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Abstract. The exploitation of our forests generates waste, amongst which sawdust produces approximately
cubic meter per year. The objective of this work is to contribute to the improvement of the recovery process
of this waste through the optimization of the pre-treatment stage of sawdust from Ayous (Triplochiton
scleroxylon) by the organosolv process in order to produce bioethanol. To achieve this objective, Ayous sawdust
was sampled and then characterized, followed by the pre-treatment through organosolv process. During pre-
treatment, a composite experimental design centred on three factors (temperature, time, ethanol concentra-
tion) was used to study their effects on extraction of pentoses, reducing sugars and phenolic compounds. Anal-
ysis shows that Ayous sawdust contains 45.33 ± 5.5% cellulose, 30.32 ± 1.95% lignin and 20.03 ± 3.5%
hemicellulose. To release the maximum of pentoses, reducing sugars and the minimum of phenolic compounds,
an organosolv pre-treatment of this substrate should be carried out at 209.08 �C for 47.60 min with an ethanol–
water ratio of 24.02%. Temperature is the factor having the most positive influence on the pre-treatment pro-
cess whereas, ethanol concentration is not an essential factor. Organosolv pre-treatment is an effective process
for delignification of the lignocellulosic structure of Ayous sawdust.

1 Introduction

Cameroon has the second largest forest in Africa, more than
18 million hectares of exploitable dense forest, representing
40% of the country’s surface. About 80 different species are
sold. Ayous (light white wood) and Sapelli (heavy red
wood) account for a third of these commercial exports,
although wood such as Mahogany, Moabi, and Azobe is
also exploited [1]. Their exploitation in the industries of first
and second processing generates waste like sawdust of
about one million cubic meters per year [2]. Part of it is used
as a fuel to replace the firewood [3] and as a fertilizer with a
low yield due to its slow degradability [4]. The other part
is burned, thus polluting the atmosphere [5]. In this wood
processing chain in Cameroon, Ayous (Triplochiton
scleroxylon) is the most abundant and most used species [1].

The world’s stock of economically exploitable fossil
energy (oil, gas, and coal) is limited and the number of
people in the world is estimated at 7.5 billion today and

10 billion in 2050 [6]. In these circumstances, it would be
essential to prepare the succession of the combustible fossil
towards renewable forms of energy based on organic raw
material. The development of second-generation biofuels
based on the conversion of cellulosic biomass into bioetha-
nol by enzymatic hydrolysis [7–9] or into biodiesel by
thermochemical gasification [10] or liquefaction by catalytic
conversion [11, 12].

The increase in the price of oil and the increase in green-
house gas emissions justify the search for raw materials and
alternative technologies capable of reducing dependence on
these fossil fuels and protecting the environment [13].
Bioethanol is already used to substitute a fraction of the
volume of gasoline in many countries [14]. Several authors
have worked on the conversion of lignocellulosic biomass
into bioethanol using the organosolv processes [13, 15–17],
thermohydrolysis [18, 19, 21], the acid treatment process
[20, 21] and that of alkaline treatment [20]. It emerges from
this work that the organosolv process is one of the best
because it makes it possible to delignify the biomass with-
out denaturing the other compounds, while ethanol and lig-
nin can be recovered on the other hand [16, 17]. But to the
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best of our knowledge, there is no work on the production of
bioethanol from sawdust pre-treated by the organosolv
process.

In view of the great wealth of lignocellulosic biomass
(sawdust) in general and of Triplochiton scleroxylon saw-
dust particularly in Cameroon, it would be wise to exploit
this wealth for the production of bioethanol which is
already in use in several countries. The organosolv process
being a recommendable pre-treatment process, we thought
of optimizing it in the pre-treatment of sawdust from Ayous
(Triplochiton scleroxylon) for the production of bioethanol.
It will be specifically a question to study the influence of
temperature, time and ethanol concentration (ethanol–
water ratio) on the pre-treatment by the organosolv pro-
cess. Then, it will be necessary to find an optimal range
which makes it possible to maximize the pentoses and the
reducing sugars, and to minimize the phenolic compounds.
This work has an interest on the technological level through
the optimisation of the process of transformation of cellu-
losic biomass in to bioethanol, on the environmental level
through the management of solid waste and the project of
substitution of fossil fuels by bioethanol produced.

2 Material and methods

2.1 Substrate sampling and characterization

Ayous sawdust (Triplochiton scleroxylon) was collected
from a sawmill in the town of Ngaoundéré. Once in the lab-
oratory, the sawdust underwent a physico-chemical charac-
terization through the determination of its dry matter (MS)
according to the Van Soest method [15] and its Mineral
Matter (MM) according to the calcination method [22].
The lignin content was determined according to the method
developed by Klason [23], the hemicellulose content accord-
ing to the method of N’Diaye et al. [24] and the cellulose
content according to the method of Godin et al. [25].

2.2 Substrate pre-treatments

Organosolv pre-treatment of sawdust is necessary to release
the cellulose from the lignin-hemicellulose complex. It also
makes it possible to reduce cellulosic crystallinity and
makes the cellulose accessible to enzymes during the hydrol-
ysis step. In order to better control this pre-treatment step,
modelling by the response surface methodology was used.
This is how the centred composite plan was used to deter-
mine the optimal levels of the various factors influencing
treatment. For this purpose, the centred composite plan
of the “iso-variance by rotation” type was chosen. It has
the advantage of being able to appreciate what happens
outside the experimental conditions.

2.2.1 Choice of factors and experience matrix

Temperatures are generally between 173 �C and 207 �C
during organosolv pre-treatment [26]. The time interval
(15–45 min) was chosen based on the work of Carrasco
and Oncina [27] and Kabel et al. [28]. The ethanol concen-
tration between 30% and 70% v/v was fixed under the basis

of the work of Wildschut et al. [15] and Pan et al. [29].
Table 1 presents the experimental matrix for the pre-treat-
ment of the organosolv method.

The mathematical model postulated is of the second-
degree polynomial type with interactions. Its expression is
in the form of equation (1):

Y ¼ a0 þ
Xk

i¼1

aixi þ
Xk

i¼1

aiix2i þ
Xk

i¼1

Xk

j¼1

aijxixj þ Ɛ ð1Þ

Y = concentration of reducing sugars, pentoses, phenolic
compounds, dependent variable (response).
xi and xj = dependent variable; a0 = constant; Ɛ = error.
ai = linear coefficient; aii = quadratic coefficient; aij = in-
teraction coefficient.

The fit quality of the model was expressed by the deter-
mination coefficients R2 and adjusted R2 which must be less
than 80 [30]. As this mathematical tool was not sufficient to
validate a model, other tools and methods were used to
judge the adequate quality of the models. To this end, the
Absolute Mean Deviation Analysis (AADM) between the
calculated and observed values [31], the Bias factor (Bf)
[32] and the Accuracy factor (Af) [32] were carried out.
They were calculated from equations (2)–(4):

� Bias factor (Bf):

Bf ¼ 10B withB ¼ 1
n

Xn

i¼1
log

Yi; the

Yi;obs
: ð2Þ

� Accuracy factor (Af):

Af ¼ 10A withA ¼ 1
n

Xn

i¼1

log
Yi; the

Yi;obs

����

����: ð3Þ

� Absolute Mean Deviation Analysis (AADM)

AADM ¼
Pn

i¼1
j Yi;obs –Yi;the

Yi;obs
j

� �

n
; ð4Þ

Ythe and Yobs are respectively the experimental response
and calculated from the model for an experiment i; n
being the total number of experiments.

2.2.2 Pre-treatment operation

The organosolv pre-treatment process was carried out in
batch, without agitation in a stainless-steel reactor with a
capacity of 150 mL. The organosolv pre-treatment con-
cretely consisted in introducing 3 g of sawdust into 75 mL
of an ethanol solution at the concentration indicated by
the experimental matrix. The whole mixture was brought
to the set temperature and for the duration indicated by
the experimental matrix. The treatment time was counted
from the moment the set temperature was attained. The
warm-up time was between 15 and 20 min. The treatment
was stopped by cooling with cold water and the liquid frac-
tion was recovered using a filtration device.
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2.2.3 Characterization of the pre-treated substrate

The content of reducing sugars was determined by the col-
orimetric method of Fisher and Stein [33]. Total phenolic
compounds were determined by the Folin–Ciocalteu
method [34] with some modifications. The pentose content
of the pre-treatment hydrolysates was determined by the
method of Hashimoto et al. [35].

2.3 Optimization

The optimization which consisted in seeking the optimal
conditions allowing to have the maximum of reducing
sugars and pentoses, as well as the minimum of phenolic
compounds was carried out by the software Minitap 17.

3 Results

Ayous sawdust contains 45 ± 6% cellulose, 30 ± 2%
lignin and 20 ± 3% hemicellulose. The other characteristics
of Ayous sawdust are recorded in Table S1 of the Supple-
mentary Material.

3.1 Mathematical models of the different experimental
responses

The experimental design responses are presented in Table 2.
Three second-degree polynomial mathematical models

describing the extraction of the different responses during
the organosolv pre-treatment of sawdust from Ayous were
generated by this centred composite plane. The content of

pentoses (YP) materialized by equation (5) is a measure
which reflects the solubilization rate of the hemi cellulosic
fraction. The content of reducing sugars (YRS) materialized
by equation (6) reflects the solubilization of celluloses and
the content of phenolic compound (YPC) materialized by
equation (7) reflects the solubilisation of lignin. The valida-
tion indicators for these three mathematical models are
presented in Table 3:

Y P ¼ 2:925þ 0:338X1 � 0:337X2 � 0:227X 3

� 0:094X 2
1 � 0:248X2

2 þ 0:969X2
3

þ 0:263X 1X2 � 0:564X1X 3 þ 0:270X2X3; ð5Þ

YRS ¼ 2:049þ 0:2062X1 þ 0:4094X2 þ 0:1901X3

� 0:1747X2
1 þ 0:4271X2

2 � 0:1611X 2
3

þ 0:0440X1X 2 � 0:1546X1X3 � 0:1952X2X 3; ð6Þ

YPC ¼ 21:11þ 13:17X1 þ 26:55X2 þ 11:12X3

þ 4:01X2
1 þ 14:10X2

2 þ 3:36X2
3 � 1:25X1X 2

þ 3:54X1X 3 þ 3:11X 2X3: ð7Þ

The three mathematical models are valid under the basis of
the intervals provided by the validation criteria presented
in Table 3. The significance at the 95% threshold of the dif-
ferent effects expressed by each factor and the interactions
on the different responses are presented in Table 4.

Table 1. Matrix of real and coded variables of the centred composite plane of organosolv pre-treatment.

Experience Coded variables Real variables

Temperature Time Concentration
of ethanol

Temperature
(�C)

Time
(min)

Concentration of
ethanol (50% v/v)

1 0 0 0 190 35 50
2 0 0 0 190 35 50
3 0 0 0 190 35 50
4 0 0 0 190 35 50
5 �1 �1 �1 190 20 30
6 1 �1 �1 210 20 30
7 �1 1 �1 170 50 30
8 1 1 �1 210 50 30
9 �1 �1 1 170 20 70
10 1 �1 1 210 20 70
11 �1 1 1 170 50 70
12 1 1 1 210 50 70
13 1.41 0 0 218.2 35 50
14 �1.41 0 0 161.8 35 50
15 0 1.41 0 161.8 56.15 50
16 0 �1.41 0 190 13.85 50
17 0 0 1.41 190 35 78.2
18 0 0 �1.41 190 35 21.8
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3.2.1 Pentoses

Figure 1 specifies the direct effects of each factor on the
extraction of pentoses during pre-treatment of Ayous saw-
dust. Figure 2 shows the response of the pentose extraction
as a function of factors taken two by two.

It appears from Figure 1 that the increase in tempera-
ture contributes to increasing the extraction of the pentoses
while the pre-treatment time contributes to decreasing the
extraction of the pentoses when the operation exceeds
35 min (Tab. 3). Figure 1 also shows that there is a range
of values within which the E–W ratio is not at all favour-
able for the extraction of pentoses. This observation is even

more perceptible on the response surfaces of Figures 2a and
2b through the curvature in blue. Figure 2 shows that the
temperature is the most important factor for the extraction
of pentoses during the organosolv pre-treatment of sawdust
from Ayous. This factor is followed by the pre-treatment
time and the E–W ratio respectively. This order of impor-
tance is visible in Figure 2c, where it can be perfectly
observed that it is easier to extract the pentoses by neglect-
ing the factor E–W ratio, rather than neglecting the
pre-treatment time. However, the quantitative yield of pen-
tose extraction would be lower in this condition (Fig. 2c)
compared to the other (Fig. 2b).

Table 2. Experimental and calculated responses of the centred composite plan of the organosolv pre-treatment of
sawdust from Ayous.

Real variables Pentose (mg/mL) RS (mg/mL) PC (lg/mL)

X1 X2 X3 YExpP YCalP YExpRS YCalRS YExpPC YCalPC

1 190 35 50 3.750 2.925 0.094 2.049 20.177 21.106
2 190 35 50 2.700 2.925 0.067 2.049 19.592 21.106
3 190 35 50 2.938 2.925 0.073 2.049 24.788 21.106
4 190 35 50 3.869 2.925 0.097 2.049 19.584 21.106
5 190 20 30 4.450 3.747 0.111 1.029 8,329 0
6 210 20 30 5.080 5.024 0.127 1.662 14.982 18.898
7 170 50 30 2.045 2.007 0.051 2.150 42.206 46.503
8 210 50 30 4.641 4.337 0.116 2.960 67.032 63.277
9 170 20 70 2.356 3.881 0.059 2.109 2.175 6.068
10 210 20 70 2.942 2.902 0.074 2.124 46.151 41.992
11 170 50 70 3.642 3.219 0.091 2.449 71.651 67.873
12 210 50 70 2.668 3.293 0.067 2.640 87.493 98.817
13 218.2 35 50 3.407 3.214 0.085 1.992 52.791 47.652
14 161.8 35 50 1.911 2.261 0.048 1.411 5.639 10.500
15 161.8 56.15 50 2.173 1.955 0.054 3.475 92.250 86.571
16 190 13.85 50 2.232 2.906 0.056 2.321 6.309 11.710
17 190 35 78.2 5.122 4.531 0.128 1.997 48.557 43.450
18 190 35 21.8 4.424 5.172 0.111 1.461 7.275 12.103

X1 = temperature; X2 = time; X3 = ratio ethanol–water; Yexp = experimental response; Ycal = calculated response
RS = Reducing Sugars; PC = Phenolic Compounds.

Table 3. Validation indicators for mathematical models expressing pentoses, reducing sugars and phenolic compounds
derived from the pre-treatment of Ayous sawdust by the organosolv process.

Validation
indicator

YP YRS YPC

R2 86.17% 92.82% 96.36%
Adjusted R2 70.60% 84.74% 92.27%
AADM 0.15 0.06 0.25
Bias factor 1.00 1 1.09
Accuracy factor 1.06 1.03 1.13

Yp = content of pentoses; YRS = content of Reducing Sugars; YPC = content of Phenolic Compound.
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3.2.2 Reducing sugars

Figure 3 specifies the direct effects of each factor on the
release of Reducing Sugars (RS) during pre-treatment of
Ayous sawdust. Figure 4 shows the response of the RS
extraction as a function of factors taken two by two.

Figure 3 also reveals that an increase in temperature
contributes favourably and significantly to 95% in the
extraction of RS whereas the time leads to a decrease of
the extraction of RS when the pre-treatment operation
exceeds 35 min. There is also a range of values within which
the E–W ratio does not have a favourable effect on the
extraction of RS (21%–50%). However, it can be seen in
Figure 4 a range of values within which the E–W ratio
favours an optimal extraction of the RS, in co-operation
with the temperature (Fig. 4a) and the time (Fig. 4b).
But overall, it appears from Figure 5 that temperature is

a factor whose increase has the most favourable influence
on the extraction of RS, which makes it the most important
factor for this response during the pre-treatment of Ayous
sawdust. This factor is followed respectively by the pre-
treatment time and the E–W ratio.

3.2.3 Phenolic compounds

Figure 5 specifies the direct effects of each factor on the
extraction of Phenolic Compounds (PC) during pre-treat-
ment of sawdust. Figure 6 shows the response of PC extrac-
tion according to factors taken two by two.

Figure 5 shows that an increase in each of the three fac-
tors in the reactor contributes favourably to the extraction
of Phenolic Compounds (PC). This is moreover confirmed
with the response surfaces on which we observe that the
highest amounts of PC are obtained when the direct effect
of each factor is as high as possible (Fig. 6).

3.3 Optimal pre-treatment points

3.3.1 Optimal points for the extraction of pentoses

The optimal points obtained using Minitab version 2017,
for the mathematical model whose answer is the extraction
of pentoses gives in coded variables are 1.4, �0.69 and
�1.41 for the temperature, the pre-treatment time and
the E–W ratio, respectively. In real values, these optimal
points correspond to 218.2 �C, 24.65 min and 21.8% etha-
nol. Under these conditions, the maximum pentose
expected is 6.70 mg/mL. However, the implementation of
these optimal values in the pre-treatment test gives a max-
imum of pentoses evaluated at 7.09 ± 0.8 mg/mL, which is
not significantly different (at the 95% threshold) from the
expected value (6.70 mg/mL).

Table 4. Meaning of the different effects of mathematical models.

Pentoses Reducing sugars Phenolic compound

Coefficient P-value Coefficient P-value Coefficient P-value

X1 0.477 0.066 0.2908 0.014 18.58 0.001
X2 �0.475 0.066 0.5772 0.000 37.43 0.000
X3 �0.320 0.190 0.2681 0.020 15.67 0.001
X2

1 �0.187 0.643 �0.347 0.062 7.97 0.202
X2

2 �0.494 0.238 0.849 0.001 28.03 0.001
X2

3 1.927 0.001 �0.320 0.081 6.67 0.278
X1X2 0.523 0.212 0.088 0.599 �2.48 0.676
X1X3 �1.122 0.020 �0.307 0.091 7.04 0.252
X2X3 0.536 0.202 �0.388 0.041 6.19 0.310

X1 = temperature; X2 = time; X3 = ratio ethanol–water; Effects with a probability of less than 0.05 are significant at the
95% confidence level. Overall, it can be seen from this table that the direct effect of each of the three factors (X1, X2, X3),
as well as the quadratic effect of the pre-treatment time (X2

2), significantly influence 95% and positively on the
production of Reducing Sugars (RS) and Phenolic Compounds (PC). Which is quite the opposite with regard to the
production of Pentoses. Moreover, only the quadratic effect of the ethanol–water ratio (X2

3) positively and significantly
95% affects the extraction of pentoses. Each response is presented individually in the following sections.

X1 = temperature; X2 = time; X3 = ratio ethanol-water

Pe
nt

os
e 

(m
g/

m
L)

Fig. 1. Direct effects of factors on the extraction of pentoses
during pre-treatment of Ayous sawdust by the organosolv
method.
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3.3.2 Optimal points for the extraction of reducing
sugars

The theoretical optimum obtained by Minitab 2017 version
in coded variables are 1.12, 1.41 and �0.81 for temperature,

pre-treatment time and E–W ratio, respectively. In real val-
ues, these optimal points correspond to 206.24 �C,
56.15 min and 33.19% ethanol, for a maximum of Reducing
Sugars (RS) expected and evaluated at 3.66 mg/mL. The
implementation of these optimal points in the pre-treat-
ment test gave a maximum of RS evaluated at
4.09 ± 0.8 mg/mL, which is very close to the expected the-
oretical optimal value (3.66 mg/mL).

3.3.3 Optimal points for the extraction of phenolic
compounds

Theoretically, the optimal points for obtaining an optimum
of Phenolic Compounds (PC) in coded variables are �1.41,
�1.41 and �1.41 corresponding to temperature, pre-treat-
ment time and E–W ratio, respectively. In real values, these
variables correspond to 161.8 �C; 13.8 min and 21.8% etha-
nol. Under these operating conditions, the target value for
PC is 52 lg/mL. The implementation of these optimal
points in the pre-treatment test allowed to have an opti-
mum of 49 ± 0.8 lg/mL. This maximum value in PC is sat-
isfactory so far as it is less than the target theoretical value.

(a) Temperature = 0 (b) Time = 0

(c) Ethanol- water (E-W) ratio = 0

Fig. 2. Areas of response of pentose extraction as a function of time and E–W ratio (a), temperature and E–W ratio (b), time and
temperature (c).

X1 = temperature; X2 = time; X3 = ethanol-water ratio

R
ed

uc
in

g 
su

ga
rs

 (m
g/

m
L)

Fig. 3. Direct effects of each factor on the extraction of
reducing sugars during pre-treatment of Ayous sawdust by the
organosolv method. X1 = temperature; X2 = time; X3 =
ethanol–water ratio.
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3.3.4 Optimal multi-response points

The main objectives being to maximize the extractions of
pentoses and reducing sugars and minimize that of phenolic
compounds, it is necessary to find a range where these three
objectives will be optimal. A multi-response optimization
was performed on Minitab version 2017. Table 5 presents
the optimal points for the three responses while Figure 7
shows the optimal zone for the two factors best promoting
the achievement of the objectives set (temperature and
time).

The black dot observed in Figure 7 indicates the opti-
mal points for the two important factors. The values of
the factors corresponding to this point will make it possible
to perform a pre-treatment of sawdust from Ayous by the
organosolv method with optimal extractions expected
in pentoses of 5.12 mg/mL, in reducing sugars of

(a) Temperature = 0 (b) Time = 0

(c) Ethanol-water (E-W) ratio = 0

Fig. 4. Response surfaces of the extraction of reducing sugars as a function of time and E–W ratio (a), temperature and E–W ratio
(b), temperature and time (c).

X1 = temperature; X2 = time; X3 = ethanol-water ratio

Ph
en

ol
ic

 c
om

po
un

ds
 (µ

g/
m

L)

Fig. 5. Direct effects of each factor on the extraction of phenolic
compounds during the pre-treatment of Ayous sawdust by the
organosolv method.
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2.29 mg/mL and a minimum expected extraction of pheno-
lic compounds of 48.77 lg/mL.

4 Discussion

4.1 Effect of factors on the effectiveness
of pre-treatment

4.1.1 Effect of factors on the extraction of pentoses and
reducing sugars

One of the objectives of this work was to find the conditions
favourable for the optimal extraction of pentoses and
Reducing Sugars (RS) contained in the sawdust from
Ayous during its pre-treatment by the organosolv method.
Analysis of the different mathematical models having as
responses the extraction of pentoses and RS shows that
the temperature is the most important factor during this

pre-treatment operation which is in agreement with the
work of Nanssou et al. [21]; Kanchanalai et al. [36];
Amendola et al. [37] and Brosse et al. [38]. Indeed, temper-
ature is the only one of the three factors whose increase con-
tributes favourably to the extraction of RS and pentoses,
even if this positive contribution is significant on RS and
not significant on pentoses. This is explained by the fact
that the increase in temperature during the pretreatment
operation firstly weakens the lignocellulosic structure of
the substrate (wood). It also causes an increase in the kinetic

(a) Temperature = 0 (b) Time = 0

(c) Ethanol-water (E-W) ratio = 0

Fig. 6. Response surfaces of the extraction of phenolic compounds as a function of time and E–W ratio (a), temperature and E–W
ratio (b), temperature and time (c).

Table 5. Optimal multi-response points.

Factor Optimum Real values

Temperature (X1) 0.95 209.08 �C
Time (X2) 0.84 47.60 min
Ethanol–water ratio (X3) �1.29 24.2%
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energy of water molecule which is the majority constituent
of the solvent (ethanol–water ratio). Under these conditions,
the heated water molecule, which is now lighter and more
fluid, easily diffuses within the lignocellulosic structure
where it self-ionizes by releasing the hydronium ions. The
lignocellulosic structure of sawdust from Ayous then
undergoes hydrolysis reactions under the catalytic action
of hydronium ions generated by the auto ionization of water
[39]. The objective being to have the pentoses and the
reducing sugars in good condition, it is obvious that at
higher temperature, cellulosic molecules will be denatured.
This is certainly what justifies the small plateau observed
in X1 in Figures 1 and 3. These curvatures (plateau) mate-
rialize the drop-in extraction rates of pentoses and reduc-
ing sugars due to the denaturation of these compounds
caused by temperatures above the necessary temperatures
[37, 38].

Time was presented as the second factor influencing the
extraction of pentoses and RS. However, beyond a specific
time of the pre-treatment operation, the quantities of pen-
toses and RS decrease in the reactor. The decrease of these
compounds after these precise pre-treatment times would
be due to their destruction (denaturation) by the exces-
sively high temperature prevailing in the reactor. In fact,
pentoses and reducing sugars are more sensitive to heat
than their respective substrates from which they come
(hemicelluloses and celluloses). They will therefore be dena-
tured when they are exposed for longer than expected to a
temperature higher than the temperature necessary for the
hydrolysis of their respective substrates. So, it is quite
possible to effectively carry out the pre-treatment operation
in a very short time, provided that the operation takes
place at the temperature considered to be optimal accord-
ing to the objectives set. This is also the reason why
Figures 1 and 4 show that after a specific time, the
extraction rates of pentoses and reducing sugars decreases.
If temperature and pre-treatment time are two important
factors for the extractions of pentoses and RS, the etha-
nol–water ratio is less so far as its presence in the pre-
treatment reactor promotes the delignification of sawdust
from Ayous into preserving the lignin and the products
formed [16, 17].

4.1.2 Effect of factors on the extraction of phenolic
compounds

Alternatively, another objective was to find out the condi-
tions necessary for the minimal extraction of Phenolic
Compounds (PC) during the pre-treatment of Ayous saw-
dust by the organosolv method. Analysis of the mathemat-
ical model having for response the extraction of PC shows
that each factor has a significant importance on the maxi-
mum extraction of PC during the pre-treatment operation.
Considering for example the direct effect of temperature, it
emerges as much from Table 4 as from Figures 5 and 6 that
an increase in temperature significantly favours the extrac-
tion of PC contained in sawdust from Ayous during organo-
solv pre-treatment. This resonance is logical so far as, lignin
is a polymer made up of aromatic units of phenolic type.
These units are connected together by a-o-aryl and b-o-aryl
ether bonds and bonds between carbon atoms. The hydrol-
ysis of the lignin fraction is the rupture of the ether bonds
during the rise in temperature. This rise in temperature is
accompanied by a decrease in the aliphatic hydroxyls of lig-
nin. This last observation is probably due to two simultane-
ous reactions. The first is an elimination reaction by acid
catalysis of the side chains with production of phenolic
hydroxyls originating from the cleavage of aryl ether bonds.
The rise in temperature also causes the acidification of the
medium, which has a hydrolytic effect on the a-ether bonds.
If the a-ether bonds are easily hydrolysable, the β-ether
bonds are less and require a more acidic medium. Hence,
the need to further increase the temperature which has a
favourable effect on the acidification of the environment.
So, whatever the raw material, temperature is the main fac-
tor that generates the release of phenolic compounds in the
environment [21]. If a plateau has not been observed on the
shape ofX1 in Figure 5, it is precisely because the extraction
of PC which are products of the lignin hydrolysis requires a
higher temperature than that necessary for the hydrolysis of
celluloses and hemicelluloses.

The direct effect of time on the significant extraction of
PC is explained by the fact that the acidity of the medium
which is mainly released by hemicellulose increases with the
time of pre-treatment. So, the longer the pre-treatment, the
more the acid is produced in the medium, which favours
both the hydrolysis of a-ether bonds and the hydrolysis of
β-ether bonds with release of PC [39].

The E–W ratio also has a directly positive effect on the
extraction of PC. This positive effect is justified by the fact
that ethanol acts as a catalyst in the process of hydrolysis of
the a-aryl and b-aryl bonds which bind lignin to cellulose.
Ethanol also protects the PC from the extraction during
the pre-treatment operation [37, 38]. So, by increasing the
concentration of ethanol in the medium, it makes sense that
the extraction of PC is optimal [16, 17]. However, the cat-
alytic action of ethanol means is not a limiting factor for
the extraction of PC. This means that the extraction of
PC through the hydrolysis of these a-aryl and b-aryl bonds
would still be effective under the action of water at high
temperature if there were no ethanol in the middle. And
in this precise context, this work would directly achieve
its objectives which are to minimize the extraction of PC
and optimize those of pentoses and RS by simply reducing

Ethanol-water (E-W) ratio = 0
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e 

Pentose 
Reducing sugar 

Temperature 

Phenolic compound 

Fig. 7. Contours of response surfaces of pentoses, reducing
sugars and phenolic compounds for temperature and time (E–W
ratio = 0).
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the pre-treatment time as suggested in Figures 1 and 3. But
since ethanol also has the role of protecting the lignin which
is extracted during the pre-treatment operation, the intro-
duction of ethanol at low concentration into the medium
is perfectly in accordance with the requirements of Figures
1 and 4 for the maximum production of pentoses and RS.

4.2 Optimal point results

The optimal multi-response points would allow during pre-
treatment of Ayous sawdust by the organosolv method to
extract 5.12 mg/mL in pentoses, 2.29 mg/mL in Reducing
Sugars (RS) and 48.77 mg/mL in Phenolic Compounds
(PC). These values are lower than the values obtained after
implementation of the optimal points of the three factors
taken individually (7.09 mg/mL of pentoses, 4.09 mg/mL
of RS and 49 lg/mL of PC) in the laboratory. This differ-
ence is explained by the fact that the multi-response surface
(Fig. 7) represented in two dimensions, neglects the etha-
nol–water ratio. Indeed, it was previously shown that the
ethanol concentration (E–W ratio) was more important
for the extraction of PC than for pentoses and RS. So,
the absence of ethanol in the pre-treatment reactor prevents
neither the extraction of pentoses and RS, nor the delignifi-
cation of the lignocellulosic complex of Ayous sawdust.
However, Figures 2a, 2b, 4a, 4b already show that ethanol
still contributes, although only slightly, to the extraction of
pentoses and RS. Therefore, it is obvious that its absence in
the reactor justifies the decrease in the extraction of
pentoses, RS and even PC observed, when the optimal
multi-response points are applied. This would be a good
compromise since the extraction of PC would decrease in
all cases from 49 lg/mL to 48.77 lg/mL. This result is sim-
ilar to that obtained by Mesa et al. [13] who have optimized
the pre-treatment with the organosolv method of bagasses
of sugarcane and Wildschut et al. [15]. This reassures the
effectiveness of the organosolv process for the delignification
of lignocellulosic biomasses [40, 41].

5 Conclusion

The objective of this work was to optimize the pre-treat-
ment of sawdust from Ayous (Triplochiton scleroxylon)
by the organosolv process in order to produce bioethanol.
It turns out that temperature is the most important factor
in the organosolv pre-treatment process applied to sawdust
from Ayous. During the pre-treatment, there is an optimal
time beyond which the extraction of phenolic compounds is
favoured at the expense of the extractions of pentoses and
reducing sugars. What is interesting in the main objective
of the pre-treatment is not to extract a maximum of pheno-
lic compounds, but rather to break the a-aryl and b-aryl
bonds which bind lignin to cellulose. This is perfectly feasi-
ble by manipulating the temperature and pre-treatment
time factors. Finally, the ethanol–water ratio which
expresses the amount of ethanol necessary for the extrac-
tion of phenolic compounds is not a limiting factor in the
success of the operation of pre-treatment of Ayous sawdust
by the organosolv method. This work shows that organosolv

pre-treatment is an effective method of delignification of the
lignocellulosic structure of Ayous sawdust. The optimal
conditions for the pre-treatment operation having been
defined, it is also important to find the optimal conditions
for enzymatic hydrolysis to have an optimal yield of
bioethanol after the production process of this biofuel based
on sawdust from Triplochiton scleroxylon.
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