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GC analysis of the liquid condensate collected from the
reactor outlet stream indicated that there were no detectable
amounts of unreacted organic compounds in any of the catalytic
runs; therefore, the samples were effectively converted comple-
tely across the reactor. Presented in Figure 7a is that overall
carbon conversion, which gives the amount of carbon present in
the feed to the reactor that was converted to gaseous species.
Because no unreacted species were found in the post-reforming
reactor condenser, any carbon that was not converted to gas-
phase species was deposited as carbon within the reactor. There-
fore, the amount of accumulated carbon within the reactor for
each of the runs was calculated with the results shown in
Figure 7b. With the exception of the reactions at 500 �C, it can
be seen that the amount of carbon converted to gas products was
in general not significantly affected by differences in sample
compositions.
The carbon, which accumulated inside the reactor, was on

either the reactor surfaces or the catalyst surfaces. After comple-
tion of each of the reforming reaction experiments, carbon
deposition was observed (could be seen through the walls of
the quartz reactor tube). Given the significant amount of carbon
accumulation in the reactor, finding a steady-state hydrogen
production phase was difficult for some of the reaction condi-
tions. This issue was more pronounced during SR reaction tests
for temperatures above 600 �C.
As shown by the calculated result in Figure 7b, the apparent

carbon deposition at 500 �C was lower for the condenser 4
fraction than with the ESP and LRB, which was confirmed by
visual inspection of the reactor after the respective experiments.
The LRB sample was the most discrepant because it gave the
lowest amount of gaseous carbon products, which corresponded
to a higher level of carbon deposition. For this run, in particular, a

large quantity of carbon deposits was visible in the top region of
the catalyst bed at the end of the experiment. This observation
suggested that levoglucosan was particularly prone for creating
carbon deposition, which occurred as soon as it was exposed
to the catalyst bed. As shown previously, carbon deposition
creates a significant limitation on the time on stream as well as
on the hydrogen yields.1,10,11,17�19,26,27,31 These carbon deposits
can limit the SR reaction both through deactivating the catalyst
or physically blocking the flow of reactants through the
reactor.16,25,32�35

Figure 8 shows the stoichiometric hydrogen yields of the
reforming reactions from the different fractions (calculated using
eq 6) compared to values that have been reported in the literature.
These values represent hydrogen production corresponding to
complete conversions of the bio-oil samples. The elemental
analysis results used to determine themaximum possible stoichio-
metric yields in the hydrogen yield calculations are given in
Table 3. It is interesting to note that, despite the differences in
species composition of the samples, the samples had very similar
C, H, and O concentrations.
The SR experiments showed no significant difference between

the hydrogen yield from condenser 2 and 3 samples (Figure 8).
These values were comparable to published data for water-
soluble bio-oil SR under similar conditions. However, there
was a difference between the hydrogen yields of these samples
and those obtained from the condenser 4 and ESP samples. The
highest hydrogen yield was observed for condenser 4, which was
the sample characterized by the largest presence of the two
lightest compounds, i.e., acetic acid and acetol. There was also a
notable reduction in hydrogen production, resulting from SR of
the ESP sample. As shown previously in Table 2, the ESP fraction
was composed mainly of heavier compounds, such as levoglucosan
and phenolic compounds. This fraction would be anticipated to be

Figure 8. H2 stoichiometric yield of four of the samples reformed atT =
500 �C. (1) Kechagiopoulos et al.18 aqueous bio-oil tests with T =
600�700 �C and S/C = 8.2.

Table 3. Elemental Analysis of the Set of Aqueous Samples
(wt % Dry Basis) and Corresponding Empirical Formulas
(Per Mole of Carbon Basis)

condenser 2 condenser 3 condenser 4 ESP

C 48.7 49.7 46.0 47.5

H 11.1 10.7 9.8 12.1

O 40.2 39.5 44.3 40.4

n (C) 1 1 1 1

m (H) 2.75 2.59 2.54 3.06

k (O) 0.62 0.6 0.72 0.64

Figure 9. Effect of the concentration for the most relevant species: (a) (]) acetic acid, (�) acetol, and (0) levoglucosan and (b) (4) furfural and (O)
5-methylfurfural. Arrows indicate the corresponding axes for each data set.



3295 dx.doi.org/10.1021/ef200628q |Energy Fuels 2011, 25, 3289–3297

Energy & Fuels ARTICLE

more difficult to reform to hydrogen than the lower molecular-
weight species.
Using the experimental SR results for the fractions, a correla-

tion between the concentrations of the key individual species
within the samples with respect to the hydrogen yield was
evaluated. Panels a and b of Figure 9 show the correlative effect
of the concentration of the quantified compounds in each of the
samples, i.e., acetic acid, acetol, furfural, levoglucosan, and
5-methyl-furfural, for SR at 500 �C. It is important to note that
the hydrogen yield is that corresponding to specific samples,
which means that the effects of the individual components are
convoluted. Nevertheless, correlative trends could still be ob-
served for each of the primary species, which can serve as a
building block for further study on the performance of individual
bio-oil components during reforming reactions.
Figure 9a shows the effects of the concentration of acetic acid,

acetol, and levoglucosan on the hydrogen yield. Both acetol and
acetic acid concentrations showed a positive proportional effect of
increased hydrogen yields with an increase in their concentra-
tions. In contrast, levoglucosan appeared to be negatively corre-
lated, i.e., lower hydrogen yield when its concentration increased.
While not as strongly correlated as levoglucosan, furfural and
5-methylfurfural seemed to have a slightly negative correlation
(Figure 9b). These results were consistent with those reported
previous by Primm et al., in which higher molecular weights and
levels of unsaturation led to diminished hydrogen production in
hydrocarbon SR.36

Bio-oil Stability. The appearance of the fresh aqueous bio-oil
fraction samples was a translucent red color and was clear of
particulates. However, upon storing, the samples became darker
and cloudier. The extracted bio-oil fraction chosen for the
stability study was allowed to age for a period of 90 days. After
30 days, the extracted sample was found to have suspended dark
particulate matter. During the aging process, the samples were

able to be rehomogenized using an ultrasound treatment, but the
samples stored for a period of over 90 days were not able to be
completely rehomogenized even by using this method. Chemical
characterization of the aged solutions showed only a minor
decrease in the acetic acid, acetol, and levoglucosan concentra-
tions (data not shown). It has been proposed previously that the
aging of these solutions involves polymerization reactions. The
actual aging products were not successfully identified when
methods that have been described earlier were used.23,37 In
general, one would anticipate that the polymerization products
would negatively impact catalytic SR because they would have
higher molecular weights.
The hydrogen yields corresponding to SR of the condenser 4

bio-oil fraction upon extraction and after aging for 30 and 90
days, respectively, are presented in Figure 10. A significant rapid
diminishment in hydrogen production after only 30 days of aging
was observed, which demonstrated that the chemical changes
occurring during aging of the solution were detrimental for
hydrogen production even for this lighter end fraction of bio-
oil. At the end point of the stability study (90 days), further aging
was observed in terms of solution turbidity and the loss of the
ability to rehomogenize solution. However, the hydrogen yield
for this 90 day aging sample showed no further change in
hydrogen productivity relative to the sample aged for 30 days.
From these tests, it can be concluded that these aqueous bio-oil
samples age quickly at room temperature, producing a material
that is more difficult to reform.
A study was also performed on evaluating the effect of the

presence of suspended material on the resulting reforming
performance. The hydrogen production from SR of a sample
stored for more than 90 days was compared to that from the
reforming of a sample from the same batch that had been filtered
to remove the particulate material. The filtered sample was
mostly homogeneous, with a dark amber color. As shown in
panels a and b of Figure 11, the results from reforming of these
two samples did not show any clear difference in the resulting
hydrogen yield or carbon conversion. Therefore, the suspended
material observed in the aged bio-oil does not appear to be the
primary cause of the poorer reforming performance seen after
very short aging times, which means that the aging effect on the
reforming performance of the bio-oil fraction must rely primarily
on chemical changes involving chemical species that are still in
solution.

’CONCLUSION

Given their high oxygen content, biomass-derived bio-oils will
not have the same hydrogen production characteristics via SR
relative to those for hydrocarbon feedstocks. As shown from the

Figure 10. Effect of the storage time after water addition on hydrogen
yield.

Figure 11. (a) Hydrogen yield of aged bio-oil solution before and after filtration and (b) carbon conversion before and after filtration.
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noncatalytic tests with aqueous bio-oil fractions at temperatures
higher than 500 �C, thermal decomposition reactions play a role
in the reaction. This result suggests that, when a catalyst is used
for steam forming of bio-oil species, a combination of both
thermal and catalytic conversion can occur. In the presence of a
Ni catalyst, complete conversion of aqueous bio-oil species
readily occurs at temperatures as low as 500 �C. In contrast to
hydrocarbon reforming, which requires higher temperatures for
reforming, the lower reforming temperature for bio-oil reforming
will favor theWGS reaction; therefpre, higher amounts of carbon
dioxide relative to carbon monoxide are found in the product.
This effect diminished the need for a downstream WGS reactor
to obtain maximum hydrogen yields. Water addition levels for
the bio-oil species corresponding to S/C values of between 4 and
8 could be used without sacrificing the amount of hydrogen that
could be produced.

The experimental results showed that the species present in a
light-end bio-oil fraction were most suitable for efficient hydro-
gen production. Therefore, bio-oil fractions that were richer in
low-molecular-weight species, such as acetic acid and acetol,
seemed to convert more effectively to hydrogen, while the
presence of heavier molecules, such as levoglucosan and furfural,
in other fractions had a detrimental impact on hydrogen produc-
tion. While an overall relationship was observed between the
molecular weight of the molecules reformed and their ease of
reforming and extent of carbon deposition, these effects could
not be definitively deconvoluted because of the use of complex
mixtures present in real bio-oil fraction samples.

Aqueous or water-soluble bio-oil samples were unstable,
leading to the apparent change in chemical properties, which
were difficult to quantify by chemical analysis. However, aging of
the aqueous bio-oil fraction samples proved to be detrimental to
hydrogen production via SR. Additional fundamental studies of
model bio-oil species that also incorporate coke quantification
methods would help to better elucidate the effects underlying the
observations in this study. An improved understanding of the
underlying SR characteristics of the different chemical species
present in bio-oils will provide the opportunity to predict
hydrogen yields and to identify undesirable compounds.
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