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Zeolite catalysts used for biomass catalytic fast pyrolysis (CFP) deactivate rapidly, similar to a fluidized catalytic 
cracking (FCC) catalyst used in refining. To operate effectively when there is rapid deactivation, biomass CFP 
can take place in a riser FCC-style reactor in which the catalyst has a short contact time (seconds) with reactants 
before it is regenerated. The regeneration, therefore, has two major needs for effective operation: 1) heat bal-
ance, since the heat required for the CFP reactions is brought into the reactor by the hot catalyst and 2) relatively 
short (minutes) regeneration to restore the catalyst activity to be near its initial state. In order to understand 
effective conditions to regenerate zeolites used for CFP, a series of experiments were performed to determine the 
effect of regeneration temperature on the activity of ZSM-5 (SiO2/Al2O3 = 30). After use for pine pyrolysis vapor 
upgrading, the catalyst was oxidized in 4% O2 at temperatures between 500–700 °C and reevaluated for the 
upgrading of pine pyrolysis vapors to assess the extent of regeneration. Additional testing was performed using 
ethylene aromatization as a surrogate reaction to probe regeneration efficiency. Regeneration experiments were 
performed for either a fixed length of time (20 min) or until there was no further CO2 measured in the effluent 
gas. Results from the ethylene aromatization reactions were shown to serve as an excellent surrogate for CFP 
reactivity and indicated that the use of model compound studies can effectively be used to understand reaction 
and regeneration processes from biomass CFP. Both sets of results indicate that a spent ZSM-5 used for biomass 
CFP could be fully regenerated at 650°C and 700°C within 20 min, whereas regeneration temperatures of 550 °C 
and 600 °C required longer regeneration temperatures and in the case of regeneration at 500 °C, there may be 
coke species that are not removed and the catalyst activity may never be fully restored. Characterization by 
pyridine diffuse reflectance infrared spectroscopy, thermogravimetric analysis coupled with infrared spectro-
scopy, and N2 physisorption showed that higher regeneration temperatures are more effective for restoring 
Brønsted acid sites and catalyst mesoporosity by rapidly removing aromatic coke deposits. Additionally, re-
generation at 650 °C and 700 °C led to a slightly higher total porosity as compared to the pristine catalyst, which 
was attributed to the formation of additional mesoporosity from catalyst steaming. 

1. Introduction 

The majority of liquid hydrocarbon fuels are produced by the pro-
cessing of petroleum and, while this will remain an important resource 
for the foreseeable future, significant research efforts have focused on 
developing alternative, renewable routes to produce these fuels. An 
attractive alternative to fossil resources is lignocellulosic biomass, 
which is globally abundant and provides opportunities for local eco-
nomic development [1–6]. To enable market penetration of fuels and 
chemicals produced from lignocellulosic biomass, further technological 
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development is necessary to improve process economics and maximize 
product yields. Among the most promising technologies is fast pyr-
olysis, which is capable of producing liquid products with yields of up 
to 75 wt% [7,8]. However, the use of the fast pyrolysis bio-oil for 
transportation fuels is limited due to its high oxygen content, which 
results in high acidity and poor stability [9]. 

Several thermochemical processes can be used to upgrade pyrolysis 
vapors and condensed bio-oil to make them more suitable for use as a 
transportation fuel and/or refinery blendstocks [10,11]. Catalytic fast 
pyrolysis (CFP) is a particularly promising route for converting biomass 
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into fuels and products. In the ex situ CFP process, biomass is pyrolyzed 
to create a stream of reactive vapors which are fed to a separate reactor 
where they are catalytically upgraded. Limiting the production of un-
desirable char and light gasses is critical for this process, and ongoing 
research both within our group and by others [12,13] is focused on co-
optimizing the catalysts and pyrolysis conditions to increase the liquid 
yield and improve the product quality. 

Zeolites are a class of catalysts that has been extensively used for 
petroleum refining and fluid catalytic cracking (FCC) and exhibit pro-
mising performance for CFP [14,15]. Among the many zeolite struc-
tures, MFI (herein referred to as ZSM-5) has been used by refiners to 
increase the gasoline octane number and also produce light olefins [14] 
and it also exhibits high aromatic hydrocarbon yields during CFP [15]. 
However, zeolites undergo rapid deactivation due to catalyst coking 
and must be frequently regenerated during both FCC and CFP to restore 
catalyst activity [14,16–19]. Because zeolites deactivate rapidly during 
FCC, riser reactors have been designed in which the catalyst and re-
actants enter at the bottom of the reactor, have a short contact time 
with each other (2–10 s), and the catalyst is then disengaged and 
transferred to a separate vessel(s) where it can undergo stripping and 
regeneration [14]. The same strategy of an FCC-type riser reactor with 
recirculating/regenerating catalyst is envisioned in the conceptual 
process for a biorefinery utilizing CFP [12]. The deactivation of zeolites 
by coking from petroleum derived feedstocks and their regeneration by 
oxidative treatments has been extensively studied [20–22]. A general 
strategy for the removal of coke involves the use of a dilute air stream to 
control the rate of oxidation, thereby limiting the exothermic reactions 
and steam generation that could result in irreversible dealumination of 
the catalyst [21]. Although general strategies for coke removal from 
zeolites can be employed for a variety of reactions, the nature of coke is 
dependent upon the feedstock from which it is generated [22] and the 
extent of regeneration is affected by the type of catalyst and reaction 
conditions used to create the coke. Consequently, regeneration proce-
dures should be developed for each specific application (feedstock, 
catalyst, process conditions, etc.). Benito et al. studied regeneration of 
ZSM-5 used for methanol-to-gasoline and found that the catalyst was 
susceptible of thermal damage but could be effectively regenerated in 
air at 550 °C, provided that it had already experienced a temperature of 
550 °C prior to measuring its initial activity [23]. There have also been 
studies on regeneration of ZSM-5 used for both in-situ and ex-situ CFP, 
ranging in temperatures from 450 °C to 700 °C, ranging from 1 to 10 
reaction cycles [24–27]. Williams and Horne found that the regenera-
tion of an H-ZSM-5 zeolite for up to five cycles reduced the effectiveness 
of the zeolite in converting biomass pyrolysis oils into aromatics pro-
ducts [24]. The regeneration was performed by removing the spent 
catalyst from the reactor and placing it in inside a furnace and heating 
to 550 °C for 8 h in air. The absence of gas flow during the regeneration 
likely led to high local concentrations of steam, which were not actively 
purged, caused by water desorption during heating and also due to 
combustion of H-containing coke species, and these high localized 
concentrations could have contributed to the loss of acid sites due to 
dealumination of the catalyst. Carlson et al. studied a ZSM-5 catalyst for 
ten reaction/regeneration cycles, with regeneration performed for ∼3 h  
in air, and found a slight decrease in low temperature acid sites as 
characterized by ammonia temperature-programmed desorption and 
also found metals from the biomass were deposited on the catalysts, 
though no investigation or optimization of the regeneration process was 
reported [25]. Paasikallio et al. from VTT studied product quality 
during a four-day catalytic pyrolysis experiment using ZSM-5 in a 20 kg 
h−1 biomass feed facility to produce 250 kg of partially deoxygenated 
pyrolysis oil with continuous catalyst regeneration [26]. In their work, 
CFP was performed at 520 °C and the regenerator operated between 
650–670 °C with a catalyst:biomass ratio of 7:1. They observed slight 
change in product composition over the course of 100 h (drop of oil 
carbon content from 71% to 70% and increase in oxygen content from 
22.4% to 23.6%) and stated that catalyst deactivation was limited, 

though also clearly observable, with negligible loss of total surface area 
and c.a. 30% decrease in micropore surface area and micropore volume 
over the course of 100 h. A clear increase in alkali metal deposits on the 
catalyst with increasing time on stream was shown to occur when 
pyrolysis and catalytic upgrading occur within the same reactor and 
physical damage to the catalyst associated with the continuous re-
circulating reactor suggested that catalyst lifetime and understanding 
regeneration procedures will be a crucial factor for commercial scale 
catalytic fast pyrolysis units. In a study by Yildiz et al., a newly estab-
lished, semi-continuous pyrolysis unit was operated for eight con-
secutive reaction/regeneration cycles with pine pyrolysis vapor up-
grading at 500 °C and regeneration at 600 °C between cycles, with these 
conditions selected based on conventional FCC processes [27]. The 
study by Yildiz et al. did not aim to optimize regeneration conditions 
and the catalyst was exposed to pyrolysis char during the regeneration, 
which led to accumulation of biomass ash in the reactor, and in-
complete regeneration was reported [27]. 

The objective of this work was to investigate the effect of tem-
perature on the oxidative regeneration of a ZSM-5 zeolite following its 
use for biomass (pine) CFP and from this study, identify conditions that 
might be used to fully restore catalyst activity understand the re-
generation processes by used of materials characterization. 

2. Experimental 

2.1. Materials 

The catalyst used in this study was a ZSM-5 obtained from Zeolyst 
International (CBV3024E) and had a SiO2-to-Al2O3 ratio (SAR) of 30 
(Si/Al = 15). The ZSM-5 used in this study was selected based on our 
previous work which showed that for ZSM-5 catalysts with SAR of 23, 
30, 50, 80, or 280, a SAR = 30 had the highest yield of aromatic hy-
drocarbons from biomass pyrolysis vapors [28]. The ZSM-5 pellets were 
crushed and sieved to a size fraction of 300–1000 μm. The zeolite was 
nominally in the ammonium cation form and was activated via calci-
nation at 650 °C in air for 5 h upon its receipt and prior to its use. The 
biomass in the CFP experiments was southern pine obtained from Idaho 
National Laboratory. The biomass was ground to < 0.5 mm and had an 
elemental composition of 49.6% C, 6.3% H, 43.1% O, 0.1% N on an as-
received (wet) basis, and the moisture content was 2.3%. Measured ash 
content was 0.33% [29]. 

2.2. Reactivity and regeneration experiments on ZSM-5 

2.2.1. Ethylene reaction/regeneration experiments on a micro-scale packed-
bed reactor 

The reaction of ethylene over ZSM-5 was used as a probe reaction to 
evaluate the regeneration procedures, since ethylene is known to un-
dergo aromatization reactions over zeolite acid sites [30,31], and these 
active sites are also responsible for biomass pyrolysis vapor upgrading 
reactions [32]. The initial “spent” catalyst used in this study was gen-
erated using a 1 kg batch of ZSM-5 during the upgrading of pine pyr-
olysis vapors in a 2″ fluidized-bed reactor, which has been previously 
described [6,29]. The pyrolysis vapors were generated at 500 °C and the 
catalytic upgrading was performed at 550 °C. The experiment was run 
to a biomass-to-catalyst ratio (B:C) of 1.4, which resulted in a coke 
content of 12 wt% on the spent catalyst (dry, coke-free basis), as de-
termined by thermal gravimetric analysis (TGA) based on heating in air 
to 850 °C. During ethylene aromatization reactions, 100 mg of the spent 
ZSM-5 catalyst was loaded between quartz wool plugs into a 0.25″ O.D. 
(0.104″ I.D.) stainless steel reactor. The reactor was heated to 500 °C in 
100 sccm He and held for > 10 min to remove adsorbed water. After 
the catalyst had heated to 500 °C, the reaction feed stream of 100 sccm 
of 20% C2H4/He was established and an Agilent micro-GC equipped 
with a PPU column and a thermal-conductivity detector performed a 
feed analysis to ensure a steady feed was established prior to switching 
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the flow over the catalyst for 20 min, during which the reactor effluent 
gas was sampled every ∼3 min to assess ethylene conversion. After 
establishing this baseline activity, He was used to purge the reactor and 
the catalyst was exposed to 100 sccm of 4% O2/He before being heated 
to 500, 550, 600, 625, 650, or 700 °C at ∼40 °C/min. The catalyst was 
exposed to oxygen for a total of 20 min, which included both the ramp 
time to the maximum temperature and the soak time at a given tem-
perature. The 20 min of exposure to 4% O2/inert corresponded to 
∼3.6x the stoichiometric requirement for complete combustion of the 
coke on the spent CFP catalyst, assuming a reaction of C + O2 → CO2, 
without consideration of any additional coke deposited during the 
20 min reaction with C2H4. After the oxidative regeneration, the reactor 
was then purged with He and cooled to 500 °C. At this point, 100 sccm 
of 20% C2H4/He was introduced and the reactivity of the regenerated 
catalyst was evaluated for 60 min time on stream. Ethylene experiments 
were also performed with fresh ZSM-5 catalyst, and in these experi-
ments 93 mg of catalyst was loaded into the reactor and it was then 
regenerated at 650 °C following 20 min exposure to C2H4. This loading 
of fresh catalyst was determined to correspond to the same amount of 
coke-free, moisture-free zeolite as 100 mg of the spent catalyst based on 
TGA experiments. In an additional set of “full regeneration” experi-
ments, the biomass-deactivated catalyst was heated to its regeneration 
temperature in inert and then exposed to 4% O2/inert until no further 
CO2 was detected by GC in the effluent gas and the activity for ethylene 
conversion was then measured as previously described. Ethylene con-
version was ≤60% in all experiments. To obtain material for post-re-
action characterization, separate experiments were performed in which 
the spent catalyst was exposed to ethylene at 500 °C for either 5.6 min 
(ethylene:catalyst of 1.4) or 20 min (ethylene:catalyst of 5.0), re-
generated using the procedures described above, and then cooled 
to < 100 °C in He. The reported temperature for the reactions and re-
generations were the measured furnace temperature, and the catalyst 
temperature was typically 3–5 °C hotter than the furnace temperature. 
To check for the catalyst bed temperature rise during the regeneration 
experiments, in which exothermic oxidation was occurring, an in-bed 
thermocouple measured the catalyst temperature during regeneration 
at 700 °C and a maximum increase of 3 °C was observed, and it was 
assumed that the change in the measured catalyst temperature would 
be equal or less (≤3 °C) for the regeneration conditions at lower tem-
peratures because the rate of carbon oxidation would presumably be 
lower, which was verified. 

2.2.2. Biomass CFP reaction/regeneration experiments on a micro-scale 
reactor 

The fresh ZSM-5 catalyst (250 mg) was loaded between quartz plugs 
in a horizontal reactor and heated in 300 sccm of 4% O2/He to 500 °C. 
The reactor was then purged using 300 sccm of He and seven individual 
boats containing pine (35.5 mg) were inserted at 3 min increments into 
the pyrolysis zone which was held at 500 °C. The vapors were then 
carried over catalyst and analyzed by a molecular beam mass spectro-
meter (MBMS). This reaction system has been previously described 
[5,6,29,33,34] and a schematic of the reactor system is shown in Fig. 1. 
Following the seventh biomass boat, the catalyst was exposed to 
300 sccm of 4% O2/He and ramped to the desired regeneration tem-
perature at ∼30 °C/min. After 20 min of exposure to oxygen, the re-
actor was purged with He and cooled to 500 °C for additional reactions. 
This process was repeated for a total of three reaction/regeneration 
cycles, with the exception of the experiments in which regeneration was 
performed at 650 °C, in which six reaction/regeneration cycles were 
performed. 

Due to the complexity and large number of species that result from 
biomass pyrolysis, several representative species (shown in Table 1) 
were used to classify the reaction products as either aromatic hydro-
carbons or oxygenated compounds, which has been previously de-
termined to provide qualitative comparisons of catalysts and process 
conditions [5,9,16]. The complex mixture of components made it 

impractical to calibrate the MBMS for individual species, and thus, the 
product mixtures are aggregated based on mass spectrometer in-
tensities. Data handling for the MBMS was done as follows: Mass 
spectra acquired at 1 s intervals were averaged and normalized to the 
argon internal-standard for each individual pulse of vapors created by 
the pyrolysis of the pine boats. Individual boats created a vapor pulse 
lasting ∼ 45 s and 100 scans were used to capture the entire pulse, 
providing a sufficient number of scans to capture the start and tail of the 
pulse. The sum of the aromatic hydrocarbons or oxygenated compounds 
for each of the seven pulses during each experiment were used to assess 
the total productivity for the reaction. The results presented are nor-
malized based on either i) the maximum aromatic hydrocarbon pro-
duction and oxygenated compound production over each of the seven 
pyrolysis vapor pulses (Fig. 3) or ii) the total aromatic hydrocarbon 
production and oxygenated compound production during the seven 
pulses of the first reaction (Fig. 4). 

2.3. Catalyst characterization 

2.3.1. Surface area and pore volume measurements by N2 physisorption 
The surface areas and pore volumes of the fresh, spent, and re-

generated samples were measured using N2 physisorption on a 
Quadrasorb SI instrument (Quantachrome Instruments). The catalysts 
were degassed overnight at 350 °C in helium flow and then cooled to 
−196 °C by immersion in a liquid nitrogen bath. The multi-point 
Brunauer-Emmett-Teller (BET) [35] analysis was performed to obtain 
the total surface area. Isotherms were calculated over a range of low 
relative pressures between P/P0 = 0.01 – 0.06 in which BET theory is 
generally valid and allows for a characterization comparison between 
the catalysts that are similar in their physical properties [36], even 
though the BET method may not accurately measure the surface area of 
microporous materials such as zeolites at high relative pressures (P/ 
P0 > 0.3). The Barrett-Joyner-Halenda (BJH) method [37] was used to 
calculate the pore volume and pore surface area. The DeBoer model was 
used with the t-plot method [38] to determine the contribution of the 
micropores (< 2 nm) to the surface area and pore volume. 

2.3.2. TGA coupled with Fourier Transform Infrared spectroscopy 
Thermogravimetric Analysis-Fourier Transform Infrared spectro-

scopy (TGA-FTIR) experiments were performed in a Setaram Setsys 
Evolution TGA coupled, via a heated transfer line at 200 °C, with a 
Nicollette 6700 FTIR with a gas cell maintained at 225 °C to prevent 
vapor condensation. The gas flow rate used in the experiments was 
80 sccm unless otherwise noted. The samples (∼ 80 mg) were placed 
inside a crucible with one closed end and, under a flow of nitrogen, the 
samples were held at 20 °C for 10 min to ensure the furnace and gas 
lines were sufficiently purged of other gases, then the temperature was 
ramped to 500 °C at a rate of 20 °C/min and held at 500 °C for 30 min. 
After the 30 min hold, the gas atmosphere was switched to 4% oxygen 
in a balance of nitrogen and the temperature was ramped to the desired 
regeneration temperature at a rate of 20 °C/min (if applicable) and held 
at the regeneration temperature until the total time under oxygen ex-
posure reached 2 h. Specifically, the 500 °C sample was held at 500 °C in 
4% O2/N2 for 2 h while the 700 °C sample was ramped in 4% O2/N2 

from 500 °C to 700 °C over 10 min and then held at 700 °C for 1 h and 
50 min. The samples regenerated at 550–650 °C experienced inter-
mediate hold times at the final regeneration temperature, accordingly. 
The TGA/FTIR experiments were designed to mimic the regeneration 
protocols used for both the ethylene reaction and biomass CFP studies. 
The oxygen concentration during the experiments was the same, but the 
longer hold during the TGA/FTIR regeneration experiments as com-
pared to the ethylene and CFP packed-bed reactor experiments 
(120 min vs. 20 min) was chosen based on the time at which additional 
hold time did not result in additional mass loss for the regeneration at 
700 °C. The TGA/FTIR utilizes a crucible with a closed end, hanging in 
the O2-containing gas flow, so the reactive O2 gas must diffuse 
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Fig. 1. Schematic diagram of the reaction system used for biomass CFP and regeneration experiments, with analysis by molecular beam mass spectrometry (MBMS). 
During regeneration steps, oxygen was added to the inner flow and no biomass was inserted into the reactor. 

Table 1 
List of molecular species used to group products as either oxygenated com-
pounds (for the O-containing species) or aromatic hydrocarbons. Note: Isomers 
(e.g., p-xylene vs. o-xylene) were unable to be directly distinguished in these 
experiments and the structure shown in the table is assigned to the most 
abundant structure at a given m/z as determined by separate experiments in 
which GC/MS was used for product identification. 

m/z Compound Compound Name 
Structure 

58 Acetone 

60 Acetic acid and hydroxyacedaldehyde 

68 Furan 

78 Benzene 

82 Furan, methyl 

92 Toluene 

94 Phenol 

96 Furan, 2,5-dimethyl 

96 Furfural 

106 Ethyl benzene 

106 Xylene 

108 Phenol, methyl 

Catechol 

Phenol, 2-methoxy 

128 Naphthalene 

138 Phenol, 2-methoxy-4-methyl-

142 Naphthalene, methyl-

156 Naphthalene, dimethyl-

178 Anthracene 

192 Anthracene, methyl-

206 Anthracene, dimethyl 

throughout the crucible to oxidize the coke, which is a different geo-
metry as compared to the packed-bed flow reactors. 

2.3.3. Diffuse reflectance Fourier transform infrared spectroscopy 
(DRIFTS) 

Diffuse reflectance Fourier transform infrared spectroscopy 
(DRIFTS) was performed using a Thermo Nicolet iS50 FT-IR spectro-
meter equipped with a Harrick Praying Mantis reaction chamber. 
Spectra represent the average of 64 scans collected at 4 cm−1 resolution 
using CaF2 windows. In all cases the gas flow rate was held at 100 sccm 
and the temperature ramp rate was 10 °C/min. Catalyst samples were 
pre-treated in flowing Ar by heating to 500 °C, holding for 2 h, and 
cooling to 150 °C. After collecting a background spectrum at 150 °C, the 
catalysts were exposed to pyridine vapor for 10 min by flowing Ar 
through a pyridine-filled bubbler held at room temperature. Excess 
physisorbed pyridine was subsequently desorbed in Ar by heating to 
200 °C and holding for 30 min. After cooling to 150 °C, a spectrum was 
collected and referenced to the spectrum collected prior to pyridine 
exposure. The peak area of vibrational modes near 1445 cm−1 (Lewis) 
and 1545 cm−1 (Brønsted) were used to determine the relative ratio of 
Brønsted to Lewis acidic sites [39,40]. Spectra of the OH and CH vi-
brational region (2800-3800 cm−1) were collected at 150 °C prior to 
pyridine exposure and are referenced to a KBr background. 

3. Results and discussion 

3.1. Probing regeneration with ethylene reactivity 

To probe the effectiveness of regeneration, the rate of ethylene 
conversion over the spent ZSM-5 catalyst, the fresh ZSM-5, and the 
spent catalyst after regeneration was evaluated at various temperatures, 
as shown in Fig. 2. For the 20 min regeneration (Fig. 2a), the fresh 
catalyst had an initial activity of 300 mmol C2H4 g-cat−1 h−1, which 
was reduced to 70 mmol C2H4 g-cat−1 h-1 over the spent catalyst. Re-
generation at 500 °C resulted in a negligible change in the catalyst’s 
activity, and regeneration at 550 °C led to a minor improvement in the 
rate (90 mmol C2H4 g-cat−1 h−1). Progressive increases in the re-
generation temperature up to 650 °C resulted in higher rates of ethylene 
conversion. Regeneration temperatures of 650 °C and 700 °C yielded 

h−1initial rates of 290 and 300 mmol C2H4 g-cat−1 , respectively, 
which were within the experimental error of measurements over the 
fresh catalyst. As a control to see the effect of the regeneration after 
exposure to ethylene, the fresh catalyst (not used for pine CFP) was 
regenerated at 650 °C after 20 min exposure to ethylene and labeled as 
“650 °C-Fresh”). The increased activity with increasing regeneration 
temperature can be attributed increased accessibility of the zeolite 
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Fig. 2. Ethylene conversion over fresh ZSM-5, spent ZSM-5 that was used for ex-situ biomass CFP at 550 °C and B:C = 1.4, and the same spent ZSM-5 that was 
regenerated at the indicated temperatures for either (a) 20 min or (b) “full regeneration” until no further CO2 was detected in the effluent. (c) CO2 concentration 
during full regeneration, and (d) integrated CO2 area during the full regeneration. The “650 °C-Fresh” catalyst was the fresh catalyst regenerated at 650 °C and was 
never exposed to biomass vapors. Reaction conditions: 100 mg catalyst (93 mg for “Fresh” experiments), 500 °C, 100 sccm of 20% C2H4/He. Regeneration conditions: 
100 sccm of 4% O2/inert. 

active sites that occurs as coke is removed from the spent post-reaction 
catalysts. Because the total amount of oxygen exposure was constant for 
each regeneration experiment, in can be concluded that the regenera-
tion by coke oxidation is limited either by the kinetics of coke com-
bustion or by O2 diffusion at the lower temperatures (≤625 °C). It 
should also be noted that while regeneration at 650 °C and 700 °C re-
stored the catalyst’s initial activity under the conditions reported here, 
if different protocols were used (e.g., less time, lower oxygen con-
centration), the two regeneration temperatures might vary in their ef-
fectiveness. It should also be noted that the catalyst deactivates during 
the ethylene aromatization experiments and that the observed rates of 
deactivation were ∼45 mmol C2H4 g−1 h−1 decrease over 1 h for the 
samples regenerated at 600 °C and 625 °C and ∼ 30 mmol C2H4 g−1 

h−1 decrease over 1 h for the samples regenerated at 650 °C and 700 °C. 
The higher deactivation rates on the samples regenerated at the lower 
temperatures could be caused by more blockage of micropores since 
there is presumably residual coke that was not removed which already 
provides some blockage or constriction of the pore structure. Alter-
natively, the lower deactivation rates on the samples regenerated at 
650 °C and 700 °C could result from the addition of porosity caused by 

Fig. 3. Intensities of aromatic hydrocarbons and oxygenated compounds de-
tected by MBMS during biomass CFP over ZSM-5 at 500 °C. 
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exposure to steam during high temperature regeneration, which leads 
to improved accessibility to active sites. 

To determine if greater exposure to oxygen would result in greater 
restoration of catalytic activity, another set of regeneration experiments 
was conducted in which the catalyst was regenerated until there was no 
further CO2 detected in the effluent regeneration gas, indicating that 
there was no more detectable coke oxidation. The rates of ethylene 
conversion during these “full regeneration” experiments are shown in 
Fig. 2b, as well as the concentration of CO2 in the effluent (Fig. 2c), and 
the integrated area during these full regeneration experiments (Fig. 2d). 
For the lower regeneration temperature (500 °C, 550 °C, and 600 °C), 
increasing the regeneration time to allow complete removal of CO2 led 
to a marked increase in the ethylene conversion rate. Comparing the 
activity for the catalysts that were “fully regenerated” (Fig. 2b) at 
600 °C, 650 °C, and 700 °C shows ethylene conversion rates are indis-
tinguishable within experimental error, which would suggest that re-
moval of coke would be nearly the same amongst these samples, 
whereas the catalyst activity for the samples regenerated at 500 °C and 
550 °C was somewhat less, and thus indicates that there may be residual 
coke that is reducing the catalytic activity. As expected, the increase in 
regeneration temperature led to a more rapid loss of CO2 (Fig. 2c). The 
amount of coke that was removed during the full regeneration experi-
ments can be estimated based on the CO2 production (Fig. 2d). The total 
CO2 produced for the full regeneration experiments ranging from 550 to 
700 °C was nearly constant, which suggests that complete removal of 
coke is possible at these conditions. During the full regeneration at 
500 °C, however, only ∼75% of the CO2 was produced as compared to 
full regeneration at the higher temperatures, which suggests that there 
are some coke species that are not oxidized at 500 °C, or that the rate of 
oxidation has become too low to detect based on the GC sensitivity and 
even longer regeneration times would be required to fully regenerate 
the catalyst. These data indicate that complete regeneration of the ZSM-
5 catalyst may be possible at temperatures ranging from 550 to 700 °C. 
While regeneration at short times and at low temperature is desired, the 
rate of coke removal and regeneration is slower at lower temperatures. 
As such, understanding the economic tradeoff between the overall 
process costs associated with the down-time of regeneration balanced 
by the energy input to achieve a high temperatures must be considered 
to develop the optimal regeneration process. 

3.2. Evaluating regeneration following catalytic fast pyrolysis (CFP) of pine 

In order to determine if the regeneration protocols used for ethylene 
conversion could be extended to the regeneration of ZSM-5 used for 
CFP, micro-scale reaction/regeneration experiments were conducted 
for upgrading of pine pyrolysis vapors. The catalyst activity was mea-
sured for three sequential reaction cycles, in which the catalyst was 
regenerated using the same protocol between reaction experiments. 

The activity of the ZSM-5 was assessed by measuring the intensities 
of the MBMS peaks associated with aromatic hydrocarbons (products 
when the catalyst is active) and oxygenated compounds (break-through 
products when the catalyst is deactivated) [9]. Fig. 3 shows the pro-
duction of aromatic hydrocarbons and breakthrough of oxygenated 
compounds as a function of exposure to pine pyrolysis vapors. The 
decrease in production of aromatic hydrocarbons, coupled with the 
increase in oxygenated compounds, indicates that the catalyst became 
increasingly deactivated with increased exposure to biomass pyrolysis 
vapors. At the end of the experiment, the catalyst was regenerated at a 
given temperature. 

The total cumulative intensity of the MBMS peaks associated with 
aromatic hydrocarbons and oxygenated compounds from seven biomass 
boats constituting a B:C ratio of 1, during each of the three reaction 
cycles, are shown in Fig. 4. The catalyst was run to B:C of 1 because this 
still provides a high quality, deoxygenated bio-oil and is on the cusp of 
a severe deactivation which results in a high oxygen content of con-
densed oil, similar to non-catalytic pyrolysis. The catalysts that were 

regenerated at 500 °C, 550 °C, and 600 °C exhibited a significant decline 
in the amounts of aromatic hydrocarbons that were produced during 
the 2nd and 3rd reaction cycles (Fig. 4a). When the catalyst was re-
generated at 650 °C or 700 °C, the amounts of aromatic hydrocarbons 
that were produced during the 2nd and 3rd reaction cycles were not 
statistically different than for the initial reaction cycle. The corre-
sponding breakthrough in oxygenated compounds during the CFP ex-
periments is shown in Fig. 4b. These data are consistent with the results 
for aromatic hydrocarbon production, in that increasing regeneration 
temperature led to a decrease in the quantity of oxygenated compounds 
that were detected. This result indicates that the regeneration protocols 
that were identified during ethylene reaction testing are also applicable 
to CFP. The data in Fig. 4 may indicate that the extent of regeneration is 
slightly higher at 700 °C compared to 650 °C. However, because these 
data are within experimental error and regeneration at 650 °C would 
require less energy than regeneration at 700 °C, the lower temperature 
condition was selected for a longer experiment in which the catalyst 
activity was assessed over six reaction/regeneration cycles. The results 
from this experiment indicated that catalyst activity is maintained for 
all six reaction cycles, suggesting complete catalyst regeneration is 
possible under these conditions. 

3.3. Catalyst characterization 

3.3.1. Probing surface acidity using Pyridine DRIFTS 
DRIFTS spectra were collected from the fresh ZSM-5 and on the 

spent samples after being regenerated at temperatures between 
550–700 °C. The spent catalyst and the sample regenerated at 500 °C 
are excluded from this analysis due to poor spectral quality, which is 
attributed to the high absorbance of these very dark materials. The 
OeH and C–H vibrational regions for each catalyst are shown in Fig. 5a. 
The peaks at 3660 cm−1 and 3600 cm−1 are assigned to OeH vibra-
tions from non-framework and bridging hydroxyl groups, respectively 
[41]. The strong Brønsted acidity of the bridging hydroxyl groups is a 
characteristic property of ZSM-5, and the peak associated with these 
OeH vibrations is prominent on the fresh catalyst. However, the brid-
ging OeH peak exhibited reduced intensity on the regenerated samples, 
with the most significant reductions observed at the lowest regenera-
tion temperatures. It was found that the ratio of peak heights associated 
with bridging OeH vs non-framework OeH vibrations increase con-
comitantly with regeneration temperature (Fig. 5b). This trend is con-
sistent with data from pyridine DRIFTS experiments (Fig. 5b), in which 
the Brønsted to Lewis (B:L) acid site ratios also increase as a function of 
regeneration temperature. The comparatively low Brønsted acidity of 
the regenerated samples may be due to the presence of surface bound 
aromatic species which are not completely oxidized during regenera-
tion. The presence of these species is supported by the peak at 3140 
cm−1, which is assigned to aryl C–H vibrations [22] and is particularly 
prominent on the sample which was regenerated at 550 °C. Based on 
these data, it is unlikely that the increase in B:L ratio is due to a con-
version of Lewis sites to Brønsted sites. The increase in the B:L ratio, 
therefore, is proposed to be an effect of the Brønsted sites being more 
selectively blocked by coke than the Lewis sites, such that regeneration 
by coke removal preferentially exposes more Brønsted sites. The lower 
B:L ratio and lower bridging vs. non-framework −OH vibrations on the 
fully regenerated sample (700 °C) as compared to the fresh sample, 
however is likely the result of the conversion of Brønsted to Lewis acid 
sites due to high temperature steaming. The creation of additional 
Lewis acid sites due to steam exposure could also result in an increased 
mesoporosity of the catalyst, which will be discussed in the context of 
the N2 physisorption results, and this has been reported to extend the 
catalyst lifetime for CFP [32]. It is also possible that condensation of 
aromatic species blocks access to the zeolite micropores and thus has a 
larger impact on the accessibility of Brønsted acidic bridging OeH 
groups compared to Lewis acidic non-framework species on the external 
surface of the catalyst. 
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Fig. 4. Production of aromatic hydrocarbons (a) and oxygenated compounds (b) detected during biomass CFP during three sequential reaction cycles with re-
generation at various temperatures. Reaction conditions: 250 mg ZSM-5, B:C = 1, 500 °C. Regeneration conditions: Heat from 500 °C to regeneration temperature at 
30 K/min in 4%O2/He for a total of 20 min exposure to O2, then cool in inert to 500 °C prior the next reaction. The error bars are the standard deviation from the 
reaction #1, which was a replicate during each regeneration experiment. 

3.3.2. Monitoring catalyst regeneration using TGA-FTIR 
The mass loss during the oxidative regeneration experiments on the 

TGA-FTIR instrument is shown in Fig. 6a. As the regeneration tem-
perature was increased from 500 °C to 600 °C, the catalyst lost an in-
creasing amount of mass during the oxidation, indicating a greater 
amount of coke was removed as the regeneration temperature was in-
creased. For the regeneration experiments at 650 °C and 700 °C, the 
remaining mass at the end of the experiments was the same, indicating 
that the amount of coke removed during both of these regeneration 
conditions was nearly identical. In looking at the CO2 profiles during 
these experiments (Fig. 6b), for the regeneration experiments at 650 °C 
and 700 °C, the CO2 signal of the effluent gas detected by FTIR had 
returned to its baseline level by the end of 120 min, indicating that no 
additional CO2 would be produced in the given conditions. For the 
samples regenerated at 500 °C, 550 °C, and 600 °C, the CO2 profile did 
not return to the baseline level after 120 min, indicating that there was 
additional CO2 being produced at the end of the experiment. Examining 
the maximum intensities of the CO2 signals also shows that the rate of 
CO2 formation increased as the regeneration temperature was in-
creased. The estimated amount of coke remaining at the end of the TGA 
regeneration experiments is shown in Table 2. 

The transient change in the fraction of coke remaining on the cat-
alyst at different regeneration temperatures is shown in Fig. 7. It can be 
seen that the amount of time required to remove a given amount of 
coke decreases as the regeneration temperature is increased. Specifi-
cally, the time required to remove 90% of the coke at various re-
generation temperatures was: 35 min at 700 °C; 40 min at 650 °C; and 
was not reached during the 120 min experiment with regeneration at 
600 °C, 550 °C or 500 °C. It has been reported that the fraction of coke 
decreases monotonously with time on a log-scale when the coke is 
mainly deposited and removed from the exterior surface of ZSM-5, 
while there is a “reverse S” shape in which the rate begins slowly and 
then increases when coke is oxidized from within the ZSM-5 micropores 
[42,43]. For the catalysts regenerated at 650 °C and 700 °C, the rate of 
coke removal increases from its initial rate at ∼30 min, which can be 
attributed to the rapid combustion of coke from within the zeolite 
micropores as accessibility to the coke for its oxidation is improved 
once the initials layers of carbon have been removed. 

Additionally, H2O was monitored by FTIR during the regeneration 
experiments and the composite H/C ratio was calculated for the coke 
removed during the oxidative treatment at each regeneration condition 
by monitoring the H2O and CO2 that were produced. The results for the 
H/C ratio of the “coke” that was removed under the various 

Fig. 5. A summary of the results from DRIFTS experiments for fresh and re-
generated ZSM-5 catalysts. Data include the OeH and C–H vibrational region 
(a) as well as the ratio of bridging vs non-framework OeH peak height and 
Brønsted vs Lewis acidity (b). 
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Fig. 6. TGA profiles (a) and the corresponding CO2 signal as monitored by FTIR (b) during the regeneration experiments with oxidative treatment in 4% O2/N2 at 
different temperatures. 

Table 2 
Cumulative H/C ratio as determined by FTIR analysis of CO2 and H2O during 
TGA regeneration experiments at various temperatures and % coke removed 
after 120 min. Uncertainty is the standard deviation for replicate regeneration 
experiments. *Coke removal during first 20 min and over 240 min were cal-
culated from monitoring CO2 in effluent gas during regeneration experiments 
utilizing a packed-bed reactor (PBR). 

Sample H/C % of Coke % of Coke % of Coke 
Molar Removed at Removed in Removed in 
Ratio 120 min (TGA) 20 min* (PBR) 240 min* (PBR) 
(TGA) 

Regen @ 0.19 75% 48% 75% 
500 °C 

Regen @ 0.26 89% 93% 97% 
550 °C 

Regen @ 0.40 +/- 95% 95% 98% 
600 °C 0.07 

Regen @ 0.53 +/- 99% 98% 100% 
650 °C 0.05 

Regen @ 0.52 99% 100% 100% 
700 °C 

Fig. 7. Fraction of unreacted coke during TGA-FTIR regeneration experiments 
on the spent ZSM-5 catalyst at various regeneration temperatures in 4% O2/N2. 

regeneration treatments are shown in Table 2. As the regeneration 
temperature was increased, the H/C ratio also increased. The H/C ratio 
of the coke removed during regeneration at 650 °C and 700 °C were 
nearly identical, which is to be expected since the total mass loss was 
the same during both regeneration experiments. It is interesting to note 
that the H/C ratio of the total coke removed increases with increasing 
regeneration temperature. This trend may be due to highly aromatic 
species (higher H/C) being trapped within internal zeolite pores while 
the coke on the exterior of the zeolite is more graphitic (lower H/C) in 
nature [21,22]. At the higher regeneration temperatures, nearly all of 
the coke can be removed, so the observed H/C ratio is higher than 
during the experiments at the lower regeneration temperatures in 
which the coke on the exterior of the catalyst is oxidized prior to the 
internal coke being able to be oxidized. The presence of highly aro-
matic, carbonaceous deposits remaining on the catalyst is supported by 
the DRIFTS experiments (Fig. 5a) in which there are C–H stretching 
vibrations found on the catalysts that were regenerated at the lower 
temperatures. 

3.3.3. Surface area and porosity of regenerated catalysts 
Nitrogen physisorption was used to compare the surface areas and 

porosities of the fresh, spent, and regenerated ZSM-5 catalysts, and 
these results are shown in Table 3. When used for CFP, the spent cat-
alyst had lost a significant portion of its surface area and pore volume as 
compared to the fresh catalyst. When the spent catalyst was then re-
generated at various temperatures, an increase in the regeneration 
temperature led to an increase in the total BET surface area, until re-
generations at 650 °C and 700 °C led to essentially full restoration of the 
BET and micropore surface areas. The same trends were observed for 
the total pore volume and micropore volume. It is, however, interesting 
to note that the total pore volume of the samples regenerated at 650 °C 
and 700 °C was slightly higher than for the fresh catalyst. This ob-
servation may be attributed to a mild steaming from the oxidation of H 
in the coke to create H2O that results in the creation of additional 
mesoporosity at the higher regeneration temperatures [44]. The results 
support the reaction data, both for ethylene aromatization and biomass 
pyrolysis vapor upgrading, which showed that regeneration at 650 °C 
and 700 °C led to complete activity recovery whereas the lower re-
generation temperatures were insufficient to restore the catalyst back to 
its initial activity. These data support our theory that coke continues to 
block active sites when the regeneration was performed at temperatures 
under 650 °C. To assess the extent of coking and pore blockage that 
resulted from the exposure to ethylene, experiments were conducted on 
fresh samples after 5.6 min exposure to ethylene (corresponding to a 1.4 
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Table 3 
Physicochemical properties of fresh and spent ZSM-5 catalysts, as well as the 
spent ZSM-5 that was regenerated at various temperatures for 20 min in the 
packed-bed reactor following 20 min exposure to C2H4 at 500 °C. 

Sample BET Total Micropore Micropore Pore 
Surface Pore Surface Area Volume (cm3/ 
Area (m2/ Volume (m2/g) g) 
g) (cm3/g) 

Fresh ZSM-5 390 0.23 270 0.11 
ZSM-5 + 380 0.21 270 0.11 

ethylene 
(5.6 min) 

ZSM-5 + 380 0.22 270 0.11 
ethylene 
(20 min) 

Spent ZSM-5 200 0.16 130 0.05 
Spent ZSM-5 + 200 0.14 130 0.05 

ethylene 
(20 min) 

Regen @ 500 °C 260 0.20 170 0.07 
Regen @ 550 °C 270 0.22 170 0.07 
Regen @ 600 °C 350 0.23 260 0.10 
Regen @ 650 °C 380 0.25 260 0.11 
Regen @ 700 °C 390 0.25 260 0.11 

ethylene/catalyst mass ratio), after 20 min exposure to ethylene (5.0 
ethylene/catalyst) as done in the reaction experiments, and after the 
biomass-spent ZSM-5 had been exposure to 20 min of ethylene. For 
these three experiments, the exposure to ethylene did not lead to any 
significant change in other the total surface area, micropore surface 
area, or micropore volume as compared to the corresponding sample 
prior to ethylene exposure. This indicates that the extent of coking 
causes by ethylene was minor as compared to that caused by the bio-
mass vapors. 

The FTIR profiles for CO2 and H2O during these TGA oxidation/ 
regeneration experiments are show in Fig. 8. In looking at the pro-
pensity for coke formation, whole biomass formed ∼12x the amount of 
coke as compared to an equal mass of ethylene (it should be noted that 
the biomass:catalyst ratio of 1.4 corresponds to the whole biomass prior 
to pyrolysis, and the actual mass of vapors that the catalyst is exposed 
to is somewhat less due to char formation). Comparison of the CO2 

production profiles also shows that CO2 continues to be generated until 
800 °C during the biomass-spent-catalyst TPO experiment whereas the 
CO2 formation had essentially ceased by 700 °C during the ethylene-
spent-catalyst TPO experiments. This suggests that there could be more 
recalcitrant coke species that are formed from biomass pyrolysis vapors 
as compared to ethylene, or that the accessibility of oxygen to the mi-
cropores to oxidize the coke to make CO2 is restricted and leads to the 
high-temperature CO2 tail during the TPO of the biomass-exposed 
catalyst. Looking at the H2O absorbance profiles shows that the bio-
mass-deactivated sample lost significantly less water at low tempera-
ture, which is likely due to blockage of acid sites that could adsorb 
water at room temperature if they were not blocked with coke. Ad-
ditionally, the high temperature water production feature (∼550 °C) 
indicates a significant amount of hydrogen is present in the “coke” 
formed from pyrolysis vapors, which is consistent with the previously 
described DRIFTS spectra which showed C–H vibrations. 

4. Conclusions 

A ZSM-5 catalyst (SiO2-to-Al2O3 ratio of 30) was used for upgrading 
of pine pyrolysis vapors and was then regenerated for 20 min, or until 
not further CO2 was measured in the effluent, at various temperatures. 
For the 20 min regeneration, a minimum temperature of 650 °C was 
needed to restore the activity of the ZSM-5 as determined using ethy-
lene conversion as a probe reaction, whereas lower temperatures re-
sulted in only a partial regeneration of the catalyst’s activity. In 

Catalysis Today xxx (xxxx) xxx–xxx 

Fig. 8. Carbon dioxide and water FTIR absorbance during TGA-FTIR TPO ex-
periments on the spent ZSM-5 catalysts after exposure to the following reaction-
to-catalyst mass ratios: (a) 1.4 biomass:catalyst, (b) 1.4 ethylene:catalyst, and 
(c) 5.0 ethylene:catalyst. 

experiments where regeneration was performed until no further CO2 

was detected, lower temperatures (600 °C and 550 °C) could nearly fully 
restore the catalyst activity, whereas the regeneration at 500 °C resulted 
in a nearly complete regeneration. To verify that the conversion of 
ethylene translated to activity for biomass CFP, three consecutive re-
actions were performed with regenerations done at the same tem-
peratures (500–700 °C) as were done in the ethylene conversion reac-
tions, and six consecutive reaction/regeneration cycles were conducted 
with the regeneration temperature of 650 °C. The trends in the effec-
tiveness of catalyst regeneration temperature were found to be the same 
for the ethylene conversion reactions and the biomass pyrolysis vapor 
upgrading reactions. Pyridine DRIFTS showed that the Brønsted-to-
Lewis acid site ratio increased with increasing regeneration tempera-
ture, which was attributed to the coke being removed from Brønsted 
sites as regeneration temperature was increased. DRIFTS also showed 
C–H stretching vibrations from aromatic species on the catalysts that 
were regenerated at 550 °C and 600 °C, and these vibrations were less 
prominent when the sample was regenerated at higher temperatures. 
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Characterization of the regenerated samples showed that the oxidative 
treatment at 650 °C and 700 °C fully recovered the catalyst’s surface 
area and may have led to an increase in the catalyst’s porosity which 
may be attributed to a mild steaming which imparted additional me-
soporosity and may have resulting in conversion of Brønsted acid sites 
to Lewis acid sites, explaining the lower B:L on the regenerated samples 
as compared to the fresh ZSM-5. Additionally, this study showed that at 
a temperature as low as 650 °C, a ZSM-5 catalyst used for biomass 
pyrolysis vapor upgrading could be fully regenerated for several (six) 
reaction cycles. If the ZSM-5 regeneration needs to be performed at 
lower temperatures, kinetic limitations may result in the need for 
longer regeneration times to achieve the same recovery of activity that 
can be achieved for shorter times at higher temperatures. These results 
highlight the opposing criteria for catalyst regeneration: (1) higher 
temperatures that are used result in shorter required time due to the 
faster kinetics and (2) the higher temperature used can affect the cat-
alyst structure and acid properties, thereby changing the catalyst ac-
tivity. The development of an appropriate regeneration criteria needs to 
address both of these challenges, since the economics of the process are 
dependent both upon the energy cost of regeneration (in terms of both 
time and temperature) and the activity and selectivity of the catalyst – 
which will dictate the yields of products and/or quantity of catalyst that 
is required and its rate of replenishment. 
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