I_J,II separations

Article

Clarification of the Cardoon (Cynara cardunculus) Blanching
Wastewater by Ultrafiltration—Study of Membrane Fouling and
Flux Recovery after Chemical Cleaning

Esperanza Maria Garcia-Castello *{, Monica Moratalla 1, Milagro Reig !, Maria Isabel Iborra-Clar 2,
Alicia Iborra-Clar 2 and Antonio Diego Rodriguez-Lopez >*

check for
updates

Citation: Garcia-Castello, EM.;
Moratalla, M.; Reig, M.; Iborra-Clar,
M.L; Iborra-Clar, A.; Rodriguez-Lopez,
A.D. Clarification of the Cardoon
(Cynara cardunculus) Blanching
Wastewater by Ultrafiltration—Study
of Membrane Fouling and Flux
Recovery after Chemical Cleaning.
Separations 2023, 10, 418.

https:/ /doi.org/10.3390/
separations10070418

Academic Editors: Mohamed Khayet,
Anastasios Zouboulis and

Dimosthenis Giokas

Received: 22 May 2023
Revised: 20 July 2023

Accepted: 21 July 2023
Published: 24 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Food Engineering for Development (IulAD), Universitat Politecnica de Valencia, Camino de Vera,

s/n, 46022 Valencia, Spain; mareirie@upvnet.upv.es (M.R.)

2 Research Institute for Industral, Radiophysical and Environmental Safety (ISIRYM), Universitat Politecnica de Valéncia,
Camino de Vera, s/n, 46022 Valencia, Spain; miborra@iqn.upv.es (M.LL-C.); aiborra@iqn.upv.es (A.L-C.)

*  Correspondence: egarcial@ign.upv.es (E.M.G.-C.); anrodlo@iqn.upv.es (A.D.R.-L.)

Abstract: This study focused on the clarification of real blanching wastewaters from the industrial
processing of cardoon, a plant rich in polyphenols and belonging to the artichoke family (Cynara
cardunculus). The aim of this study was to evaluate the performance of ultrafiltration (UF) as an initial
clarification step prior to a subsequent nanofiltration treatment for the recovery and fractionation
of polyphenols from these wastewaters. In this UF process, three commercial UF membranes with
different pore sizes: 3 kDa, 15 kDa, and 50 kDa. The assessment of the clarification process was based
on two key factors: permeate flux and the concentration of phenolic compounds. The membrane with
a MWCO of 3 kDa was excluded as a potential UF membrane due to its limited performance in terms
of permeate flux. The 15 kDa membrane showed comparable results in terms of cumulative flux to
the 50 kDa membrane. However, further evaluation based on fouling index and water permeability
recovery favored the 15 kDa membrane, indicating better performance. To gain insights into the flux
decline mechanisms and understand membrane fouling, a study was conducted on the 15 kDa and
50 kDa membranes. The analysis revealed that the cake filtration model provided the best fit for both
membranes. The study highlights the potential of UF membranes, specifically the 15 kDa membrane,
for the clarification of cardoon blanching wastewater.

Keywords: ultrafiltration; cardoon; polyphenol; membrane fouling; fouling mechanisms

1. Introduction

Cardoon, also known as thistle or Spanish cardoon, is a plant that has been used
since ancient times in the preparation of traditional dishes in certain countries of the
Mediterranean basin, such as Spain, Italy, and Greece [1-4]. The enlarged stalks of cardoon
are the edible part of the plant after undergoing a blanching process that enhances the
tenderness and flavor of the product [3].

Botanically, cardoon is an herbaceous plant that can reach up to 3 m in height and a
diameter of 1.5 m. This perennial plant is sown in the spring and harvested during the
winter season. Taxonomically, cardoon belongs to the Asteraceae family, which includes
the cultivated cardoon (Cynara cardunculus var. altilis DC.), as well as other species such
as globe artichoke (Cynara cardunculus var. scolymus L. or Cynara scolymus L.), and wild
or non-cultivated cardoon (Cynara cardunculus var. sylvestris Lamk). Genetic studies have
shown that both cultivated species, cardoon and globe artichoke, have evolved from
wild cardoon [2]. These three species share characteristics such as their prevalence and
ability to survive in regions with low and irregular rainfall, basically in countries of the
Mediterranean basin [1,5].
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In terms of commercial and food use, globe artichoke represents the most extensively
cultivated species within the Cynara genus and has the highest production yield. In 2019,
global globe artichoke production reached approximately 1700 kTon, with Italy being
the leading producer, followed by Egypt and Spain, accounting for over 50% of the total
production [6]. In comparison, the cultivated cardoon has a smaller cultivation area and
production. For example, in 2019, Spain produced approximately 19.4 kTon [7], which is
about ten times less than the production of globe artichokes. However, despite these figures,
cultivated cardoon is gaining interest as an edible vegetable due to its health benefits, similar
to those found in globe artichokes. Furthermore, new non-food applications are being
developed, such as the use of cultivated cardoon as biomass for biofuel and biodiesel
production due to its significant content of lignocellulosic compounds and oil seeds [1]. It
is also utilized as fodder for livestock feed, in the manufacture of activated carbon as an
adsorbent material [8], and even as a source of bioactive compounds with pharmacological,
nutraceutical, and cosmetic potential [1].

Regarding its use as a vegetable, the market for cultivated cardoon is mainly focused
on the production of canned cardoon. This industry generates wastewater, with a sig-
nificant portion originating from the blanching of the stalks. Similar to the case of globe
artichoke processing, the bleaching wastewater from cultivated cardoon contains bioactive
compounds with high environmental, economic, and health potential when recovered. The
recovery of these compounds aligns with the principles and objectives of the Sustainable
Development Goals (SDGs) outlined in The 2030 Agenda for Sustainable Development,
which was adopted by all United Nations Member States in 2015 [9]. In particular, it is
aligned with SDG-12, which focuses on ensuring sustainable consumption and production
patterns. Therefore, it is necessary to study methods to recover these bioactive compounds
from the wastewater produced during the cardoon blanching process for potential use.

Bioactive compounds are of great importance due to their antimicrobial, antioxidant,
anticancer, anti-inflammatory, and phytotoxic properties [10]. In Cynara plants, these highly
valued properties are directly linked to the presence of phenolic compounds, mainly mono-
and di-caffeoylquinic acids [11,12], terpenoids, flavones, as well as inulin and vitamin
C[10,13].

Membrane technology has emerged as one of the most widely utilized separation tech-
niques for recovering, fractionating, and concentrating liquid streams in agricultural and
food products and by-products. Numerous studies have reported successful applications
of membrane technology in various matrices and for diverse processing purposes. In the
past five years, several comprehensive reviews have been published, providing insights
into the recent advancements in this field [14-18].

Significant attention has been devoted to investigating integrated membrane systems
employed in diverse liquid wastewater and processing streams. Typically, an integrated
membrane system involves multiple pressure-driven operations. The process initiates with
a clarification step, such as microfiltration or ultrafiltration, followed by nanofiltration to facil-
itate fractionation and, in certain cases, concentration of valuable compounds. Furthermore,
some studies incorporate reverse osmosis to produce purified water that can be recycled
within the process alongside a concentrated stream of the desired compounds [19-23].

Membrane technology is a separation technique that offers competitive advantages
compared with more traditional technologies. It operates at low pressure and temperature,
does not require the presence of other substances (chemical or biological), and exhibits high
selectivity for specific substances depending on the membrane used in the process [20].
However, membrane fouling is a major challenge as it reduces the lifetime of the membrane,
requiring the development of cleaning protocols.

This study aims to use ultrafiltration as a clarification step prior to a subsequent
nanofiltration treatment for the recovery and fractionation of polyphenols from blanching
wastewater generated by a canned cardoon industry. Three membranes with different
cut-offs were employed to determine the membrane that provides the best performance
in terms of permeate flux and the concentration of bioactive compounds. The mecha-
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nisms responsible for flux decline were investigated to gain a better understanding of
membrane fouling.

2. Materials and Methods
2.1. Blanching Wastewater

In this study, genuine industrial blanching wastewater provided by Gvtarra-The Real
Green Food Co., Ltd., located in Navarra, Spain, was utilized. Gvtarra is a prominent
company known for its production of various canned vegetables, including canned car-
doon. The company generously sent us three different and separate samples of blanching
wastewater, with each sample consisting of 25 L. The three independent samples were
received in our laboratory the day after their generation. The 25 L-samples were collected
during three different companies’ production process days and were carefully shipped
under refrigerated conditions.

Upon receiving each sample of wastewater, a prefiltration process was performed
in two stages. Firstly, a 60 pm polypropylevne filter was employed, followed by the
passage of the filtered solution through a 5 pm polypropylene filter. In both cases, the
wastewater was pumped using a peristaltic pump. An aliquot of the three filtered blanching
wastewaters was collected and stored at —20 °C for subsequent analysis. The remaining
filtered wastewater was also stored at —20 °C until it underwent membrane treatment.

2.2. Ultrafiltration System

For the ultrafiltration (UF) treatment of the three prefiltered cardoon wastewaters,
it was used an ultrafiltration system (Figure 1) that consisted of a tubular module from
Tami Industries (Nyons, France) housing UF membranes (25 mm of external diameter and
600 mm of length). The temperature was achieved and controlled using a liquid cooler
(Frigedor, J.P. Selecta, Abrera, Spain). Transmembrane pressure (TMP) was monitored
using pressure gauges. The feed flow rate was determined by a flowmeter. The retentate
and permeate streams were collected separately.
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Figure 1. Scheme of the ultrafiltration plant.

The flux of permeate was determined gravimetrically on-line by means of a scale
connected to a computer and calculated according to Equation (1).
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where J, is the permeate flux (L-h~1-m~2); 4V, is the weight difference (g) between two
operation moments (it can be assumed that permeate flux presents the water density), and
dt, is the time difference (h).

2.2.1. Ultrafiltration Membranes

Three ceramic membranes (Inside ceram) from Tami Industries (Nyons, France) with
different molecular weight cut-offs (MWCO) (3, 15, and 50 kDa) were used. These mem-
branes share similar physico-chemical characteristics: TiO, material; tubular configuration;
membrane surface area of 0.06 m?; maximum operating pressure of 1000 kPa (10 bar);
maximum operating temperature of 350 °C and a pH range of 0-14.

Membranes were characterized in terms of water permeability, which was measured
before and after the wastewater treatment and the subsequent membrane cleaning. For
the determination of water membrane permeabilities, osmotized water was used, and
the steady-state water flux at different TMPs (0.5, 1.0, 2.0, and 3.0 bar) was represented
(Equation (2)). The temperature was maintained at a constant 17 & 1 °C, and the flow rate
was set at 250 L-h~1.

Jw

~ TMP

where L is the water permeability (L-h~t-m~2.bar™1), J, is the permeate water flux (L-h~1.m™2),
and TMP is the transmembrane pressure (bar).

@)

2.2.2. Membrane Evaluation

To assess the performance of the three UF membranes, the system was operated in a
concentration mode: the retentate was continuously returned to the feed tank while the
permeate was collected seperately and on-line weighted with time.

Operational conditions were carefully controlled and kept constant throughout the
experiments (flow rate = 250 Lh L, T=20+1°C, TMP = 4 bar). At the end of each
concentration process (lasting 8.8-10.0 h), samples of the final retentate and permeate were
taken and stored at —20 °C for subsequent analysis. After each concentration experiment,
the membrane was rinsed with osmotized water for 30 min, and water permeability was
measured (L;). Afterwards, an alkaline cleaning step using a 0.2% NaOH solution at 40 °C
for 1 h was performed, followed by another 30-min rinsing with osmotized water and the
measurement of the water permeability (L;). The values of L; and L, were then compared
with the initial water permeability of the membrane (Lg).

The performance of membranes was evaluated based on two key factors: (i) permeate
flux decline due to membrane fouling, determined by the normalized flux (J/]y), where | is
the permeate flux and J is the initial permeate flux; (ii) rejection index (R), that quantifies
the percentage of a specific compound that is retained by the membrane during the filtration
process and was calculated by using Equation (3), where Cp and Cr are the concentrations
of a specific compound in the permeate and feed solutions, respectively.

_ Cp
R = (1 _ c) 100 )

F

2.3. Fouling and Flux Decline Study

For the analysis of fouling in all membranes, Hermia’s mechanisms were employed [24,25].
In brief, Hermia’s mechanisms involve the evaluation of flux decline over time. By taking
derivatives of Equation (1) and transforming them, Equation (4) is obtained, where « is a
constant and 7 defines the type of flux decline.

d] 3—n
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o= @
However, it has been observed that in certain cases, the pure models described by

Hermia (Equations (5)—(8)) are insufficient to explain membrane flux decline [26-28]. This
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is likely due to the involvement of multiple fouling mechanisms. To address this, some
authors have proposed combined mechanisms based on Hermia’s pure models to describe
the flux fouling (Equations (9)—(13)) [26-28]. Table 1 lists both the pure and combined
Hermia’s mechanisms models, along with the corresponding describing equations and
fitted parameters that characterize these models.

Table 1. Hermia’s fouling mechanisms and their combinations (adapted from [25-28]).

Hermia’s Mechanisms

Flux Decline

n Mechanism Equation Fitted Parameters
0.0 Cake Filtration (CF) ];2 = +Kept Kef (sm™2) (5)
Intermediate Pore 11 ‘ 1
10 Blocking (IB) ] =7 tKit Kip (m™) (6)
Standard Pore 11 1
15 Blocking (SB) E g + Kopet Kgp (m™7) 7)
0
Complete Pore . -1
20 Blocking (CB) Ln(]) = Ln(Jo) — Kep-t Kep (577) ®)
Combined Hermia’s Mechanisms
Flux Decline Mechanism Equation Fitted Parameters
Cake Filtration and Complete Pore ] K (sm~2); )
Blocking (CF-CB) V= (1 - eXP(K 7 (y/1+2Kes 3t - 1>)> Kg (s71)
Cake Filtration and Intermediate Pore K (sm~2);
_ 1 K; 2 o
Blocking (CF-IB) V= KT,'Z”<1 TR <\/ 14+ 2:Kes Jo-t = 1)) Kj (m™1) (10)
V= K%})(ﬁ cos(zT” - %arccos(a)) + %)
Cake Filtration and Standard Pore o= 44Ky 4Kt K (ssm~2); (1)
Blocking (CF-SB) 7F t IFKh T 3Ky Kg (m™)
4K, 2:K%t
P= \/ targn t 3R
Complete Pore Blocking and Standard J 2K Ky (s71);
Pore Blocking (CB-SB) V= Kf?z; (1 - exp(2+l<5h~]z~t)) Ky (m~b (12)
Intermediate Pore Blocking and 1 2.KipJ2 Ky (m™1);
Standard Pore Blocking (IB-SB) V=g, n (1 + < 7+ KSb']O't)> Kg, (m~1) (13)

2.4. Analytical Determinations
2.4.1. Chemicals

All chemicals used in this work were obtained from Sigma-Aldrich (Sigma-Aldrich,
Madrid, Spain).

2.4.2. Polyphenol Content

The polyphenol content was quantified using the total polyphenol index (TPI), which
was determined in the sample by direct measurement of the absorbance at 280 nm [29]. A
calibration curve was constructed using gallic acid as a standard, allowing the results to be
expressed in mg of gallic acid equivalents (GAE) per liter (mg GAE/L = GAE ppm).

2.4.3. Phenolic Acids

The content of phenolic acids (PhA) in the samples was determined following the
method described by Spigno et al. [30]. In brief, 0.25 mL of the sample was added to a
test tube, followed by the addition of 0.25 mL of a 0.1% solution of hydrochloric acid in
ethanol (95%). Furthermore, 4.55 mL of a 2% hydrochloric acid solution was added. The
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mixture was stirred and allowed to stand for 15 min at room temperature. The reactive
mixtures were then spectrophotometrically measured at 320 nm. A calibration curve was
obtained using caffeic acid as the standard, and the results were expressed in mg of caffeic
acid equivalents (CAE) per liter (mg CAE/L = CAE ppm).

2.4.4. Phenolic Composition

For the determination of the phenolic composition, 10 uL of each extract were analyzed
using a HPLC system (Waters Alliance 2695, Milford, MD, USA) equipped with a quater-
nary pump, vacuum degasser, termostatized column compartment, autosampler, and a
photodiode array detector (PAD model 2996 Waters). The Empower 2 Chromatography
Data Software was used for data collection (Water Corporations, Milford, Ireland). Sepa-
ration was accomplished using a Luna C18 column (Phenomenex) (RP-C18, 25 x 0.4 cm,
5 um particle size).

The mobile phase consisted of 0.1% formic acid in water (solvent A) and HPLC-grade
acetonitrile (solvent B). A linear gradient was employed with the following conditions:
min 0,90% A, and 10% B; 30 min, 50% A, 50% B; 35 min 100% B, at a flow rate of 1 mL/min.
The analysis was stopped after 40 min. The system was equilibrated for 10 min using the
initial mobile phase composition between different runs. The photodiode array detector
(PAD) was set to detect wavelengths ranging from 200 to 600 nm.

2.5. Statistical Analysis

The polyphenol content and the phenolic acid content were measured in triplicate,
and the results are presented as their average. To study the fouling mechanisms, the
experimental flux data were fitted to various models listed in Table 1 (Equations (5)—(13))
using the Solver tool in the MS Excel program. The goodness of fit was evaluated based on
both the regression coefficient (r24) and the sum of square errors (SSE).

3. Results and Discussion
3.1. Composition of Cardoon Blanching Wastewaters

In each ultrafiltration experiment, a distinct 25 L sample of blanching wastewater
collected on different production days was utilized. The analysis of these three feed
solutions revealed noticeable variability among them, with the TPI ranging from 161.2 + 8.1
to 407.7 4+ 31.9 mg GAE/L and the PhA ranging from 104.4 £ 7.8 t0 192.7 & 10.3 mg CAE/L.

HPLC analysis of the three feed samples demonstrated a similar polyphenol profile,
characterized by the presence of seven main peaks in all cases. Figure 2 displays the
chromatographic profile obtained for the feed solution used with the 50 kDa membrane.

Four of these peaks were successfully identified by injecting pure standards: peak
2 corresponds to 5-O-caffeoylquinic acid, peak 3 corresponds to 3-O-caffeoylquinic acid
(chlorogenic acid, CGA), peak 5 corresponds to 1,3-dicaffeoylquinic acid (cynarin), and peak
6 corresponds to apigenin-7-O-glucoside. However, based on previous studies focused on
the identification and quantification of polyphenols from Cynara spp. [4,31], it is plausible
to suggest that peak 4 could be a 4-O-caffeoylquinic acid isomer, while peak 7 could be a
1,5-di-O-caffeoylsuccinylquinic acid isomer [32]. Notably, luteolin, which has been reported
by some authors [33-36], was not detected in our samples.

Peaks 2-5 exhibited the highest chromatographic areas, and the ratio of individual
compound area to the total area yielded similar values for each feed solution, ranging as
follows: peak 2: 27.0-29.3%, peak 3: 17.7-20.7%, peak 4: 17.9-19.9%, and peak 5: 13.8-19.2%.
These polyphenols (peaks 2-5) accounted for approximately 82% of the total and belong to
the chemical family of caffeoylquinic acids.
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Figure 2. HPLC chromatographic profile for the feed solution used in the UF treatment with the 50 kDa
membrane. Peak 1: unknown isomer; Peak 2: 5-O-caffeoylquinic acid; Peak 3: 3-O-caffeoylquinic
acid; Peak 4: 4-O-caffeoylquinic acid; Peak 5: 1,5-dicaffeoylquinic acid; Peak 6: 1,5-dicaffeoylquinic
acid; Peak 7: unknown isomer.

3.2. Permeate Flux Performance
3.2.1. Membrane Characterization

Figure 3 shows, among others, the initial water permeabilities (Lg) for the three
membranes under study. The values obtained were 4.97 (1.38 x 107°),12.07 (3.35 x 107°),
and 25.92 (7.20 x 107%) L-h~!-m~2-bar (m/s-bar) for the 3 kDa, 15 kDa, and 50 kDa
membranes, respectively. As expected, the water permeability is strongly dependent on
the MWCO. A second-grade polynomial equation with a fitting goodness of 0.99 was
established, relating the MWCO of the membrane to its initial permeability.

30
=25
o
T 20
f 15 mLo
£ 10 BL1
=
3 . oL2
-, 1 = =
& O l=|,_|

3 15 50

MWCO (kDa)

Figure 3. Water permeabilities for three UF membranes depending on their MWCO (Experimental
conditions: T =17 °C; Q = 250 L~h_1). Ly, initial water permeability; L1, permeability after the
ultrafiltration treatment; L, membrane permeability after the alkaline cleaning.
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3.2.2. Evolution of the Permeate Flux

The treatment of cardoon wastewater was conducted using three distinct samples
collected on different production days. It was found that the initial permeate fluxes (Jy)
followed a similar trend to the initial water permeabilities: 50 kDa > 15 kDa > 3 kDa. Specif-
ically, the initial permeate fluxes were measured as 28.92 (8.03 x 107°), 23.22 (6.45 x 10~°),
and 4.09 (1.14 x 107%) L-h~!-m~2 (m/s) for the 50 kDa, 15 kDa, and 3 kDa membranes,
respectively (Figure 4a).

6
8x10 ~ e3kDa o15kDa e 50kDa e 3kDa

o 15kDa 50 kDa

5 P
6x10° Ry 3
4x10° + B g ST 4

J(m/s)

2x10° + 2
N
0 . . . 0 : :
o ) s 0 10x10°  20x10°  30x10°
0 10x10°  20x10°  30x10 x x x10
t(s) t(s)
(a) (b)
1.0
0.8
— 06+
= <
04 + 204 -
0.2 + 0.2 4
e 3kDa o 15kDa 50 kDa e 3 kDa o15kDa 50 kDa
0.0 : : : 0.0 .
0 10x10°  20x10°  30x10° 0 5 10
t(s) V(L)
(0 (d)

Figure 4. Flux performance of the three UF membranes: (a) flux as a function of processing time;
(b) cumulative volume of permeate as a function of processing time; (c) normalized flux as a function
of processing time; (d) normalized flux as a function of cumulative volume of permeate (Experimental
conditions: T =20 4 1 °C; Q =250 L-h~! and TMP = 4 bar).

In all cases, the initial flux quickly decreased at short times until reaching a sort of
pseudo-steady state situation at longer times, in which the flux slightly decreased. This
pseudo-steady state was more evident for 3 kDa and 15 kDa membranes, while for the
50 kDa membrane, the asymptotic flux was not reached at the end of the experiment.

The comparison of the three membranes revealed distinct performance characteristics.
The 3 kDa membrane exhibited significantly lower fluxes throughout the treatment process,
indicating its limited performance. In contrast, the 15 kDa and 50 kDa membranes displayed
similar flux values initially, with the 50 kDa membrane showing a higher initial flux.
However, over time, the flux of the 15 kDa membrane remained higher than that of the
50 kDa membrane. This is further supported by the volume of permeate collected during
the UF treatment (Figure 4b), where the 3 kDa membrane yielded approximately 1.4 L
in 8.8 h, while the 15 kDa and 50 kDa membranes reached volumes of 8.4 L and 8.6 L,
respectively, meaning 6.11 and 6.22 folds the volume obtained by the 3 kDa membrane,
respectively. The volume profiles for the 15 kDa and 50 kDa membranes nearly overlapped
over time.
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The decrease in normalized flux (J/]y) for all membranes (Figure 4c) followed a similar
trend, with two distinguishable zones. Initially, there was a sharp decrease in flow, followed
by a more gradual decline. It was noticeable that despite the fact that the 50 kDa membrane
presented both the highest water permeability and initial flux, this membrane exhibited
the highest flux decline at the end of the process, at about 60% of the initial flux. However,
for the 15 kDa and 3 kDa membranes, the flux decline was about 40%. The same fouling
differences among the membranes of 15 and 50 kDa were reported by Cifuentes-Cabezas
et al. [37]. In their work, different ceramic membranes were tested for the clarification of
olive oil washing wastewater.

The differences in flux decline among these 3 membranes can be attributed to different
fouling mechanisms, and the large flux decay for the 50 kDa membrane may also be due
to a blockage of the pores by substances with similar size to that of the membrane pores,
which directly affects the selectivity of the membrane [37,38].

Thus, the 50 kDa membrane allowed the passage of higher molecular weight particles.
These foulants likely attached to the internal pore surface, reducing the permeate passage
and increasing flow resistance. In contrast, access to the 15 kDa membrane may have
been more limited, resulting in a smaller relative decrease in permeate flux. The 3 kDa
membrane’s smaller pore size prevented the passage of high molecular weight particles,
and the gel layer added extra resistance. The observed decrease in flow is likely attributed
to the low permeability through both layers (membrane + fouling).

The fouling index (Iy) (Equation (14)) [39,40] relates the water permeability of the
membrane after the UF treatment (L) to its initial water permeability (Ly) (Figure 3), which
is directly related to the membrane fouling.

_(1_ LY.
I = <1 L0> 100 (14)

The calculated Ir values were 81.4% (3 kDa), 62.1% (15 kDa), and 82.3% (50 kDa),
indicating that the 15 kDa membrane exhibited better performance in terms of fouling,
which was aligned with the previous observations and assumptions. Additionally, the
water permeability recovery (WPR) [22,41], which compares water permeabilities after
alkaline cleaning (L;) to the initial state (Lg) (Figure 3), yielded values of 39.3% (3 kDa),
74.6% (15 kDa), and 44.1% (50 kDa). These results indicated that the 15 kDa UF membrane
exhibited the lowest amount of irreversible fouling after an alkaline cleaning, which is in
concordance with what has been found by other authors [37].

Figure 5 represents a semi-qualitative scheme of the entire procedure, including the
membrane treatments and characterizations, with a qualitative time axis and a quantitative
flux variable. Sections A, C, and D are of shorter duration (30 min), while Section B is of
longer duration (10 h). This representation allows for a visual comparison of the different
stages and their associated flux values. Sections A, C, and D refer to the expected water
flux for each membrane at the TMP used in the feed solution treatment (4 bar) and were
calculated from the water permeabilities Ly, L1, and L, (Figure 3), respectively. On the other
hand, in Section B is shown the flux course for the three membranes during the cardoon
wastewater treatment is shown. Figure 5 shows the membrane fouling caused by the
cardoon wastewater treatment and the effect of the membrane cleaning on the water flux.

3.3. Separation of Bioactive Compounds by UF

In the clarification of the cardoon blanching wastewater, all membranes assayed al-
lowed the formation of a clarified permeate and a turbid retentate (Figure 6). As anticipated,
the permeates exhibited lower coloration intensity and more transparency compared with
the retentates, indicating successful clarification of the feed streams with all membranes.
These visual observations confirm that the membranes were able to separate components
in the feed.
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Figure 5. Scheme of the flux obtained for the 3 kDa, 15 kDa and 50 kDa membranes. Section A:
Initial water flux calculated from Ly; Section B: Flux evolution during the treatment of the cardoon
wastewater; Section C: Water flux calculated after water rinse of the fouled membrane (L ); Section D:
Water flux calculated after alkaline cleaning of the membrane (L;).

Figure 6. Visual appearance of the permeate and retentate fractions for: (a) 3 kDa membrane;
(b) 15 kDa and (c) 50 kDa membrane (Experimental conditions: T =20 £ 1 °C; Q =250 L-h~!and
TMP = 4 bar).
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The observed differences in color correspond to two different reasons: the variability
in the chemical composition of the three distinct feed samples and the effect of the different
MWCO of the membranes. To facilitate a valid comparison of the separation efficiency among
the three membranes, the results were evaluated in terms of the rejection index (Equation (3))
(Table 2). In the HPLC analysis, the rejection index was determined using the total area of the
chromatograms for the feed and permeate rather than the total concentration.

Table 2. Rejection indexes for the 3, 15 and 50 kDa membranes (Experimental conditions:
T=20+1°C, Q=250 L-h~1! and TMP = 4 bar).

Rejection Index (%)

Total Phenolic Index Phenolic Acids Total Polyphenols (HPLC)
3kDa 65.4 55.1 68.2
15 kDa 42.8 40.9 42.7
50 kDa 23.6 18.3 19.9

The rejection index for TPI, phenolic acids, and total polyphenols by HPLC exhibited
the expected trend, with higher values for the 3 kDa membrane and lower values for the
50 kDa membrane. A second-degree polynomial relationship with a goodness of fit of 0.96
was observed between the rejection index and MWCO of the membranes. This relationship
allows for the estimation of the expected rejection index and subsequent determination
of the polyphenol concentration in the permeate and retentate under the same treatment
conditions employed in this study.

3.4. Flux Decline Mechanims

Based on the factors discussed above, the 3 kDa membrane was discarded as a potential
UF membrane for the clarification step of cardoon blanching wastewater. The cumulative
volume of permeate obtained with the other two membranes, 15 kDa and 50 kDa, was
similar. However, when comparing the fouling index and water permeability recovery
values, the 15 kDa membrane performed better. On the contrary, regarding the biocompo-
nent separation, the 15 kDa membrane approximately doubled the rejection index of the
50 kDa membrane. Thus, since there was not clear evidence to select between the 15 kDa
and 5 kDa membranes, both will be further studied in terms of flux decline mechanisms.

Different Hermia’s models listed in Table 1 were applied to determine the fitted
parameters (Equations (5)-(8)) as well as the statistical values of 12, SSE, and Error (%). SSE
represents the sum of squared estimates of errors (Equation (15)), and the Error (%) was
calculated using Equation (16).

SSE = Y (Ve — ye)7 (15)
i=1
Error(%) = (W-loo) (16)

where m is the number of experimental data points, y. is the experimental data, and y. is
the predicted data from models.

In Figure 7, the experimental data for 15 kDa and 50 kDa membranes are represented
according to Hermia’s models. In Table 3 are collected the statistic values (12, SSE, Error) as
well as the different fitted parameters for all Hermia’s mechanisms. Moreover, a correlation
factor (r?corr) was calculated by comparing the expected values from the CF, IB, SB, and CB
models (Equations (5)—(8)) with their corresponding experimental values.
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Figure 7. Application of Hermia’s blocking models to experimental data for selected membranes of
15 kDa and 50 kDa: (a) cake filtration; (b) intermediate pore blocking; (c) standard pore blocking;
(d) complete pore blocking. (Experimental conditions: T =20 £ 1 °C; Q =250 L-h~! and TMP = 4 bar).

Both Figure 7 and Table 3 show that the cake filtration model provides the best fit for
the 15 kDa and 50 kDa membranes. However, the fitting parameters (rzﬁtﬁng, SSE, and Error
(%)) were better for the 50 kDa membrane (I'Zﬁtting = 0.9913), while the regression index
for the 15 kDa membrane was lower (rzﬁttmg = 0.9507). It is interesting to notice that for
both membranes, the best fitting parameters are obtained with the lowest values of the
n parameter proposed in Hermia’s models (Equation (4) and Table 1), and moreover, the
higher the n-parameter, the lower the fitting. The cake filtration assumes that all pores in
the UF membrane are blocked, and as new foulants are deposited on other ones, a cake
layer is built [23].
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As suggested by some authors [26-28], fouling can be explained in some cases as a
combination of two pure Hermia’s mechanisms, and therefore, combined mechanisms
(Equations (9)—(13)) have been assessed to study this possibility as a cause of flux decline.
In Figure 8 and Table 4, the results obtained in this evaluation are shown.

Figure 8 illustrates the cumulative volume of permeate expected for each combined
model. It is evident that none of the combined models fit the experimental data, and this is
reinforced when fitting parameters were calculated, which yield error values from 40.11%
to 102.20% for the 15 kDa membrane and 30.33% to 91.98% for the 50 kDa membranes
(Table 4).

Table 3. Fitted and statistic parameters obtained for the Cake filtration (CF), Intermediate pore
blocking (IB), Standard pore blocking (SB) and Complete pore blocking (CB) Hermia’s models for the
three membranes assayed (Experimental conditions: T=20 £ 1 °C; Q =250 L-h~! and TMP = 4 bar).

Model Membrane Fitted Parameters rzﬁtting SSE Error (%)  corr
CF 15 kDa Ky=112x10°s/m?  0.9507 3.43 x 10712 2.02 0.9494
50 kDa Ky=2 x10%s/m? 0.9913 3.34 x 10712 251 0.9911

- 15 kDa Kiy =249 m™! 0.9247 4.16 x 10712 248 0.9226
50 kDa Kip=422m™! 0.9717 8.67 x 10712 2.65 0.9714

SB 15kDa Kg=26x10"3m™! 0.9081 4.64 x 10712 2.80 0.9054
50 kDa Kg=44x103m™! 0.9524 1.05 x 10~ 11 3.21 0.9519

CB 15 kDa Kp=112x10"2s7! 0.8890 497 x 10712 3.01 0.8857
50 kDa Kp=20x10"5s"1 0.9261 1.22 x 10~ 1 3.82 0.9252
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0.005 +

Vv (m?)

0004 + ;
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Figure 8. Application of combined Hermia’s blocking models to experimental data for selected mem-
branes: (a) membrane of 15 kDa; (b) membrane of 50 kDa. CF-CB: Cake filtration and Complete pore
blocking; CF-SB: Cake filtration and Standard pore blocking; CF-IB: Cake filtration and Intermediate
pore blocking; CB-SB: Complete pore blocking and Standard pore blocking; IB-CB: Intermediate pore
blocking and Standard pore blocking. (Experimental conditions: T =20 + 1 °C; Q =250 L-h~! and
TMP = 4 bar).
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Table 4. Fitted and statistic parameters obtained for the membranes of 15 kDa and 50 kDa according
to the five combined fouling models. Cake filtration and Complete pore blocking (CF-CB); Cake
filtration and Standard pore blocking (CF-SB); Cake filtration and Intermediate pore blocking (CF-
IB); Complete pore blocking and Standard pore blocking (CB-SB); Intermediate pore blocking and
Standard pore blocking (IB-CB). (Experimental conditions: T =20 £ 1 °C; Q = 250 L-h~! and
TMP = 4 bar).

Model Membrane Fitted Parameters SSE Error (%)
K.s=1.00 x 10° s:m—2
15 kD o 9.09 x 1072 40.11
CF-CB a Ky =6.09 x 1076571
K.r=1.00 x 10° ssm~2
50 kDa o oesm 6.69 x 10°5 30.33
Kp=111x10"1g
Ks=471 x 103 sm2
15 kDa o 9.52 x 10> 41.04
CF-SB Ky =534 x 108 m~!
K.,=437 x 1073 s:m2
50 kDa i T 7.42 x 1075 32.62
Ky =534 x 108 m
K.r=450 x 1072 s:m—2
15kDa o T 3.40 x 107+ 77.24
CF-IB Kj, = 7.88 x 102 m~
K.r=445x%x 10"2sm™
50 kDa J T 327 x 1074 67.91
Kijp =798 x 102 m
K3 =9.86 x 1076571 4
CB.SB 15 kDa Ky =341 x 102 m-1 5.92 x 10 102.20
Kyp=111x 10715571 4
50 kDa Ko =334 x 10°m 1 5.94 x 10 91.98
Kj, =7.88 x 102 m™1 4
IB-SB 15 kDa Ksb _ 1.00 % 10_212 m;1 3.40 X 10 77‘24
50 kDa Kip =7.98 x 10" m 327 x 104 67.91

K¢ =1.00 x 10712 m~1!

In light of the results shown in Figures 7 and 8 and Table 4, it is possible to conclude
that none of the combined models proposed in Equations (9)—(13) can explain the fouling
mechanisms observed in the cardoon blanching wastewaters used in this study. The pure
Hermia’s mechanisms, particularly the cake filtration model, provide a better explanation
of the membrane fouling.

4. Conclusions

This work was aimed at the assessment of the ultrafiltration process as a preliminary
step prior to a subsequent nanofiltration treatment of blanching wastewater from the
canned cardoon industry. Three ultrafiltration membranes of different cut-offs (3, 15, and
50 kDa) were studied. All of them effectively reduced the turbidity of the feed solution,
but the 3 kDa membrane gave by far the worst performance in both permeate flux and
biocompound recovery. The collected volume of permeate was extremely low compared
with those obtained by the other studied membranes. In addition, its rejection index
determined that a low concentration of phenolics passed through the membrane, obtaining
a poor permeate solution, which would limit the use of this permeate in a later nanofiltration
step for the separation, fractionation, and concentration of different compounds contained
in it. Thus, a membrane of 3 kDa was rejected for the purpose reached.

On the other hand, an in-depth study of the fouling mechanisms was applied to
membranes of 15 and 50 kDa. It was found that, especially in the cake filtration model, this
was the mechanism that better explained the membrane fouling in both cases, since in this
model, all membrane pores are blocked and, as new foulants are deposited on other ones,
a cake layer is built. Finally, little differences in permeate flux were found between both
membranes; however, it has been found that membranes of 50 kDa responded better to an
alkaline cleaning, showing higher water permeability recovery.
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