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A B S T R A C T

This communication evaluates the suitability of gas and liquid chromatography for the quantification of le-
voglucosan and hydroxyacetaldehyde in bio-oils. It was found that both techniques can principally determine
levoglucosan quantitatively in cellulose/biomass derived bio-oils. However, it is also shown that oligo-anhy-
drosugars present in the bio-oils undergo depolymerisation to levoglucosan during gas chromatography, re-
sulting in an overestimation of the concentration of levoglucosan. Hydroxyacetaldehyde can only be determined
quantitatively by liquid chromatography. Presented experimental evidence shows that the high temperature
(200–320 °C) of injection in gas chromatography is a key factor causing oligo-anhydrosugars and hydro-
xyacetaldehyde to react during analysis, which may lead to flawed results.

1. Introduction

This short communication deals with the quantitative determination
of levoglucosan (LG) and hydroxyacetaldehyde (HA) in bio-oils by gas
and liquid chromatography, being the most frequently used analytical
techniques. In the literature, a limited number of studies deal with the
GC analysis of silylated of bio-oils (e.g. [1–7]), whereas> 100 research
articles report GC analysis of non-silylated bio-oils. Therefore, in this
work, GC analysis of only non-silylated bio-oils is taken into con-
sideration.
The motivation for this work is our observation that analysing the

same oil on our GC and LC instrument resulted in different concentra-
tions of LG and HA in the samples. In order to rule out the artefacts of
our equipment and methods, LG and HA yields reported in the literature
were examined. 65 papers [8–72], including 6 [26,40,47,55,58,62] of
our own, reporting on different biomasses, reactors, operating condi-
tions and analytical techniques were evaluated. All data used are listed
in Table S1 to Table S4 in the supplementary information (SI). Aligning
the LG (or HA) yields obtained under different conditions and by dif-
ferent measurement techniques is rather difficult. However, the statis-
tical analysis of these data shows that the influence of measurement
(analytical) technique used on the reported yields of LG is significant
and on HA yields cannot be excluded. This statement is substantiated
below in more detail. Table 1 shows the range and average of LG and

HA yields reported, for cellulose and lignocellulosic biomass pyrolysis,
in the temperature range between 300 and 650 °C. This table also lists
standard deviations, p-values and the results of the principal component
analysis (PCA).
The p-values indicate that for LG there is a difference between the

population means of the sets with a different analytical technique, i.e.
reported yields by GC and LC are statistically different. This is not the
case for HA, although PCA is showing that also for HA the analytical
technique is the 3rd (biomass) and the 4th (cellulose) principle com-
ponent out of six, suggests that there may be an effect of the analytical
technique. Wang et al. reported the LG yields determined by GC and LC
[47], in which they report the higher LG yields by GC than by LC for
cellulose-derived oils, and vice-versa for pyrolysis oils obtained from
biomass. No study in the literature reports HA yields measured by both
GC and LC.
Based on our observations and analysis of literature data, we

decided to investigate the suitability of GC and LC for the quantification
of LG and HA in bio-oils systematically. To the best of our knowledge,
no such study is available in the literature. Conducting such a study
would be of significant importance for obtaining the correct informa-
tion about the true yields of LG and HA, two important compounds
derived from cellulose via pyrolysis, which is a prerequisite for un-
derstanding the composition of bio-oil and for understanding the me-
chanism for pyrolysis cellulose or biomass.
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2. Materials and methods

2.1. Materials

2.1.1. Chemicals and solvents
Levoglucosan (1,6-Anhydro-β-D-glucopyranose, purity> 98%) was

purchased from Carbosynth Ltd., and hydroxyacetaldehyde in the form
of glycolaldehyde dimer (purity> 99%) was purchased from Sigma
Aldrich. Avicel ph101 cellulose (particle size: ∼50 μm, 60.5% crystal-
linity, average degree of polymerisation 220) was purchased from
Sigma–Aldrich. Oil samples were diluted in methanol (Merck, LC-MS
LiChrosolv®, purity> 99.9%) and/or in acetone (Merck, LC-MS
LiChrosolv®, purity> 99.9%) for GC analysis. Deionised water was
used for LC analysis. D2O and methanol-d4 were purchased from Sigma
Aldrich and Cambridge Isotope Laboratories Inc., respectively, for NMR
measurements.

2.1.2. Bio-oils
Bio-oils used in this study were derived from cellulose and pine-

wood. Cellulose samples (pure and 1000mg kg-1 potassium infused)
were pyrolysed in a screen-heater (500 Pa) and fluidised bed reactor
(105 Pa) at 530 °C. Pinewood was pyrolysed in a continuous fluidised
bed reactor, in two separate experiments, at 530 °C. For the details of
pyrolysis experiments and the discussion about experimentally ob-
served trends, refer to our previous works [62,73]. The oil yields ob-
served for pure cellulose in screen-heater (0.96 kg kg-1) and fluidised
bed (0.73 kg kg-1) were higher compared to the oil yields obtained for
1000mg kg-1 potassium infused cellulose (screen-heater: 0.52 kg kg-1

and fluidised bed: 0.6 kg kg-1) [62]. For pinewood, 0.55 kg kg-1 oil
yields, excluding water, were obtained [73]. All bio-oils were stored at
−25 °C in the absence of light before analysis.
Note, because of the limited quantity (∼30mg) of oil collected from

a single screen-heater experiment, it was not possible to analyse the
same oil by GC and LC. Therefore, both cellulose samples were pyr-
olysed, in the screen-heater 8 times, under identical experimental
conditions, and of these four oils were analysed individually by either
GC or LC. The error bars in Figs. 1 and 3 represent the standard de-
viations on the mean. Contrary, the quantity of oil obtained from a
single fluidised bed experiment was sufficient for both analysis tech-
niques. Thus, for each fluidised bed oil, three separate samples (for each
analysis technique) were prepared and were subsequently analysed.
The LG (and HA) yield values are averages of three separate analyses.
The standard deviation on the mean, for the LG (and HA) yields ob-
tained (in GC and LC) from three injections (per oil) was< 1% for LG
(and HA). Hence, to avoid the confusion between LG (and HA) yields
from 4 experiments (in screen-heater) and three separate samples (of a

single fluidised oil), the error bars for latter were not included in Figs. 1
and 3.

2.2. Analytical techniques

2.2.1. Gas chromatography-mass spectrometry (GC-FID/MS)
Bio-oils were diluted in methanol in a mass ratio of 1:20 and were

filtered with a 0.45-μm Whatman RC Agilent filter. The volatile fraction
of oil was analysed by using GC-FID/MS (GC – 7890A, MS – 5975C
Agilent Technologies system) equipped with an Agilent HP-5Ms
HP19091S-433 capillary column (60m, ID 0.25mm, Film thickness:
0.25 μm). The column is packed with (5%-Phenyl)-methylpolysiloxane.
Helium was used as carrier gas with a constant flow of 1.95mL min-1.
The oven temperature was programmed from 45 °C (4min) to 280 °C at
a heating rate of 3 °Cmin-1 and was held at 280 °C for 20min. The in-
jector and the column to MS interface were maintained at a constant
temperature of 250 °C and 280 °C, respectively. A sample of 1 μL was
injected into the GC. Note, a clean deactivated inlet liner (Agilent part
no: 5183-4711) was installed in the injection port to eliminate the in-
fluence of non-volatile (inorganic) species deposited on the glass wool.
The MS was operated in electron ionisation mode, and ions were
scanned in a m/z range from 15 to 500. The identification of the peaks
was made by matching its mass spectra with the NIST and Wood library
or on the retention times of standards of known compounds injected in
the column. The limit of detection for a given species is 0.008 wt.%,
while 0.01wt.% is the limit of quantification. Note, in GC analysis,
quantification of LG and HA, reported in this work, was performed
based on the flame ionisation detector (FID).

2.2.2. High-pressure liquid chromatography (HPLC)
Liquid phase analysis of oils was performed by using HPLC (Agilent

1200 series). The system was equipped with Hi-Plex Pb column
(7.7× 300mm, 8 μm), and refractive index detector (RID, T=55 °C)
and variable wavelength detector (λ=254 nm). The column is packed
with a strong cation-exchange resin consisting of sulfonated crosslinked
styrene/divinylbenzene copolymer in lead (Pb) form. Deionised water
was used as a mobile phase at a flowrate of 0.6 mLmin−1. Bio-oils
(water soluble fraction) were diluted in deionised water in a mass ratio
of 1:20 and were filtered with 0.2 μm Whatman RC Agilent filter.
During analysis, temperature of the column was maintained at 70 °C
and 10 μL of sample volume was injected into the system at room
temperature. The limit of detection for a given species is 0.002 wt.%,
while 0.008 wt.% is the limit of quantification. Note, in LC analysis,
quantification of LG and HA, reported in this work, was performed
based on the RID.

Table 1
Reported yields of levoglucosan (LG) and hydroxyacetaldehyde (HA): minimum, maximum, mean (μ), standard deviation (σ), number of data points, number of
papers, p-values (Welch test), and principal components.

Compound
unit

Analytical technique
Feedstock

LGwt.% on cellulose/biomass HAwt.% on cellulose/biomass

GC LC GC LC GC LC GC LC

Cellulose Biomass Cellulose Biomass

Nr of data points 20 26 95 32 16 6 55 22
Nr of papers 12 9 33 12 9 3 19 8
Minimum 0.1 0.5 0.0 0.0 1.6 0.0 0.0 0.0
Maximum 63.5 48.0 23.5 22.1 16.0 15.3 12.7 17.1
μ 36.7 19.9 3.6 5.3 6.8 9.8 4.5 5.7
σ 20.4 13.1 4.3 5.7 4.0 5.2 3.6 4.6
AT being PC nr.a 2b 2 4 3
p-Value 0.003 0.037 0.278 0.302

a The following 6 principal components (PC) were used: Y: yield; A: ash content; R: reactor type; T: temperature; P: pressure; AT: analytical technique. In section 3
of the SI, the complete output of the PCA is presented.
b For example, AT being PC number means analytical technique is 2nd principal component.
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2.2.3. A note on GC and LC settings reported in literature
GC: Table S5 in the SI presents the summary of GC settings, i.e.

solvent, injection temperature, column, oven temperature program,
reported in the literature. Methanol and acetone are the commonly used
solvents for diluting bio-oils before GC analysis. Diluted oils are sub-
sequently introduced into GC via an injection port/section, of which
temperature ranges between 200 to 320 °C. It is important to note that
during (high temperature) injection, solvent and species present in the
pyrolysis oil matrix are present together. In the literature, 20 different
chromatographic columns varying in polarity are reported. Typically,
the GC oven temperature increases with a low heating rate of 3 to
5 °Cmin-1.
LC: Table S6 in the SI presents the summary of LC settings, i.e.

mobile phase and its flowrate, column, and the temperature at which
the separation takes place, reported in the literature. Different mobile
phases, from acidic to basic in nature, are used to separate the species
present in the pyrolysis oil, and its flowrate ranges from 0.4min-1 to
2min-1. In literature, 8 different LC columns are reported, and their
operation temperature lies in between 25 °C to 85 °C.
It is worth mentioning that the GC and LC settings used in this work

do not deviate from the ones reported in the literature.

3. Results and discussion

3.1. Levoglucosan

Fig. 1 shows that LG yields determined by GC were consistently
higher than that by LC. The difference was most noticeable for the
pyrolysis oil obtained from pure cellulose and was smaller for oils ob-
tained from 1000mg kg-1 potassium infused cellulose. Note, the effect
of potassium on cellulose pyrolysis has been already elaborated in our
previous work [62], and hence it is not discussed in the present con-
tribution.
Literature shows that the pyrolysis of oligo-anhydrosugars (e.g.

cellobiosan) results in the production of LG [47,58]. Based on these
findings, it has been proposed, by us, that the oligo-anhydrosugars
present in the pyrolysis oil partially depolymerise to LG at the injection
temperature of 250 °C of a GC. To validate this hypothesis, a cellobiosan
solution (of known concentration, see Section 5 of the SI) diluted in
methanol was injected into the GC and it was confirmed that the only
observed peak in the chromatogram of cellobiosan was of LG
(RT=55.5min), see Fig. S3 in the SI. Based on the recovery of LG
calculated from the chromatogram, the estimated conversion, based on
the assumption that cellobiosan only reacts to levoglucosan, was 28%.
On the other hand, cellobiosan analysed by LC showed no evidence of
decomposition. Accordingly, it can be concluded that the oligo-

anhydrosugars partially depolymerise to smaller anhydrosugar(s) at the
temperatures as low as 250 °C during GC analysis.
It has been shown in the literature that pyrolysis oil obtained from

pure cellulose is comprised of oligo-anhydrosugars with a degree of
polymerisation up to 11 [58,52,66,74,75]. Therefore, it is argued that
the higher LG yields (by GC) observed (in Fig. 1), in the case of pure
cellulose oils, is a result of the partial depolymerisation of oligo-anhy-
drosugars taking place in GC. In the case of 1000mg kg-1 potassium
impregnated cellulose pyrolysis, the majority of oligo-anhydrosugars
were destroyed during pyrolysis [62]; consequently, the difference in
the LG yields determined by the two analytical techniques was smaller.
Fig. 2 shows the LG yields, obtained from un-spiked and spiked

cellulose oils (fluidised bed), determined by GC and LC. The oils were
spiked with 0.07 kg kg-1 LG (on cellulose basis). Hereafter, original bio-
oils and bio-oils doped with extra LG (or HA in Section 3.2) are referred
to as unspiked and spiked oils, respectively. The additional LG was
recovered completely by both analytical techniques. These findings
suggest that quantification of LG is not affected by the analytical
techniques self, even not when present in the matrix of other chemical
species. In conclusion, to avoid the over-estimation of the LG yield
caused by depolymerisation of oligo-anhydrosugars and for precise
quantification of LG yield, liquid chromatography is recommended. If
in case, a GC system is used for the quantification of LG, careful in-
terpretation of the LG yield is essential .

3.2. Hydroxyacetaldehyde

Fig. 3 compares the HA yield determined by GC and LC. It can be
seen that the yield of HA measured by GC is lower than by LC. This
observed trend is independent of feedstock and the experimental setup.
Note, for the details about the isolation, identification and quantifica-
tion of the HA Section 6 of the SI can be referred.
In order to understand the discrepancy in HA yields, bio-oils spiked

with 0.07 kg kg-1 HA (on cellulose basis) were analysed by GC and LC.
Fig. 4 presents the HA yields, obtained from un-spiked and spiked
cellulose oils determined by GC and LC. The difference between the HA
yields obtained from un-spiked and spiked oils, determined by GC
analysis, was smaller than the spiked amount, while it was 0.07 kg kg-1

for both oils when determined by LC. This observed trend is in-
dependent of the solvent used for dilution of oils prior to GC analysis,
see Fig. 4A (methanol)) and B (acetone).
These results suggest that HA undergoes reactions during GC ana-

lysis, while it does not react during LC analysis. One of the decom-
position product, glycolaldehyde dimethyl acetal, was detected in the

Fig. 1. LG yield measured by GC and LC.
Fig. 2. LG yield, obtained from unspiked and spiked cellulose bio-oils (fluidised
bed), determined by GC and LC.
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GC chromatograms. Glycolaldehyde dimethyl acetal is a product of the
reaction between HA and methanol. A similar decomposition product,
namely glycolaldehyde methyl acetal, was observed by Stassinopoulou
et al. in deuterated methanol [76], which was used for dilution. Shen
et al. have proposed that HA can decompose thermally to form per-
meant gases (e.g. CO, CH4, H2) and other species (e.g. methanol, acetic
acid, pyruvaldehyde) [77]. Diebold has identified the reactions be-
tween saturated aldehydes, present in pyrolysis oil, with methanol at
low temperatures [78]. Similarly, Patwardhan et al. have reported

interactions between methanol and aldehydes during the GC analysis
[20]. Interestingly, for pure cellulose (spiked and un-spiked) oils (di-
luted in methanol), the difference in the HA yield is 0.055 kg kg-1, while
it is only 0.019 kg kg-1 for oils (spiked and un-spiked) obtained from
potassium infused cellulose. Although, Stassinopoulou et al. found no
decomposition products of glycolaldehyde in acetone at room tem-
perature [76], incomplete recovery of the spiked HA was observed by
us, when acetone was used as a diluent. Hence, in the view of these
results, the possibility of thermal degration of HA, and reactions be-
tween HA and other species present in the bio-oils cannot be neglected.
Nevertheless, a further experimental investigation is needed to under-
stand the reactions of HA at the GC injection temperature.
In summary: during injection of the sample in GC, HA – (1) might

react with the solvent in which oil is diluted, (2) decomposes, and (3)
might undergo reactions with other species present in the pyrolysis oil,
on the other hand, during liquid chromatography it does not react.
Therefore, liquid chromatography is recommended for determining the
yield of HA present in the bio-oils.

4. Conclusions

In this study, the suitability of gas chromatography and liquid
chromatography for the quantification of levoglucosan and hydro-
xyacetaldehyde was investigated. Levoglucosan can be quantified with
gas chromatography, but there is a risk of overestimation due to its
production out of oligo-anhydrosugars. For ash rich feedstock
(> 0.1 wt.%), this effect is minor. Hydroxyacetaldehyde can decom-
pose, react with compounds in the matrix and the solvent used during
gas chromatography. Liquid chromatography does not suffer from these
shortcomings and allows for the quantitative determination of le-
voglucosan and hydroxyacetaldehyde in bio-oils. Generalising, the high
injection temperature of gas chromatography analysis leads to a flawed
quantitative analysis of reactive components.
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