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Abstract

The presented work tries to solve the problem of the large volumes of oil mill wastewater (OMW).
For this, nanofiltration is presented as a possible second stage of treatment. Different membranes
were tested under different operating conditions, varying cross flow velocity (CFV) and
transmembrane pressure (TMP), in order to obtain a concentrate rich in phenolic compounds and
also an adequate permeate able to be returned to the process as machinery cleaning water. The
NF270 membrane under the conditions of 1 ms™ CFV and 10 bar of TMP was observed to be the
best to concentrate the phenolic compounds, with high permeate flux and low fouling. Different
types of tests were performed: membrane adsorption tests with different compounds,
nanofiltration tests with a model solution (MS) to analyse fouling and check the effectiveness of
the cleaning protocol and, finally, the selected NF270 membrane was tested with OMW. Also, for
the first time, 2D fluorescence spectroscopy and Fourier-transform infrared spectroscopy (FTIR)
were used together as tools to study membrane fouling. From the adsorption tests it was observed
that all the considered compounds had an effect on the membrane surfaces, which was also
confirmed from the nanofiltration tests (with the DM900 membrane the most affected). After
cleaning, the membranes fouled with MS and OMW did not recover the spectra of the pristine
membranes but, instead, matched the spectra presented by the new membranes subjected to the
cleaning protocol. Finally, the following a suitable membrane for this purpose is selected In
addition, it has been proved that the used spectroscopic techniques are a feasible option for the

study of both fouling and efficiency of cleaning protocols.
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1. Introduction

As the world's population continues to grow and social pressures and awareness of the need for
environmental improvement increase, solutions to environmental issues of industry must be
found. One of the greatest problems is the large amount of wastewater generated each year by
various industrial sectors. One of these sectors, which mainly affects Mediterranean countries, is
the olive oil industry, where olive mill wastewater (OMW) is enormously produced. This
wastewater has a high content of organic matter, an acidic profile and a large quantity of
phytotoxic compounds. These phytotoxic compounds in OMW are phenolic compounds, which
are, at the same time, harmful to the environment, but they also show an outstanding antioxidant
activity, making them potentially valuable for commercialization [1]. Different processes have
been proposed and developed for the treatment of OMW, including membrane processes. These
processes are basically a separation generated by a membrane. This membrane acts as a semi-
permeable barrier that separates two phases by selectively restricting the movement of
components through it. This separation occurs through different driving forces, being pressure-
driven separation the most widely applied in wastewater treatment [2]. The advantages of
membrane technologies, such as modularity, compactness, easy scalability and adaptability to
different capacities make them a promising alternative in situations where wastewater treatment
is combined with the recovery of useful components [3]. Within these membrane processes,
nanofiltration (NF) is a widely used process for the treatment of OMW. Due to its high capacity
to retain a large amount of organic content as well as monovalent (partially) and divalent ions, it
produces a high quality final permeate (with low organic matter concentration and ionic content)
suitable for reuse in irrigation, and a concentrate enriched in phenolic compounds [4].

Today there are still some problems in upscaling some membrane process to treat industrial
wastewaters due to fouling. The complexity of fouling is due to the presence of multiple species
that can interact with each other to form dense and compact fouling layers through pore blockage,
adsorption and/or cake formation [5]. This fouling shortens the life of the membranes due to the
increase frequency of cleaning procedures. Membrane fouling increases wastewater treatment
costs and energy consumption, which affects the industrial application of membranes [6].
Therefore, it is recommended to integrate pre-treatment processes to mitigate fouling phenomena.
The combination of different techniques and sequential membrane processes has proven to be a
good approach to prevent membranes from fouling [7-9]. Paraskeva et al. [10] and Coskun et al.
[11] investigated different membrane techniques for the treatment of OMW. These authors were
able to reduce total chemical oxygen demand (COD) with the combination of ultrafiltration (UF),
NF and reverse osmosis (RO). Sanches et al. [12] studied the treatment of OMW by a sequence
of dissolved air flotation pre-treatment and NF at pilot plant scale, reaching a reduction between
83 to >99% of suspended solids and 53 to 77% of COD. Furthermore, in previous studies by the

authors of this work [13] a permeate highly enriched in phenolic compounds was obtained by
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means of UF with organic membranes. However, this stream was very diluted. Therefore, this
permeate could be later concentrated by techniques such as NF. The utilization of integrated
membrane processes to obtain a concentrated stream enriched in phenolic compounds has also
been proposed by other authors [14]. However, the main limit of OMW treatment by membrane
processes is the total cost involved (5-10 €:m™) [15]. These costs, which are associated with
electricity, technical issues and chemical are directly related to the main disadvantage of
membrane technologies, which is membrane fouling. Fouling raises the cost of electricity, as well
as the dose of chemicals used in membrane cleaning. This is the reason why this work is focused
on membrane fouling. The main advantage of the proposed method, as reported by Kamali et al.
[16], is its potential to be a "zero" waste process through valorization of secondary concentrate
streams.

The environmental impact of the proposed OMW treatment is also a critical issue. Membrane
processes do not require the addition of chemicals. Thus, they generate streams that are
concentrated in phenolic compounds, whose recovery can cover the initial costs of the process,
and high-quality water that can be reused as machine washing water. All this makes treatment of
OMW with membranes potentially possible and sustainable from an environmental point of view.
On the other hand, establishing appropriate operating conditions and studying the interaction
between the membrane and the compounds present in the influent allows a better understanding
of the system, control fouling and thus improve membrane performance [17]. Therefore,
understanding the fouling mechanism of individual foulants is crucial for fouling prevention and
control in order to find hindrance strategies and optimise cleaning treatments.

The lack of papers about characterization of fouling components in NF membranes after the
treatment of OMW, has generated the need to search for techniques that deliver fast and complete
results. To date, various methods have been proposed and/or applied to characterise fouling, such
as scanning electron microscopy with energy dispersive X-ray spectroscopy, atomic force
microscopy, three-dimensional (3D) optical coherence tomography, molecular spectroscopic
methods and others [18,19]. Spectroscopic techniques rely on the interaction of electromagnetic
radiation with the sample, where the radiation can be absorbed, transmitted or scattered. These
techniques have several advantages, such as low sample consumption, rapid analysis that does
not require pre-treatment of the samples, as well as ease of use, reduction in the use of solvents,
minimising potential environmental impact and providing a wealth of information in a short time
[18,20].

In 2D fluorescence spectroscopy, the natural fluorescence of a variety of compounds is used for
their detection. When a fluorophore compound is excited, it emits light that can be recorded by
fluorescence spectroscopy. The spectra generated can provide quick and useful information about
the composition of the samples, with the help of mathematical tools. This technique has been used

in various fields such as reverse electrodialysis [21], membrane bioreactors [22] and in the food
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industry [23,24]. An outstanding advantage of 2D fluorescence spectroscopy is that it can be used
for in in situ monitoring of fouling. Although the number of papers on this matter is very limited,
the results obtained were promising. Therefore, this work could provide the first indications to
check if this technique is appropriate to characterize OMW-fouled NF membranes prior to further
studies to implement this technique for in situ characterization. Fourier transform infrared
spectroscopy (FTIR) is another method often used to characterise membrane materials and
impurities. In this case, the spectra profiles comprise specific bond stretchs and allow the
identification of the chemical species in the sample [25].

The results are also readily available and can provide valuable information on the composition.
Principal component analysis (PCA) and partial least squares (PLS) are some of the multivariate
techniques commonly used to deconvolute and interpret spectroscopic data [26].

In this paper, NF was analysed as a possible second stage treatment after UF, for the recovery of
phenolic compounds from an olive oil washing wastewater (OOWW). The NF process was fed
with the permeate obtained from a previous UF step that demonstrated to be efficient to remove
a large amount of the organic matter and obtain a permeate rich in phenolic compounds [13].
Different NF membranes and operating conditions were tested to obtain a concentrated stream
containing phenolic compounds and a permeate stream suitable to be recycled to the process as
machinery wash water. The membranes used in this study are commercial. Although good results
have been reported with modified membranes, most membrane manufacturing and modification
strategies are not yet implemented at industrial scale due to cost and repeatability problems [27].
Moreover, the utilization of 2D fluorescence spectroscopy and FTIR as tools to investigate
membrane fouling was considered. Finally, a PCA data analysis was employed to evaluate the
efficiency of the cleaning protocols using the data obtained from these techniques. The purpose
of this study was, firstly, to find the best membrane and operating conditions for the recovery of
these antioxidants with NF and, secondly, to investigate the potential of these spectroscopic
techniques to study the fouling phenomenon and cleaning protocols of the membranes.

2. Materials and Methods
2.1 Nanofiltration experiments for process optimization
2.1.1 Nanofiltration process

Four polymeric membranes with different properties were analysed as a second stage of treatment
of an OOWW. All the membranes were first conditioned under the same protocol. The membranes
were submerged for hydration for 24 hours in pure water (conductivity <40 uS/cm) and then
compacted for three hours. The operating conditions were: transmembrane pressure (TMP) of 16
bar and a cross-flow velocity (CFV) of 1 m's™'. The conditions used were based on studies carried

out by Sanchez-Arévalo et al. [28] and following the standard procedures for membrane



compaction [29]. Once the compaction was finished, the hydraulic permeability (K) was measured
and obtained using the following equation:

J=K-AP (Eq.1)
Where J (L-h™'-m™) is the permeate flux and AP (bar) the TMP. Previously, a UF process was
carried out as first membrane process stage to eliminate the major organic matter. It was
performed with an UP005 Microdyn-Nadir membrane, under the operating conditions of 2 bar of
TMP and CFV of 2.5 m's™'. The UF process feed was an OOWW pre-treated (PR-OOWW)
following the protocol presented in other studies [13]. The raw OOWW was collected during the
production of olive oil in October 2019 in the Valencian Community (Spain). It was taken at the
outlet of the vertical centrifuge after the olive oil washing in the two-phase continuous

centrifugation process. The characterization of the PR-OOWW and UF permeate is shown in

Table 1.

Table 1: Characterization of samples from pre-treatment stages

PR-OOWW* UF Permeate
pH 5.14+0.01 5.19+0.02
Conductivity (mS-cm™") 4.54+0.03 5.35+0.01
Turbidity (NTU?) 22.80£0.57 0.04 £0.00
Suspended solids (mg-L") 1400 = 11.02 0.12+0.00
COD" (mg-0x- L) 42950 + 198.12 14580 + 12.37
TPhC® (mgTyeg-L") 1101.16£16.12  954.78 = 12.70
SUG! (mg-GluL™) 4484 +57.37 3730 +325.10

2 NTU: Nephelometric Turbidity Units; ® COD: chemical oxygen demand; ¢ TPhC: Total phenolic compounds; ¢ SUG:
sugars ¥*PR-OOWW: pre-treated olive oil washing wastewater (OOWW)

Table 2: Specifications of the nanofiltration membranes used

NF90 NF245 NF270 DM900*
Dow Dow
Supplier DuPont Evonik
Filmtech Filmtech
Material TFC?PA® TFC*PP¢ TFC?PA® ISAY Modified PI°
Contact angle 53.0' - 66.452 11.0° 25.44 69.7°
MWCO (Da) 90 — 180 300 150 - 340 900°
Pore size (nm) 0.38° - 0.46! - 0.44¢ -
Zeta potential at
-17.5% - -21.6° -
neutral pH (mV)
T max (°C) 40 50 45 50




P max (bar) 41 54.8 41 20

pH range 2-11 3-10 3-10 0-7
Permeability*
(L'h -m2 -bar) 3.80 4.87 12.45 6.32

*DM900: DuraMem900; *TFC: thin film composite; ®°PA: Polyamide; °PP: Polypropylene; YISA: integrally skinned asymmetric; PI:
polyimide; Molecular weight cut-off of styrene oligomers dissolved in acetone; * Water, at 25 °C, experimentally determined in this
work. ': [30]; 2 [31]; 3 [32] #[33]; 3:[34]; °[35]

Once the necessary volume of UF permeate was reached, it was fed to the NF process, which was
carried out in a laboratory-scale plant. This plant operated in full recycling mode and was
equipped with a feed tank of 40L and a plunger pump. The membrane module was designed by
the research institute ISIRYM [36]. This module allows the use of one flat sheet membrane with
an active area of 0.0072 m®. Four different membranes were tested under different CFV (0.5-1.5

m-s™) and TMP (5 - 15 bar). The specifications of the membranes are presented in table 2.

Every 30 minutes 50 mL of permeate sample was collected for further analysis. The experiments
were performed at a constant temperature of 21 + 1°C, controlled by an electrical resistance and
a cooling coil. The performance of the membranes was evaluated by calculating the rejection of
the chemical oxygen demand (COD), total phenolic compounds (TPhC) and sugars (SUG), under
the following equation (Eq. 2)

%R, = ( _E_Z) -100 (Eq.2)
Where Rj corresponds to the apparent rejection of the different parameters j (COD, TPhC or SUG)
expressed in %; Cpj and Cfj are the concentration of parameter j in the permeate stream and in

the feed solution, respectively.
2.1.2  Samples analysis

All the samples were characterized for the same parameters. Electrical conductivity was
determined by means of a digital calibrated conductivity meter (EC-Meter GLP 31+) and pH by
using a pH-meter (GLP 21+), both from Crison (Barcelona, Spain). For turbidity, a D-112
turbidimeter (DINKO, Barcelona, Spain) was used following the UNE-EN ISO 7027 standard
method. COD was measured with Merck kits (Darmstadt, Germany) in a range of 500-10.000
mg-L"' and the measurement of suspended solids was performed following the UNE 77034
standard method from APHA [37]. Total phenolic compounds concentration was determined by
means of the Folin-Ciocalteau method [38] with tyrosol (VWR Chemicals, USA) as standard.
Sugar concentration was determined by the Anthrone colorimetric method [39], whit glucose

(Panreac, Barcelona, Spain) as standard.

2.1.3  Cleaning protocol



The membranes were cleaned after each test to remove fouling. Firstly, tap water was flushed
through the system for 5 minutes. The cleaning procedure consisted of four successive steps, only
performing the steps needed to recover the initial permeability of the membrane by at least 95%.
The duration of each step was 30 minutes. The protocol steps were the following: C1: pure water
at 25°C, C2: pure water at 35°C, C3: 1%v/v Ultrasil solution at 25°C and C4: 1%v/v Ultrasil
solution at 35°C. The last two solutions for the chemical cleaning were prepared with P3 Ultrasil

115 (Ecolab, Barcelona, Spain).
2.2 Analysis with 2D fluorescence spectroscopy and FTIR

The diagram plotted in figure 1 shows the methodology followed for the analysis of the effect of
fouling and cleaning of the membrane surface with 2D fluorescence spectroscopy and FTIR. Each

stage is explained separately below.

Adsorption test Nanofiltration test
N / Membrane \
Membrane | Compactation |
| Adsorption ' i
- L ™y
_ v _ ‘ NE Test »| 2D Flourescence
2D Flourescence | _ | FTIR analysis |
FTIR analysis 1 —
S~ ¥ —_—
Tests performed with solution ‘ Cleaning y| 2D Flourescence
of different compounds | FTR a”alys's/
rTests performed with MS for all membranesx
and only for NF270 with OMW

A w

Fig. 1. Methodology to evaluate the effect fouling and cleaning of the membranes with 2D
fluorescence spectroscopy and FTIR. NF: nanofiltration; MS: model solution; OMW: olive mill

wastewater

2.2.1 Adsorption tests

First, adsorption tests were performed with all the membranes. The four membranes were
evaluated in the same way under the following protocol: a piece of membrane (3x3 cm) was
immersed in different solutions for 24 hours to further analyse the surface of the membranes by
2D fluorescence and FTIR spectroscopy, in order to find out whether some compounds were
adsorbed by the membrane. The compounds (supplier by BioNova Cientifica (Spain) and
PanReac Applichem (Spain)) selected for the adsorption tests were based on the composition of
the real OOWW used [40]. One compound of each family (chemical class) was selected: citric

acid (CI) corresponding to organic acids, caffeic acid (CA) corresponding to phenolic acids,



hydroxytyrosol (HT) representing simple phenols, luteolin (LUT) to flavonoids and a mixture of
glucose, fructose and sucrose to sugars (SUG). It is important to emphasize that the adsorption
assay did not consider the actual concentrations of each compound present in the OOWW, but the
aim was to use the same concentration for each compound. With the exception of sugars, the
concentration of each compound in distilled water solutions was 20 ppm (conductivity <70
uS/cm). The sugar solution had a concentration of 30 ppm, with 10 ppm of each compound. As a
control, it was decided to leave a piece of membrane in distilled water. On the other hand, other
pieces of membrane were also immersed in a solution with the chemical reagent used in chemical
cleaning (P3 Ultrasil 115, 1% v/v). This followed the same adsorption protocol as the membrane
pieces in the different solutions. This is done to analyze if there were changes in the membrane

surface after cleaning (also acts as a control).

2.2.2 Nanofiltration tests for membrane fouling analysis

For these NF tests, a model solution (Table 3) made with the same reagents used for adsorption
analysis was used as feed stream. In this case, the concentration of each compound was consistent
with the concentration obtained from the liquid chromatography—mass spectrometry
characterization of the real OOWW, which can be found elsewhere [40]. A new model solution
was used for each test. The tests were carried out under the best operating conditions (Im's” of
CFV and 10 bar of TMP) that were selected after a previous study with OOWW (section 2.1).
These tests were carried out in another nanofiltration plant. In this case, the plant was assembled
with a GE-Sepa CF module (GE OSmonic, Minnetonka, USA) and a Hydra-cell G13 model
pressure pump (Wanner Engineering Inc., Minneapolis, USA). The NF active membrane area was
0.014 m”. Permeate and concentrate samples were collected after half an hour and at the end of

the test and stored for future analysis.

Table 3. Characterization of model solution used as feed in the nanofiltration tests

Compound Family. Concentration
(Chemical class) (ppm)
Citric acid Organic acids 207.10 £ 1.06
Caffeic acid Phenolic acids 4.22+0.05
Hydroxytyrosol Simple phenols 3.43+0.16
Luteolin Flavonoids 3.33+0.02
Glucose Sugars 700.02 £ 0.02
Fructose Sugars 100.35+£0.01
Sucrose Sugars 100.67 £ 0.02

Upon completion of the assay, the membrane was removed from the module and 2D fluorescence

was measured immediately to avoid drying out of the membrane. The FTIR spectra of the
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membrane was also determined after the test. The membranes were stored in a refrigerator (5°C)

to avoid their degradation.

To analyse the effectiveness of the cleaning protocol, the test explained above was repeated, but,
this time, followed by a chemical cleaning. For this, the cleaning protocol that presented the best
results at the time of recovering the initial permeate flux in the OOWW test was used (C4: 1%v/v
Ultrasil solution at 35°C). First, the membrane was rinsed with tap water for 5 minutes, before
circulating the cleaning solution for 30 minutes under a TMP of 1 bar at 35°C (same protocol
presented in 2.1.3.). The membrane was then rinsed with distilled water to remove all chemical
residues and afterwards the 2D fluorescence of the membrane surface was immediately measured.
As mentioned above, the membrane was later analysed with FTIR spectroscopy, keeping it

refrigerated to avoid degradation.

Finally, a NF test was performed with OMW using only the membrane that showed the best results
in the study with OOWW. The OMW sample was provided by Zeyton Nutraceuticals, Portugal
from a three-phase continuous centrifugation process. The sample was treated following the same
protocol as that applied for the OOWW. Then, it was diluted to obtain a composition similar to
that presented by OOWW. The operating conditions for both the NF test and the cleaning protocol
were the same ones describe above. The membrane was also evaluated under 2D fluorescence

and FTIR spectroscopy after the NF test. Finally, a chemical cleaning was performed.
2.2.3 2D fluorescence and FTIR spectroscopy

The fluorescence spectra of the membranes and samples were acquired with a Varian Cary Eclipse
fluorescence spectrophotometer equipped with excitation and emission monochromators and
coupled to an optical fibre bundle probe. The excitation-emission fluorescence spectroscopy
measurements (EEMs) were obtained at a scan speed of 12000 nm-min”', and excitation and
emission slits of 5 and 10 nm, respectively. Fluorescence spectra were determined in a wavelength
range of 245 and 745 nm of excitation and an emission wavelength range between 250 and 750
nm with an incrementing step of 5 nm. FTIR spectra of the membranes were obtained utilizing
Shimadzu IR Affinity-18S in absorption mode from 400 to 4000 cm ' with 4 accumulations scans
and a resolution of 10 cm™'. Furthermore, the data obtained by these techniques was deconvoluted
and compressed into some major PCA components (Supplementary material, section 1) for better

analysis.
3. Results
3.1 Membrane characterization and permeate fluxes in nanofiltration tests for process
optimization

The measured hydraulic permeability values agree with the data obtained by other authors
[28,41,42], with the NF270 membrane exhibiting the highest permeability (12.45 L-h™-m?*-bar™)
and the NFOO membrane the lowest one (3.80 L-h™'-m™-bar™"). No record of the water permeability
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of the DuraMem900 (DM900) membrane was found in the literature. The hydraulic permeability
for the other membranes were 6.32 L-h™!-m?-bar’ and 4.87 L-h™'-m™-bar™ for DM900 and NF245,

respectively.

Fig. 2 shows the mean permeate flux values for the different operating conditions tested in the NF
experiments with OOWW. The error is not presented, but in all cases it was less than 9%. In
general, it is observed that permeate flux was more affected by TMP, showing a linear increase
with TMP for all the CFVs tested. However, this behaviour was not observed in all tests. For the
NF90 and DM900 membranes, the permeate flux presented a deviation from linearity at high
TMPs (above 10 bar). This may be explained because the critical flux is being reached, which is
evidence of membrane fouling [43]. In the case of the DM900 membrane, similar flux values
were obtained at 10 and 15 bar, which was more noticeable at low CFV. This may be due to the
fact that high TMP values could contribute to concentration polarization [44], which would result
in a greater flux decrease (in this case from 10 bar). Higher flux values were obtained at higher
CFV conditions. The decrease in flux is mainly due to the formation of a gel layer or cake. Thus,
increasing CFV allows improving the transfer of solids present on the membrane surface back
into the bulk stream [45]. Therefore, a reduction in the thickness of the fouling layer occurs, with
the subsequent increase of the permeate flux. It also allows working at higher TMP values. On
the other hand, in nanofiltration, especially at high TMP, the effect of the osmotic pressure
gradient may be relevant. The accumulation of inorganic or organic solutes generates an increase
in the osmotic pressure difference between the two sides of the membrane and will lead to the
reduction of the effective TMP and the permeate flux [12,46]. Mohammad et al. [46] pointed out
that while studies of fouling mechanisms have been conducted, it remains difficult so far to predict

which mechanism is involved.

The lower hydraulic resistance to water transport exhibited by the NF270 membrane due to its
relatively loose semi-aromatic skin rejection layer may explain the high permeate fluxes [47]. The
DMO900 was the membrane that presented the greatest hydraulic resistance, due to the more
hydrophobic properties of the modified polyimide [34] in comparison to the other membranes
materials. Also, when comparing the hydraulic permeability and the permeate flux with the
OOWW, this membrane (DM900) was the one that presented the greatest difference, showing a
flux decrease between 56-65% (depending on the TMP), which could infer that this membrane
was the most affected by fouling. Similar results were observed by Bocking [48] when using a
membrane of the same material (DuraMem500). They observed that the addition of PEG as a
solute generated a significant decrease in permeate flux (close to 45%). They attributed it

primarily to concentration polarization effects.

10



=
[ ]
(=]
N\

_".E 100
£

"'é' 80
e

L 60
]
7]
£

o 40
o

20

0

0 5 10 15 20
TMP (bar)
© NF270 e NF245 A NFS0O O DM900
-==0.5m/s 1.0m/s — - 1.5m/s
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It has been usually reported that permeate flux affects permeability reduction because the higher
the flux, the faster the accumulation of solutes on the membrane surface [49,50]. However, a
linear relationship between higher permeate flux values and higher fouling was not observed (Fig.
3). The membrane with the highest permeate flux (NF270) was found to exhibit relatively similar
fouling to those of the NF245 and DM900 membranes in terms of permeate flux decline over
time. This could indicate a non-severe fouling in the NF270 membrane. Once again, it can be seen
how the DM900 membrane was the most affected by fouling, due to its constant flux decrease,
being the last to reach a steady state. On the other hand, the membrane with the lowest MWCO
reached faster the stationary permeate flux, which could be due to rapid fouling. Nunes et al. [47],
in their study on the extraction and concentration of bioactive compounds from olive pomace
using membranes, observed a similar performance of the NFO0 membrane, attributing it to the
polymeric structure of the membrane. This membrane is open enough to let the foulants penetrate
through the membrane, but, at the same time, it is closed enough to generate a close/block in one
step, generating a rapid decrease in flux prior to a flux stabilization. Similarly, as in this study,
these authors observed an opposite behaviour with the NF270 membrane, which suffered from
progressive fouling. As the intra-polymeric voids in its active layer are too large to block them all

at once, flux decay is not so abrupt as in the case of NF90 membrane.
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3.2 Membrane rejections

Fig. 4 shows the percentages of rejection obtained in the NF tests performed. In all tests, an
increase in rejection percentages can be seen with increasing TMP as expected. Regarding the
CFV, rejection seemed to increase at increased CFV values. However, this behaviour did not
repeat for all the membranes. At a fixed TMP of 10 bar, the NF245 membrane had the highest
rejections for all the compounds at 1 m-s™. Therefore, the increase in CFV generated a decrease
in the rejection efficiency for this membrane. This could be due to the aforementioned effect of
fouling layer diminution by increasing CFV, and better external mass transfer conditions (lower
concentration polarization). This fouling layer could act as an additional layer, generating

additional resistance to the pass of the solute through the membrane [51].

The NF90 membrane was the one that presented the highest COD retention percentages, while
the DM900 had the lowest. This agrees with the retentive properties of these membranes, with the
NF90 being the one with the lowest MWCO. On the other hand, although according to the
manufacturer, both NF245 and NF270 membranes exhibit similar MWCO, the higher retention
exhibited by the NF270 suggested a tighter top layer structure than that of the NF245.
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Interesting results were obtained with the DM900 membrane. Although low permeate fluxes were
obtained, the percentages of phenolic compounds rejection are within the range of the other
membranes. Although this membrane was manufactured for use with organic solvents, the cross-
linking reaction that occurs in its manufacture generates an increase in hydrophilicity, with a
contact angle indicating a polar active layer [48], therefore it is suitable for use in aqueous
solutions. Other studies have shown great rejection of total phenolic compounds in organic
solvent solutions (near 80%) using this membrane [34]. In this case, the rejections were similar
and in some cases higher; this may be due to the fact that for hydrophilic membranes the rejections
in water will be higher than in organic solvents [52]. Although, the NF90, NF245 and NF270
membranes presented similar rejection ranges for phenolic compounds, the NF270 was by far the
one that presented the highest permeate flux in all tests carried out. Thus, this membrane was
found to be the most appropriate for the concentration of phenolic compounds from OOWW.
Similar results were observed by Lopez-Borrell et al. [53] in the recovery of phenolic compounds
from wine lees. Although the rejection of the phenolic compounds that presented the NF90 and
NF245 membranes was high, they showed very low permeate flux values. Also, the zeta potential
(table 2), can be related with the higher rejections presented by NF90 and NF270 membrane. It
can be due to higher cross-linking of the aromatic polyamide (as deduced from zeta potential

measurements), which corresponds to higher polymer density and hindered diffusion of the solute
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[54]. Therefore, the NF270 membrane was selected as the optimal one because it presented the
highest values of permeate flux with a rejection of phenolic compounds above 93%. It is important
to highlight that no interactions between the membranes and the phenolic compounds are
expected. Due to the pH of the OMW, the membranes are negatively charged (isoelectric point,
4.0 - 5.0 [28,55-57]), and the phenolic compounds are found in their deprotonated form at basic

pHs, which is not the case.

The rejection of sugars showed a similar trend to the rejection of phenolic compounds, with all
membranes presenting high percentages of sugar rejection. The increase of TMP from 5 to 10 led
to a significant increase in rejection. This was also observed by Nguyen et al. [58], who studied
the use of NF and RO for the detoxification of lignocellulosic hydrolysates. They observed that
when TMP was raised at values higher than 10 bar glucose rejection increased (>94%), regardless
of the membrane analysed. Although only glucose was considered, about 60% of the sugars
present in OOWW correspond to glucose, so the trend can be extrapolated to the sugars analysed
in this study. On the other hand, the permeate obtained by all membranes was adequate to be
reincorporated into the process as machinery cleaning water, with low COD and TPhC. Ochando-
Pulido et al. [59] also obtained high COD rejection (86.76%) with the 300Da DK membrane (GE
Water & Process Tech) when working with OOWW. These authors used the permeate (practically

without phenolic compounds) for irrigation.
3.3 Membrane cleaning

The recovery of the hydraulic permeability of the membranes after each test and the cleaning
protocols performed are shown in Fig. 5 (A and B). It can be seen that from the 4th use of the
membranes there was a decrease in the permeability recovery percentage for most of them (Fig.
5A). This was more significant for the NF90 and DM900 membranes. This could be explained
because these tests were performed above sustainable flux conditions, as they were performed at
high values of TMP. This term is related to the permeate flux value that corresponds to non-severe
fouling an to a profitable balance between investment and operating costs [60—62]. Therefore, the
operating conditions generated high fouling, which made cleaning difficult, hindering the
recovery of the hydraulic permeability. In this case, working with the NF90 and DM900
membranes under the conditions of tests 4-9 would imply the need for a more aggressive cleaning,
as high TMP and low CFV values were considered for these tests, thus increasing membrane
fouling. This could result in higher spending of chemical reagents for cleaning or more energy to
raise the temperature. On the other hand, the NF245 and NF270 membranes were the only ones
capable of recovering permeability in all tests by at least 95%. It is important to note that these
two membranes mostly present reversible fouling, managing to recover an average of 86.7 + 3.8%
and 82.3 + 4.1% after C1, which was performed with water at room temperature. Membrane

materials and feed solution also play an important role in the reversibility/irreversibility of the

14



fouling process. In this case, the interaction between the membrane material and foulants was
higher for the NF90 and DM900 membranes than for the others, making fouling removal more
difficult. Although the NF270 and NF90 membranes are made of the same material, the NF90
exhibited high fouling. Similar results were obtained by Arboleda Mejia et al. [42], who only
recovered 60% of the initial water permeability of this membrane when it was used to recover
phenolic compounds from red grape pomace. They attributed it to the possible adsorption of
phenolic compounds, which tends to irreversible. This will be discussed in the next section, where

the results of the adsorption tests will be commented.

A NF90 NF245
105%
- © NF270 & NF245 A NF90 [©@DM900 q . "
o 2 8 2
: ; AN
- @
g 100% & ~—_q ® ° . . VQ 7 3
=Nl A
= - — k< [ 48 \"'s. /’/ =~ -—
£ o5% O & e * *-———9
5 o e ) NF270 DM900
<u ST TS ok
E oo% B g T bl 1
[T o O
K - o 8 A & z
7 3 w 3
85% 4
Test 1 2 3 a 5 6 7 8 9
CFV (m-s1) 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 CiC2C3cCa
TMP (bar) 5 10 15 [ 1] | B

Fig 5. A: recovery of the initial hydraulic permeability after cleaning. B: cleaning protocol
necessary to achieve the hydraulic permeability recovery in each test (1-9) indicated in figure A;
C1: water at 25°C, C2: water at 35°C, C3: chemical cleaning with P3 Ultrasil 115 (1% v/v) at
25°C and C4: P3 Ultrasil 115 (1% v/v) at 35°C.

[colour figure]

In fig.5B, it can be seen that almost all the tests required chemical cleaning (protocol C3 and C4)
to recover the initial hydraulic permeability, which means that fouling was mainly irreversible.
For the NF245 and NF270 membranes, the cleaning protocol proposed was successful. However,
the NF90 and DM900 membranes would require a more exhaustive cleaning for a higher

permeability recovery.

As a general conclusion for sections 3.1, 3.2 and 3.3, it can be stated that the NF270 membrane
showed the best performance for the studied application. Under the operating conditions of 1m-s”
" of CFV and 10 bar of TMP, it yielded a stable permeate flux of 74.4 L-h"-m™, a rejection of
total phenolic compounds of 94% and a COD rejection of 83%.

3.4 Adsorption tests
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Figures 6-9 present the contour spectra obtained with 2D fluorescence spectroscopy for the
adsorption experiments. In all the figures, the emission (Em) wavelength (in nm) is plotted on the
“x” axis and the excitation (Ex) wavelength (in nm) on the “y” axis. The fluorescence intensity is

also shown through colours, with the yellow colour representing the highest intensity.
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Fig.6 2D fluorescence spectra for the adsorption test performed with the NF90 membrane. DW:
deionized water; CA: caffeic acid; CI: citric acid; HT: hydroxytyrosol; LUT: luteolin; SUG:
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[colour figure]

Fig. 6 shows the spectra obtained for the NFO0 membrane. The membrane Ex/Em characteristic
region (NF90 in deionized water (DW)) was between 325-525/350-575 nm. With the exception
of SUG, the contact with the different compounds during adsorption studies slightly affect the
characteristic signal of the membrane between the Ex/Em lengths of 400/450 nm. However, due
to the low fluorescence signal of the membrane it is difficult to see differences between the
compounds tested. The DM900 membrane (Fig. 7) showed similar results as the NF90 membrane.
A fluorescence signal characteristic of the membrane was observed in all DM900 adsorption
experiments. The low intensity of the signals may be due to the nature of the membrane,
specifically the material from which it is made. In this particular case, the DM900 membrane has
an intense brown colour, indicating light absorption, contributing to the low signal intensity.

Nevertheless, CA clearly affected the signal of the membrane, followed by LUT.
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Fig. 7 2D fluorescence spectra for the adsorption test performed with the DuraMem900
(DM900) membrane. DW: deionized water; CA: caffeic acid; CI: citric acid; HT:
hydroxytyrosol; LUT: luteolin; SUG: sugars

[colour figure]

A very different result was obtained with the NF245 and NF270 membranes (Fig. 8 and 9,
respectively). A strong characteristic Ex/Em signal between 300-450/325-475 nm was observed
for both membranes. Clearly, a great influence of LUT and CA was observed on the signal,
completely overshadowing the NF245 membrane signal. This means that these compounds have
being adsorbed by the surface of the membrane, hiding the characteristic signal of the membrane.
Although CI did not completely eliminate the signal of the NF245 membrane, it did affect it,
reducing its intensity. For the NF270 membrane no changes in the signal were observed with CI.
Moreover, HT and SUG did not cause clear changes in the characteristic signal of both
membranes. These results show that either these compounds are little or no adsorbed by the
membrane surface or that they do not induce visible changes in the fluorescence spectra. In fact,
besides the natural fluorescence ability, the natural colour of some compounds can affect the
signals emitted by the membrane surface and may alter the membrane surface colour [21].
Therefore, the coloured compounds can be easily detected, more than the non-coloured
compounds (HT - CI - SUG). Nevertheless, the effect of CI on the NF245 membrane signal points

out a higher impact of CI on this membrane than on the other 3 membranes tested.
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Fig. 8 2D fluorescence spectra for the adsorption test performed with the NF245 membrane.

DW: deionized water; CA: caffeic acid; CI: citric acid; HT: hydroxytyrosol; LUT: luteolin;

SUG: sugars
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Fig. 9 2D fluorescence spectra for the adsorption test performed with the NF270 membrane.

DW: deionized water; CA: caffeic acid; CI: citric acid; HT: hydroxytyrosol; LUT: luteolin;

SUG: sugars

[colour figure]

To better understand the effect of the compounds tested on the membrane surface, the results will

be analysed together with the FTIR spectra.
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The FTIR spectra acquired for the membrane surfaces exposed to the different compounds can be
compared with the spectra of the original membrane (only exposed to deionized water). The
impact of each compound is reflected not only by changes on the spectrum profile (different
peaks), but also through the effect on the characteristic peaks from the original membrane. In all
graphs, the "x" axis represents the intensity of the infrared spectra (cm™); and the "y" axis
represents the amount of infrared light transmitted by the material being analysed (%

Transmittance (T)), which is inversely related to absorbance.
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Fig. 10 FTIR spectra for all the membrane tested. Mem: Pristine membrane; CA: caffeic
acid; CI: citric acid; HT: hydroxytyrosol; LUT: luteolin; SUG: sugars
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It can be seen in Fig. 10 that the NF90 and NF270 membranes have similar specific peaks due to
the material, three of them being the most characteristic, around 555-557 cm’, 1643-1633 cm™
and 3368-3339 cm’', respectively. The range between 500 and 900 cm™ is attributed to aromatic
rings, the peak around 1600 cm™ can be due to aromatic C=C stretching, while the peaks around
3300-3400 cm™ can be attributed, besides the -COH group, to stretching vibration between the
carboxyl group (-COOH) of polyamide (PA) layer and N-H [63]. The N270 membrane presents
also a characteristic peak at 2971.8 cm™, that can be due to CH, asymmetric stretching [33]. Both
membranes present a complete elimination of the signal in the presence of HT, followed by SUG,
indicating that both compounds have been adsorbed. This could be explained by the membrane

material, as both membranes are made of polyamide, being more susceptible to the adsorption of
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these compounds. Cassano et al. [64,65], when artichoke brine was nanofiltered with a PA
membrane (Desal DK, from GE Osmonics), observed that when the volume reduction factor
(VRF) increased the concentration of chlorogenic acid and caffeoylquinic acid derivatives did not
proportionally augmented. They pointed out that it was due to different factors, one of which was
the adhesion of these compounds to the membrane. Our observation could be explained taking
into account that HT is more hydrophobic than another non-adsorbed compound such as citric
acid (octanol-water partition coefficient (Log P) of 0.96 [66] and —1.99 [67] for HT and citric
acid, respectively). Lopez-Mufioz, et al. [35] reported that this is the main parameter to describe
the adsorption of phenolic compounds on nanofiltration membranes. When analysing the NF90
membrane, they observed that the hydrophobicity (log P) of the phenolic compounds was directly

related to the adsorption of the solute on the membrane surface.

The NF90 membrane also showed an adsorption of LUT similar to that of SUG and a slight CA
adsorption. This could also be explained trough the hydrophobicity character, since LUT and CA
present a Log P similar to HT (0.7 [68] and 1.3 + 0.240 [69] for LUT and CA, respectively).
However, this was not observed for the NF270 membrane. Although both are made of polyamide,
it has been reported that the NF90 membrane material is an aromatic polyamide, while the NF270
is a mixed aliphatic-aromatic polyamide membrane. This indicates that the NF90 membrane
surface is rough, while the NF270 membrane shows a smooth surface [70]. The "peak-valley"
morphology at the surface of the roughened membranes results in a higher specific surface area.
Thus, the adsorption capacity would be larger for membranes with rougher surfaces [50]. This
could also explain the difficulties encountered when cleaning this membrane (section 3.3).
Corbaton-Baguena et al. [71] also reported in their study of saline solutions for cleaning
ultrafiltration membranes fouled with BSA, that the greater the roughness, the greater the
difficulty in cleaning the membranes. On the other hand, the NF245 membrane shows the
characteristic signals of the material (PP). Vibrations of the -CH, —CH, and —CH3 groups were
observed, such as the methyl absorption band between 1242 and 1487 cm™'. C-H bonds were
detected at around 2948 cm ™' and the characteristic peak of hydroxyl groups at around 3000 —
3600 cm™ [72]. The FTIR spectrum of the NF245 membrane submerged in CA showed a transmittance
higher than 95%T for all the wavelengths, being the only compound that caused changes in the
characteristic signal of the membrane. Except for the SUG, the other compounds show a slightly
increase in %T. LUT, on the other hand, overshadows the characteristic signal of C-H at 2948 cm
1.

The most characteristic peaks of the DM900 membrane corresponded to the imide (1720 and 1237
cm™) and also amide group (1632 and 1530 cm™) due to crosslinking [73]. As in the case of the
NF90 membrane, by means of FTIR, it was possible to corroborate that there is adsorption of

some compounds on this membrane, being the SUG and the HT the ones that presented the highest
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impact. On the other hand, the other compounds, although they had less impact on the membrane
surface, all of them caused a slight increase in transmittance in the range of 3000 - 1600 cm™,

demonstrating that there was adsorption.

It can be concluded that the fluorescence spectra acquired on NF90 and DM900 membrane
surfaces had low signal intensity and changes caused by possible adsorption of foulants were not
clearly visible by direct visual inspection. The PCA of the obtained fluorescence response
(supplementary material, Fig. S1) showed that the DM900 membrane was affected by both CA
and LUT. This is because the presence of such compounds can be detected not only due to a
shadow effect (possible quenching effects), but also by spectral changes due to their natural
fluorescence (even if these differences are not clearly seen on the spectra) [74]. Regarding NF90,
it presented a significant fluorescence difference from the other membranes, and besides, the
differences with the membranes exposed to the compounds were not so evident (most probably
due to low fluorescence signal captured for this membrane). All measurements clustered
differently in the PCA plot, showing clear differences for membrane surfaces exposed to the
compounds. NF270 and NF245 surfaces have similar spectra and the effect of the compounds was
similar on both, with CA and LUT being the compounds that most affected the membranes. These

conclusions were confirmed with PCA analysis.

With FTIR it was possible to observe that the NF90, NF270 and DM900 membranes were the
most affected by HT and SUG, while the NF245 membrane was mostly affected by CA. In FTIR
PCA analysis (Supplementary material, Fig. S2), the similarity between the composition of all
membranes is clear and the differences in the membrane surfaces were not captured (such as the
brown colour of DM900). However, the DM900 membrane shows a different behaviour when
exposed to the selected compounds, being clearly affected by all the compounds. While
fluorescence analysis showed a more pronounced response for CA and LUT, from FTIR it was
possible to see more clearly the effect of the other compounds tested. Based on both methods, it
can be determined that all the compounds had an effect on the membrane surfaces, meaning that
all were adsorbed on the 4 membranes. However, the DM900 membrane was clearly the

membrane most affected by all compounds studied.

It was shown that using these techniques it is possible to determine changes on the membrane
surface due to fouling caused by adsorption. The 2D fluorescence spectroscopy was useful to
determine the adsorption of coloured compounds, while FTIR was able to evaluate the adsorption
of colourless compounds and demonstrated that there was adsorption on the NF90 and DM900
membranes. Finally, it can be concluded that both techniques together are a powerful tool when

analysing possible changes on membrane surfaces, induced by fouling.

To analyse the membranes with FTIR it is necessary to remove them from the module. However

2D fluorescence spectroscopy is very sensitive and non-invasive, being suitable for in situ
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monitoring [75]. 2D fluorescence spectroscopy can be assessed using an optical probe directly from

membrane surface using a membrane module with a window. This will be explored in future studies.
3.5 Nanofiltration study: 2D Fluorescence spectroscopy and FTIR

Fig. 11 shows the fluorescence spectra of all membranes after the NF test with MS (fouled
membranes with model solution) and after cleaning. As was indicated in section 2.2.2, the
operating conditions of all the nanofiltration tests carried out to evaluate the spectroscopic
techniques were the same, 3 hours of test at CFV of 1 ms-1 and TMP of 10 bar. Due to fouling,
the membranes reduced their fluorescence emission compared to pristine membranes
(fluorescence of pristine membranes is shown in section 3.4). This is because the compounds
present at the fouling layer can partially absorb the light emitted by the surface of the membrane,
attenuating its signal [76]. Regarding the initial spectra of the membranes, the NF245 membrane
was the one that presented the highest attenuation. Avram et al. [41] observed in their study on
the concentration of polyphenols from blueberry pomace extract using NF245 and NF270
membranes, that the application of mechanical agitation can interrupt the agglomeration or
adsorption of polyphenols. When comparing the two membranes, the effect was more pronounced
for the NF270 membrane than for the NF245 one. They attributed it to the more compact
polymeric structure of the active separation layer of the latter membrane, inducing a larger
interaction surface between the polyaromatic membrane moieties and the polyphenols, which

could generate a greater adsorption of these compounds.

NF90 FOULED WITH MS

600 ‘ i
§ 5% L
& 400/ o
£ l P
300, »

o

NF90 AFTER CLEANING o NF245 FOULEDWITHMS NF245 AFTER CLEANING

0 30 400

NF270 FOULED WITH MS NF270 AFTER CLEANING DM900 FOULED WITH MS

Fig. 11. 2D fluorescence data of the membranes after nanofiltration test with the model solution
(MS) and after chemical cleaning. Operating conditions of nanofiltration test, 3 hours at CFV of

1 ms™ and TMP of 10 bar.
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Although at a first glance analysis of the data obtained, all membranes managed to recover their
initial fluorescence after applying the cleaning protocol, they did not manage to emit the same
signal as the pristine membranes. This can be seen through the analysis of PCA (Fig. 12), where
it is also observed that they are more similar to the samples of the new membranes after being
subjected to the cleaning protocol. This may be due to the removal of chemicals used to preserve
the membranes after the initial membrane cleaning, thus changing the characteristic signal. Simon
etal. [77], in a study on the impact of chemical cleanings (acid and basic) on the NF270 membrane
surface, presented the hypothesis that cleanings might alter the tightness of the polymeric matrix

and even the hydrophilicity of the active layer of the membrane.

These results can be related to those obtained in section 3.3 on membrane cleaning (Fig 5). It can
be observed that those membranes that show a greater proximity between the pristine cleaned
membrane and the membrane cleaned after the NF test in the PCA, correspond to the membranes
with the highest permeability recovery ratio in Fig. 5A, following the order
NF270>NF245>NF90>DM900.
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Fig. 12 Principal components (PCA) PC1 (71.24%var) and PC2 (16.41%var) of 2D
fluorescence data for the nanofiltration tests with the model solution and after chemical
cleaning. Operating conditions of nanofiltration test, 3 hours at CFV of 1 ms™ and TMP of 10

bar

[colour figure]

In Fig. 13 the spectra of the NF270 membrane after the tests performed with MS and OMW are
compared. It can be seen that the membrane fouled with OMW shows a greater signal reduction

than the one fouled with MS. In the same way, both managed to recover the characteristic Ex/Em
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signal after cleaning, but, as mentioned above, the signal was closer to that of a new membrane

after cleaning than to that of the pristine membrane.
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Fig. 13 2D fluorescence data of the NF270 membrane after nanofiltration tests with the model
solution (MS) and olive mill wastewater (OMW). Operating conditions, 3 hours at CFV of 1 ms”
"and TMP of 10 bar.

[colour figure]

Fig. 14 shows the FTIR results for the tests performed with the NF270 membrane. The great
difference between the new membrane and the membrane after cleaning is clearly seen. The large
peak at around 3300 cm™ could be attributed to preservation compounds such as glycerol [63].
On the other hand, the elimination of this peak for the membranes fouled by OMW and MS is
associated with the adsorption of the phenolic compounds present in the samples [78]. Both
membranes, fouled with MS and OMW, have lower signals at 1637.7 cm! and 900-1200 cm!
than the pristine one, as HT and SUG were shown (Fig. 10) to attenuate these regions. However,
the stronger effect was observed for the membrane fouled with OMW, which can be due to the
adsorption of other compounds, such as proteins (at 1637.7 cm™) [79], polysaccharides and

nucleic acids (at 900-1200 cm™) [80].
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Fig. 14 FTIR spectra for the new and cleaned NF270 membrane and after the tests performed
with the model solution (MS) and olive mill wastewater (OMW). Operating conditions, 3 hours

at CFV of 1 ms™ and TMP of 10 bar
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Finally, after cleaning the membranes fouled with MS and OMW, the spectra obtained were found
to be similar to that observed for the new membrane after cleaning. For a better evaluation of the
results, it was decided to perform the PCA analysis (Fig. 15). The PCA was used to compare the
performance of the cleaning protocol, as well as to evaluate the similarity between the MS and
the OMW. It can be seen in Fig. 15 that both membranes, fouled with MS and OMW, are close to
each other, which implies a similarity between them. These results are inverse to those obtained
after chemical cleaning, which are similar to those for the new cleaned membranes. It can be
observed that the membrane fouled by the MS achieved a greater proximity to the new membrane
after cleaning, which infers a greater cleaning efficiency. The differences between the membranes
used with MS and OMW are probably due to the larger number of foulants present in the OMW,
which led to higher fouling, making cleaning more difficult. Nevertheless, both membranes

achieved optimal cleaning after undergoing the optimized cleaning protocol.
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Fig. 15 PCA of 2D fluorescence data (62.52% and 14.89% of PC1 and PC2 variance,
respectively) for the new and cleaned NF270 membrane and after the test with the model
solution (MS) and olive mill wastewater (OMW). Operating conditions, 3 hours at CFV of 1 ms
"and TMP of 10 bar
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Both feeds (MS and OOWW), as well as permeates and concentrates, were also analysed by 2D
fluorescence spectroscopy. Through PCA (supplementary material, Fig S.3), a similarity between
the two feed samples was observed, which implies that the fluorescence of the MS is
representative of the real OMW. On the other hand, the quality of the permeates obtained was also

verified, being similar after 5 and 180 minutes of operation for both types of feed streams.

4. Conclusions

Nanofiltration was studied as a possible second stage for an olive mill wastewater treatment, after
a previous ultrafiltration step. Within the operating condition tested, the permeate flux was found
to be more affected by transmembrane pressure than by crossflow velocity. All membranes were
capable of concentrating phenolic compounds with a rejection greater than 70%. The membrane
with the lowest molecular weight cut-off was the one that presented the highest percentage of
rejection, but it did not achieve the established recovery (95%) of hydraulic permeability through
the proposed cleaning protocols. The NF270 membrane under a cross flow velocity of 1 ms™ and
a transmembrane pressure of 10 bar was found to be the most suitable. After the analysis of
different membranes and operating conditions, the effectiveness of nanofiltration to concentrate
polyphenols from olive oil washing wastewaters, as well as to obtain a permeate suitable for reuse,

was demonstrated.
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Additionally, a study employing 2D Fluorescence and FTIR spectroscopy allowed to obtain
valuable information about membrane fouling. Fluorescence analysis presented a more
pronounced response to coloured compounds, while by means of FTIR it is possible to see more
clearly the effect of the other tested foulant compounds. The main advantage of 2D Fluorescence
spectroscopy is the possibility to use it for in-situ monitoring. According to both analyses, all
tested compounds have an effect on the membrane surfaces. These techniques together represent

a promising approach to analyse the efficiency of cleaning protocols.
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