
Effect of microporous ZSM-5 deactivation on oil properties

Before evaluating the effect of pore structure modification, the performance
and deactivation of ZSM-5 during upgrading/regeneration cycles was studied
in bench-scale. The zeolite`s acidity decreases by steam treatment and after
multiple upgrading/regeneration cycles (Fig. 1). Oils were collected for
increasing biomass fed over the catalyst (B:C ratio) and analyzed for water,
elemental composition, acidity, molecular weight distribution, GC-MS/FID, 1H-
NMR and 13C-NMR. The yield of olefins, coke and reaction water decreases
towards higher B:C ratios, whereas the organic liquid yield increases,
approaching the non-catalytic reference case (Fig. 2).

For continued feeding of biomass without regeneration of the zeolite, the
initially obtained low oxygen product at low B:C ratio is increasingly diluted
with less converted pyrolysis vapors, and shifts from a molar O/C ratio of 0.05
to 0.22 (Fig. 3). Table 2 summarized the deterioration of the liquid quality in
terms of increasing oxygen content and acidity. While the oxygen content at
a high B:C ratio approaches the non-catalytic oils, it seems the coked ZSM-5
is still effective in reducing the oil acidity (TAN) content.

Outlook:

• Testing of modified zeolites to obtain further insights how the interplay 

between pore structure and distribution of acid sites affects catalyst activity 

• Balancing hydrothermal stability, coking and liquid hydrocarbon yields
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Optimizing tar-deoxygenation of fast 
pyrolysis vapors over zeolites

Process optimization of a bench scale fast 
pyrolysis set-up has been performed in order to 
screen the performance and stability of modified 
ZSM-5 zeolites in the ex-situ upgrading of wheat 
straw derived pyrolysis vapors.
Background

Fast pyrolysis of biomass produces a high yield of bio-oil at optimized
process conditions1. Reducing the oxygen content of the obtained bio-oils
increases its stability and heating value2, which can render the upgraded
bio-crude suitable for further processing in oil refineries. The direct
catalytic upgrading of the pyrolysis vapors over solid acid catalysts in a
close-coupled process offers processing and economic advantages.
However, the reactive pyrolysis vapors lead to rapid coking of the zeolite,
and the steam introduced by the biomass moisture, the pyrolysis and
upgrading reaction causes a permanent loss of zeolite acidity. By
modifications of the zeolite, it is aimed to improve both the active time on
stream and the long-term stability throughout multiple regeneration cycles.

Process scheme

Below is seen an overall process scheme of the biomass based
polygeneration plant. The plant will consist of a low temperature circulating
fluidized bed gasifier coupled with a ceramic filter, a zeolite-based tar-
reformer, a tar-condenser, and a gas combustion unit. It is envisioned to
enable the co-production of heat, power, bio-oil and fertilizer (ashes) with
high overall efficiency and flexibility. The partly de-oxygenated and
stabilized bio-oil may be sent for refinery processing in order to contribute
to the production of renewable transportation fuel.
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Figure 2 Product distribution obtained from upgrading of straw pyrolysis 
vapors over steamed CBV55 at increasing B:C ratio. Products obtained 
over SiC bed shown as reference (bed temperature 500 °C)

Figure 1: NH3-TPD of fresh, steamed, 
and used + regenerated ZSM-5

Scheme 1: Low-temperature circulating-fluidized-bed based polygeneration plant with vapor upgrading
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Table 2: Important oil properties and energy recovery into condensed liquid product 

Catalyst characterization 
The performance of the ZSM-5 type
zeolite for upgrading of pyrolysis vapors
is influenced by the operating
temperature, and the zeolite`s acidity and
pore structure. The catalysts are
analyzed via N2 and Ar-physisorption,
NH3-TPD, XRD, XRF and TEM. Steaming
of the zeolite was conducted prior to
upgrading pyrolysis vapors in order to
accelerate dealumination and mimic long-
term operation.

Figure 3: Change in oil quality based on 
molar H/C and O/C ratio of obtained oils 
with increasing biomass-to-catalyst ratio

assignment
chemical shift 
range (ppm)

non‐
catalytic

coked 
ZSM‐5

fresh 
ZSM‐5

COOH, CHO, 
ArOH 12.5 ‐ 8.2 3% 6% 5%

aromatic and 
conjugated H 8.2 ‐ 6 16% 26% 46%
aliphatic OH, 
–CH=CH–, 
Ar−CH2–O– 6 ‐ 4.2 6% 2% 0%
R–CH2–O–R, 
CH3–O–R 4.2 ‐ 3.6 13% 4% 1%
‐CH2CH=O, 
aliphatic H 3.3 ‐ 2 33% 40% 39%
aliphatic H 2 ‐ 0 29% 21% 10%

Table 1: 1H-NMR characterization of oil obtained without 
catalyst, with a coked ZSM-5, and over the fresh ZSM-5

The results of 1H-NMR characterization
of the oil fractions obtained over a SiC
bed, a fresh and a coked catalyst are
summarized in Table 1. Aliphatic protons
and protons attached to an ether or
methoxy groups decrease when passing
the vapors over a fresh, whereas an
almost three-fold increase in aromatics
or conjugated H is observed compared
to the non-catalytic reference.
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