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Abstract: Olive table industry, olive mills and olive pomace oil extraction industries annually generate
huge amounts of olive stones. One of their potential applications is the production of bioethanol by
fractionation of their lignocellulose constituents and subsequent fermentation of the released sugars
using yeasts. In this work, we studied the influence of temperature (175–225 ◦C) and residence time
(0–5 min) in the liquid hot-water pre-treatment of olive stones as well as the initial enzyme loading
(different mixtures of cellulases, hemicellulases and β–glucosidases) in the later enzymatic hydrolysis
on the release of fermentable sugars. The Chrastil’s model was applied to the D-glucose data to
relate the severity of pre-treatment to enzyme diffusion through the pre-treated cellulose. Finally,
the hydrolysate obtained under the most suitable conditions (225 ◦C and 0 min for pre-treatment;
24 CE initial enzyme concentration) was fermented into ethanol using the yeast Pachysolen tannophilus
ATCC 32691. Considering the overall process, 6.4 dm3 ethanol per 100 kg olive stones were produced.

Keywords: autohydrolysis; bioethanol; Chrastil’s model; enzymatic hydrolysis; olive stones;
Pachysolen tannophilus

1. Introduction

Olive stones are a lignocellulose biomass that represent around 20% of the olive
weight [1]. Olive stones are largely generated not only in the olive table industry, but
also in olive oil and olive pomace oil extraction industries after removing the olive stones
from the olive pulp to extract olive oil or olive pomace oil, respectively [2]. The table
olive industry is responsible for the generation of ca 30,000 t olives stones per year in
Andalusia, the main worldwide producer region of table olives [3]. Meanwhile, and taking
into account that olive stones account for approximately the same weight as the olive oil
extracted from the fruit, and that 1.125 × 106 t olive oil were obtained in the Spanish olive
oil mills in the 2019/2020 campaign [4], these facilities would annually process around one
million tons of olive stones.

As a lignocellulose material, the main components of olive stones are cellulose, hemi-
cellulose and lignin. Because of this, one of the most promising energetic valorisation
alternatives is the production of bioethanol. The production of ethanol from lignocellulose
biomass via biochemical pathways has been the subject of numerous studies in recent
decades. Most of the proposed schemes are composed of three main stages: pre-treatment
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of the biomass, enzymatic or acid hydrolysis of the pre-treated biomass and fermentation
of the released sugars [2].

With regard to the pre-treatment stage, dilute acid hydrolysis at high temperatures [5–8], au-
tohydrolysis or liquid hot water (LHW) pre-treatment [8–11] and steam explosion [1,12,13]
are the most common used biomass pre-treatments. LHW is of great interest because,
unlike acid hydrolysis, it uses water as the only reagent in a facility that is easier to operate
and maintain than steam explosion. When water is heated above 120 ◦C, ionization pro-
cesses are promoted so that the H3O+ concentration increases [14]. These ions, along with
acetic acid and uronic acids released from hemicellulose by these ions’ action, are respon-
sible for the hemicellulose hydrolysis and partial cellulose (mainly amorphous cellulose)
degradation [14,15]. The LHW pre-treatment can solubilize most of the hemicelluloses and
extracts of olive stones, making pre-treated cellulose more accessible to enzyme attack in
the subsequent hydrolysis stage. If the LHW process is carried out in a non-isothermal
way, the treatment severity factor (Log R0) proposed by Overend and Chornet [16], which
takes into account the combined effect of temperature and process time, could be applied.

The enzymatic hydrolysis with cellulolytic enzymes allows a selective conversion of
cellulose into D-glucose under milder operating conditions (pH 4.8, 50 ◦C temperature) and
with a lower generation of fermentation inhibitors than acid hydrolysis. Notwithstanding,
the use of enzymes is complex due to their high cost, polysaccharide selectivity of each
type of enzyme and the different inhibitions that they can undergo in their hydrolytic
actions [17,18]. Therefore, it is of great importance to assess the effect of enzyme type and
enzyme loading to achieve high D-glucose yields at a relatively low enzyme cost.

To describe the behaviour of enzymes when acting on porous solids, the model
proposed by Chrastil [19] can sometimes be used, which can describe the production of
D-glucose, taking into account the diffusion of the enzymes within the solid (Equation (1)).

P = P∞·[1 − exp(−kE·CE0·t)]n (1)

The previous expression links the concentrations of products, which diffuse from
the interior of the solid substrate at any time (P) and at equilibrium (P∞), with the initial
concentration of enzymes (CE0), the reaction time (t), a specific rate constant (kE) that is
proportional to the diffusion coefficient, and a factor of structural resistance to diffusion
(n). When the resistance to diffusion of the biocatalyst through the solid is small, the
parameter n is close to 1, while when the catalytic action is strongly limited by diffusion, n
has lower values, even lower than 0.5. The Chrastil’s model was applied to compare the
enzymatic hydrolysis of native cellulose present in wheat straw and that resulting from the
pre-treatment of the biomass with NaOH. The alkaline pre-treatment raised the value of n
from 0.33 to 0.47, which indicates a better accessibility of the enzymes to the substrate [20].

It is evident that the severity of LHW pre-treatment applied to biomass modifies the
ease with which the cellulolytic enzymes act on the pre-treated cellulose. For this reason, it
would be expected to find a relationship between the factors Log R0 and n, a relationship
that has not been studied previously, and therefore is not available in the literature.

In relation to the fermentation of sugars generated during the LHW pre-treatment and
enzymatic hydrolysis stages, the use of non-traditional yeasts, such as Pachysolen tannophilus,
would allow fermenting not only hexoses (such as D-glucose) but also pentoses (such as
D-xylose) present in the culture [6,7,9,21]. The determination of certain kinetic parameters
over fermentation, such as the maximum specific rates of growth, substrate uptake and bio-
products production, as well as the determination of the yields of biomass and bioproducts,
could broaden the available information in the literature on the ability of P. tannophilus to
produce ethanol from olive stones.

In the present work, LHW pre-treatments under different severity factors (Log R0)
were applied to olive stones in order to modify their structure and make them accessible to
enzymes. Subsequently, the enzymatic hydrolysis of the pre-treated cellulose was carried
out and the characteristic parameters of Chrastil’s equation (kE and n) were determined.
The aim was to achieve a relationship between Log R0 and n. Finally, the fermentation of
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enzymatic hydrolysates using the yeast P. tannophilus was performed to assess the feasibility
of the proposed scheme for the production of bioethanol from olive stones.

2. Materials and Methods
2.1. Raw Material

Olive stones (fragmented and moist endocarps) used throughout this research were
supplied by an olive oil mill (S.C.A. San Juan, Spain, UTM coordinates: 37◦47′58.52′ ′ N,
3◦47′09.42′ ′ W). Once at the laboratory, olive stones were dried at room temperature until
reaching equilibrium moisture (roughly 8%). Afterwards, the olive stones went through a
Vibro blade mill and sieve system (Retsch GmbH, Haan, Germany) to reduce the particle
size. The selected particle size selected for this research was that comprised between 0.300
and 0.425 mm.

2.2. Liquid Hot Water (LHW) Pre-Treatment

The parameters selected to assess the LHW pre-treatment were the maximum pre-
treatment temperature (Tpret, ◦C) and the maintenance time (tpret, min) at Tpret. To do this,
two sets of experiments were performed. In the first one, Tpret varied from 175 to 225 ◦C,
using 0 min as tpret at the given Tpret. In the second one, Tpret was fixed to 220 ◦C and
maintenance times of 1, 2 and 5 minutes were assayed.

In order to perform the LHW pre-treatments, olive stones, once dried and with the
selected particle size, were subjected to LHW pre-treatment in a 2-dm3 Parr batch reactor
Series 4522 (Moline, IL, USA). Fifty grams of olive stones, along with 300 dm3 distilled water,
were loaded inside the reactor, which was then hermetically closed. Once the equipment
was closed, the stirring system was set to 250 rpm and the reactor heating–cooling system
began to act, achieving three different stages in the biomass pre-treatment: a) the heating
stage, which lasts until the mixture reaches Tpret; b) the maintenance stage, in which Tpret
is maintained for a selected tpret; c) the cooling stage, in which the temperature of the
system is rapidly reduced from Tpret to temperatures below 100 ◦C. From the evolution
of temperatures over pre-treatment (Figure 1), the parameter (Log R0), indicator of the
severity of the pre-treatment could be calculated using the procedure described in previous
articles [9,22]. Once the system was cooled down, the Parr reactor was opened, and its
content (pre-treated liquid and solid phases) was made up to 200 dm3 with distilled water
and then transferred to a jacketed reactor for enzymatic hydrolysis.

Fermentation 2021, 7, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 1. Temperature profiles for LHW pre-treatments performed at four different maximum 
temperatures and 0 min maintenance time at these temperatures. 

2.3. Enzymatic Hydrolysis 

Three commercial enzymes supplied by Sigma Chemical Co. (St. Louis, MO), namely 
cellulases (EC 3.2.1.4. from Trichoderma viride), β-glucosidases (EC 3.2.1.21. from almonds) 
and hemicellulases (from Aspergillus niger), were used for the enzymatic hydrolysis of the 
pre-treated olive stones. The enzymatic hydrolyses were carried out at 45 °C and pH 5.0 
in a 1-dm3 Pyrex-glass jacketed reactor. A Teflon anchor rod driven by a RZR-2000 stirrer 
(Heidolph, Schwabach, Germany) was used to set a stirring of 250 rpm. 

Table 1 shows the enzymatic loadings used in the different enzymatic hydrolyses, so 
that the figures refer to a reference value of enzymatic activity equal to 345 IU. Thus, for 
example, an amount of cellulases equivalent to a cellulase activity of 6 × 345 = 2070 IU was 
used for enzymatic hydrolysis EL-1, along with an amount of β-glucosidases equivalent 
to a β-glucosidase activity of 1 × 345 = 345 UI. Samples were withdrawn from the reactor 
at fixed time intervals to assess the evolution of hydrolysis over time by determining the 
content of D-glucose. Once the enzymatic hydrolysis was finished, the liquid and solid 
phases were separated by filtration. The former was stored at a low temperature (-18 °C) 
until subsequent fermentation experiments. Regarding the solid, it was washed with dis-
tilled water and dried prior to proceeding with its characterization. 

Table 1. Relative enzymatic activities* assayed for enzymatic hydrolysis. 

Enzyme Loading 
Relative Enzymatic Activity 

Cellulases β-Glucosidases Hemicellulases 
EL-1 6 1 0 
EL-2 8 1 0 
EL-3 12 1 0 
EL-4 24 1 0 
EL-5 12 0 0 
EL-6 24 0 0 
EL-7 12 1 1 

*A relative enzymatic activity of 1 stands for 345 UI enzymatic activity. 

2.4. Fermentation of Enzymatic Hydrolysates 

The non-traditional yeast Pachysolen tannophilus ATCC 32691 (from the American 
Type Culture Collection) was used to ferment the enzymatic hydrolysates under micro-
aerobic conditions at 30 °C and pH 4.5. The overall volumetric mass-transfer coefficient at 

100

150

200

250

0 10 20 30 40

Te
m

pe
ra

tu
re

 (°
C

)

Time (min)

 225 ºC
 210 ºC
 200 ºC
 190 ºC

Figure 1. Temperature profiles for LHW pre-treatments performed at four different maximum
temperatures and 0 min maintenance time at these temperatures.
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2.3. Enzymatic Hydrolysis

Three commercial enzymes supplied by Sigma Chemical Co. (St. Louis, MO), namely
cellulases (EC 3.2.1.4. from Trichoderma viride), β-glucosidases (EC 3.2.1.21. from almonds)
and hemicellulases (from Aspergillus niger), were used for the enzymatic hydrolysis of the
pre-treated olive stones. The enzymatic hydrolyses were carried out at 45 ◦C and pH 5.0
in a 1-dm3 Pyrex-glass jacketed reactor. A Teflon anchor rod driven by a RZR-2000 stirrer
(Heidolph, Schwabach, Germany) was used to set a stirring of 250 rpm.

Table 1 shows the enzymatic loadings used in the different enzymatic hydrolyses, so
that the figures refer to a reference value of enzymatic activity equal to 345 IU. Thus, for
example, an amount of cellulases equivalent to a cellulase activity of 6 × 345 = 2070 IU was
used for enzymatic hydrolysis EL-1, along with an amount of β-glucosidases equivalent
to a β-glucosidase activity of 1 × 345 = 345 UI. Samples were withdrawn from the reactor
at fixed time intervals to assess the evolution of hydrolysis over time by determining the
content of D-glucose. Once the enzymatic hydrolysis was finished, the liquid and solid
phases were separated by filtration. The former was stored at a low temperature (−18 ◦C)
until subsequent fermentation experiments. Regarding the solid, it was washed with
distilled water and dried prior to proceeding with its characterization.

Table 1. Relative enzymatic activities * assayed for enzymatic hydrolysis.

Enzyme Loading
Relative Enzymatic Activity

Cellulases β-Glucosidases Hemicellulases

EL-1 6 1 0
EL-2 8 1 0
EL-3 12 1 0
EL-4 24 1 0
EL-5 12 0 0
EL-6 24 0 0
EL-7 12 1 1

* A relative enzymatic activity of 1 stands for 345 UI enzymatic activity.

2.4. Fermentation of Enzymatic Hydrolysates

The non-traditional yeast Pachysolen tannophilus ATCC 32691 (from the American Type
Culture Collection) was used to ferment the enzymatic hydrolysates under microaerobic
conditions at 30 ◦C and pH 4.5. The overall volumetric mass-transfer coefficient at the
beginning of the fermentations was 2.9 h−1. A comprehensive description of the procedure
can be found elsewhere [9].

2.5. Analytical Methods

The solid biomasses (raw material, pre-treated solids and solids resulting from enzy-
matic hydrolyses) were characterized according to their contents in moisture (TAPPI T11
m-59 standard), Acid Insoluble Lignin (AIL; TAPPI T222 os-74 standard), Neutral Detergent
Fibre (NDF) and Acid Detergent Fibre (ADF). The percentages of hemicellulose (HEM) and
cellulose (CEL) in the different solids were calculated from the values of AIL, NDF and
ADF by applying Equations (2) and (3)

HEM (%) = NDF (%) − ADF (%) (2)

CEL (%) = ADF (%) − AIL (%) (3)

The concentration of D-glucose (g) in the enzymatic hydrolysates and in the fermenta-
tion cultures, as well as the concentrations of acetic acid (AA), ethanol (E) and xylitol (Xy) in
the fermentation media, were calculated by enzymatic methods of Trinder [23], Bergmeyer
and Möllering [24], Beutler [25] and Beutler and Becker [26], respectively. For the determi-
nation of total reducing sugars (TRS) in the fermentation stage, the dinitrosalicylic acid
colorimetric method was used. The cell concentration of P. tannophilus (x) was calculated
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from a calibration line that relates the dry weight of biomass with the absorbance of the
cell suspension [27]. All the analytical determinations were performed in duplicate.

3. Results and Discussion

The raw material used in this work contained a low percentage of cellulose (25.3%)
along with a high percentage of acid-insoluble lignin (33.5%), which could hindrance the
production of D-glucose via enzymatic hydrolysis. On the other hand, hemicellulose stood
for 33.9% dry weight of olive stones.

3.1. Effect of Pre-Treatment Temperature on Subsequent Enzymatic Hydrolysis

Five LHW pre-treatments were performed on olive stones at 175, 190, 200, 210 and
225 ◦C, respectively, with tpret = 0 min, equivalent to applying Log R0 values between
2.73 and 4.39. Table 2 shows, for each LHW pre-treatment, the Log R0 values as well as
the fibre composition (cellulose, hemicellulose and acid-insoluble lignin) of the pre-treated
solids. As can be observed in this Table, the increase in the severity of pre-treatment
resulted in a continuous decrease in the percentage of hemicellulose while, in general, the
percentages of cellulose and insoluble acid lignin increased.

Table 2. Effect of liquid hot-water (LHW) pre-treatment temperature (Tpret) on the composition of
pre-treated solids.

Pre-Treated Solids’
Composition

LHW
Pre-Treatment

Tpret
(◦C)

tpret
(min) Log R0

CEL
(%)

HEM
(%)

AIL
(%)

Enzymatic
Hydrolysis

P175-0 175 0 2.73 26.5 35.4 34.7 EH175-0
P190-0 190 0 3.23 27.1 19.8 43.7 EH190-0
P200-0 200 0 3.46 24.1 26.0 39.6 EH200-0
P210-0 210 0 3.79 29.8 6.8 45.5 EH210-0
P225-0 225 0 4.39 38.2 0.0 42.3 EH225-0

tpret: pre-treatment time; CEL: cellulose; HEM: hemicellulose; AIL: acid-insoluble lignin.

The slurries from the previous five pre-treatments (P175-0 to P225-0 LHW pre-treatments)
were enzymatically hydrolysed (EH175-0 to EH225-0 enzymatic hydrolyses) with cellulases
using 2070 IU enzyme loading (EL-5 in Table 1). The analysis of the solids obtained after
the action of the enzymes (data not shown) revealed a low hydrolytic capacity of cellulases,
except when it was applied to the solid obtained from P225-0. In this case, enzymatic
hydrolysis led to a solid with 8.7% cellulose, a significantly lower percentage than the
starting cellulose content (38.2%). From the previous values, the mass balance to the
solids before and after the enzymatic hydrolysis EH225-0 resulted in 82.8% pre-treated
cellulose removal. Similar values of enzymatic digestibility have been reported from
ammonia-pre-treated corn stover [28] and from steam-exploded barley straw [29].

With regard to the evolution of the D-glucose concentration in the liquid hydrolysates
over enzymatic hydrolysis, the pre-treatment at 225 ◦C was the most effective for sugar
production (Figure 2).

The generation of D-glucose over enzymatic hydrolysis could be studied by applying
the Chrastil’s model. To do this, Equation (1) became the following expression

kE = −
Ln

[
1−

(
g
gf

) 1
n
]

CE0·t
(4)

where g and gf stand for D-glucose concentration at a given time t and at equilibrium,
respectively.
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Figure 2. Evolution of the D-glucose concentration in the enzymatic hydrolyses carried out on the
pre-treated slurries obtained at different temperatures (175–225 ◦C).

By representing the numerator of Equation (4) against the denominator, a straight line
of slope kE and a y-intercept of zero were obtained. Using an iterative calculation method,
using the Microsoft Excel software, the value of the parameter n was determined, for which
the best fit of the straight line was obtained. Table 3 shows the kE and n values obtained
by applying the Chrastil model. It is observed that the parameter n was very low for the
three pre-treatments carried out at the lowest temperatures (175, 190 and 200 ◦C), which
illustrates how the physical transport stages of the enzymes through the solid would limit
the overall D-glucose generation rate. Notwithstanding, n values of 0.60 and 1.00 were
obtained for solids pre-treated at 210 and 225 ◦C, respectively.

Table 3. Effects of LHW pre-treatment temperature on Chrastil’s model parameters.

Enzymatic Hydrolysis CE0 (g/dm3) kE 103 (dm3/g·min) n r2

EH175-0 1.08 0.33 0.22 0.978
EH190-0 1.08 0.20 0.29 0.995
EH200-0 1.08 0.08 0.25 0.993
EH210-0 1.09 0.20 0.60 0.995
EH225-0 1.08 0.29 1.00 0.994

3.2. Effect of Pre-Treatment Maintenance Time on Subsequent Enzymatic Hydrolysis

To study the effect of tpret of LHW pre-treatment on the enzymatic hydrolysis, three
tests were performed in which olive stones were pre-treated at 200 ◦C for 1, 2 and 5 min,
equivalent to applying Log R0 values between 3.60 and 3.90. Table 4 shows the Log R0
value as well as the fibre composition (cellulose, hemicellulose and acid-insoluble lignin)
of the pre-treated solids for each pre-treatment. Similar to what was found with the
increase in Tpret, there was a strong decrease in the percentage of hemicellulose in the
pre-treated solids (from 19.5% to 0%) as tpret increased, which led to mild increases in the
percentages of cellulose and acid-insoluble lignin. The slurries resulting from the LWT
pre-treatments were enzymatically hydrolysed with 2070 IU cellulase loading (Table 4).
The enzymatic hydrolysis of the slurry obtained with the highest tpret (EH200-5) resulted
in a solid containing 23.4%, 1.6% and 50.1% cellulose, hemicellulose and AIL, respectively.
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Table 4. Effect of LHW pre-treatment time (tpret) on pre-treated solids.

Solid Composition

LHW
Pre-Treatment Tpret (◦C) tpret

(min) Log R0 CEL (%) HEM (%) AIL (%) Enzymatic
Hydrolysis

P200-1 200 1 3.60 28.7 19.5 39.9 EH200-1
P200-2 200 2 3.67 32.2 13.8 40.7 EH200-2
P200-5 200 5 3.90 34.4 0.0 40.2 EH200-5

Tpret: pre-treatment temperature; CEL: cellulose; HEM: hemicellulose; AIL: acid-insoluble lignin.

The increase of the pre-treatment time from 1 to 5 min led to an increase in the
concentration of D-glucose released in the enzymatic hydrolysis step. Thus, the final con-
centrations of D-glucose were 2.18 g and 2.84 g/dm3 for EH200-1 and EH200-5, respectively.
The parameters calculated by applying the Chrastil’s model to the experimental data of
this set of experiments are shown in Table 5.

Table 5. Effects of LHW pre-treatment time on Chrastil’s model parameters.

Enzymatic Hydrolysis CE0 (g/dm3) kE 103 (dm3/g·min) n r2

EH200-1 1.07 0.22 0.43 0.991
EH200-2 1.07 0.41 0.66 0.997
EH200-5 1.08 0.16 0.38 0.995

With the values of n calculated both by modifying the temperature and the pre-
treatment time, it is possible to assess the evolution of said parameter as a function of
Log R0. It was found that the higher the severity of the LHW pre-treatment (Log R0 from
2.73 to 4.39), the higher the n value (from 0.22 to 1.00) (Figure 3). In a study on the use
of the Chrastil’s model in the enzymatic hydrolysis of sugarcane bagasse pre-treated by
different methods [30], n values between 0.3 (acid pre-treatment) and 0.85 (steam explosion
pre-treatment) were achieved, which are in the range of those found for LHW pre-treatment
in this research. For the latter pre-treatment (steam explosion), a kE value of 0.2 × 10−3

was also obtained in the subsequent enzymatic hydrolysis, a value very close to that
determined in the present study for EH210-0 (Table 3) and EH200-1 (Table 5). Therefore, it
can be concluded that the most suitable LHW pre-treatment of olive stones for subsequent
enzymatic hydrolysis was the one carried out at 225 ◦C for tpret = 0.
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Figure 3. Effect of LHW pre-treatment severity parameter (Log R0) on the parameter n of the
Chrastil’s model.



Fermentation 2021, 7, 25 8 of 17

3.3. Effect of Initial Enzyme Concentration on Enzymatic Hydrolysis of Pre-Treated Slurries

Once the effect of the LHW pre-treatment severity on the enzymatic digestibility of
pretreated cellulose was studied, a new set of experiments was performed, aiming to
determine the effect of the addition of different loadings and types of enzyme (cellulases,
β-glucosidase and hemicellulases) on the slurry pretreated at 225 ◦C for tpret = 0.

The mean value and the standard deviation of Log R0 for the seven LWH pre-
treatments carried out in this set of experiments were 4.27 and 0.08, respectively. The
enzymatic loadings used were those illustrated in Table 1 (from EL-1 to EL-7), while the
D-glucose yields achieved and composition of the resulting solids from the enzymatic
hydrolysis step are shown in Table 6. The percentage of hemicellulose in these solids is
not shown because it was zero after all the LWH pre-treatments. Data collected from the
first four experiments (from EL-1 to EL-4) showed that the increase in the cellulase loading
(keeping the β-glucosidase loading constant) was responsible for a continuous increase,
from 0.015 to 0.056 kg/kg, in D-glucose yield after 144 h of bioprocess, as a consequence
of the hydrolysis of the cellulose fraction. As a result, the percentage of cellulose in the
pretreated solid decreased, as a consequence of the enzymatic hydrolysis, from 28.5% to
8.0% and that of AIL increased from 50.8% to 61.4%. However, when comparing the results
of EL-3 with those of EL-4, it was detected that a 100% increase in the cellulases loading
barely increased the D-glucose yield (from 0.055 to 0.056 kg/kg). A similar impact was
observed between EL-5 and EL-6, where a 100% increase in cellulase loading (without the
presence of β-glucosidases) caused an increase of 10.1% in the D-glucose yield. On the other
hand, Table 6 illustrates that the enzymatic hydrolysis carried out in the presence of cellu-
lases, β-glucosidases and hemicellulases (EL-7) as well as cellulases and β-glucosidases
(EL-3), were less effective for the production of D-glucose than those performed solely with
cellulases (EL-5). The cellulase inhibition provoked by β-glucosidases and hemicellulases
could account for this fact.

Table 6. D-glucose yields (YG) and composition of the resulting solids from the enzymatic hydrolyses
performed with different enzyme loadings.

Enzymatic Hydrolysis YG·102

(kg/kg)
CEL
(%)

AIL
(%)

EL-1 1.5 28.5 50.8
EL-2 2.8 13.2 54.3
EL-3 5.5 10.7 56.5
EL-4 5.6 8.0 61.4
EL-5 5.9 8.7 59.1
EL-6 6.5 10.8 57.1
EL-7 3.9 17.6 53.9

HEM = 0% for all the experiments. CEL: cellulose; AIL: acid-insoluble lignin; HEM: hemicellulose.

The release of D-glucose over 144 h for the enzymatic hydrolyses carried out with
different enzyme loadings and types is depicted in Figure 4. Chrastil’s model could be
applied to these data in order to modelling the D-glucose production. The parameters kE
and n for the seven enzymatic hydrolyses performed are shown in Figure 5 as a function
of the enzyme concentration. The increase in enzyme concentration was responsible for a
decrease in both kE and n. The decrease in parameter n with the increase in CE0 could be
due to steric repulsions produced among the globular structures of the proteins inside the
solid biomass [20].
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Figure 4. Evolution of D-glucose concentration over time for the enzymatic hydrolyses performed
with different enzyme loadings.
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Figure 5. Effect of initial enzyme concentration on Chrastil’s model parameters (kE, black circles; n,
open circles).

3.4. Fermentation of Enzymatic Hydrolysates with P. tannophilus

The hydrolysate that achieved the highest D-glucose yield from enzymatic hydrolysis
(EL-6, YG = 0.065 kg/kg dry raw material) was subjected to fermentation with the non-
traditional yeast P. tannophilus. The total reducing sugars’ yield after enzymatic hydrolysis
(D-glucose, D-xylose, L-arabinose, etc.) was 0.271 kg per kg dry raw material, of which
0.106 kg/kg corresponded to sugars generated in the enzymatic hydrolysis, while the rest
were sugars released in the LHW pre-treatment and which, therefore, were already in the
slurry at the beginning of the enzymatic stage.

The evolution of the concentrations of total reducing sugars, D-glucose, acetic acid,
ethanol, yeast biomass and xylitol over fermentation is illustrated in Figure 6. In rela-
tion to the analysed substrates, a rapid consumption of D-glucose was observed, so that
D-glucose was barely detected after 48.5 h. Of note is that TRS uptake within the first
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31.5 h (2.31 g/dm3) was very close to the D-glucose uptake in that period (2.01 g/dm3). By
contrast, the rest of the sugars (included in the TRS measurement along with D-glucose) and
acetic acid were assimilated more slowly by the yeast, and were not completely uptaken
after 341.5 h of bioprocess. Other studies have already illustrated the ability of P. tannophilus
to assimilate both D-xylose and acetic acid [6,9]. With regard to bioproducts, there was an
increase in the concentrations of ethanol, biomass and xylitol over fermentation, although
the ethanol began to be uptaken by the yeast after 246.5 h, which resulted in a drastic
reduction in cell growth.

By analysing the growth curve of P. tannophilus during fermentation in greater detail,
it was possible to verify the existence of a diauxic-type cell development: i.e., in the first
stage, up to 31.5 h, the yeast develops through the almost exclusive uptake of D-glucose.
The maximum specific growth rate in this phase (µm = 0.036 h−1) was obtained by fitting
the experimental data to Equation (5)

x = x0·exp(µm·t) (5)

where x0 stands for the initial biomass concentration and t is the fermentation time
(Figure 7). Subsequently, between 48.5 and 126.5 h, the yeast adapted its metabolic system
to the uptake of other substrates, which represented a second stage of slower cell growth
and could be described by Equation (6)

x = c + b·t (6)

where b stands for the biomass productivity (0.18 × 10−2 kg/(m3·h)).
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3.4.1. Kinetics of the Total Reducing Sugar Uptake

The differential and integral methods for data treatment were used to assess the
kinetics of substrate uptake, as described in previous works [31,32]. To determine the
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specific substrate uptake rate (qs), it was assumed that the concentration of a substrate s
changes over time, according to Equation (7).

s = s0·α−tβ
(7)

where s0 is the initial substrate concentration, t is a given time, and α and β are parameters
to experimentally determine. Equation (7) meets the requirement that s = s0 for t = 0.

From this equation, qs can be determined as a function of time. To determine the
parameters α and β in Equation (7), the expression can be linearized so that the parameters
α and β can be obtained from the representation of the first member against (ln t).

Two straight lines were obtained when plotting Ln (Ln (TRS0/TRS)) vs. Ln t (Figure 8A)
in the assayed fermentation because of the sequential substrate uptake. As shown in
Figure 8B, Equation (7) allowed for an accurate description of the evolution of TRS uptake
over fermentation. The specific uptake rates of D-glucose and those of the rest of the total
reducing sugars are illustrated in Table 7. It can be observed that the highest specific
D-glucose uptake rate (0.403 kg/kg·h) was obtained at 20 h, while the specific uptake rates
of the rest of TRS ranged between 0.091 and 0.027 kg/kg·h.
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Table 7. Specific substrate uptake and ethanol production rates.

Substrates Uptake Ethanol Production

t
(h)

qD
g

(kg/kg·h)
qg

(kg/kg·h)
qD

s
(kg/kg·h)

qs
(kg/kg·h)

t
(h)

qD
E

(kg/kg·h)
qE

(kg/kg·h)

10 0.237 0.319 – – 10 0.100 0.254
20 0.403 0.319 – – 15 0.153 0.254

100 – – 0.091 0.090 25 0.218 0.254
150 – – 0.062 0.042 50 0.028 0.034
200 – – 0.027 0.042 75 0.019 0.013

qD
g and qg: Specific D-glucose consumption rates determined by differential method and by integral method,

respectively. qD
s and qs: Specific substrate (different to D-glucose) consumption rates determined by differential

method and by integral method, respectively. qD
E and qE: Specific ethanol production rates determined by

differential method and by integral method, respectively.

3.4.2. Biomass Yield

The biomass yield parameter expresses the amount of uptaken substrate that is trans-
formed into biomass. Conditions should be sought that simultaneously promote low
biomass yields and high bioproduct yields. The global biomass yields in fermentation were
calculated, representing the concentration of biomass produced against the concentration
of uptaken substrates (Figure 9). In the studied bioprocess, it was possible to calculate
global biomass yield values referring to the uptake of total reducing sugars (YG

x/TRS) and to
the consumption of both total reducing sugars and acetic acid (YG

x/(TRS+AA)
). As seen in

Figure 9, two practically coincident lines were obtained at low values of (x-x0) for both the
aforementioned biomass yields, which allowed for the determination of a biomass yield
referring to the uptake of D-glucose (0.11 kg biomass/kg D-glucose). After the consumption
of hexose, two straight lines, practically parallel, were achieved, from which the values
of YG

x/TRS= 0.27 kg/kg and of YG
x/(TRS+AA)

= 0.25 kg/kg were calculated (Figure 9). The
biomass yields calculated in the D-glucose uptake phase were considerably lower than
those determined during the uptake of the rest of the substrates. This fact was pointed
out by other authors when using the same yeast strain for the fermentation of enzymatic
hydrolysates from olive-tree pruning [33].
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3.4.3. Formation of Bioproducts

To assess the ethanol production, it was considered that the concentration of the
bioethanol (E) changed over fermentation according to Equation (8)

ET

ET − E
= AtB

(8)

where ET stands for the maximum attainable ethanol concentration based on the Gay–
Lussac yield, while A and B are empirical parameters. From the linearization of Equation (8),
Equation (9) is obtained.

Ln
[

Ln
(

ET

ET − E

)]
= Ln(Ln A) + (B·Ln t) (9)

It was observed that ethanol was generated differently depending on whether the
yeast uptook D-glucose, which occurred in the first 31.5 h of the bioprocess, or the rest of the
substrates (Figure 10A). From the calculated values of A and B, and applying Equation (6),
it was possible to mathematically model the evolution of ethanol concentration during
fermentation (Figure 10B).

On the other hand, the specific ethanol production rate was determined (differential
method) from the values of A and B by applying Equation (10)

qD
E =

ET·B·LnA·tB−1·A−tB

x
(10)

where x is the biomass concentration at a given time. The highest specific ethanol pro-
duction rates calculated by the differential (qD

E ) and integral (qE) methods of treatment of
kinetic data were quite similar (0.218 and 0.254 kg/kg·h, respectively) and were achieved
in the D-glucose uptake stage.

Finally, the overall yields in ethanol (YG
E/s) and xylitol (YG

Xy/s) were calculated from
the representation of the concentrations of ethanol and xylitol against the concentration of
uptaken substrates (Figure 11). The overall yield in xylitol was 0.01 kg per kg of substrate,
while two stages with different yields were observed for the overall ethanol yield. In
the first of them, YG

E/s reached 0.45 kg of ethanol per kg of consumed uptake, while in
the second, YG

E/s was 0.15 kg of ethanol per kg of substrate. The former ethanol yield
(0.45 kg/kg) is similar than those that can be achieved with Saccharomyces cerevisiae, the
yeast that best ferments D-glucose to ethanol. S. cerevisiae reaches ethanol yields close to the
maximum theoretical ethanol yield (0.51 kg ethanol/kg D-glucose) [2]. Thus, an average
ethanol yield of 0.49 kg/kg glucose has been reported using the enzymatic hydrolysate from
waste sorghum leaves as a substrate for fermentation with this yeast [34]. Notwithstanding,
S. cerevisiae is not able to ferment pentoses (D-xylose and L-arabinose), which is its main
hindrance for ethanol production from lignocellulose. These results indicate that while
the efficiency in the transformation of D-glucose into ethanol is very high, the rest of
the substrates (D-xylose, L-arabinose, acetic acid, etc.) are largely metabolized towards
biomass production by P. tannophilus. Taking into account that D-glucose represents, at
the beginning of fermentation, 15.5% of the total reducing sugars, an average ethanol
yield of 0.20 kg of bioproduct per kg of TRS was obtained, which is equivalent to 6.4 dm3

ethanol for every 100 kg raw material. The yields achieved in this work are similar to those
described in previous works when fermenting different lignocellulose hydrolysates with
P. tannophilus [21,35].
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4. Conclusions

The main conclusions derived from the experimental work carried out are:
(a) The conversion of olive stones into ethanol can be performed by applying a process

with the following stages: reduction in the particle size of the biomass, pre-treatment with
liquid hot water under pressure (LHW), enzymatic hydrolysis of the pre-treated slurry
and, finally, the fermentation of enzymatic hydrolysate with the non-traditional yeast
P. tannophilus. In this scheme, the D-glucose production in the enzymatic stage is strongly
dependent on the severity of the LHW pre-treatment, as well as on the loading and nature
of the enzymes used;

(b) The generation of D-glucose over the enzymatic hydrolysis of the pre-treated
cellulose was modelled using the Chrastil’s model, which provides, through parameter
n, the resistance of the solid structure to enzyme diffusion. In this sense, a relationship
between the pre-treatment severity factor (Log R0) and the value of the parameter n has
been established for the first time. In the case of olive stones, n reaches values close to 1 for
Log R0 = 4.39;

(c) Two different stages were observed for both substrate uptake and biomass, and
ethanol and xylitol production during the fermentation of the enzymatic hydrolysates
with P. tannophilus. In the first stage, the yeast quickly assimilated the D-glucose from the
culture producing ethanol and cellular material (biomass) with yields of 0.45 (close to the
maximum theoretical ethanol yield) and 0.11 kg per kg uptaken substrate, respectively.
In the second, slower stage, from 31.5 h of starting the culture, acetic acid and reducing
sugars other than D-glucose were consumed, leading to an ethanol yield of 0.15 kg per kg
of uptaken substrate, much lower than in the stage of D-glucose uptake.
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