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a  b  s  t  r  a  c  t

Annona  cherimola  Mill.  seeds  are  a  residue  of  the  industrial  processing  of  this  fruit,  for  which,  presently,
there  is no  industrial  application.  They  have  a considerable  amount  of oil,  which  can  be converted  into
biodiesel,  but  the  remaining  lignocellulosic  fraction  still  needs  relevant  added-value  valorization  routes.

In this  work,  the  selective  hemicelluloses  removal  by autohydrolysis  was  optimized  aiming  to  maximize
the  yield  of oligosaccharides  with  potential  applications  in food,  pharmaceutical  and  cosmetic  industries.
A  maximum  of 10.4  g L−1 of  oligosaccharides  was  obtained,  for  a severity  factor  of 3.6,  where  74.5%  of  the
original  hemicellulose  was  solubilized.

The process  kinetics  is presented,  modeled  (based  on  the Arrhenius  equation)  and  its  scale-up  is  dis-
cussed.  The  hydrolyzate  shelf-life  was  evaluated  and  the  produced  oligosaccharides  are  stable  at  room
temperature  for,  at least,  3 weeks.  Furthermore,  all  oligosaccharides  are  also  stable  at  100 ◦C for 1  h,  in pH
values  between  1 and  11, enabling  their  industrial  processing,  and  at 37 ◦C for 3 h,  in pH  values between
1  and  3, thus  indicating  its potential  classification  as non-digestible  oligosaccharides.  The  remaining  cel-

lulose enriched  solids  presented  an  increased  enzymatic  digestibility  (as a function  of  the  autohydrolysis
severity)  that assures  its  efficient  use in  subsequent  processes  (e.g.,  bioethanol  production).

The  upgrade  route  developed  in this  work  in  combination  to the  previously  reported  use  of A.  cherimola
seed  oil  for  biodiesel  production  can  lead to  an  integrated  zero-waste  valorization  strategy  within  the
biorefinery  framework.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Annona cherimola Mill. seeds are the main residue of the indus-
rial processing of cherimoya. Currently it has no significant use,
eing considered a waste disposable problem.

The seeds have a significant oil content (up to 30%) that can be
sed for biodiesel production [1]. Cherimoya is produced mainly in
pain (3000 ha) and Chile (1000 ha), being common in the Andean
egion and in the Iberian countries. Moreover, Annonaceae are well
pread all over the globe and cherimoya, being one of the most
mportant species of this family, can maybe be considered a model

or other Annonaceae.

Oil extraction yields a lignocellulosic fraction, the seed cake,
hich must be further upgraded. The presence of xyloglucans in

∗ Corresponding author.
E-mail address: luis.duarte@lneg.pt (L.C. Duarte).

1 The authors wish it to be known that the first two authors should be regarded
s  joint first authors.

ttp://dx.doi.org/10.1016/j.bej.2015.06.006
369-703X/© 2015 Elsevier B.V. All rights reserved.
the seeds of another Annona species, namely A. muricata, has been
reported [2], and hence the presence of these compounds is also
expected in the lignocellulosic fraction of cherimoya seeds. This is
a strong indication that this residue can be used to produce novel
xylo-oligosaccharides (XOS), thus, assuring a potential valorization
of cherimoya seeds within the biorefinery. In fact, oligosaccharides’
(OS) demand has increased significantly and, thus, the search for
new OS, and specifically of novel XOS sources is currently a rele-
vant endeavor, as it can lead to novel products with applications in
food, pharmaceutical and cosmetic industries [3,4].

The autohydrolysis process is considered to be the most appro-
priate choice [3,4] for the selective separation of hemicelluloses
and the maximization of the OS production. This process has many
significant advantages e.g., reduced production of monosaccharides
[5], but the optimal operation conditions depend significantly from
the composition of the feedstock.
There are several tools to help to better understand and control
the behavior of the autohydrolysis process [6], namely the use of
the severity factor (log RO – Eq. (1)) and formal kinetic models. The
severity factor, RO, was  developed to compare steam explosion and

dx.doi.org/10.1016/j.bej.2015.06.006
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2015.06.006&domain=pdf
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utohydrolysis treatments of lignocellulosic materials between dif-
erent conditions and equipment [7,8], and is given by the following
quation, for non-isothermal conditions:

O =
∫ t

0

exp
(

T(t) − Tref

ω

)
× dt (1)

here T(t) is the temperature as a function of time, Tref is the tem-
erature up to which the hydrolysis process is considered to be
egligible (usually 100 ◦C) and ω is a term that can be related to a
onventional energy of activation, typically 14.75 [7,9].

Nevertheless, the application of the severity factor can be sub-
ected to criticism, as it is observed that dissimilar responses may
e obtained for similar severity factors, even if the operational con-
itions (e.g., heating/cooling profiles, liquid to solid ratio, target –
aximum attained – temperature), are not that diverse. Therefore,

ormal kinetic models are usually preferable, as the severity factor
oes not give any mechanistic insight [7].

The determination of the kinetic parameters is a powerful tool
or scale-up procedures, either to the pilot and demonstration lev-
ls or to a later commercial phase [10], but the rigorous kinetic
odeling of acid catalyzed hemicelluloses’ degradation is very

omplex. Several constraints do exist, like the uneven production
nd diffusion of the hydronium ions through the heterogeneous and
omplex polymeric matrix, the occurrence of side reactions with
ther components of the matrix (e.g., lignin), the limited access of
he H3O+ ions to the glycosidic bonds due to steric hindrance, or the
urface area availability and accessibility of the substrate during the
eaction [6,11], that make the system difficult to model in detail.
herefore, simplifications have to be made to overcome these con-
traints. The main assumption is that polysaccharide degradation
and also the subsequent reactions) is irreversible and follow a
rst order kinetic. It is also considered that the system is pseudo-
omogenous. Furthermore, the kinetics are assumed to follow the
rrhenius equation,

 = Ae
Ea
RT (2)

here A is the pre-exponential factor, Ea the activation energy, R the
deal gas constant and T the temperature. Therefore, the determina-
ion of the Arrhenius parameters requires extensive experimental
ata to fit Eq. (2), namely, the study of the process kinetics at diverse
emperatures, what is typically laborious, expensive and time con-
uming, and clearly an alternative approach is required.

In order to maximize OS yield a series of non-isothermal autohy-
rolysis was carried out, varying the maximum temperature of the
reatment. The obtained results were successfully fitted to a kinetic

odel, aiming to predict the behavior of the process. Also, bearing
n mind a zero waste goal, it is important to characterize both the
iquid and solid fractions resulting from the autohydrolysis pro-
ess. Therefore, expedite methods for evaluating OS stability were
pplied and the enzymatic digestibility of the cellulose-enriched
olid fractions were evaluated.

. Materials and methods

.1. Materials

.1.1. Feedstock
A. cherimola seeds were provided frozen by J. Faria & Filhos

da. (Funchal, Portugal). Upon collection seeds were washed and
ried to constant weight. After drying, the seeds were stored at
oom temperature until further processing. The seeds were ground

sing a simple blender and its oil extracted with commercial hex-
ne. Seeds were then dried in an oven, further milled with an IKA®

erke (Staufen, Germany) MF10 basic mill and screened to retain
he fraction under 1.5 mm.
eering Journal 104 (2015) 2–9 3

2.1.2. Reagents
Sulfuric acid (95–97%), d-(+)-xylose (≥99%), levulinic acid

(98%), furfural (99%) and 5-hydroxymethylfurfural (99%) were pur-
chased from Sigma–Aldrich (Steinheim, Germany), hydrochloric
acid (37%), citric acid monohydrate (99.5–100.5%), l-(+)-arabinose
(≥99%), acetic acid (>99.8%) and potassium chloride (>99.5%)
were purchased from Merck (Darmstadt, Germany), d-(+)-glucose
(>99.5%) was  purchased from Duchefa Biochemie (Haarlem, The
Netherlands), formic acid (98%) was  purchased from PANREAC
(Barcelona, Spain), sodium hydrogen phosphate heptahydrate
(99.5–100.5%) was  purchased from Riedel-de Haën (Seelze,
Germany), Celluclast® 1.5 L and Novozyme 188 were purchased
from Novozymes (Bagsvaerd, Denmark) and sodium hydroxide was
purchased from eka (Bohus, Sweden).

2.2. Autohydrolysis treatments

Experiments were carried out in batch mode using a Parr Instru-
ments Company (Moline, IL, USA) two liter T316SS steel reactor
heated externally by an electric mantle. Two turbines, of four
blades each, agitated the mixture and cold water cooled the sys-
tem through an internal serpentine, when necessary. Temperature
and agitation were monitored and controlled with a Parr Instru-
ments Company model 4842 PID controller. Agitation was set to
150 rpm. Pressure was  measured by the same controller. In each
treatment milled seeds and water were mixed in a liquid-to-solid
ratio (LSR) of 5 (w/w) to a total mass of 1.2 kg. The experiments
were conducted under non-isothermal conditions to reach target
temperatures ranging from 150 to 230 ◦C. Heating profiles were
obtained for all treatments. After a rapid cooling, (typically less
than two minutes to reach temperatures below 100 ◦C), liquid and
solid phases were separated by pressing (up to 200 bar) with a Sotel
(Portugal) manual oil press. The solid residues were washed with
500 mL  of distilled water and pressed once again.

For comparison purposes, the severity of the treatments was
estimated by calculating the log RO (Eq. (1), see Section 1) based on
the measured temperature profiles data.

2.3. Scanning electron microscopy

Samples were sputter-coated with gold/palladium and observed
using different magnifications with a Philips XL30 FEG Scanning
Electron Microscope (Eindhoven, The Netherlands) at 10 kV.

Both the cherimoya seed cake and the solid residue obtained
after autohydrolysis at 190 ◦C were observed.

2.4. Mathematical modeling

Numerical integration was  carried out by implementing Euler’s
method in MS  Excel 2010. The MS  Excel Solver tool was  used to
estimate the kinetic model parameters that fit the experimental
data, by minimizing the sum of square deviations [12,13].

2.5. Analytical procedures

Both the raw material and the solid residues obtained after
autohydrolysis were characterized according to standard NREL
protocols [14–17]. The monosaccharides (glucose, xylose and ara-
binose), aliphatic acids (formic, acetic and levulinic), and furan
derivatives (HMF and furfural) present in the liquid fraction were
quantified by HPLC using a Bio-Rad Aminex HPX-87H column
(300 × 7.8 mm)  (Hercules, CA) in an Agilent 1100 series HPLC

system (Santa Clara, CA, USA) equipped with a refractive index
detector (G1362A) controlled at 35 ◦C and a diode array detec-
tor (G1315B). The mobile phase was  H2SO4 5 mM,  the column
temperature 50 ◦C, and the flow rate 0.6 mL min−1. The system
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Table  1
Buffers solutions used for the evaluation of the stability to pH and temperature of
the  produced OS.

pH Solution A Solution B VSol A (mL) VSol B (mL) VTotal (mL)

1a,c 0.2 M KCl 0.2 M HCl 50.0 97.0 200.0
2a,c 0.2 M KCl 0.2 M HCl 50.0 10.6 200.0
3a 0.1 M citric acid 0.2 M Na2HPO4 39.8 10.2 100.0
7a 0.1 M citric acid 0.2 M Na2HPO4 6.5 43.6 100.0
11b,c 0.05 M Na2HPO4 0.1 M NaOH 100.0 8.2 108.2

a Gomori.17

b Robinson and Stokes.18
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Table 2
Initial seed cake composition, solid yield (%) and solid residues composition (g/100 g
dry matter) obtained in the autohydrolysis assays of cherimoya seeds as a function
of  the severity factor.

Target temperature (◦C) 150 170 190 210 230
log RO 2.37 2.83 3.60 4.23 4.70
Solid yield 96.01 83.12 78.04 58.61 59.17

Seed cake

Glucan 22.05 23.56 24.01 33.78 39.00 38.65
Xylan 14.17 12.56 12.34 5.03 0.00 0.00
Arabinan 3.61 3.34 3.33 0.00 0.00 0.00
Acetyl groups 2.15 2.13 2.15 1.49 0.00 0.00

trait if their recovery is required. Regarding the most noteworthy
c These are not buffer solutions but will be considered as so, similarly to what is
escribed in the literature.

as equipped with a Micro-Guard Cation-H Refill Cartridge from
io-Rad before the HPX-87H column. The same HPLC system was
quipped with a Bio-Rad Aminex HPX-87P column (300 × 7.8 mm)
Hercules, CA) for monosaccharide quantitation, as indicated by
tandard NREL protocols [14–17]. The mobile phase was water, the
olumn temperature 80 ◦C and the flow rate 0.6 mL min−1. Injection
olume was, for both cases, 5 �L.

All samples were filtered with Millipore® (Cork, Ireland)
.45 �m cellulose acetate membrane filters prior to analysis.

The liquid fractions were also characterized using standard
REL protocols [17]. Sulfuric acid was added to 100 mL  of the liq-
id fraction to a final concentration of 4% (w/w). The samples were
ydrolyzed in an autoclave for 1 h at 121 ◦C. After cooling, the
ydrolyzates were filtered with 0.45 �m membrane filters before
PLC analysis, as previously described. This procedure was per-

ormed at least in duplicate. Oligosaccharides’ concentration was
alculated from the increase in sugar monomers, before and after
cid post-hydrolysis.

.5.1. Stability of the liquid fraction and oligosaccharides
To evaluate the shelf life of the hydrolysate obtained in optimal

onditions, 500 mL  were filtered through 0.45 �m membrane filters
o Schott flasks (under non-sterile conditions) and kept in a dry
lace at room temperature away from light. At defined intervals a
ample was taken (also under non-sterile conditions), hydrolyzed
nd analyzed according to NREL standard protocol, as previously
escribed [17].

To evaluate the OS’ stability to pH and temperature the
ydrolyzate was filtered and evaporated to dryness in a rotary
vaporator (Büchi, Switzerland) at 35 ◦C (down to 0.015 bar) to
ecover OS. The evaporated sample was dissolved to obtain con-
entrations of 30 g L−1, using diverse buffer solutions (Table 1).
he solutions were thermostatically kept for 3 h at 37 ◦C (at pH
–3, away from sunlight, simulating human digestion) and 1 h at
00 ◦C (simulating cooking procedures) in a Memmert (Schwabach,
ermany) WNB  22 oil bath and then analyzed as previously
escribed [17].

.5.2. Enzymatic digestibility of the remaining solid
Enzymatic digestibility was evaluated according to NREL stan-

ard protocol [18].
The reaction mixture contained 0.15 g of frozen biomass (dry

eight basis) 5 mL  of sodium citrate buffer (0.1 M,  pH 4.8), 100 �L
f sodium azide solution (2% w/v), as an anti-microbial agent,
nd Celluclast® 1.5 L and Novozyme 188 enzymes in prescribed
mounts to obtain 60 FPU/g and 64 pNPGU/g of dry biomass, respec-
ively. The total volume was adjusted to 10 mL  with water.

Each biomass sample was hydrolyzed in duplicate. A biomass

lank (without enzymes) and enzyme blank (without biomass)
ere also carried out. The blanks were used to correct the results to

ny free saccharides present in the biomass and eventual products
Klason lignin 25.63 38.41 42.92 58.50 60.98 61.81
Ash  2.84 0.92 0.84 0.45 0.39 0.38
Protein/others 29.53 19.08 14.41 0.75 0.00 0.00

inherent to the reaction conditions or to determine the amount of
glucose present in the enzymes.

The hydrolysis was carried out in a Comecta (Barcelona, Spain)
200D orbital shaker at 50 ◦C and 250 rpm for 72 h. After this period,
the samples were immersed in a water bath at 90 ◦C for 5 min  in
order to inactivate the enzymes. The samples were then filtered
through 0.45 �m membrane filters and analyzed by HPLC (Aminex
HPX-87H column) as previously described [17].

3. Results and discussion

3.1. Autohydrolysis liquors and solid residues’ composition

In order to understand the behavior of the autohydrolysis of
cherimoya seed cake, the process was  carried out under non-
isothermal conditions and the composition of liquid and solid
phases was evaluated for all experiments.

On the liquid phase, OS concentration reached 10.4 g L−1 at
the optimal experimental condition, 190 ◦C, log RO = 3.60 (Fig. 1).
Monosaccharides formation follows a similar pattern and their
maximum yield is achieved at the same severity. For more severe
conditions sugars degradation becomes predominant over sugar
production from oligosaccharides. In fact, degradation products
(DP) – namely furans and formic acid – formation is clearly the
main reaction for high severity conditions. Acetic acid formation
is a consequence of acetyl groups’ removal from the hemicellulose
moiety and, therefore, it is correlated with the data presented in
Table 2 regarding residual solids composition.

The severity condition leading to the highest production of
oligosaccharides (log RO = 3.60) is lower than for other lignocel-
lulosic materials [10,13,19], that typically present values close or
above 4, thus, indicating that this material is less recalcitrant to
hydrolysis and it will require milder/economical operational con-
ditions at industrial level.

The concentrations of soluble compounds, namely
monosaccharides and degradation compounds, such as 5-
hydroxymethylfurfural (HMF) and furfural, do not impose
excessive purification problems. So it will be possible to easily
purify OS e.g., using a membrane technology based process as
formerly described [20], or the simpler evaporative concentration
process (see below).

Table 2 contains the data obtained for the solid yield and the
composition of the solid residues after autohydrolysis. As expected,
the solid yield diminished with the severity. This trend is justified
by hemicellulose removal and also by the removal of extractives,
namely inorganics and other soluble compounds that decreased
significantly already at mild severities, what is an advantageous
fraction, hemicellulose, its removal reaches 74.5% for the opti-
mal  condition for XOS production and comparing to the seed cake
composition, is completely removed for the higher temperature
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Fig. 1. Solubleproducts’ concentrations (g L−1) in thehydrolysates as a functionof log RO (( ) Oligosaccharides, ( ) glucose, ( ) xylose, (�) arabinose, ( ) aceticacid, ( )

formicacid, ( ) levulinicacid, ( ) HMF  and (�) furfural, lines are used for eyeguidanceonly) for the non-isothermal autohydrolysis of cherimoya seed cake. (For interpretation
of  the references to color in this figure legend, the reader is referred to the web  version of this article.)

nd (b)

t
t
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Fig. 2. SEM photomicrographs (a) before a

reatments. Conversely, and as a consequence of these removals,
he relative amounts of glucan and lignin in the solid residues
ncreased with the severity of the treatment. A complete recov-
ry of glucan was observed, but lignin recovery typically exceeds

00%. This behavior has already been reported for several other

ignocellulosic materials e.g. [21] and may  be related to binding
eactions, for instance between protein and lignin [22,23]. These
esults showed that after autohydrolysis, the solid phases were
, (c) and (d) after autohydrolysis at 190 ◦C.

enriched in glucan and, putatively, lignin (and protein), clearly indi-
cating the process’ high selectivity for hemicellulose removal and
the solids’ possible suitability for further processing e.g., lactic acid
or ethanol production through simultaneous saccharification and

fermentation. In fact, this is advantageous for subsequent cellu-
lose hydrolysis, as it limits cellulase adsorption [22]. Furthermore,
the presence of protein in the cellulose enriched solids can also be
advantageous for fermentation (as a substitute/complement nitro-
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Table 3
Parameters determined for the proposed model for the autohydrolysis of cheri-
moya seeds – pre-exponential factor (ln An) [An , h−1] and activation energies (Ean)
[kJ  mol−1].
 P.C. Branco et al. / Biochemical

en source). Nevertheless, if deem relevant, it is also possible to
ecover protein from hydrolyzed materials [24]. The assumptions
bove are confirmed by SEM imaging (Fig. 2). The lignocellulosic
atrix, intact in Fig. 2a, is partly removed after autohydrolysis

Fig. 2b) and some cellulose fibers can be distinguished along with
e-condensed lignin droplets. The removal of hemicellulose, reveal-
ng the cellulose fibers, is evident in less detailed photomicrographs
Fig. 2c). The appearance of lignin droplets on the surface of plant
ell walls has been attributed to lignin melting at high temperature
nd pressure, migration to the surface and subsequent condensa-
ion [25–28]. These lignin droplets are more clearly observed in
igher magnifications (Fig. 2d).

.2. Mathematical modeling of the autohydrolysis process

Comparisons based on log RO are subject to some criticisms and
o not give extra insights on the process kinetics. As such, kinetic
odels may  be a better tool to understand the process. In fact,

he optimization of process conditions using kinetic models is a
ey resource for a scale-up to both the level of proof and a subse-
uent commercial phase [10]. Unfortunately, the development of
uch models using isothermal conditions implies the use of many
xperimental data points that are time- and resource-consuming,
specially if the effect of temperature is to be taken into account.

The hydrolysis of lignocellulosic materials can be described
y an interdependent sequence of chemical reactions. Based on
hese reactions it is possible to establish a model which describes
he kinetics of the autohydrolysis process, using a system of dif-
erential equations based on a mass balance among the species
nvolved.

Several specific kinetic models have been reported for the
ydrolysis of the hemicellulosic fraction of raw materials [6,13,29].

n this work it is assumed that the OS are produced from the hemi-
ellulose fraction, further hydrolyzed into monomers that are then
egraded into diverse products, according to the following path:

emicellulose
k1→OS

k2→Monosaccharides
k3→Degradation products

Nevertheless, the rigorous kinetic modeling to study hemi-
ellulose autohydrolysis is a complex problem, especially if the
odel has to be adapted to describe hemicellulose hydrolysis

nder non-isothermal conditions and simplifications are assumed,
s described in Section 1. Specifically, in this work we assume that
he kinetic constants (k1–k3) dependence on temperature do fol-
ows Arrhenius’ equation, all hemicellulose is hydrolysable and
or OS, only one fraction was considered, independently of their

olecular weight.
As such, the hemicellulose degradation can be mathematically

ranslated into the following equation:

d[Hemicel]
dt

= −k1 × [Hemicel] (3)

Taking in consideration the Arrhenius equation (Eq. (2)), Eq. (3)
an then be rewritten as:

d[Hemicel]
dt

= −A1 × e
(

− Ea1
RT(t)

)
× [Hemicel] (4)

As the reaction takes place under non-isothermal conditions,
nd the cooling time is considered to be negligible as compared to
he heating time, the temperature profile as a function of time was
mpirically described by a linear trend, fitting the experimental
ata for the heating period. Hence, the T(t) term can be substituted

y the expression T = ˛t + ˇ, where  ̨ represents the heating rate
nd  ̌ the temperature at the beginning of the treatment:

d[Hemicel]
dt

= −A1 × e
(

− Ea1
RT(˛t+ˇ)

)
× [Hemicel] (5)
Ea1 ln A1 Ea2 ln A2 Ea3 ln A3

58.83 17.05 25.53 8.39 56.36 16.48

In the same way, the following reaction step, can be described
by:

d[OS]
dt

= −A1 × e
(

− Ea1
RT(˛t+ˇ)

)
× [Hemicel] − A2 × e

(
− Ea2

RT(˛t+ˇ)

)
× [OS]

(6)

In a similar way, it is possible to develop the equations for
monosaccharides and degradation products (DP) formation, Eqs.
(7) and (8), respectively:

d[Monos]
dt

= A2 × e
(

− Ea2
RT(˛t+ˇ)

)
× [OS] − A3 × e

(
− Ea3

R(˛t+ˇ)

)
× [Monos]

(7)

d[DP]
dt

= A3 × e
(

− Ea3
R(˛t+ˇ)

)
× [Monos] (8)

Due to the non-isothermal nature of the system, the system’s
analytical integration is not trivial, contrary to what happens in
models for isothermal conditions [21]. Therefore, the system of
non-linear equations that contains only six parameters (the Arrhe-
nius parameters for each of the three reactions) has to be solved
numerically and fitted to the full set of experimental data points.

Table 3 shows the values determined for the pre-exponential
factor (ln An) and activation energies (Ean). The reliability of the
proposed model is assured by the good agreement between the
experimental data points and model predictions (Fig. 3). Further-
more, these results are in the order of magnitude as compared
to data obtained for other residues [11,29,30], but present lower
levels than the reported values for more recalcitrant lignocellu-
losic materials, that justify the milder conditions found for optimal
cherimoya seeds hydrolysis. In fact, the comparison based on the
kinetic modeling, due to taking into account the composition of
the materials and temperature influence more effectively, is a more
useful tool than severity parameters for the comparison between
different biomass feedstock. It is important to stress that autohy-
drolysis modeling based on data obtained from experiments carried
out under isothermal conditions would require far more extensive
datasets than the ones presented in this work. These results confirm
that the use of non-isothermal conditions is an effective experimen-
tal approach to support the kinetic modeling of the autohydrolysis
process.

3.3. Hydrolysate’s shelf life evaluation

Considering a possible industrial application, the capability of
the oligosaccharide-rich hydrolyzates to be stored for long times at
room temperature was  evaluated.

During the 3 weeks of the test, gluco-oligosaccharides’ (GlcOS)
and xylo-oligosaccharides’ (XOS) concentrations presented no
changes (data not shown). Also, no microbial growth was observed,
even when, deliberately, no sterilization was made to avoid micro-
bial contamination. The low pH value of the hydrolysate and the

significant amounts of furfural and acetic acid, reported inhibitory
for microbial growth [31–33], may  explain the microbial stability
of the hydrolysate. Furthermore, the mild conditions during stor-
age (as compared to the production conditions) may also justify
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Fig. 3. Experimental and calculated time courses for ( ) hemicellulose, ( ) oligosaccharides, ( ) monosaccharides, ( ) degradation products for the non-isothermal
autohydrolysis of cherimoya seed cake. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig.4. Stability profiles of the produced oligosaccharides at 100 ◦C. ( ) GlcOS, ( )
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OS (lines are used for eye guidance only). (For interpretation of the references to
olor in this figure legend, the reader is referred to the web  version of this article.)

he hydrolysate’s chemical stability. As to the best of our knowl-
dge this is the first report regarding the evaluation of the storage
tability, and no data is available for comparison.

.4. OS’ stability

OS are mainly used in the food sector as prebiotic agents. For
hat, their source must be as free as possible from microbial growth
nhibitors, such as furans and aliphatic acids. In this work this was
asily achieved by using a simple evaporative concentration step
hat allowed a significant removal of furfural and acetic acid, with-
ut OS degradation.

Among the several OS with high dietary and economic value, the
on-digestible oligosaccharides (NDOS) are of great importance as
hey can reach the intestine and be used to feed the bacteria in
he gut flora, acting like prebiotic agents [3,4]. In this work two
reliminary evaluative simple screening tests are used to assess if
he produced and partially purified OS are potential NDOS. These
ests evaluate the stability at 100 ◦C to appraise the possibility of
he OS to be processed per se or in combination with foodstuffs [34]
nd the stability at digestive pH and temperature conditions as a
rst indication that they will be able to pass the gastrointestinal
ract to reach the large bowel.

The stability profiles of both GlcOS and XOS at 100 ◦C for 1 h

s a function of the pH is shown on Fig. 4. Both GlcOS and XOS
re quite stable in the whole tested pH range (1.5% of XOS and
1.5% of GlcOS were degraded at pH 1). Moreover, XOS are highly
table at pH values between 2 and 11, as expected, since XOS are
Fig. 5. Stability of the produced oligosaccharides in conditions similar to the human
digestion process. ( ) GlcOS, ( ) XOS. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

described to be more stable at 100 ◦C than GlcOS [34]. This is a
particularly interesting result as OS obtained from wheat bran or
chicory have been reported not to be this stable at pH values of 3
and 11, mainly those derived from chicory [34,35]. The produced
OS are thus deemed suitable for applications in the food industries
and likely to be processed.

Consequently, these OS need to be evaluated according to the
pH conditions of the human stomach. The digestive process in the
stomach occurs at 37 ◦C for about 3 h and pH values between 1 and
3. The produced XOS are highly resistant to this simulation of the
digestive process (Fig. 5), as no degradation was  observed, and only
8% degradation was  observed for GlcOS. This is an expected result,
according to the reported stability for other similar compounds at
25, 37 and 50 ◦C at pH values of 1 and 2 [35,36] and a first assurance
that their potential nutritional properties may  be retained during
digestion.

In fact, the ability of these OS to be processed and the possibly
to pass the stomach undigested makes them potential NDOS, but
this must be study further, as this screening test is only a prelim-
inary step before more complex (and expensive) in vivo testing to
definitely classify these OS as prebiotic agents.

3.5. Enzymatic digestibility of the solid residues

After the autohydrolysis treatment the remaining biomass must

also be valorized. In this sense, the lignin-(protein) and cellulose-
rich solids were treated enzymatically to saccharify cellulose.

The enzymatic digestibility is clearly higher for the more severe
treatments. Glucose concentration increased 2.3 times (Fig. 6a)
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ig. 6. Enzymatic digestibility of treated cherimoya seeds in terms of (a) glucose re

rom the least severe treatment to the higher concentration
btained (4.77 g L−1) and the highest yield (Fig. 6b) was 83% (1.6×
igher than the yield obtained for the least severe treatment). Here

t is important to stress that, as the amount of enzyme was  kept
onstant, due to the glucose enrichment of the solids, less enzyme
er glucan is present, which indicates that the digestibility is even
igher, and that this value will translate into a significant glucose
oncentration when use under typical solid loadings reported in
iterature, e.g., 20%. In fact, the reported digestibility is in line with
alues reported for similar pretreatment and enzymatic hydrolysis
onditions for other materials, e.g., it is significantly higher than the
lucose yield reported for eucalyptus residues (54%), and close to
2% for olive tree pruning, and only slightly lower for straws (88, 90
nd 91%, respectively for rice, corn straw and wheat straw) [37–39],
hat may  be explained by the higher lignin content of the cheri-
ola seed cake as compared to straws. Although, it is reported that

he highest glucose yield can only be achieved after the complete
emoval of hemicellulose, the lignin also plays a role on preventing
ellulose hydrolysis that must not be neglected [22].

This behavior can be related to the extent of the autohydrolysis
reatment. Increased severity of the autohydrolysis results in hemi-
ellulose removal, a factor known to increase cellulose digestibility
40]. Nevertheless, this removal only partially explains the high
ncrease in cellulose digestibility. As such, it is suggested that
he further increase in cellulose digestibility after hemicellulose
emoval may  be related to the decrease of cellulose crystallinity
observed by SEM imaging – data not shown) or to an increase
f pore sizes obtained for more severe conditions that enhance
ellulase penetration into biomass [40].

. Conclusions

The lignocellulosic fraction of cherimoya seeds after oil extrac-
ion, seed cake, is a possible source of OS, yielding XOS under mild
perational conditions that could be modeled by mathematical
inetic models based on the parameters of the Arrhenius equation.
he developed model will be a useful tool to predict the behavior
f the autohydrolysis process, namely on scale-up procedures, as
he produced OS have been demonstrated to be chemically stable

nder relevant process and digestive conditions. This enables to
aintain their physicochemical properties, and hence their inher-

nt potential nutritional/bioactive properties. In fact, the ability of
hese OS to be processed and the possibility to pass the stomach
 concentration and (b) glucose relative yield (lines are used for eye guidance only).

undigested, deem them as potential NDOS, a trait that must be
further characterized and explored.

Moreover, in a technological point of view, the autohydroly-
sis process enabled the recovery of hemicellulose as potentially
marketable products, and to obtain cellulose-enriched pretreated
solids presenting higher enzymatic saccharification yields, thus
increasing the value of these solids as substrates for fermentative
processes. Furthermore, it also does not threat the upgrade poten-
tial of the lignin and protein fractions, thus, contributing to a zero
waste approach on the valorization of the cherimoya seeds.
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