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Pyrolysis oils have attracted alot of interest, as they are liquid energy carriers and general sources of chem-
icals. In this work, gas chromatography with flame ionization detector (GC-FID) and two-dimensional
gas chromatography with time-of-flight mass spectrometry (GC x GC-TOFMS) techniques were used to

Keywords: provide both qualitative and quantitative results of the analysis of three different pyrolysis oils. The

GC-FID chromatographic methods and parameters were optimized and solvent choice and separation restric-

‘P;c XIGC__T?FMS tions are discussed. Pyrolysis oil samples were diluted in suitable organic solvent and were analyzed by
yrolysis oi

GC x GC-TOFMS. An average of 300 compounds were detected and identified in all three samples using
the ChromaToF (Leco) software. The deconvoluted spectra were compared with the NIST software library
for correct matching. Group type classification was performed by use of the ChromaToF software. The
quantification of 11 selected compounds was performed by means of a multiple-point external calibra-
tion curve. Afterwards, the pyrolysis oils were extracted with water, and the aqueous phase was analyzed
both by GC-FID and, after proper change of solvent, by GC x GC-TOFMS. As previously, the selected com-
pounds were quantified by both techniques, by means of multiple point external calibration curves. The
parameters of the calibration curves were calculated by weighted linear regression analysis. The limit of
detection, limit of quantitation and linearity range for each standard compound with each method are
presented. The potency of GC x GC-TOFMS for an efficient mapping of the pyrolysis oil is undisputable,
and the possibility of using it for quantification as well has been demonstrated. On the other hand, the
GC-FID analysis provides reliable results that allow for a rapid screening of the pyrolysis oil. To the best
of our knowledge, very few papers have been reported with quantification attempts on pyrolysis oil
samples using GC x GC-TOFMS most of which make use of the internal standard method. This work pro-
vides the ground for further analysis of pyrolysis oils of diverse sources for a rational design of both their
production and utilization process.
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1. Introduction more biomass residues are being generated, due to higher demands

for food and shelter. Development of advanced state-of-the-art

The environmental problems associated with the extended use
of fossil fuels are well known and established, and in addition to
their forthcoming shortage, scientific interest has turned towards
the development of technologies exploiting renewable energy
sources. Such an alternative source is biomass, which as a term is
used to define any type of organic residue or certain types of energy
crops that may be used as a renewable energy source. Biomass is
a complex material, mainly composed of hemicellulose, cellulose
and lignin in addition to extractives (tannins, fatty acids, resins) and
inorganic salts [1]. With an increasing global population, more and
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commercial technologies such as fast pyrolysis will help treating
the waste generated, thereby decreasing environmental pollution,
and permitting conversion of agricultural biomass into useful bio-
products [2]. Fast pyrolysis is a process that produces gas, solid and
liquid products. The liquid product of fast pyrolysis is commonly
called bio-oil or pyrolysis oil. Bio-oils find applications as sources
of chemicals, as fuels, mainly in mixtures or emulsions with fos-
sil fuels [3,4], while their use as fungicides or wood preservatives,
has also been proposed [5,6]. They can also be upgraded through
hydrodeoxygenation or catalytic cracking, so as to reduce their vis-
cosity or oxygen content in order for them to be incorporated into
existing technologies.

Bio-oil is a mixture of various chemical compounds including
carboxylic acids, guaiacols, syringols, phenols, etc., as a result of the
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rapid depolymerization and the chemical fragmentation of lignin,
cellulose and hemicellulose during the fast pyrolysis. The chem-
ical composition of bio-oils is determined by the nature of the
biomass from which they originate and the pyrolysis conditions
employed [7,8]. Catalytic biomass pyrolysis has been extensively
researched for the production of bio-oil and upgraded biofuels in
a one-step procedure [9,10]. The bio-oil resulting from such a pro-
cess usually consists of two phases: a lower mainly organic phase
containing oligomeric lignin molecules and other compounds with
high molecular weight, and an upper aqueous phase, which is rich
in low molecular weight compounds with added value, such as
carboxylic acids, phenols, guaiacols, syringols, etc. The chemical
composition of this aqueous phase renders it suitable as feedstock
in a steam reforming process for the production of hydrogen [11] or
after further fractionation for the extraction of specific chemicals
for other applications, such as syringols or guaiacols that maybe
used as flavorings [7], etc. Such an aqueous phase is also obtained
from single-phase bio-oils through water extraction. In any case it
is important to know the content of the chemicals of interest in
each phase, for a rational design of any process.

The bio-oil’s complex nature renders essential the use of high
resolution chromatographic techniques. Both HPLC [12,13] and
GC [14-16] have been employed, since the bio-oil contains both
volatile and non-volatile compounds, with mass detection being
the most efficient medium for clarifying the identity of the numer-
ous unknown compounds. Among the available chromatographic
techniques, GC x GC-TOFMS is very popular for the analysis of bio-
oil due to its very high resolution power.

Comprehensive GC x GC-TOFMS was applied to pyrolytic oils in
order to demonstrate the advantages of GC x GC. The results of this
study indicate that more than 70% of total chromatogram peaks
could be identified with GC x GC but only 47%, at best, with con-
ventional GC. The increase in the number of identified products
is due to increased number of separations [17]. Comprehensive
GC x GC-FID and GC-MS analysis of pyrolysis oil and hydrodeoxy-
genated (HDO) oils was also reported by Marsman et al. [18]. In
this work identification was performed by GC-MS and quantifi-
cation of group type classified compounds by GC x GC-FID. This
paper also describes the first approach to classify the various com-
ponents existing in pyrolysis oils. One year later in 2008 Marsman
et al. applied GC x GC-TOFMS in pyrolysis and HDO comparing dif-
ferent catalysts for hydrotreatment and also classifying groups of
compounds, for both flash pyrolysis oil and HDO oil [19].

For the purpose of analyzing lignin, a special offline pyrolysis
rig was designed by Windt et al. In this case the obtained pyroly-
sis products were classified into three groups: coke, liquid and gas
phase (consisting mainly of VOCs and permanent gases). The lig-
uid fraction was analyzed by GC-MS/FID and GC x GC-TOFMS/FID
[20]. A production method of pyrolytic liquids with the applica-
tion of induction-heating, has been reported for sewage sludge
from food processing factories in an externally heated fixed-bed
reactor by Tsai et al. [21]. The latter samples from the pyroly-
sis of industrial sewage sludge using induction-heating technique,
were analyzed by GC-MS by Tsai et al. [22]. Through py-GC-MS
Bayerbach and Meier characterized pyrolytic lignins in the water
insoluble fraction [23]. Dalluge et al. published a review of sev-
eral applications of GC x GC and group-type analysis devoted to
the principle, advantages, and main characteristics such as mod-
ulation, column combinations, detector requirements and data
processing, of the technique [24]. A more recent review sum-
marizes the literature on comprehensive two-dimensional gas
chromatography (GC x GC), with emphasis on application-oriented
studies published in the period 2004-2006 and the high poten-
tial of GC x GC combined with time-of-flight mass spectrometry
[25]. Composition analysis, by combination of several chromato-
graphic techniques, following fractionation of biomass-based flash

pyrolysis oils had also been published in the past by Desbene et al.
[26].

Apart from the undisputable separation capacity of
GC x GC-TOFMS for the qualitative analysis of bio-oils, it may
also be used for their quantitative analysis. Special consideration
in many chemometric techniques has proven to be necessary.
Very comprehensive is the review published by Amador-Munoz
and Marriott [27] who investigate the role of quantitative analysis
through calculation of the peak areas and peak area ratios of
selected series of modulated peaks in GCx GC. In their work,
isotopically labeled reference compounds for polycyclic aromatic
hydrocarbon (PAH) analysis were used to develop the quantitative
metric approach. de Godoy et al. proposed in their work a method-
ology for the quantification of kerosene in gasoline through N-way
multivariate analysis by using a GC x GC-FID system [28]. However,
for a quantitative analysis to be performed by such a technique,
along with the proper statistical manipulation of the data, special
chemometric techniques need to be applied and therefore a proper
integrated software is needed, as indicated by the review of Pierce
et al. [29] who summarize the trends of the recent past and the
software developments, as a sector of emerging and promising
growth.

In the light of the elevated cost of such a technique, and the care-
ful standardization needed for reliable quantitative results, the use
of more conventional chromatographic techniques such as GC-FID
should not be overlooked, since it may provide an efficient and
cost effective way for the primary analysis of various bio-oils. In
any case, this technique does not allow the full mapping of bio-oil,
however it is suitable for the qualitative and quantitative determi-
nation of certain target compounds that are expected to exist in the
bio-oil, and could determine the best way for its utilization or indi-
cate how pyrolysis conditions could be changed in order to obtain
a bio-oil of desired synthesis.

This paper addresses the issue of qualitative and quantita-
tive analysis of bio-oils by comparing the quantitative results for
ten selected compounds determined by both GC x GC-TOFMS and
GC-FID. The quantitative analysis was performed by external cali-
bration and the results were fitted to the weighted linear regression
model. Calibration curves, linearity range, limits of detection and
quantitation are presented for each compound, thereby providing
adirect comparison of the chromatographic techniques. To the best
of our knowledge, this is one of the few publications [30] addressing
the issue of detailed quantification of bio-oils.

2. Experimental
2.1. Reagents and standards

All standard compounds and reagents used were of GC-grade
and were purchased by Sigma-Aldrich. The standard solutions pre-
pared for the GC-FID measurements consisted of ten compounds:
cyclopentanone, hydroxypropanone, 2-cyclopenten-1-one, acetic
acid, 2-furaldehyde, 3-methyl-2-cyclopenten-1-one, 2-acetyl-5-
methylfuran, 2(5H)furanone, guaiacol and syringol. An aqueous
stock solution was prepared by accurate weighting of the above
compounds. The six standard solutions, with concentrations of each
compound ranging from 15 to 640 wgmL~!, were prepared from
the stock solution after proper dilution. The samples were injected
in five replicates. The standard solutions were kept in the refriger-
ator until use.

For the case of GC x GC-TOFMS, a stock solution with 11 sub-
stances was prepared in acetone and a second stock solution with
10 substances was prepared in dichloromethane. The standard
compounds used were the ones mentioned above, with the addition
of levoglucosan. The standard solutions for the calibration curves
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Fig. 1. GC-FID chromatogram of an aqueous standard solution.

were prepared by subsequent dilutions of each mother solution in
acetone and dichloromethane respectively.

2.2. Sample preparation

Three different crude bio-oil samples were used. The water
content of the samples ranged from 20 to 30wt.%, carbon con-
tent ranged from 40.8 to 44.0 wt.%, hydrogen content from 7.7 to
8.4wt.% and oxygen content from 48.2 to 50.8 wt.%.

For the GC x GC-TOFMS analysis samples were not pre-treated,
but only diluted in acetone and filtered through a membrane filter
with pore diameter 0.45 pm. The samples were filtered in order
to eliminate any insoluble residual. Afterwards, each bio-oil was
extracted with twice its volume with water and the aqueous phase
was collected. This was subsequently analyzed by GC-FID, after
proper dilution. In order to compare further the obtained quantita-
tive and qualitative results with the GC x GC-TOFMS, the aqueous
phase was extracted with dichloromethane and then analyzed.

2.3. GC-FID analysis

Chromatographic analyses were carried out with a HP5890II
gas chromatograph, equipped with an FID. The column used was
aDB-WAX30m x 0.53 mm x 1 wm. The carrier gas was Helium ata
flow rate of 2 mL/min. Injections (0.4 L) were made in the splitless
mode at an injector temperature of 200 °C. The detector temper-
ature was set at 235 °C. The temperature program employed was:
initial oven temperature at 80 °Cincreasing at4 °C/min up to 140 °C,
stable at 140°C for 2 min, then at 4°C/min up to 225°C and kept
constant until the end of program. The total run time was 48.25 min

(Fig. 1).
2.4. GC x GC-TOFMS analysis

The GC x GC analytical system was an Agilent 7890 A GC with
injector Agilent 7683 B series (Agilent Technologies, Palo Alto, CA,
USA) connected to a Pegasus 4D time-of-flight mass spectrometer
from Leco Instruments (St. Joseph, MI, USA). The first dimensional
chromatographic separation was performed by an apolar column
VE-5MS (5% phenyl in polydimethyl-silicone; PDMS); 30 m; LD.
0.25mm, d.f. 0.25 wm. The second dimensional column was situ-

ated in a secondary internal oven and consisted of a phenyl (50%)
PDMS column VF-17MS; 1.65 m; L.D. 0.10 mm, d.f. 0.20 wm. (extra
0.20 m of this column were used as a transfer line) both from Var-
ian (Middelburg, The Netherlands). Cryofocusing by liquid nitrogen
and a quad jet dual stage modulator (Zoex, Houston, TX, USA) was
applied. Instrument control, data acquisition and data processing
were done by the ChromaToF (Leco) software and Microsoft Excel.

The TOFMS operated at an acquisition rate of 100 spectra/s and
a mass range of m/z 45-400 amu. The modulation period was 10s.
The carrier gas (He grade 5) flow rate was 1 mL/min; split injection
of 0.2 pL sample solution at a split ratio of 1:40 and an injection
temperature of 250 °C. Temperature programming was performed
at an initial temperature of 35 °C of the primary GC oven and was
kept stable for 10 min. Then the temperature increased at a rate
of 3°C/min up to 250°C, followed by an increase at the rate of
15°C/min to the final temperature of 300°C, where it was kept
stable until the end of the program. Total run time was 87.0 min.
The secondary oven was programmed 15 °C ahead of the primary
GC oven gradient. Modulator temperature offset was 30°C.

2.5. External calibration method

For the purpose of quantification the external calibration
method was followed. The model of calibration followed was that of
weighted least squares linear regression. The slope and the inter-
cept calculated are represented by the equations a = t;_3)sq and
b =+ t(;,_2)s, were the t-value is taken at 95% confidence level and
(n—2) degrees of freedom, while s, represents the standard devi-
ation of the slope and s, represents the standard deviation of the
intercept.

3. Results and discussion
3.1. GC x GC-TOFMS analysis

3.1.1. Solvent choice and chromatographic conditions

A primary goal of this work was to establish a routine basis set
of analysis in order to evaluate the usefulness and applicability of
each procedure.

For the analysis of the untreated bio-oils, a proper solvent should
be chosen that would not interfere with the early eluting com-
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pounds at the GC x GC-TOFMS analysis and would solubilize the
bio-oil quantitatively. To this end, tetrahydrofuran, acetone, chlo-
roform, dichloromethane and ethyl acetate were tested. The bio-oil
is almost completely soluble in tetrahydrofuran, ethyl acetate and
chloroform, but these solvents elute together with low molecu-
lar weight acids, interfering with the analysis. Acetone offers good
solubility and could be easily distinguished from acetic acid, an
abundant bio-oil component. Finally, dichloromethane is a less
polar solvent, which is a drawback for the solubilization of the
polar bio-oils, nevertheless is sufficiently separated from the early
eluting peaks.

Based on these observations, acetone was used as solvent for
crude bio-oil samples and dichloromethane as an extraction solvent
for the bio-oil analytes from the aqueous phase.

The injection temperature was tested in a range from 250°C to
290°C with no significant change and for this reason the 250°C
was maintained as a common setting for all the analysis. In order
to improve the separation a VF-5MS column with 5% phenyl in 95%
PDMS phase was used for the 1st dimension and a VF-17MS column
with phenyl/PDMS 50:50 phase for the 2nd dimension. This combi-
nation is not truly orthogonal but still the significant difference of
the polarity between the two columns enhances the separation of
the analytes as in the 1st dimension the separation is based mostly
on the volatility of the analytes while at the 2nd dimension the
separation mechanism is based on interaction of analytes with the
stationary phase (activity coefficient).

3.1.2. Data acquisition — processing, group type classification
approach

Data acquisition took place under the ChromaToF software fea-
tures. The raw data were processed by data processing methods
developed by using the software properties, resulting in total ion
chromatogram (TIC) and extracted ion chromatogram (EIC) for each
sample. For the group type classification process these data were
extracted in “csv” file format and processed further by Microsoft
Excel for statistical evaluation. The deconvoluted spectra were
compared with the NIST library software for correct matching. After
comparison, only peaks with similarity more than 700 were named.

At first a data processing method for identification of all peaks
was ran for presentation in a 2D contour plot. Next, peak areas cor-
responding to solvent elution and column bleeding were “erased”
using the features of ChromaToF. Thereafter a new data processing
(DP) method acquiring the most abundant-unique ion illustrated
finally a unique ion chromatogram (UIC) contour plot represent-
ing peak areas cohering the 100% of relative peak area distribution.
These peak area values of extracted trace ions were used later for
quantification purposes. With the procedure described above peak
tables containing an average of 300 compounds were acquired as a
result of a number of factors such as dilution ratio of sample with
solvent, injection volume, split ratio, solvent selectivity, signal to
noise criterion for peak finder in DP method, as well as detector and
column conditions. In Fig. 2 a 3D plot of the visualization features
of ChromaToF is depicted.

Group type classification eventuated in two steps. In the first
step, seven major groups were designated by borderline group-
cells on the 2D contour plot of the first sample. The groups were
defined as follows: 1. Acids & esters, 2. Aldehydes & ketones, 3. Aro-
matic hydrocarbons, 4. Hydrocarbons, 5. Phenolics, 6. Sugars and 7.
“Not classified”. Noteworthy is the fact that furans were eluted in
the area of the 2nd group, “Aldehydes & ketones”. For this reason, a
separate area for furans was defined in a second step. Correspond-
ingly, at the same chromatographic region of the “Phenolics” group,
guaiacols and syringols or in general, methoxy phenolic derivatives
were eluted, that could constitute a separate classification group.
A good explanation for the aforementioned behavior is the chem-
ical structure similarity of these compounds despite the fact that
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Fig. 2. 3D surface plot of bio-oil #1.

these compounds belong to different chemical classes. In addition,
polarity and boiling points are quite similar in these cases. A simi-
lar result occurs in the characteristic elution area of acetic acid. At
the same broad-range elution area of acetic acid, it is possible for
6 more compounds to be detected like formic acid, 2-butanone, 2-
butenal, 2,3-butanedione, methyl vinyl ketone and 2-methyl furan.
The identification of these compounds, prove the great deconvolu-
tion power of the software. The greatest the concentration of acetic
acid in bio-oil samples, the broader the elution range and thus more
convoluted peaks arise. On the other hand, sugars region is dis-
tinct enough. By comparing the 1st with the other two samples and
simple adjustments, the borderlines seemed to be appropriate for
all samples. The borders were determined empirically by checking
almost all compounds occurring near the borderlines of each group
and by EIC [19].

In the second step, two more groups were added as a conse-
quence of determination of “furans group” by correcting the results
of group type classification in the first step. This was accomplished
by checking every peak one by one in the first classification data.
The second group was generated by splitting the “Not classified”
group in two groups: the “Unidentified” and the “Not classified”
groups. The “Unidentified” group consisted of compounds with low
similarity or false matching hits with NIST library software. After
this correction the “Not classified” group consisted of all those com-
pounds that were identified by the software but constituted other
smaller individual groups like amines, dioxolanes, alcohols, etc.,
which were not further classified. For the former corrections apart
from similarity, expected retention time was considered for several
compounds.

3.1.3. Identification

Initially, the total peak areas of the solvent and the column
bleeding were removed and the rest peak areas of all analytes were
converted to the new relative area contribution representing the
100% of relative peak areas.

At a first glance, data were processed using the TIC to get a brief
description of the samples composition and to keep that data for
conclusive comparison at the end of the present work. In order to
isolate the most abundant analytes using information obtained by
TIC, a selection was performed as proposed by Marsman et al. [19],
by setting a minimum relative peak area criterion. By using these
considerations, four classes of summed relative peak areas arose
(Table 1).

The first class with relative peak area greater than 1% resulted
in the top 10-20 compounds being present in these three different
samples (Table 1). The second and third class consisted of analytes
with relative peak area greater than 0.5% and 0.3% respectively,
while the last one consisted of peaks with relative area % greater
than 0.3 plus analytes with similarity greater than 850 and relative
area % greater than 0.1.
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Table 1
Number of peaks according to minimum peak areas.

Criteria Number of peaks detected

Bio-oil #1 Bio-oil #2 Bio-oil #3
Total number of detected peaks (between brackets: relative area) 234 (100%) 230 (100%) 243 (100%)
Peak area> 1% 18(64.4%) 18(65.6%) 22(64.2%)
Peak area>0.5% 30(73.0%) 36(78.3%) 37(74.8%)
Peak area>0.3% 57(83.4%) 51(83.7%) 58(82.9%)
Peak area >0.3% plus similarity > 850 and peak area>0.1% 98(90.2%) 93(91.1%) 98(90.3%)

Table 2
Groups for classification before and after correction.

Group no. Before correction? Group no.  After correction”
Acids & esters 1 Acids & esters
Aldehydes & ketones 2 Aldehydes & ketones
3 Furans
3 Hydrocarbons 4 Hydrocarbons
4 Aromatic hydrocarbons 5 Aromatic hydrocarbons
5 Phenolics 6 Phenolics
6 Sugars 7 Sugars
7 Not classified 8 Not classified
9 Unidentified

2 As a result of group type borderline classification.
b As a result of correcting the obtained peak tables in excel files. The incorrectly
nominated peaks were designated to the appropriate classification groups.

3.1.4. Classification and data processing procedure

In a first stage, seven major different groups were defined for
the classification of these three bio-oils, as shown below (Table 2).

The border line groups are depicted in Figs. 3-5 for the three
bio-oil samples respectively.

In several cases, or more specifically groups, many analytes
belonging to different chemical functional groups elute in neigh-
boring retention times. This leads to many false analyte to group
designations. By defining wide-content areas like the second group
the problem of correction between furans, cyclic or linear ketones
and aldehydes was not solved but overlooked. On the other hand,
the definition of more groups like amines or alcohols is necessary
for more detailed characterization of the oils composition. After
consideration of the complexity of the samples and following the
strategy to create as few as possible “general” groups, no more
groups were added. A future approach could implement all possi-
ble subgroups of chemical functionality in the larger “group areas”

Fig. 3. Contour plot for bio-oil sample #1 diluted in acetone. Six groups are depicted
with borderlines and the rest peaks constitute the group “Not classified”.

Fig. 4. Contour plot for bio-oil sample #2 diluted in acetone.

developing a highly complicated classification chromatographic
map.

The data obtained by the analysis of the three bio-oil samples
diluted in acetone, were processed further for correction of classifi-
cation results. For these three samples, all the identified compounds
in the borderlines were checked one by one in each group and
were corrected by assigning each compound to the proper group
(Table 3).

This procedure is quite laborious and thus this level of correc-
tion was applied only in the aforementioned samples in order to
truly check the level of correctness for the “first step” classifica-
tion procedure. To simplify the procedure the selection according

Fig. 5. Contour plot for bio-oil sample #3 diluted in acetone.
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Table 3
Group type composition based on relative peak area percentage.

Group no. Classification group Sample
Rel. area % of group?, Bio-oil #1 Bio-oil #2 Bio-oil #3
number of peaks®, correct
hits®

1 Acids & esters 23% 19% 11%
n 22 28 27
Correctness 73% 42% 60%

2 Aldehydes & ketones 19% 14% 13%
n 35 34 41
Correctness 67% 56% 55%

3 Furans 10% 9% 11%
n 20 23 24
Correctness - - -

4 Hydrocarbons 6% 4% 4%
n 30 19 21
Correctness 94% 80% 90%

5 Aromatic hydrocarbons 5% 9% 8%
n 20 21 20
Correctness 81% 64% 87%

6 Phenolics 13% 11% 17%
n 47 38 36
Correctness 65% 62% 53%

7 Sugars 13% 7% 17%
n 6 9 8
Correctness 71% 88% 72%

8 Not classified 7% 21% 13%
n 31 31 33
Correctness - - -

9 Unidentified 3% 6% 5%
n 23 27 33
Correctness - - -

2 First line, the name and relative area percentage (%) of each group is shown.

b Second line, the number of components (1) in each specified group between
brackets.

¢ Third line indicates the percentage of number of correct hits related to the total
number of peaks for each group. Groups no. 3, 8 and 9 were defined after correction
and for this reason there is no meaning in a value of correct hits.

to Marsman et al. [19] could be followed, describing the 90% of total
relative peak area with only 90 peaks as presented in the fourth
category in Table 1. In this case, checking about 90 peaks is more
convenient without significant data loss.

After correction, two more groups were defined increasing the
number of total groups to nine (Table 2). The level of correct hits
was between 42% and 94% depending on the group. For example

hydrocarbons and sugars were all in all three cases at good level
of correction since they possess specific areas where rarely other
compounds co-elute. It was also difficult to separate two discrete
areas for guaiacols and syringols. Thus, these two groups were inte-
grated in the wider “Phenolics” group. The remaining compounds
were defined as “Not classified” (Table 3).

In the corrected classified results, all furans, which were found
in the area of “Aldehydes & Ketones”, were defined as a new group:
“Furans”. The group “Not classified” consisted mostly of nitrogen
containing compounds like amines and oxygen containing com-
pounds like dioxolanes at a level of 2-5% of relative area. At about
the same percentage existed compounds, which were not identified
by the ChromaToF software due to the low S/N ratio.

A histogram of relative area percentages for every classification
group is depicted in Fig. 6.

3.2. Quantification of the bio-oil by GC-FID and GC x GC-TOFMS

3.2.1. Linearity range

The linearity range of the calibration curve for each compound
is presented in Table 4. The correlation coefficient provides an esti-
mate of the linearity of the data, but suffers from uncertainty.
For this reason the F-test of residual standard deviation against
repeatability standard deviation is employed, according to the
equation

2
s

F— &

)
Sr

This is a one-tailed test at the 95% confidence level, and from
the corresponding tables the critical values of F for the mea-
surements presented are 5.192 and 6.591 for the GC-FID and the
GC x GC-TOFMS respectively. The null hypothesis for this test is
that sy =sr. According to this test if the calculated value of F is
smaller than the critical value, then the null hypothesis is rejected
and the linearity is supported [31]. The standard deviation of the
measurements of the standard solution, with concentrations near
the centroid of all the points, was chosen for the calculation of the
F value for each compound, and the results are also presented in
Table 4. Additionally, the residuals were plotted against concen-
tration, and were found to be randomly scattered verifying the
linearity of the calibration curves in the examined range.

251"

m bio-oil #1 = bio-oil #2

bio-oil #3

relative peak area percentage (%)

Fig. 6. Histogram for comparison of the 3 bio-oil samples composition based on total relative peak area of the classification groups (1-9).
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Table 4
Linearity range of the calibration curves for the GC-FID and GC x GC-TOFMS analysis.

GC-FID GC x GC-TOFMS
Compound Linearity range (ngg') r F Linearity range (ngg') r F

Min Max Min Max
Cyclopentanone 16.5 3194 0.9994 0.007 8.9 107.4 0.9985 0.371
Hydroxypropanone 238 461.2 0.9997 0.175 323 427.2 0.9983 0.403
2-Cyclopenten-1-one 18.0 350.2 0.9995 0.186 9.7 155.8 0.9988 0.111
Acetic acid 33.2 643.9 0.9995 0.098 29.2 443.7 0.9964 0.165
2-Furaldehyde 24.5 474.9 0.9997 0.178 13.8 164.9 0.9969 0.041
3-Methyl-2-cyclopenten-1-one 17.8 345.1 0.9997 0.213 12.0 112.0 0.9984 0.113
2-Acetyl-5-methylfuran 19.8 384.3 0.9998 0.270 10.0 120.5 0.9998 0.019
2(5H)Furanone 20.6 399.7 0.9997 0.044 144 2174 0.9997 0.223
Guaiacol 19.5 379.2 0.9998 0.024 15.5 2334 0.9987 0.472
Syringol 213 4134 0.9999 0.003 7.8 260.7 0.9999 0.050
Levoglucosan - - - - 17.6 267.4 0.9993 0.818

3.2.2. Weighted linear regression analysis

The main models employed for the manipulation of experi-
mental data for the generation of the calibration curves are the
weighted least squares linear regression (WLSLR) and the linear
least squares regression model (LSLR). The LSLR has been more
widely used due to the simplicity of its calculations however it
assumes homoscedasticity of the data, which does not always
reflect the reality. In fact, the data are usually heteroscedastic
thereby contributing with different standard deviations to the cal-
ibration curve. Most commonly in chromatographic experiments,
the error of the measured data increases with the concentration of
the analyte. In the WLSLR model the regression line includes the
different weight of each point and in the end provides more realis-
tic results about the errors and confidence limits of the calculated
concentrations [31-33]. The weighting factor is usually the inverse
of the corresponding variance (UITZ) for each calibration point, but
other more empirical weights have also been proposed such as 1/x,
1/x12,1/x2,1/y, 1/y}/2,1/y2. In this work the inverse of variance has
been used as a weighting factor.

The calibration curve data were fitted to the WLSLR model, in
order to obtain the calibration equations for each compound. The
equation followed was the y=a+bx. The standard deviations of
the slope (b) and the intercept (a) were calculated at a 95% con-
fidence level. The correlation coefficients were above 0.998 and
0.996 for the GC-FID and GC x GC-TOFMS respectively, for all the

compounds. Additionally, the values of s,/b were calculated in
order to confirm that their value was less than 5%, as is required
by the validation condition [34,35]. The results are presented in
Table 5

The limits of detection and quantification for each standard
compound were calculated from the parameters of the generated
calibration curves, based on the following equations and are pre-
sented in Table 5

Sa
b

Sa
b

Both methods offer satisfactorily low limits of detection and
quantification, and as was expected, the corresponding limits for
the GC x GC-TOFMS method are lower due to its inherent greater
sensitivity.

Additionally, the precision and accuracy of the GC-FID method
were estimated, in order to support further the use of this method
for the rapid screening of bio-oil samples, prior to their full analysis
with the more laborious and costly GC x GC-TOFMS method. The
inter- and intra-day precision, along with the accuracy were calcu-
lated at three concentration levels (n=3), while the instrumental
precision was also calculated at the medium concentration level.
The inter- and intra-day precision ranged from 1.61 to 12.49% and
from 1.68 to 9.69% respectively, while the accuracy ranged from
9.31 to 11.18%. All the values calculated are below +15%, which

LD =3.3 x and LQ =10 x

Table 5

Calibration parameters of the GC-FID and the GC x GC-TOFMS analysis.
Compound a tin-2) X Sa b tin-2) X Sp sp/b (%) LD (pgg™) LQ(pgeg™)
GC-FID
Cyclopentanone 4284.3 4031.5 1574.2 73.5 1.7 3.0 9.2
Hydroxypropanone 35279 22353 620.7 18.3 1.1 4.3 13.0
2-Cyclopenten-1-one 44446.6 4195.1 1442.6 60.6 1.5 3.5 10.5
Acetic acid 11747.8 4783.8 400.0 17.5 1.6 14.2 43.0
2-Furaldehyde 41143 3854.3 988.4 32.8 1.2 4.6 14.0
3-Methyl-2-cyclopenten-1-one 5183.8 4462.3 1530.3 47.3 1.1 3.5 10.5
2-Acetyl-5-methylfuran 4619.6 4647.5 1196.5 33.0 1.0 4.6 14.0
2(5H)Furanone 161.0 4238.0 858.6 254 1.1 5.9 17.8
Guaiacol 5443.3 4340.6 1401.8 32.6 0.8 3.7 11.1
Syringol 3836.3 2675.8 1027.5 8.8 0.3 3.1 9.4
GC x GC-TOFMS
Cyclopentanone —18613.1 60363.4 23529.6 2339.7 3.1 2.7 8.1
Hydroxypropanone —9441.8 7813.5 806.7 86.4 3.4 10.1 30.5
2-Cyclopenten-1-one -21201.3 29092.2 10972.0 981.0 2.8 2.8 8.3
Acetic acid —61405.1 39016.0 5237.2 4313 2.6 7.7 234
2-Furaldehyde —79738.6 211274.3 17548.2 1800.7 32 12.6 38.2
3-Methyl-2-cyclopenten-1-one —11404.0 23165.6 4971.9 642.8 4.1 4.8 14.7
2-acetyl-5-Methylfuran —37938.8 20001.5 13682.1 375.6 0.9 1.5 4.6
2(5H)Furanone —68084.5 49684.5 13519.3 506.9 1.2 3.8 11.6
Guaiacol —9933.2 14175.5 4598.6 374.7 2.6 32 9.7
Syringol —34133 1293.3 1888.2 17.8 0.3 0.7 22
Levoglucosan —8030.4 7800.3 3761.0 316.4 2.7 2.2 6.5
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Table 6

Quantitative analysis of the samples (diluted in acetone) by the GC x GC-TOFMS method.

Compound

GC x GC-TOFMS analysis

Bio-oil 1 (wt.%)

Bio-oil 2 (wt.%)

Bio-oil 3 (wt.%)

Cyclopentanone 0.03 + 0.002 0.02 + 0.004 0.02 + 0.003
Hydroxypropanone 2.1+ 0.03 22402 3.7+0.2
2-Cyclopenten-1-one 0.2 + 0.02 0.1 + 0.02 0.1 + 0.01
Acetic acid 59+ 0.5 7.4+03 4.6 £ 05
2-Furaldehyde 0.4 + 0.04 0.4 + 0.04 0.3 +0.03
3-Methyl-2-cyclopenten-1-one 0.1 £ 0.01 0.04 + 0.01 0.05 + 0.01
2-Acetyl-5-methylfuran 0.01 + 0.004 0.01 + 0.001 0.01 + 0.002
2(5H)Furanone 0.4 + 0.02 0.7 + 0.09 0.7 + 0.05
Guaiacol 0.2 4+ 0.01 0.2 + 0.02 0.6 + 0.06
Syringol 0.3 +0.03 0.3 + 0.04 0.02 + 0.01
Levoglucosan 41+03 27+£0.2 6.2 +0.2

Table 7

Quantitative results of the samples (aqueous phase) by GC-FID and the GC x GC-TOFMS analysis. The results refer to the bio-oil sample.

Bio-oil 1 (wt.%) Bio-oil 2 (wt.%) Bio-oil 3 (wt.%)

Compound GC x GC-TOFMS GC-FID GC x GC-TOFMS GC-FID GC x GC-TOFMS GC-FID
Cyclopentanone 0.01 + 0.0004 ND 0.01+0.001 ND 0.01+0.002 ND
Hydroxypropanone 0.47 + 0.01 1.33+0.07 0.55+0.004 1.77 +£0.06 0.62+0.13 2.20+0.04
2-Cyclopenten-1-one 0.08 + 0.0003 0.10+0.05 0.06+0.003 0.09+0.01 0.04 +0.007 0.10+0.01
Acetic acid 0.54 + 0.04 3.63+0.29 0.824+0.04 6.63+0.51 0.32+0.09 3.78+041
2-Furaldehyde 0.15 + 0.01 0.12+0.02 0.17+0.02 0.19+0.02 0.08 +0.02 0.09+0.01
3-Methyl-2-Cyclopenten-1-one 0.02 + 0.001 ND 0.02 £0.001 ND 0.01+£0.003 ND
2-Acetyl-5-methylfuran 0.003 + 0.0001 ND 0.004 +0.0001 ND 0.003 +0.0001 ND
2(5H)Furanone 0.21 + 0.01 0.05+0.004 0.354+0.04 0.24+0.02 0.404+0.10 0.29+0.03
Guaiacol 0.04 + 0.002 0.04+0.005 0.05+0.003 0.04+0.004 0.15+0.03 0.17+0.01
Syringol 0.10 £ 0.003 0.104+0.02 0.15+0.01 0.14+0.01 0.001 +0.001 0.008 +0.001

is the acceptable RSD for these measurements [36,37]. Lastly, the
instrumental precision had an average of 7.91%.

3.3. Samples analysis

Three bio-oil samples were analyzed qualitatively and quanti-
tatively by means of GC x GC-TOFMS, without any pretreatment
apart from an appropriate dilution in acetone and subsequent filtra-
tion. Afterwards, the original samples were extracted with water,
and the aqueous phase was separated and injected to the GC-FID
system, without any pretreatment apart from proper dilution. The
same aqueous phase was extracted with dichloromethane and the
organic phase was injected to the GC x GC-TOFMS system. The
quantitative results of all three measurements are presented in
Tables 6 and 7.

Regarding Tables 6 and 7, it is deduced that there is a good
correlation between the results of the GC x GC-TOFMS analysis of
the crude bio-oil and the GC-FID analysis of the aqueous phase. It
should be mentioned that the results of the aqueous phase analysis
were calculated so as to refer to the crude bio-oil, in order to have
a direct comparison between the results. Extraction of the analytes
is in any case not quantitative and using different water to bio-
oil ratio, or a different extraction temperature could improve their
partitioning towards water and could subsequently improve the
agreement of the results. Nonetheless, most of the analytes exam-
ined are extracted in the aqueous phase at detectable amounts, in
accordance to their polarity. The quantitative analysis of the same
aqueous phase with the GC x GC-TOFMS system resulted in lower
concentrations. The reason for this is probably that the analytes
selected for the quantification are mostly polar and therefore are
not adequately extracted with the non-polar dichloromethane. This
is especially evident in the case of levoglucosan, which was found in
the bio-oil in ample concentration, but since it is completely insolu-
ble in dichloromethane, it was not detected in the dichloromethane
extract of the aqueous phase. In conclusion, the quantitative analy-
sis of the aqueous phase with the GC x GC-TOFMS can only provide

for qualitative results about the analytes present. The presented
GC-FID method, with a polar column, is a lot more cost efficient
and even though it has the limitations of 1D separations it provides
a reliable estimation of the concentration of the selected analytes,
thereby being the proposed method when the investigation of the
quantity of a few target compounds in aqueous samples is needed.

4. Conclusion

It is concluded that in special cases with complex mixtures spe-
cial attention should be paid to all parameters of analysis. Especially
when solvent extraction techniques are interfering with the anal-
ysis set. In the identification section, it is essential the fact that
the majority of a sample is described, representing the 80-95% of
the total relative percentage area. This was not accomplished so
far with one-dimensional GC systems and further development in
comprehensive techniques will further enhance this percentage.
Identification is a less laborious work in comparison to classifica-
tion and quantification. It can be easily managed, to keep reliable
results by selecting peaks with relative area>0.3% in addition to
peaks with similarity > 850 plus relative area > 0.1%. By fulfilling the
above conditions (the number of peaks is reduced), a total relative
area of 90-92% is still represented, thus providing a representative
picture of the sample.

Classification for bio-oil samples is a problematic procedure
in some cases due to the high complexity of the samples and
the structure-activity similarity of specific compounds. By border-
line group type classification 7 groups could be separated, which
after correction of the data were transformed to 9 groups by dis-
tinguishing “Furans” and “Unidentified” in separate groups. This
classification map with 7 groups was created for one sample and
then was applied to the rest. It showed good matching as the param-
eters of the classification were kept the same and the corrections
needed were at a minimum level. That supports the suggestion that
a classification method developed on a GC x GC-TOFMS system
could be adjusted to a GC x GC-FID system providing remarkable
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group quantification results. There is a lot of future work in the
development of better classification methods and especially in such
complex mixtures like pyrolysis oils. A more elaborate classifi-
cation method that would be based on different criteria such as
retention times in both dimensions, border-line groups, similar-
ity with libraries and compound names, would be of significant
interest.

The WLSLR model was successfully used for describing the cal-
ibration curves for both the chromatographic methods proposed.
The linearity range of both methods for the selected compounds
was satisfactory and within the concentration limits expected to
be found in a given bio-oil. The LDs and LQs of both methods were
comparable and sufficiently low. Three different bio-oil samples
were analyzed by the GC x GC-TOFMS and by using the generated
calibration curves, their concentration in the selected analytes was
determined. The same bio-oils were extracted with water and the
analysis of this aqueous phase by the GC-FID method rendered com-
parable results. The accuracy and precision of the GC-FID method
have also been demonstrated, thereby supporting that this method
is reliable and can be used for the analysis of the bio-oils. Both
methods assist to a better comprehension of the effect of pyrolysis
conditions and biomass type, on the bio-oils’ composition.
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