catalyst addition (CFP) was not observed
in Figure 5. Since the tuning of the MBMS was towards lower molecular weight species, the
sensitivity required to detect any changes in the production of higher molecular weight species
may have been limited. The absence or presence of higher molecular weight deoxygenated
polyaromatics was verified by GC-MS. Here, these data confirmed that deoxygenated
polyaromatics were absent in the pyrolysis oil product and present in the upgraded oil product.
Upon ceasing biomass and catalyst feeds (Figure 5, see Feed Stop at eighteen minutes TOS),
minor transient changes in CFP product composition were initially observed before product

signals decreased to zero.
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Figure 4. Mass spectra of (A) pure pyrolysis of pine at 500°C, (B) upgraded vapors using
Grace Davison HZSM-5 (GD HZSM-5) at catalyst-to-biomass ratio = 2, (C) upgraded vapors
using Johnson Matthey HZSM-5 (JM HZSM-5) at catalyst-to-biomass ratio = 29 and (D)
upgraded vapors using GD HZSM-5 at catalyst-to-biomass ratio = 28. All upgrading
experiments were conducted at 475°C wall temperature with pyrolysis at 500°C (gas

temperature) and transfer-lines held at 400°C (wall temperature).
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Figure 5. Time-on-stream plot showing initial pyrolysis at 500°C (gas temperature) and
subsequent upgrading at 475°C (wall temperature) using Grace Davison HZSM-5 (GD
HZSM-5) at a catalyst-to-biomass ratio of 28. Primary vapors decreased as upgraded
products increased upon catalyst addition. The typical pyrolysis CFP product distributions

were determined by MBMS and shown in Figure 4.

LEFR System Validation

CFP Mass Balance Comparison. Mass balance experiments yielded consistent data across three
replicates as shown in Table 2. The CFP aqueous product yield (~27 wt%) was comparable to

those obtained from other CFP reactor systems.5*>*474% The char yields for the LEFR system
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(~26 wt%) were higher relative to previous CFP of pine performed in a fixed bed reactor (8-12
wt%),2%0! fluidized bed reactor (9-10 wt%),**** and entrained-flow riser reactor (char + coke, 18
wt%).* As stated previously, the elevated char yield and brown-hued coloration can be
attributed to incomplete pyrolysis in the pyrolyzer. This may be due to heat-transfer limitations
as a result of the laminar flow dynamics in the pyrolyzer LEFR. Under these laminar flow
conditions, heat transfer enhancement via radial fluid mixing is non-existent while less efficient
convection of heat from the reactor walls to the reactive fluid is the primary mode of transport.®?
Because of this heat transfer limitation, the average biomass residence time in the isothermal
pyrolyzer heat zone of ~6.5 s may be too short, further contributing to incomplete pyrolysis. It
should be noted that residence times less than 6.5 s have been successfully utilized for pine flash-
pyrolysis reactors employing turbulent flow dynamics.!”'®*° Dimensional reactor changes to
increase residence times within the pyrolyzer and/or turbulence within the reactor or a higher

pyrolysis temperature may allow for more complete pyrolysis (optimization).

The light gas yield from the LEFR system (~22 wt%) was lower than previous CFP reports,
which ranged from 30-34 wt%.4!4>4%63 Relative to the entrained-flow riser reactor used by
Iliopoulou et al.*, there was ~34% less CO, ~27% less CO», and ~26% less CH4 produced in the
LEFR system during CFP. Typically, longer biomass vapor residence times in pyrolysis reactors
lead to higher light gas yields.’*>!** The average residence time for the vapors in the VPU LEFR
(~3.6 s) was greater than the residence time reported by Iliopoulou et al. for their entrained-flow
riser reactor (< 2 s).*’ The lower light gas yields in the LEFR system can be attributed to
incomplete pyrolysis and/or less thermal cracking since a lower VPU LEFR temperature was
utilized (wall temperature, 475°C) relative to the higher entrained-flow riser reactor temperature

(gas temperature, 500°C).%474°
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The upgraded oil yields were lower (~14 wt%) compared to the yields obtained on entrained-
flow riser®** and fixed bed***’ reactors but similar to yields obtained with fluidized bed
reactors.*>* These lower yields were attributed to incomplete pyrolysis that led to high char
values (as stated above) and thus, less viable pyrolysis vapors (biomass) available for upgrading.
In addition, upgraded oil yields have been shown to be negatively correlated to the catalyst-to-
biomass ratio; larger catalyst-to-biomass ratios typically give rise to higher degrees of
deoxygenation (lower oxygen content) but lower upgraded oil yields.** This operational process
parameter could account for the lower upgraded oil yield in the LEFR system. Although, this is
not conclusive as some oxygenated species were present in upgraded oil product as described
below. It should be noted that the catalyst-to-biomass ratio is represented differently in fixed and
fluidized beds compared to entrained-flow systems. In fixed and fluidized bed systems, the
catalyst-to-biomass ratio is determined as the ratio of a fixed amount of catalyst and the
integrated pyrolysis vapor flow while in entrained-flow systems, it is determined as the ratio of

the respective catalyst and biomass feedrates.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher. 23



Table 2. Replicate mass balance experimental results for the Grace Davison HZSM-5

catalyst and a catalyst-to-biomass ratio of ~25.

Product Type Re(;:’:,itizt)e 1 Re(;:’:,itizt)e 2 Re(;:’:,itizt)e 3
LEFR Char 24.4 23.6 24.7
' Cyclone Char 1.1 3.2 1.5
Pfgcllfc . System Coke 1.8 13 1.4
Catalyst Coke N/A 9.5 11.6
Subtotal 27.3 37.6 39.2
Aqueous 30.0 23.7 26.3
Liquid Oil . 13.5 14.1 13.6
Product ~ Coalescing 0.1 0.3 0.7
Filter
Subtotal 43.6 38.1 40.6
CO 11.5 12.5 11.7
Gaseous CO2 8.2 8.6 9.3
Product CHs 0.7 0.7 0.7
Subtotal 20.4 21.8 21.7
Mass Balance
Closure 91.3 97.5 101.5

(Total)

Analyses of the Upgraded QOil and Aqueous Products. Gel permeation chromatography was
utilized to characterize the upgraded oil obtained from the ESP during the mass balance
experiments. The average molecular weight of the oil was 420 Da. This value was significantly
higher than previously reported values for CFP o0il.** Since the upgraded oil products were
collected under continuous-flow conditions and elevated temperatures (~60°C), light molecular
weight products (e.g., benzene, toluene) were driven off and the remaining products within the

ESP may have polymerized to higher molecular weight species due to the prolonged exposure to
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heat. Gas bag analysis showed the presence of BTEX components along with acetaldehyde,
furans, and cyclopentanones in the system effluent. Further analysis of the oil by GC-MS showed
the presence of upgraded products as well as oxygenated intermediate and primary vapor species.
GC-MS analysis of the oil product and the slipstream MBMS analysis used in the performance
experiments were utilized to indirectly assess pyrolysis vapor deoxygenation. Complementary
CHNO analysis would have been beneficial for directly assessing deoxygenation but was not
possible due to the low upgraded oil yields obtained (~1.0 g). Per the dimensional analysis
discussion in associated Supporting Information (Section 3), heat and mass transport limitations
are present in the VPU LEFR, potentially allowing portions of pyrolysis vapors to pass through
the reactor without contacting catalyst or completely being upgraded. Based on Karl Fischer
titration the aqueous product was on average 98 wt% water. The water-soluble organic
compounds in the aqueous fraction were identified by GC-MS. The compounds were grouped
into acids (25.7 wt%), carbonyls (18.8 wt%), phenols (52.1 wt%), sugars (1.2 wt%), and ethers

(2.2 Wt%).

Coke Analysis. Thermogravimetric analysis of the coked catalyst materials indicated that the
LEFR system produced higher total coke (system coke plus catalyst coke) yields compared to
previous entrained-flow CFP studies. In the LEFR system, catalyst coke ranged from ~9-12 wt%
while system coke spanned ~1.3-1.8 wt% (~10-14 wt% total coke). These values are similar to
coke yields obtained in fluidized bed (~7-9 wt% as total coke)*** and fixed bed (7-15 wt% as
total coke)’**’ systems but higher when compared to entrained-flow (~1-4 wt% as total coke)*’
systems. In all of the reactor systems, the majority of the coke resided on the catalyst. The
preference for catalyst coke formation can be attributed to the large surface areas and acidic

properties of the catalysts. Interestingly, fixed bed and fluidized bed coke yields have been
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shown to be proportional to the catalyst-to-biomass ratio.?®*>*? Therefore, the higher total coke
yields in the LEFR system were reasonable due to the higher catalyst-to-biomass ratios
employed. At higher catalyst-to-biomass ratios there is more catalyst surface area relative to
biomass vapor. More accessible catalyst surface area allows for more vapor-catalyst interactions
and subsequent acid-catalyzed reactions, both desired (deoxygenation reactions) and undesired
(coking reactions). In addition, catalyst solvent extraction and supernatant characterization
showed no evidence for the presence of polyaromatics (coke precursors) within the catalyst

materials.

Conclusion

A novel tandem LEFR system was successfully designed, built, and implemented as a platform
for CFP optimization and tool for catalyst screening to investigate CFP of pine biomass over
HZSM-5. In this study, the system was optimized in terms of the pyrolyzer and VPU reactor
temperatures, pyrolysis vapor transfer temperature, and the catalyst-to-biomass ratios required to
achieve adequate upgrading in the VPU. Optimal pyrolysis and VPU temperatures were
determined to be 500°C (gas temperature) and 475°C (wall temperature), respectively. It was
shown as well that the optimal transfer-line wall temperature for pyrolysis vapors was 400°C
(vapor residence time < 1 s), where a balance between physical and chemical condensation was
established to minimize secondary thermal cracking of vapors. This preserved the quality of the
pyrolysis vapors by minimizing carbon loss via light gases, CO, CO», and CHa4. Furthermore, it
was demonstrated that, when using HZSM-5, catalyst-to-biomass ratios of > 25 are required to
achieve adequate upgrading of pyrolysis vapors in the LEFR system. The LEFR system was used
to test and screen two commercially available HZSM-5 catalyst materials. A slight performance

advantage was observed for the Grace Davison catalyst over the Johnson Matthey catalyst with
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respect to BTEX production. Additional CFP optimization was achieved by enhancing vapor-
catalyst mixing in the VPU. Although, heat and mass transfer limitations still existed due to

laminar flow regimes within the reactor.

Post-optimization results were compared to results obtained previously from fixed bed and
fluidized bed reactor systems as well as entrained-flow riser reactor systems.?®**4-4 Similar
catalyst deactivation and CFP conversion trends as a function of catalyst-to-biomass ratio were
observed in the LEFR system relative to other reactor platforms. The upgraded oil yields
obtained from the LEFR system were lower compared to the entrained-flow riser reactor yields.
These lower yields may be attributed to the high catalyst-to-biomass ratios employed in this
study and/or incomplete pyrolysis. The advantage of the ex sizu CFP in laminar entrained-flow
mode was that constant catalyst activity could be maintained. This study validated the viability
of the LEFR system as a CFP reactor platform with reasonable CFP mass closures and product
selectivities when compared to fixed bed, fluidized bed, and entrained-flow riser reactor systems.
Since the findings in this study apply to general reactor design, these findings can be used to give

insight into commercial scale CFP process optimization across various established reactor types.
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Synopsis

Catalytic fast-pyrolysis of biomass via a bench-scale continuous-flow reactor platform offers

a sustainable approach for CFP optimization and catalyst screening utilizable in process scale-

up.
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