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In order to valorize olive stones we are studying their dilute-acid hydrolysate (DAH) composition, and trying
to highlight the effect of the overliming process on DAH composition in order to perform an effective treat-
ment that maximize sugars concentrations (xylose) and minimizes the amount of toxic materials (FF and
HMF). An 2231 experimental design was established to describe the effects of three controlled factors with
distinct levels: pH (10 and 12), temperature (25 and 60 °C) and detoxification time (15, 30 and 60 min) on
the concentration of xylose, FF and HMF. A better understanding of this overliming process was possible by
exploring the chromatograms obtained with 2D Correlation Spectroscopy (2DCOS). 2D correlation spectros-
copy gave information about the relations that exist between chromatographic peaks and chromatograms.
The order in which the constituents vary can be deduced from the sign of peaks in the synchronous and asyn-
chronous matrices, facilitating the interpretation of kinetic studies.

© 2011 Published by Elsevier B.V.
1. Introduction

Over eight million hectares of olive trees are cultivated world-
wide, most of them in Mediterranean countries [1]. Agricultural resi-
dues are abundant, renewable, low cost raw materials that may be
transformed into valuable products (biofuels, biofertilizers, animal
feed and chemical feed-stock) [2, 3]. Olive stones are mainly sub-
jected to biotechnological or chemical modifications in order to be
transformed into animal feed. These transformations have proven to
be necessary since that olive stones present low energy due to their
low content in proteins and their high content of fibers [4, 5].

To obtain fermentable monomeric sugars, lignocellulosic matrices,
hemicellulose and cellulose need to be hydrolyzed [6, 7]. Dilute-acid
hydrolysis (DAH) has proven to be a fast and cheap method to pro-
duce sugar from lignocellulosic materials. Hemicellulose constitutes
20–35% dry weight in lignocellulosic biomass, with D-xylose as the
major sugar after hydrolysis [8]. However, dilute-acid hydrolysis
leads to contains toxic compounds such as furans, aliphatic acids
[9], and phenolic compounds [10]. Larsson (1999), found that over-
liming is the most cost effective method for detoxifying wood
ry and Life Science, Université
9 600900.
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hydrolysates [11]. The overliming process begins by adding lime to
adjust the pH of the hydrolysate liquor to a high value, the liquor is
usually heated at 50 or 60 °C. Even though lime hydration is a highly
exothermic reaction, heating may still be required to reach the de-
sired temperature. Once the pH and the temperature are at the target
values, the solution is held at that temperature for a period of time,
and then filtered to remove the gypsum precipitate formed by diva-
lent calcium from the lime combining with sulfate in the hydrolysate
[12]. Finally re-acidification of the hydrolysate to a value appropriate
for fermentation completes the process. The mechanism by which
overliming reduces hydrolysate toxicity is not well known [13]. A
potential drawback of overliming is sugar degradation due to hydrox-
ide catalysed degradation reactions [14].

In order to valorize olive stones we are studying their dilute-acid
hydrolysate composition, and trying to highlight the effect of the
overliming process on DAH composition in order to perform an effec-
tive overliming process which maximizes sugars concentrations and
minimizes the amount of toxic materials.

In a previous study we applied overliming as a detoxification
treatment for the olive stones hydrolysate [15]. A 2231 experimental
design was established to describe the effect of overliming performed
at three factors: pH (10 and 12), temperature (25 and 60 °C) and de-
toxification time (15, 30 and 60 min) [16]. According to the study, all
factors are “active”; they act by reducing the concentration of xylose,
furfural (FF) and 5-hydroxymethylfurfural (HMF).

http://dx.doi.org/10.1016/j.chemolab.2011.11.006
mailto:jeanne_andary@hotmail.com
http://dx.doi.org/10.1016/j.chemolab.2011.11.006
http://www.sciencedirect.com/science/journal/01697439
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The objective of the present work is to explore the chromatograms
obtained under these different operating conditions using 2DCOS.
This tool emphasizes the information contained in these chromato-
grams, which may not be visible at first sight [17].

2. Materials and methods

2.1. Dilute-acid hydrolysates (DAH), preparation and detoxification

The hydrolysis of the olive stones is carried out with a sulphuric
acid solution 5% (p/v). When cooled, the solid and liquid phases are
separated by filtration. The DAH is than stocked at −20 °C for further
analysis. The titration is carried out with 50 g.L−1 solution of Ca(OH)2
[18].

2.2. Experimental design

Overliming is carried out under different conditions: pH (10 or
12), temperature 25 or 60 °C and time (15, 30 and 60 min). An exper-
imental design including 22×31=12 experiments is prepared using
Nemrodw software [19]. Each experiment was repeated three times.
Table 1 summarises the different overliming conditions applied to
the DAH.

2.3. Analytical methods

High-performance liquid chromatography (HPLC) is used to ana-
lyze samples. D-glucose, D-xylose, mannose and galactose are ana-
lyzed using an Aminex coloumn (Thermo Electron APS-Hypersil)
and a refractive index detector (RI-150 Spectra System, Thermo
Finnigan). The eluent is an isocratic phase composed of acetonitrile
and water (95/5: v/v) at a flow-rate of 1 mL.min−1. Fructose is used
as an internal standard.

Furfural (FF), Hydroxymethylfurfural (HMF) and sugar degradation
products such as formic, acetic, lactic and levulinic acid are analyzed on
a C18 columnwith a UV detector at 280 nm (UV 1000-Thermo Finnigan).
The mobile phase is composed of ultra-pure water, methanol and
acetic acid (80/10/3: v/v/v) with caffeine as the internal standard. The
flow is programmed to allow maximum separation of constituents:
0.5 mL.min−1 from 0 to 10 min, 1 mL.min−1 from 10 to 11 min (hold
9 min).

3. Chemometric tools

Two-dimensional correlation spectroscopy 2DCOS has recently re-
ceived keen interest in analytical chemistry because of the following
advantages: i) simplification of complex spectra consisting of many
overlapping peaks; ii) enhancement of spectral resolution by spreading
Table 1
Xylose and furanes evolution according to different overliming treatments.

Treatment pH Temperature
(°C)

Time
(min)

Symbol X

M

H 1
1 10 25 15 A1 1
2 30 A2 1
3 60 A3 1
4 60 15 B1 8
5 30 B2 8
6 60 B3 7
7 12 25 15 C1 7
8 30 C2 6
9 60 C3 6
10 60 15 D1 7
11 30 D2 4
12 60 D3 2
peaks over a second dimension; iii) establishment of unambiguous as-
signments through analysis of correlation bands; iv) investigations of
correlations between bands in two different spectroscopic signals [20].

3.1. Generalized 2D correlation spectroscopy – principle

The two-dimensional correlation theory (2DCOS) generalized by
Noda et al. [21] has been successfully utilized in MIR, NIR, Raman
and other spectroscopies. It is well established that this theory may
be easily adapted to other analytical methods such as chromatogra-
phy [22]. 2D correlation may be applied when a set of chromatograms
has an intrinsic order [23]. This technique measures the correlation
among the variables or chromatographic elements; it can be used to
reveal new features in data that might otherwise be overlooked. The
synchronous 2DCOS matrix contains information on changes which
appear simultaneously, or in phase. When performing the 2DCOS
analysis on a single set of signals (homo-2DCOS), the peaks on the di-
agonal are called “auto-peaks”, while those on either side of the diag-
onal are “cross-peaks”. Auto-peaks are always positive because they
are correlated perfectly with themselves. Cross-peaks show the exis-
tence of a relation between chromatographic peaks. In the synchro-
nous matrix, the auto-correlation (between the same data set) is
symmetrical to the diagonal because the correlation between two
variables is symmetrical, whereas hetero-correlation does not present
auto-peaks. A cross-peak is positive when the variations take place in
the same direction, i.e. when the intensities of peaks decrease or in-
crease at the same time; it is negative when the variations take
place in opposite directions. The asynchronous matrix highlights in-
formation concerning covariations which do not occur simultaneous-
ly or at the same rate, that is are out of phase. The synchronous and
asynchronous matrices provide complementary information. The
presence of a peak in the synchronous matrix and its absence in the
asynchronous matrix indicates that the peaks are perfectly correlated
or in phase (the coefficient of correlation is then−1 or +1). The pres-
ence of an asynchronous peak at a retention time and its absence in
the synchronous matrix means that the peaks variations are
completely out of phase and that the correlation coefficient is then
equal to zero [24]. It is also possible to probe the specific order of
the chromatographic changes taking the measurement or the value
of the controlling variables affecting peak orders [25]. The signs of
the peaks appearing in the synchronous and asynchronous matrix
are indicators of the order of appearance of the peaks [23], and can
give new information on kinetics study of a process [26]. If both the
synchronous and asynchronous components are positive, the feature
associated with the x-axis leads the feature associated with the y-axis.
However they must be changing at the same frequency to generate a
correlation. If the asynchronous feature is negative, the feature asso-
ciated with the x-axis lags the one associated with the y-axis. If the
ylose FF HMF

ean STDV Mean STDV Mean STDV

0.380 0.530 51.423 0.713 10.323 0.617
1.003 0.331 59.304 0.653 13.229 0.044
1.172 0.240 55.974 0.659 12.100 0.922
1.263 0.319 26.566 0.316 6.791 0.335
.415 0.061 40.097 0.579 8.711 0.650
.274 0.165 41.203 0.555 10.605 0.759
.605 0.052 30.785 0.416 7.239 0.667
.536 0.088 12.769 0.060 7.069 0.784
.068 0.060 9.894 0.856 8.045 0.829
.408 0.036 5.198 0.645 5.990 1.071
.373 0.048 9.247 0.135 6.710 1.075
.377 0.031 1.698 0.253 7.319 1.650
.917 0.110 2.305 0.247 7.752 0.396
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synchronous feature is negative, the rules mentioned above are re-
versed [23].

3.2. Data matrix

Fig. 3 (A and B) shows superposed HPLC chromatograms related to
DAHanalysiswithHPLC-UV (FF andHMF) andHPLC-RI (xylose) respec-
tively. The starting matrix resulting from FF and the HMF chromato-
grams consisted of 39 samples (12*3+3 hydrolyzate) and of 12003
variables (retention time) was thus reduced to a much smaller matrix
(39*3413). Matrix resulting from assembling xylose chromatograms
(39*21,003) was made of 39 samples (12*3+3 hydrolyzate) and of
21,003 variables (retention time). After an ANOVA pre-treatment and
while preserving interesting areas where VG is higher than VR, the size
of the matrix becomes (39*4090).

The order of data set is arranged as shown in Table 2. Synchronous
and asynchronous 2D HPLC correlation were calculated from the 39
chromatograms sets of time-resolved using CATS a statistical program
developed by A.S. Barros in the analytical chemistry laboratory of the
“Institut National Agronomique Paris Grignon” [27-29].
0

2

4

6

8

10

12

0 15 30 60

Time (min)

C
o

n
ce

n
tr

at
io

n
 g

.L
-1

C
o

n
ce

n
tr

at
io

n
 m

g
.L

-1
C

o
n

ce
n

tr
at

io
n

 m
g

.L
-1

25˚C

60˚C

C

0

10

20

30

40

50

60

70

0 15 30 60

Time (min)

25˚C

60˚C

D

E

0

2

4

6

8

10

12

14

0 15 30 60

Time (min)

25˚C

60˚C

F

A B

Fig. 1. Evolution of compounds during overliming process: (A) xylose pH 10, (B) x
4. Results and discussion

4.1. Detoxification of the hydrolyzate

DAHdetoxification effects on fermentable sugar, furfural and hydro-
xymethylfurfural were examined. Table 1 shows xylose and furanes
evolution according to different overliming treatments. The results of
detoxification are summarized in Fig. 1 (A–F). Xylose is the most abun-
dant sugar of the hydrolysate, its average concentration being about
10.380 g.L−1. As shown in Fig. 1A, moderate temperature at pH 10
was safe in terms of sugar loss. At 60 °C, there is a reduction in xylose
concentration. When passing to pH 12, this reduction is clearer for the
two temperature levels (Fig. 1B). At the end of the treatment, there re-
mains 6.408 g.L of xylose at 25 °C and 2.917 g.L−1 at 60 °C.

The average concentration of FF in DAH is 51.423 mg.L−1. During
liming at pH 10 this concentration decreases to 26.566 and
30.785 mg.L−1 for 25 and 60 °C, respectively (Fig. 1C). This reduction is
accentuated at pH 12. After 15 min of treatment at 25 °C the FF con-
centration decreases to an average value of 12.769 mg.L−1. Themost ag-
gressive treatment leads to concentrations of 5.198 and 2.305 mg.L−1
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Fig. 2. Representative chromatogram for the DAH: (A) HPLC-UV, (B) HPLC-RI.
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respectively at 25 and 60 °C (Fig. 1D). The initial concentration of HMF is
10.323 mg.L−1,five times less than the FF concentration, probably due to
the lack of hexose in the DAH. The percent decrease in HMF concentra-
tion is not as great as for xylose or FF. At the end of the detoxification pro-
cess, the HMF concentration reached 7.752 mg.L−1 for pH 12 and 60 °C
temperature, (Fig. 1E and F). These results do not directly show how
overliming affects DAH components, therefore chemometric tools were
applied to help in visualizing the relationships among the variables and
their chronological behaviour [23].
4.2. Identification of degradation products

Fig. 2A and B shows typical HPLC-UV and HPLC-RI chromatograms
for products obtained from the DAH analysis. Formic, acetic and lactic
acid have been identified; however levulinic acid was not detected
(Fig. 2A). We were not able to elute separately acetic and lactic
acids. These results seem to be concordant with many other articles
related to sugar degradation reactions [30].
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Much research has been directed toward an understanding of the
fundamental aspects of the alkaline degradation of saccharides. 13C
NMR spectroscopy has been used to study disaccharides in alkaline
solution, saccharide degradation products formed via retro-aldol
reactions are the salts of acids such as formic and acetic acids [31].
The main reaction of D-glucose in water at high temperature
and pressures up to 80 MPa were found to be dehydratation, retro-
aldol hydratation and tautomerisation reactions. Various linear
compounds such as lactic, levulinic and glyceraldehydes could be
obtained [32]. Yun Yan and Montgomery found that the alkaline
reactions products are influenced by several parameters such as
temperature, nature and the concentration of the alkali and the
monosaccharide [33]. In the same study, the authors suggest that
the increase of hydroxyl ion concentration and the use of divalent
cations favor the formation of lactic acid and decrease the formation
of C1 (formic acid) to non lactic C3 glyceric acid and the total amount
of C4–C6 acid products.

However xylose, FF, HMF and aliphatic acids are not the only prod-
ucts formed by the dilute acid hydrolysis of olive stones. Polyphenols
on time (min.)

Xylose

C4

00
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d to (A) HPLC-UV analysis and (B) HPLC-RI analysis.



Table 2
Synchronous and asynchronous correlations, signs and order of events obtained from
the correlation of overlimed chromatograms.

Correlation Synchronous Asynchronous Order of events

HPLC-UV/HPLC-UV (103 s–250 s) − + 250 s→103 s
(111 s–250 s) − + 250 s→111 s
(127 s–250 s) − + 250 s→127 s
(250 s–103 s) − − 250 s→103 s
(250 s–111 s) − − 250 s→111 s

HPLC-UV/HPLC-RI (580 s–625 s) − − 580 s→625 s
(625 s–580 s) − 580 s→625 s

HPLC-UV/HPLC-RI (103 s–625 s) − + 625 s→103 s
(111 s–625 s) − 625 s→111 s
(250 s–580 s) − − 250 s→580 s
(250 s–625s) + + 250 s→625 s

cX s→Y s: the event of X occurs before that of Y
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are also present in the medium and can possibly react with many hy-
drolysis by-products, complicating peak identification.

4.3. 2D correlation spectroscopy results

The study of the kinetics of chemical reactions is one of the useful
areas for the application for the 2D correlation spectroscopy based on
time dependant phenomena [23]. 2D correlation applied to high per-
formance liquid chromatography can directly reflects the dynamic
variations due to reactions occurring during the overliming process.
In our study we applied 2D correlation spectroscopy to three combi-
nations of data, first by combining chromatograms from HPLC-UV
with themselves, second by combining chromatograms from HPLC-
RI with themselves and finally by combining chromatograms from
HPLC-UV and HPLC-RI. The application of 2DCOS to homo-
chromatograms (same origin, HPLC-UV or HPLC-RI) helps identifying
intra-chromatogram interactions and may help to deconvolve highly
overlapped peaks by spreading them out over the second chromato-
gram dimension [24]. The 2DCOS hetero-chromatograms, which
compare two sets of data for the same samples obtained under the
same perturbation conditions with different probes, may reveal new
information concerning the relations between the chromatograms
[25].

4.3.1. HPLC-UV/HPLC-UV

4.3.1.1. Synchronous matrix. The synchronous matrix resulting from
the homo-2D-correlation of the HPLC-UV chromatograms, consists
of four regions (I, II, III and IV) (Fig. 4 A).

Region I contains two auto-peaks: (103 s–103 s), (111 s–111 s)
and two cross peaks (103 s–111 s) and (111 s–103 s). Regions II and
III include correlations between (103, 111, 127 s–250 s) and (250 s–
103, 111, 127 s) while region IV consists of only one auto-peak
(250 s -250 s). The negative signs of the cross-peaks in region III
and IV mean that characteristic peak of FF appearing at ~250 s is
anticorrelated with a group of peaks observed at the beginning of
HPLC-UV chromatogram towards 103, 111 and 127 s [25]. Examining
the chromatograms during the overliming treatments (Fig. 2) shows
that the peak related to FF (~250 s) decreases with the detoxification
intensity (higher pH, temperature and time), while the group of
peaks observed at 103, 111, 127 s increases. The cross-peaks in region
I are all positive, meaning that the set of peaks appearing at ~103, 111
and the 127 s increases with the intensity of overliming detoxifica-
tion. However in the same region, we can detect correlation peaks
with very weak intensity, such as: (103 s–127 s) (127 s–103 s),
(111 s–127 s), (127 s–111 s), meaning that the contribution of these
correlations to the reaction process must be very small [22]. A plot
of the synchronous profiles related to these peaks at 103, 111, 127
and 250 s confirms that they are anticorrelated to FF (when FF de-
creases in concentration the set of peaks increases) (Fig. 5A and B).

4.3.1.2. Asynchronous matrix. The asynchronous matrix shown in Fig. 4
B also consists of four regions (I, II, III and IV). The absence of cross-
peaks in Region I demonstrates that components at ~103 and 111 s
are in perfect phase correlation. Regions III and IV show peaks at
the same retention time as those of the synchronous matrix. The pres-
ence of these peaks means that FF (~250 s) and the group of peaks at
~103 and 111 s are not in perfect phase opposition. The asynchronous
profiles (Fig. 5C and D) show that FF and the group of peaks at ~103
and 111 s evolve in opposite directions. The overliming process does
not affect these components at the same rate; the reactions either
do not occur at the same speed or do not start and stop at the same
time.

4.3.2. HPLC-RI/HPLC-RI

4.3.2.1. Synchronous matrix. The synchronousmatrix resulting from the
homo-2DCOS of HPLC-RI chromatograms shows one large auto peak
(625 s–625 s) and four cross-peaks (480 s–625 s), (625 s–480 s) and
(580 s–625 s), (625 s–580 s), (Fig. 4C). The large auto peak results
from the correlation of the xylose (625 s) with itself. Xylose with a con-
centration of 10 g.L−1was found to be themost abundant carbohydrate
in olive stones DAH (Fig. 1A and B and Table 1). The existence of weak
correlation between 480 s and 625 s reflects their limited contribution
to the reaction process. However the high intensity of the negative
cross-peaks (580 s–625 s) and (625 s–580 s) implies strong anticorre-
lation between xylose (~625 s) and the peak at ~580 s (probably a car-
bohydrate with four carbons). The profile relating to the two peaks at
580 s and 625 s confirms these anticorrelations (Fig. 6A and B).

4.3.2.2. Asynchronous matrix. The asynchronous matrix (Fig. 4D)
shows peaks at the same retention time as those of the synchronous
matrix. The presence of these peaks means that xylose (~625 s) and
the 480 s component are not in perfect phase opposition [18].

The appearance of a new strong correlation between 610 and
633 s in the asynchronous matrix can be related to the existence of
new components in the overliming process that interfere. Further-
more the examination of the asynchronous profiles shows the pres-
ence of new peaks at ~610 and 633 s (Fig. 6C–F). The signs of the
correlation between xylose (~625 s) and the component eluted at
580 s in both synchronous and asynchronous matrix suggest that var-
iations caused by the overliming process start and stop at different
times for the two constituents. Modifications in the 580 s peak may
appear earlier under mild overliming conditions while the concentra-
tion of xylose is still fairly constant (pH 10, 25 °C for 15 and 30 min)
(Fig. 3B).

4.3.3. HPLC-UV/HPLC-RI

4.3.3.1. Synchronous matrix. The synchronousmatrix resulting from the
hetero-2DCOS between the HPLC-RI and HPLC-UV chromatograms is
presented in Fig. 4E. While calculating the hetero-correlation matrix,
the chromatograms HPLC-UV are considered as x-axis. Those related
to HPLC-RI are considered as y-axis.

A positive peak shows correlation between xylose (625 s) and FF
(250 s) (Fig. 7A–D). There are two other negative peaks – one be-
tween xylose (625 s) and the group of peaks that appear between
103 and 111 s, the other between FF (250 s) and the 580 s peak.
Therefore correlation exists between the peaks of different origin
HPLC-RI and HPLC-UV, this deduction will help to highlight variation
of reactions or interactions involved during the overliming process.

4.3.3.2. Asynchronous matrix. The examination of the corresponding
asynchronous matrix, (Fig. 4F), highlights the presence of peaks in
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the same places as in the synchronous matrix. This observation can be
explained by the fact that carbohydrates (xylose) and furans (FF and
HMF) are not the only products present in olive stones DAH [9].

In order to clarify the nature of the changes occurring during the
overliming reaction, the retention times and signs of the cross-
peaks are listed in Table 2, with the order of events. The presence of
positive peaks (250 s–625 s) in the synchronous and asynchronous
matrix between xylose (650 s) and furfural (250 s) was expected,
this latter being a breakdown product of the former in acidic condi-
tions [9, 15]. However the positive sign in synchronous and asynchro-
nous matrix indicate that FF varies before xylose according to
overliming treatments. Examination of Table 1 shows that at pH 10,
25 °C and for 60 min of treatments, FF initial concentration decreases
by half while xylose concentration remains constant.

The peak at (103, 111 s–625 s) presents a negative sign in the syn-
chronous matrix but a positive one in the asynchronous matrix;
which means that xylose (625 s) starts to vary before the group of
peaks appearing towards 103 and 111 s, as a function of the severity
of overliming treatment (higher pH, temperature and time).

The peak at (250 s–580 s) presents a negative sign in both syn-
chronous and asynchronous matrix; indicating that modifications
appear earlier with FF (250 s) than the component eluted at 580 s.

Fig. 7E and F shows that xylose and the 580 s component vary in
opposite directions, while Fig. 7G and H shows that FF and the
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peaks appearing towards 103, 111 and 127 s vary in the same direc-
tions, reflecting that a high concentration of FF in DAH leads to
more degradation products and vice versa. It was seen that the peak
appearing at 127 s presents a weak intensity in the synchronous ma-
trix, while it is almost absent from the asynchronous matrix (Fig. 7A
and B).

To complete the study we suggest that during the overliming pro-
cess the chronological modifications occur first of all for the FF (250 s)
then 580 s component, xylose (625 s), and finally for the group of
peaks appearing at 103, 111, 127 s When overliming treatments be-
comes more severe, FF and carbohydrates undergoes degradation
and causes an increase in the concentration of components appearing
at 103, 111 and 127 s.

Fig. 1A, C and E shows that at pH 10, 25 °C and during the first
15 min of overliming treatment the concentration of xylose, FF and
HMF are higher than their concentration in the DAH. This observation
can be explained by the preceding deductions concerning the order
of appearance of each component during the overliming process.
The component appearing at 580 s decreases inducing the increase
in xylose concentration, later on carbohydrates (xylose and other
non-quantifiable sugars) undergo degradation and enhance the in-
tensity of the group of peaks appearing at 103, 111, 127 s These ob-
servations could be of great importance in a kinetic study making it
possible to know the order of appearance of these products. It
seems that elevation in FF concentration occurs under mild overlim-
ing conditions before it degradation with overliming severity. This
deduction can be explained by the matrix complexity and the
possibility that other components of the DAH interfere with furans
degradation.

New peaks appear only in the asynchronous matrix (580 s–110 s)
connecting the 580 s compound with the group of peaks appearing at
103, 111, 127 s). The absence of this peak in the synchronous matrix
is a sign that these two components are in perfect dephasing and
therefore have very distinct behaviours (Fig. 7G and H).

It's well known that in acidic conditions hemi-cellulose is degrad-
ed to xylose, mannose, acetic acid and galactose; cellulose is degraded
to glucose [9]. Xylose is further degraded to FF and glucose to HMF.
Levulinic acid is formed by HMF degradation [34]. Formic acid is re-
leased when FF and HMF are broken down [34]. In the same acidic
conditions, phenolic compounds are generated from the partial
breakdown of lignin [10, 35, 36]. However alkaline degradation of
sugar resulted in a complex mixture of more than 50 compounds, in-
cluding glycolic, lactic, glyceric, 2-C-methylglyceric, deoxytetronic,
and deoxypentonic acids [33]. Therefore formic, acetic and lactic
acid are eluted at 103 s and 111 s respectively (acetic and lactic
acids are not separated). According to Palmqvist et al., another expla-
nation can be proposed: furan derivatives and phenolic compounds
react further to form polymeric material [9]. The mechanism of over-
liming detoxification of DAH is until now unclear. Ageblevor et al.
used 13C NMR spectroscopy to elucidate the functional groups in-
volved in the overliming reaction. The 13C NMR spectra show that
the major functional groups removed during the overliming process
were aliphatic and aromatic acids or esters, and other aromatic and
aliphatic compounds. Ketone and aldehyde functions were not
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detected in the spectra [36]. Palmqvist et al. [9, 14] suggested that the
exothermicity of lime hydration (when Ca(OH)2 is added) and the
heating of the hydrolysate during the overliming process to reach a
higher temperature (60 °C) decreases the solubility of gypsum
(formed by divalent calcium from the lime combining with sulfate
in the hydrolysate [16]) and so leads to stripping off of volatile com-
pounds such as furfural [37].
In order to reveal the nature of peaks appearing at 103, 111 and
127 s, the diethyl ether extracts of the hydrolysate and the 12 over-
liming experiments were analysed by gas chromatography/mass
spectrometry. Profiles related to the different chromatograms show
low molecular weight acids such as acetic and formic acid. These re-
sults are concordant with the study of D-fructose reaction under
high temperature and pressure which can lead to lactic acid, 1,2,4-
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benzentriol, levulinic and formic acid [32]. This analysis will be com-
pleted by an LC-MS for the identification of all products in aqueous
solution.

5. Conclusion

The overliming process has been reported as an effective method
of reducing toxicity of various hydrolysates such as: yellow poplar,
bagasse and spruce [38]. A major drawback of overliming is the
sugar loss which was recently reported [39]. Millati [18] added
knowledge to this field by reporting the effect of detoxification pH,
temperature and duration on the inhibitors and the sugar loss in
spruce hydrolysate.

The benefits of the 2DCOSmethod are that small features that may
be overlooked when visually examining complex data sets can be
more easily visualised. Moreover, 2DCOS gives important information
about the relations that exist among chromatograms. The order in
which the constituents vary can be deduced from the sign of peaks
in the synchronous and asynchronous matrices, facilitating the inter-
pretation of kinetic studies. In this study we have shown that FF var-
ies before the 580 s component (probably a carbohydrate with four
carbons) which, varies before xylose. While xylose undergoes degra-
dation to increase the peaks at 103, 111 and 127 s (sugar degradation
products eluted at the beginning of HPLC-UV chromatograms). The
presence of other peaks in the synchronous and asynchronous matri-
ces indicates that components other than furans and xylose are also
to be found in the DAH and are involved in the overliming process.
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