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A B S T R AC T

This work aims to study the use of nanofi ltration for the removal of metabolic inhibitory com-
pounds, such as furfural and acetic acid, from olive stones auto-hydrolysis liquors. The perfor-
mance of NF90 and NF270 nanofi ltration membranes was fi rst assessed in terms of permeability 
and rejection to target compounds in a total recycle mode of operation. Both auto-hydrolysis 
liquors and model solutions, containing xylose, glucose and furfural, were processed at pres-
sures ranging from 4 to 20 bar. Signifi cantly lower membrane permeability was observed in 
the processing of the auto-hydrolysis liquors, which could be associated to membrane foul-
ing. Solute rejection results for liquors and model solutions were similar, with an almost total 
rejection of hexoses and pentoses, while furfural and acetic acid were allowed to permeate to a 
certain extent. In order to accomplish an effective removal of furfural and acetic acid, the auto-
hydrolysis liquors were processed in a diafi ltration mode of operation, maintaining a constant 
volume. In this way, the concentration of hexoses and pentoses in the liquor was kept constant, 
while furfural and acetic acid were depleted to the desired values. A mathematical model based 
on a mass-balance of the system was validated with experimental data, which enables its use 
for process optimization and scale-up.
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1. Introduction

Olive stones are one of the lignocellulosic residues of 
the olive oil production and are readily available in the 
Mediterranean basin. Currently, their main ap plication is 
as solid fuel [1]. However, its signifi cant pol ysaccharide 
content makes this material a potential source of sug-
ars that can fi nd direct use or be converted to added-

value products. For that to happen, olive stones must 
be previously pre-treated to release part of the hemicel-
lulosic sugars and to facilitate the subsequent enzymatic 
s accharifi cation of cellulose.

Hydrothermal processes are among the most prom-
ising pre-treatments [2–6]. One of the main advan-
tages identifi ed in such procedures is the production of 
o ligosaccharides that can have signifi cant market value, 
namely in the pharmaceutical, nutraceutical, and food 
industries [7,8] mainly due, but not restricted, to their 
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prebiotic effects, or in biotechnology as growth sub-
strate for the production of probiotics [9–11]. Neverthe-
less, potential metabolic inhibitory compounds such 
as aliphatic acids as acetic and formic acids, furfural, 
and monomeric phenolics can also be produced dur-
ing the auto-hydrolysis and may hinder oligosaccharide 
r ecovery/purifi cation or utilization.

Detoxifi cation processes such as overliming, acti-
vated charcoal, solvent extraction, evaporation, or the 
use of ionic resins are usually applied, with relative suc-
cess, to the detoxifi cation of hemicellulosic hydrolysates. 
The main drawbacks are their poor selectivity and sugar 
loss due to unspecifi c adsorptions (e.g., activated char-
coal [12]), that can be even more signifi cant for oligo-
meric sugars [13]. Furthermore, oligosaccharides can 
also undergo thermal degradation, e.g., under harsher 
evaporation conditions. An alternative is the use of 
fi ltration-based processes where, although several works 
have already been carried out [7,14–16], the potential of 
membrane fi ltration for the effective fractionation of 
such compounds has not been fully explored. Recent 
work by Weng et al. [17,18] shows that nanofi ltration 
has potential to be applied in the separation of sugars 
from furans and carboxylic acids. Actually, as the inhibi-
tory compounds are characterized by molecular weights 
smaller/around 100 Da, and the sugars of interest have 
higher values, at least above 150 Da, the use of nano-
fi ltration could be considered a good candidate for an 
effi cient removal of such inhibitory compounds, with 
the further advantage of recovering the inhibitory com-
pounds leading to their possible re-use or valorization 
as in the case of acetic acid, or phenolic compounds that 
may have relevant market value.

The aim of this work is to evaluate the use of nanofi l-
tration in a diafi ltration mode for the removal of furfural 
and acetic acid from liquors obtained from olive stones 
auto-hydrolysis.

2. Materials and methods

2.1. Materials

Olive stones were supplied by UCASUL – União de 
Cooperativas UCRL (Alvito, Portugal) and were sieve-
separated from 2-phase olive pomace before industrial 
processing. Upon arrival the raw material was homog-
enized in a defi ned lot, and stored in plastic containers 
at room temperature. It contains, on a dry-basis: glucan, 
29.41%; xylan, 29.19%; acetic acid, 3.20%; Klason lignin, 
34.2%; ash, 0.88%; protein, 1.93%; fat, 0.94%; and others, 
0.3% (by difference).

Glucose (99.5%) and xylose (<99%) and furfural 
(≥99%) used in model solutions were obtained from 
Sigma (Germany) and Fluka (Switzerland), while 

sodium hydroxide (pellets Gr p.a.) was obtained from 
Merck, (Germany). All standards and solvent (H2SO4) 
used for HPLC analysis were from analytical grade.

2.2. Autohydrolysis of olive stones

The hydrothermal treatments (auto-hydrolysis) 
were performed in a stainless steel reactor (Parr Instru-
ments Company, Moline, Illinois, USA) with a total vol-
ume of 2 l. Olive stones were mixed with water in the 
reactor in order to obtain a liquid-to-solid ratio of 3 and 
4 (kg water/kg dry raw material), and will be referred 
as liquors 1 and 2 throughout this work. The agitation 
speed was set at 150 rpm and the treatment was car-
ried out under non-isothermal operating conditions to 
reach fi nal temperatures of 200°C and 215°C for liquors 
1 and 2, respectively. When the desired temperature was 
attained, the reactor was rapidly cooled down to room 
temperature by circulating water through a serpentine 
coil together with an ice bath.

2.3. Hydrolysate processing

The liquid and solid phases were separated in a 
hydraulic press (Sotel, Portugal) using a pressure up 
to 250 kg/cm2. The liquid phase (liquor) was fi ltrated 
(Whatman fi lter paper no. 41) and stored at 4°C. If fur-
ther required the liquors were centrifuged at 12,000 rpm 
for 12 min at 20°C (Hermle Z 323 K centrifuge, G ermany) 
before processing, in order to remove s uspended sol-
ids and prevent possible upstream problems, such as 
clogging, in the nanofi ltration step.

2.4. Nanofi ltration

The nanofi ltration experimental setup, shown in 
Fig. 1, was comprised by a GE Sepa CF cross-fl ow mod-
ule (GE Osmonics, USA), a high-pressure feed pump and 
a se cond pump for feeding water to the feed recipient 
controlled by a level indicator placed in the feed recipient. 
The module has an effective membrane area of 140 cm². 
Two commercial polymeric nanofi ltration membranes, 
NF90 and NF270 (Dow USA), were selected for this 
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Fig. 1. Experimental nanofi ltration setup. PI, LI and FI are 
respectively pressure, level and fl ow-rate indicators.
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 study. These membranes are characterized by molecu-
lar weight cut-offs (MWCO) of 150 and 400 Da, respec-
tively. All nanofi ltration experiments were conducted 
at 30°C and using a linear velocity of 0.4 m/s within 
the spacer-fi lled feed compartment, aiming at minimiz-
ing possible concentration polarization effects. Before 
use, new membrane pieces were subjected to compac-
tion at 20 bar during 1 h until a constant permeability 
value was obtained. The membrane permeability was 
monitored after every experiment with deionized water. 
Alkaline cleaning with a 0.1% NaOH solution at 40°C 
and 1 bar was carried out when necessary to restore the 
membrane permeability to its initial value.

The membranes were fi rstly characterized in term 
of hydraulic permeability. Then, model feed solutions 
(GXF solutions) of 2 l containing Glucose (50 mm), 
Xylose (50 mm) and Furfural (10 mm) were prepared 
and processed by both membranes in a pressure range 
of 4–20 bar, under a total recycle mode of operation, in 
which both the feed and permeate streams were recir-
culated to the feed recipient. Autohydrolysis liquor 
1 and 2 were also processed under the same operat-
ing conditions. Permeability and rejection values were 
determined in every experiment using the following 
relations:

( )PVJ L P= Δ − Δπ  (1)

p

f
= − ,

,
1 i

i
i

C
R

C  
(2)

where JV is the solvent volumetric fl ux, LP is the mem-
brane permeability, ΔP is the transmembrane pressure, 
Δp is the osmotic pressure difference (determined by 
the van’t Hoff equation), Ri is the apparent rejection of 
solute i, and Ci,p and Ci,f are the concentration in the 
permeate and feed of solute i.

2.5. Analytical methods

Glucose, xylose, arabinose, acetic acid, 5-hydroxy-
methyl furfural (HMF) and furfural were analyzed by 
HPLC. The D-7000 HSM software was used  associated 
to a Merck Hitachi LaChrome equipment with a L7000 
interface module, a L7200 auto sampler, a L7490 RI 
detector, a L7350 column oven and a L7100 pump. An 
Aminex HPX-87H (7.8 × 300 mm) cation exchange col-
umn, from Bio-Rad (USA), was used at 65°C with a 
fl ow rate of 0.5 ml/min of 0.01 N H2SO4 solution used 
as the mobile phase. Oligosaccharides concentration 
was calculated from the increase in sugar monomers, 
as analysed by HPLC, after liquor acid post-hydrolysis. 
The samples and eluent were pre-fi ltered with 0.45 μm 
pore size fi lters from Pall. Conductivity and pH was 

m easured with a Consort C861 multi parameter ana-
lyzer. Biomass composition was determined based on 
NREL Laboratory Analytical Procedures [19]. Protein 
quantifi cation was performed by the Kjeldahl method 
using the N × 6.25 conversion factor.

3. Results

3.1. Composition of the tested auto-hydrolysis liquors

During auto-hydrolysis, the more labile hemicel-
lulosic polysaccharides present in the lignocellulosic 
biomass are solubilyzed and hydrolyzed into oligosac-
charides and further into their monomeric sugars and 
sugar degradation products. Furthermore, other hemi-
cellulosic hydrolysis products, such as acetic acid are 
also solubilyzed. The composition of the produced olive 
stones auto-hydrolysis liquors is presented in Table 1. 
Oligosaccharides are the main compounds present for 
every condition, followed by monomeric sugars and 
acetic acid. Furan derivatives, especially furfural arising 
from pentose degradation, are also present in relatively 
large concentrations.

The different composition of the liquors is a 
consequence of the different severities used for their 
production. Under the harsher conditions used to 
produce liquor 2, higher monosaccharide, aliphatic 
acids and furan derivatives concentrations are 
obtained, together with lower concentrations of sol-
uble oligosaccharides, indicating a more extended 
hydrolysis. 

Table 1
Composition (g/L) of olive stones auto-hydrolysis liquors

 Compounds Liquor 1 Liquor 2

Oligosaccharides GOS 0.62 n.d.
XOS 28.72 27.99
AOS 0.55 n.d.
AcOS 4.84 4.88

Monosaccharides Glucose n.d. n.d.
Xylose 2.62 7.67
Arabinose 1.06 n.d.

Aliphatic acids Formic acid 0.36 1.03
Acetic acid 1.96 5.64

Furan derivatives Hydroxymethyl 
furfural

0.03 0.11

 Furfural 0.46 2.46

Liquor 1: T 200°C, LSR = 3.
Liquor 2: T 215°C, LSR = 4.
n.d. not detected.
AOS – arabino-oligosaccharides; GOS – gluco-oligosaccharides; 
XOS – xylo-oligosaccharides.
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3.2. Membrane permeability

Fig. 2 presents the experimental volumetric fl uxes 
obtained for the NF90 and NF270 membranes at differ-
ent transmembrane pressures, while in Table 2 the calcu-
lated permeability values are compiled.

The higher permeability values obtained for the 
NF270 membrane are a consequence of its higher 
MWCO. It may be observed that the processing of the 
GXF model solution lead to a signifi cant decrease in per-
meability for both membranes, which may be attributed 
to a possible adsorption of furfural at the membrane 
surface, since glucose and xylose typically do not affect 
permeability. An even more signifi cant decrease in per-
meability is observed during the processing of the auto-
hydrolysis liquors. In this case, the complexity of the 
feed solution does not allow for a direct interpretation of 
the results as for the GXF model solution, but it may be 
tentatively assumed that the decrease in permeability is 
related to a larger variety of hydrophobic solutes present 
in the liquors that adsorb on the membrane surface. In all 
cases the membrane permeability was fully recovered by 
alkaline cleaning, which further indicates that the main 
fouling mechanism is a reversible adsorption of hydro-
phobic organic solutes on the membrane surface.

3.3. Rejection of liquor components

The rejection to individual solutes present in the 
auto-hydrolysis liquors was determined in order to 
investigate the capability of the NF90 and NF270 mem-
branes to be used in a diafi ltration experiment. Fig. 3 
shows the rejection profi les of both membranes for the 
GXF model solution. The results indicate that both mem-
branes show a much higher rejection to glucose and 
xylose than to furfural. In the case of the NF90 mem-
brane, even at low effective pressure differences (ΔP–Δp) 
the rejection to glucose and xylose is higher than 95%. 
The NF270 membrane shows a lower rejection to these 
sugars, which can compromise its use in a diafi ltration 
mode of operation.

Figs. 4 and 5 show the rejection results for liquor 1 
and liquor 2, for the two NF membranes. In addition to 
glucose, xylose and furfural, in liquor 1 arabinose and 
acetic acid were detected in signifi cant amounts, while 
in liquor 2 only acetic acid was additionally detected. 
Compounds detected only in small concentrations were 
not considered relevant to the objectives of this work, 
such as the case of small phenolics, acids (e.g., formic 
acid is detected in small quantities) or other sugars. 
Oligosaccharides of higher molecular weight (above 
280 Da) were not considered in this study since they are 
highly rejected by both membranes. It should be addi-
tionally mentioned that, as the pH of both liquors were 
close to 3, acetic acid is expected to be in its neutral form 
(pKa = 4.76) [17]. The results obtained for the liquors are 
similar to those obtained with the GXF model solution, 
where the NF90 membrane showed higher rejections to 
the target solutes, totally rejecting glucose, xylose and 
arabinose. It is interesting to note that the rejection pro-
fi le of the NF270 membrane to acetic acid and furfural is 
uncommon, since the dependence of rejection with pres-
sure is not monotonous. This could be a result of non-
trivial interactions of the liquors solutes with the NF270 

Table 2
Comparison between water, GXF solution and liquors 1 
and 2 permeabilities for the NF90 and NF270 membranes 
at 30°C

Membrane LP, l/m² hbar

 Water GXF Liquor 1 Liquor 2

NF90 8.75 4.18 0.88 0.78

NF270 20.69 12.16 3.85 4.17
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Fig. 2. Volumetric fl uxes for water (circle), GXF solution (square) and liquor 1 (diamond) and 2 (cross) at different transmem-
brane pressures for the NF90 (a) and NF270 (b) membranes at 30ºC.
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membrane material, but since its proprietary top-layer 
composition is not known, a further interpretation of the 
phenomena involved is behind the scope of this work. 
Therefore, the results suggest that the most adequate 
membrane for the aims of this work is the NF90, since 
it totally rejects both hexoses and pentoses, while allow-
ing permeation of the potential inhibitory compounds, 
acetic acid and furfural. The NF270 membrane showed 
lower furfural and acetic acid rejection, but as the hex-
oses and pentoses rejection was not total, this behavior 
will eventually lead to a depletion of these sugars in a 
diafi ltration mode of operation.

3.4. Diafi ltration

The results obtained in the independent experi-
ments using a total recycle mode of operation were 
used to design a diafi ltration experiment to remove fur-
fural and acetic acid from a liquor obtained from olive 
stone auto-hydrolysis at 215°C, liquor 2. The membrane 

selected for the diafi ltration experiment was the NF90 
membrane, since it showed a total rejection for hexoses 
and pentoses, and a moderate rejection for furfural and 
acetic acid. The applied pressure and temperature in 
the feed vessel were kept constant at 20 bar and 30°C, 
respectively. The total time of the experiment, consider-
ing the effective membrane area of the available module 
was chosen to be 5 d to allow furfural and acetic acid 
to be depleted to low values, based on a mathematical 
description of the diafi ltration process. This involved 
the establishment of a mass balance over the feed recipi-
ent that may be given by:

( )f p
d
d

= −, ,i V iVC J AC
t  

(3)

By assuming that the volume in the feed recipient is 
constant, and that Ci,p= Ci,f(1 – Ri), manipulation of the 
previous equation gives:
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Fig. 3. Rejection profi le for glucose (circle), xylose (square) and furfural (diamond) in the GXF model solution of (a) the NF90 
membrane and (b) the NF270 membrane at 30 ºC.
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( )f fd
d

−
= −, , 1i V iC J AC

R
t V  

(4)

The rejection is typically assumed to be constant for 
uncharged solutes, therefore the previous equation may 
be solved algebraically to give:

( )
f

f
f ,

,0
,

1
exp

− −⎛ ⎞
= ⎜ ⎟⎝ ⎠i

V i
i

J AC R
C C t

V
 (5)

The rejection of xylose, glucose, furfural and ace-
tic acid in the model equation was fi xed at the values 
obtained in the previous experiments (please see Fig. 5), 
and the NF90 membrane permeability was assumed 
to be constant and equal to 0.78 l/m² hbar (please see 
Table 1). Fig. 6 shows the evolvement over time of the 
co ncentration of the target solutes in the diafi ltration 
feed recipient. The agreement between predicted and 

experimental values can be considered satisfactory tak-
ing into account the complexity of the liquor composi-
tion. In this experiment, the xylose and glucose content 
was kept constant as expected, while furfural and acetic 
acid were signifi cantly depleted. It is important to note 
that, in the case of furfural, the concentration of the last 
experimental point was below the limit of detection of 
the analytical method used. Fig. 6 includes the number of 
diafi ltration volumes (ratio of washing solution volume 
to feed volume) as well, needed for a given depletion. It 
may be observed that over seven diafi ltration volumes 
were processed during the 5 d diafi ltration experiment, 
which enabled a 50% decrease in the acetic acid concen-
tration, and an almost total removal of furfural.

As a result of its validation with experimental data, 
the predictive model can be applied for the simulation 
of different operating conditions than those used in the 
diafi ltration experiment. Fig. 7 shows the depletion of 
furfural and acetic acid as a function of the number of 
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 diafi ltration volumes, for varying transmembrane pres-
sures. A change in transmembrane pressure will affect 
not only the permeate fl ux, but also the solute rejection, 
as shown in Figs. 4 and 5, where the rejection is typi-
cally lower at lower pressures. The simulation results 
indicate that working at a lower transmembrane pres-
sure leads generally to a more effi cient washing of fur-
fural and acetic acid from the feed recipient in terms of 
di afi ltration volumes.

4. Conclusions

The primary objective of this work was the devel-
opment of a nanofi ltration process in diafi ltration mode 
for the separation of sugars from metabolic inhibitors 
produced during auto-hydrolysis of olive stones. Both 
membranes tested, NF90 and NF270, enabled a partial 
separation of sugars from the metabolic inhibitors, but 
the NF90 membrane was shown to be the most effi cient 
by presenting a higher sugar rejection.

A diafi ltration experiment was carried out for sev-
eral days using real hydrolysate liquor in order to test 
the assumptions made. The results showed that the 
mathematical model developed in this work agreed 
very well with the experimental diafi ltration data, thus 
it can be applied as a cost-effective solution for the 
evaluation of optimized operating conditions and sub-
sequent scale-up.

The application of this process to the purifi cation/
detoxifi cation of auto-hydrolysis liquors seems promis-
ing since a complete separation of furan derivatives/
furfural and acetic acid may be achieved provided the 
number of required diafi ltration volumes is met.
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Symbols

JV — Solvent volumetric fl ux
LP — Membrane permeability
P — Pressure

Π — Osmotic pressure, p = RTC
Ri — Rejection of solute i
Ci,p — Concentration in the permeate of solute i
Ci,f — Concentration in the feed of solute i
V — Volume in the feed recipient
A — Membrane area
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