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ABSTRACT

A procedure for the selection of the optimal adsorbent for phenolic compounds (PC) recovery from
PC-rich wastes and wastewaters was innovatively proposed and applied to compare 4 neutral resins
(Amberlite XAD16N, Optipore SD-2, Amberlite FPX66, Amberlite XAD761) and 1 ion-exchange
resin (Amberlite IRA958 CI) for PC recovery from a Tunisian olive mill wastewater (OMW). In the
initial batch isotherm tests a neutral resin (XAD16N) performed best thanks to its high PC sorption
capacity (81 mgrc/gdry resin) and PC content in the sorbed product (0.19 gpc/Quolatite solids). AlSO ion-
exchange resin IRA958, used in OH form in this work, resulted interesting thanks to its satisfactory
performances and very low cost (8 €/L). These two pre-selected resins were further compared by
means of continuous-flow adsorption/desorption tests conducted in a 1-m packed column. The results
indicate that if a low (20%) breakpoint is selected, XAD16N leads to a PC-richer sorbed product
(0.14 gec/guolatile solids) and a higher operating capacity (0.30) than IRA958. Conversely, if a very high
(90%) breakpoint is selected, the two resins produce similar desorbed products in terms of both PC
content (0.19-0.21 grc/guolatile solids) and antioxidant capacity (4.6-4.9 Jascorbic acid equivalent/grc). Resin-
specific dynamic desorption procedures led to very high PC desorption yields (87-95%). The
identification of the actual PCs present in the final desorbed product indicated for XAD16N a higher
capacity to preserve the integrity of the PC mixture of the studied OMW. OMW microfiltration (0.2
um pore-size) led to a 99.8% suspended solid removal - thus protecting the packed column from
potential clogging - with a very low PC loss.
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1. Introduction

The production of olive mill wastewater (OMW) is extremely large: 23-26-10° m3omw/y are
produced in Mediterranean, where 98% of the world olive oil production is concentrated. OMW
constitutes a relevant environmental concern: its high COD (20-200 g/L) and the presence of 0.1-18
g/L of phenolic compounds (PCs) causes bad smell and inhibition of seed germination and of the
aerobic and anaerobic biodegradation processes potentially applicable to make OMW suitable for
irrigation [1-4]. Therefore, although untreated OMWSs have traditionally been used to irrigate the
olive tree fields, several countries have recently forbidden this practice, thus imposing OMW
treatment. The main components of OMW are PCs, sugars and organic acids, together with valuable
amount of minerals, especially potassium [1]. Generally, OMW contains about 95% of the PC content
of the original olives, as a result of the high solubility of PCs in water [5]. The main PC of OMW
classes are phenolic acids, secoiridoids and flavonoids, among which hydroxytyrosol, oleuropein and
verbascoside are the most abundant and the most studied compounds [6-8]. However, OMW PC
composition varies both qualitatively and quantitatively according to the olive variety, climate
conditions, cultivation practices, the olive storage time and the olive oil extraction process [9]. PCs
present strong antioxidant, anti-inflammatory and antimicrobial properties, and several health effect
have been attributed to the consumption of polyphenol-rich foods [1, 10-15]. In particular
hydroxytyrosol is one of the most valuable and expensive PCs, with a high demand in the
pharmaceutical, food and cosmetic fields.

Several processes have been proposed by wastewater companies for the treatment of OMW:
evaporation, ultrafiltration, reverse osmosis, flocculation, chemical oxidation, anaerobic digestion,
lagooning. Generally, these processes do not include a specific treatment step aimed at the recovery
of the PC content of OMW. On the other hand, the inclusion in the OMW treatment train of a step
leading to PC recovery could lead to a relevant decrease of the OMW treatment cost. Several
processes can be applied to recover PCs from OMW: solvent extraction [1, 16, 17], membrane
separation [18, 19], adsorption [[20-24] and cloud point extraction [25].

Adsorption was successfully applied for PC recovery from different wastewater types [26-
30]]. It has a relatively simple design, operation and scale up. A significant drawback of this recovery
technology is that, in the presence of a complex matrix such as OMW, PC adsorption yields can be
significantly reduced by the competitive adsorption exerted by other compounds, in particular by
carbohydrates and amino acids [31]. Two adsorption mechanisms can be applied for PC recovery:
simple adsorption on neutral non-ionic resins and ion exchange on ionic resins. Both processes were
successfully used in several fields [20, 32]. pH has a relevant impact on PC adsorption: low pHs
favour the protonated PC form and thus adsorption on neutral resins, whereas higher pHs favour the
anionic PC form, and therefore the ion exchange mechanism. High pHs promote the ion exchange of
PCs that do not contain carboxyl functional groups. On the other hand, the ion exchange of PCs that
contain carboxyl groups can be operated also at neutral pH values [31].

Although several works deal with PC adsorption and recovery, most studies are limited to the
selection of a suitable resin by means of batch tests, thus neglecting key parameters such as the resin
operating efficiency and the actual desorption rate attainable under continuous flow conditions [33-
38]. A limited number of studies integrated batch isotherm tests with dynamic continuous-flow tests
[39, 40], whereas none of these proposed a rigorous procedure for the selection of the optimal sorbent.
In addition, only a small minority of these studies used an actual OMW [41, 42], whereas the others
used other natural sources or synthetic PC mixtures.

The main goal of this work was to develop and apply a procedure for the selection of the
optimal adsorbent for PC recovery from PC-rich wastewaters and — after a solvent extraction step —
solid wastes. The procedure includes both batch and continuous-flow adsorption and desorption tests,
and a detailed characterization of the final desorbed product. The procedure was applied to an actual
OMW, produced by a Tunisian olive mill. The PC recovery process developed in this work represents
the first step of an OMW treatment process consisting in the combination of adsorption with anaerobic
digestion, aimed at producing an irrigation-quality treated OMW.



The main novelties of this study are:
) the development and application of a sorbent selection procedure based on a combination of
batch and continuous flow adsorption/desorption tests, whereas most studies base the selection of the
sorbent only on batch tests that often neglect the desorption step;
i) the assessment of the final desorbed products in terms of total PC content, antioxidant activity
and presence of compounds of high economic value;
iii)  theapplication of a rotary microfiltration process as a pre-treatment step before PC adsorption,
to avoid the gradual clogging of the adsorption column.

2. Materials and Methods

2.1 OMW, resins and chemicals

The tested OMW was produced by a 3-phase olive mill located in Mnihla, Tunisia. Its
characterization is reported in section 3.1.

Five sorbent resins, kindly provided by DOW Chemicals Europe GmbH, Horgen, Switzerland,
were tested in the present work: Amberlite XAD16N, Optipore SD-2, Amberlite FPX66, Amberlite
XAD761, Amberlite IRA958 ClI. Of these resins, 3 (XAD16N, FPX 66, XAD 761) are purely neutral
adsorbents, one (IRA958 Cl) is a strong ion exchange resin, whereas Optipore SD-2 is a neutral
adsorbent with a minor ion exchange component. The main characteristics of the 5 resins are reported
in Table 1. XAD16N, FPX 66, XAD 761 and Optipore SD-2 were activated as follows: 1) double
washing with de-ionized (DI) water to remove salts: each step consists of a 10-minute washing under
agitation at 140 rpm and subsequent liquid removal through a Whatman Phenomenex system
connected to a vacuum pump; 2) double resin soaking with 0.5% HCI 0.1N ethanol: each step consists
of a 30 minute washing under agitation at 140 rpm and subsequent solvent removal; 3) the resulting
slurry was re-washed with DI water as described in 1). IRA958 Cl was pre-treated in different ways
depending on the resin form to be tested in the different assays: to test the ClI form, the resin was just
rinsed in DI water. To test the OH form, the resin was rinsed in DI water, fluxed with NaOH 1M and
eventually fluxed in DI water. All reagents and standards were purchased from Sigma Aldrich (Milan,
Italy). The COD Test Tubes were acquired from Aqualytic (Dortmund, Germany).

2.2. Analytical methods

Total PCs were analysed by means of an HPLC method based on the use of an Agilent Infinity
1260 HPLC, equipped with a quaternary pump, an autosampler, a thermostatted column
compartment, a Jasco 875-UV Intelligent UV/vis diode-array detector and a Phenomenex Kinetex®
2.6 um Biphenyl 100 A column (50 x 2.1 mm). Two mobile phases were applied (solvent A: HPLC-
grade water with 0.1% orthophosphoric acid; solvent B: acetonitrile). The flow was set at 1.0 mL/min
and the mobile phase gradient (0-4 minutes, 100% phase A; 4-6 minutes, 70% phase A and 30% phase
B; 6-15 minutes 70% phase A and 30% phase B) was designed to merge all the phenolic peaks into a
single broad peak. The wave length was set a 264 nm and gallic acid was used as external standard
(50 mg/L). For comparison purposes, the total PC content of the raw OMW and of the final desorbed
products was measured also according to the conventional colorimetric test developed by Folin and
Ciocalteu [43], applied as described in detail by Frascari et al. [23].

Single PCs: The samples were diluted 1:10 with acidified water (0.1% formic acid, v/v) and
the identification of the single PCs was performed as previously reported by Bresciani et al. [44]
applying some modifications. An Accela UHPLC 1250 equipped with a linear ion trap-mass
spectrometer (LTQ XL, Thermo Fisher Scientific Inc., San Jose, CA, USA) fitted with a heated-
electrospray ionization probe (H-ESI-II; Thermo Fisher Scientific Inc., San Jose, CA, USA) was used.
Separation was carried out by means of a Restek C18 (100x2.1 mm) column, 3 um particle size (Restek
Corporation, Bellefonte, PA, U.S.). The injection volume was 5 pL, and the column temperature
40 °C. PCs were detected in negative ionization mode, with mobile phase pumped at a flow-
rate of 0.3 mL/min, consisting of a mixture of acidified acetonitrile (0.1% formic acid) (solvent
A) and 0.1% aqueous formic acid (solvent B). Following 0.5 min of 5% solvent A in B, the



proportion of A was increased linearly to 51% over a period of 8.5 min. Solvent A was increased
to 80 in 0.5 min, maintained for 2 min and then the start condition were re-established in 0.5
min and maintained for 5 min to re-equilibrate the column (total run: 17 min). The H-ESI-II
interface was set to a capillary temperature of 275 °C and the source heater temperature was
200 °C. The sheath gas (N2) flow rate was set at 40 (arbitrary units) and the auxiliary gas (N2)
flow rate at 5. During PC analysis, the source voltage was 4.5 kV, and the capillary voltage and
tube lens voltage were -42 V and -118 V, respectively. A preliminary analysis of the single
PCs was carried out by applying a negative ionization using a full-scan, data-dependent mode,
scanning from a mass to charge (m/z) of 100-1500 using a collision induced dissociation (CID)
equal to 35 (arbitrary units) to obtain fragmentation. Finally, further specific analyses, fragmenting
the parent ion, were carried out to identify the compounds revealed in the first step, by monitoring
specific m/z transitions. PCs were identified based on available scientificdata[6, 7, 45].

Antioxidant capacity was measured by 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid; ABTS) decolorization assay using a Shimazu UV-VIS spectrophotometer (UV-1601). The
ABTS stock solution was prepared by dissolving the ABTS reagent to a final concentration of 7 mM
using a K2S>07 2.5 mM solution and allowing the mixture to stand in the dark at room temperature
overnight before use. The same day of the test an ABTS working solution (ABTS WS) was prepared
using the stock solution by dilution with de-ionized water to an absorbance of 0.70 £ 0.02 at 734 nm.
10-100 pL of sample were then added to 1 mL of the ABTS WS and incubated at 30°C for 30 minutes
in a dark environment, and the absorbance value was read at 734 nm. The calibration line was
obtained using ascorbic acid as standard. To calculate the antioxidant activity of the sample as
M Qascorbic acid equivalent/ILsample, the following expression was applied:

Antioxidant ACtiVity (ug ascorbicacid eq/u]_‘ Samp]e)

__ Value calulated from calibration line (ug ascorbic acid eq.) x sample dilution factor

Sample volume reacted with 1mL ABTS WS (uL sample)

Total solids were measured by drying the sample overnight at 105°C and weighing. Volatile
solids were measured by exposing the 105 °C-dried sample at 550°C overnight and re-weighing.
Suspended Solids were determined by filtration with a 0.45 um ALBET cellulose nitrate membrane
filter and weighing. COD was measured spectrophotometrically using the Aqualytic COD Vario
Tubes (range: 0-1500 mgo2/L).

Proteins were spectrophotometrically analyzed following the Bradford method [46] by mixing
67 uL of sample with 2 mL of Bradford reagent (VWR International S.r.I). After an incubation of 10
minutes at 4°C in a dark environment, absorbance was read at 595 nm. The calibration line was
obtained wusing Bovin Serum Albumin (BSA) as standard. Reducing sugars were
spectrophotometrically analyzed following the dinitrosalicylic acid (DNS) assay [47]] by mixing 100
uL of sample, 100 uL of demineralized water and 100 uL of DNS (2-hydroxy-3,5-dinitrobenzoic
acid) reagent. The mixtures were heated in boiling water for 15 minutes, cooled in ice to ambient
temperature and after the addition of 900 L the absorbance value was read at 540 nm. The calibration
line was obtained using glucose as standard. The DNS reagent was prepared mixing 20 mL of a 96
mM DNS water solution with 8 mL of a 5.3 M Sodium potassium tartrate tetrahydrate basic solution
(NaOH 2M), bringing the solution to a final volume of 40 mL.

OMW density was measured by means of a 100 mL ITI Tooling pycnometer. pH was
measured with an EUTECH Instruments pH 2700 Series pH-meter (Thermoscientific, Walthman,
Massachusetts). More details on the analytical procedures are reported in [23].

2.3. OMW microfiltration

OMW microfiltration resulted necessary to avoid the adsorption bed clogging. The
microfiltration plant, supplied by Juclas srl (Merona, Italy) and shown in Fig. 1, was composed by: a
50 L feed reservoir, a membrane pump with a 1-4 bar operating pressure, a ceramic circular filter (40
cm diameter, 0.2 um average pore-size), a manual valve to regulate the flowrate of the recirculated
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retentate and the filtration pressure, a pressure sensor in the retentate line to monitor and control the
process, and two outlet streams: one for the permeated filtered OMW and one for the retentate,
recirculated into the feed reservoir. The plant applies a cross flow filtration, in which the suspension
passes tangentially along the surface of the filter.

2.4. Phenolic compounds and COD adsorption isotherms

The PC and COD adsorption isotherms relative to the 5 tested resins were studied by mixing
different amounts of dry resin with 30 mL of microfiltered OMW in 120 mL glass vials, so as to test
dry resin / OMW ratios in the 2-450 gary resin/L range. The vials were placed in a rotatory shaker (120
rpm, 22 °C) for 2 hours, to reach the equilibrium condition. Preliminary tests aimed at selecting the
optimal pH for the investigated resins performed at 10 Qary resin/ Lomw.

The PC concentration in the liquid was evaluated by HPLC. For both PC and COD, the
equilibrium concentration in the solid phase, Cs;ieq Was determined as:

Cs,eqi = (CLo,i- Vomw,o - CLeq,i* VL final)/Ms (D)
where: ms indicates the dry resin mass, Cr o, and Ceq,i the initial and final PC or COD concentrations
in the liquid phase, Vomw,o and Vi finai the OMW volume initially added and the final liquid volume
resulting from the sum of the added OMW and the water initially contained in the activated resin.
95% confidence intervals associated to Cseq,i Were calculated by means of standard error propagation
rules. The PC and COD experimental isotherms were interpolated by means of the Langmuir (Eq.
(2)) and Freundlich (Eq. (3)) models:

. _ CSiCLeqi
Langmuir Cseqi = —% @
’ ’ Keq i+CL_eq_i
1
dlich = Ky ¢,
Freundlic Cseqi = Kri " Coq; ®

where: Cseq,i (Qi /ddry resin ) @nd Cieq,i (gi/L ) indicate respectively the amount of sorbed PCs or COD

per unit mass of adsorbent and the PCs or COD concentration in the liquid phase at equilibrium; Cs,;
(9i /9dry resin) the maximum amount sorbed per unit mass of adsorbent, corresponding to a complete
monolayer on the adsorbent surface; Keg,i (L/gi) the constant related to the affinity between the binding
sites and PCs or COD; Kri (L/gdry resin) the sorption capacity in the Freundlich model; 1/n; (-) the
sorption intensity in the Freundlich model.

The model parameters were estimated by non-linear least squares regression of the calculated
COD or PC solid phase concentrations (Cs eq,calc,i) t0 the corresponding experimental values (Cseq,i).
For each tested resin and parameter (PC or COD) the best-fitting model was selected on the basis of
the correlation coefficient R?, defined so as to take into account the number of model parameters [48]:

N 2 N 2
Z(Cs,eq,i _CS,eq,caIc,i ) Z(Cs,eq,i - CS,eq,m )

RZ =1— i=1 i=1
N-P-1 N -1

where N indicates the number of experimental tests in the studied isotherm, and P the number of
model parameters. For each isotherm, the Langmuir and Freundlich isotherms were compared by
means of F tests. The best-fitting model was considered statistically different from the other one if
the test outcome — indicating the probability that the two models are not statistically different -
resulted < 0.05.

For each resin, the performance parameters obtained from the isotherms were: i) the isotherm
shape (favorable / unfavorable); ii) the purity in PCs of the sorbed product (PC/volatile solids); iii)
the PC sorbed concentration in equilibrium with the PC average concentration in the microfiltered
OMW (Cspceqomw); indeed, in a continuous flow adsorption process characterized by a high resin
operating capacity, this parameter represents the PC sorbed concentration that will be achieved in
most of the adsorbing bed.

For the resins that led to the best adsorption performances, the adsorption tests were followed
by batch desorption tests. To this purpose, the OMW in equilibrium with the tested resin was removed



by means of a syringe, and 30 mL of each tested desorption solvent (see section 3.3 for details) were
added. The vials were placed again in a rotatory shaker (120 rpm, 22 °C) for 2 hours, to reach the
equilibrium condition. Total PCs were then measured in the liquid phase. The desorption
performances of each resin / solvent combination were quantified by means of the PC desorption
yield (Ydespc,), evaluated as mpc, desorbed / Mpc sorbed. The results were utilized to select for each resin
the best desorption solvent(s) and the corresponding optimal pH.

2.5. Adsorption column packing and fluid-dynamic characterization

The adsorption/desorption breakthrough tests, performed only for the resins that provided
satisfactory performances in the batch isotherm tests, were conducted at 22°C in the 1.00-m column.
The breakthrough tests were conducted in a plant composed of 2 glass columns (height 0.61 m, inner
diameter 0.027 m) connected in series. The column temperature was controlled at 22°C by means of
a jacket connected to a temperature-controlled bath. After placing a 55 mm layer of quartz sand at the
bottom, each column was filled with the chosen resin using the dynamic axial compression technique
described previously [23, 30]. Finally, a further 55 mm quartz sand layer was placed at the top of the
resin. The total resin bed length was thus 1.00 m. For each resin tested in the semi-continuous assays,
the fluid dynamic behavior of the adsorption bed was studied before each adsorption/desorption
experiment by means of conventional frontal analysis tests conducted with a 0.05 M NaCl solution
in the case of neutral resins. In the case of the IE resin IRA958 OH, given the very high affinity of
CI" for the resin functional group, a different approach based on the use of CI" free solutions was
selected: a first test was conducted with a NaOH 0.05 M solution, after fluxing the packed resin with
de-ionized water, whereas a second test was conducted with de-ionized water, after fluxing the packed
resin with NaOH 0.05 M. The electrical conductivity (EC) was measured at the column outlet with
an EUTECH Instruments 2700 series conductimeter. These tests were used in the first place to
estimate the effective porosity (&), a parameter required to evaluate the interstitial velocity and the
hydraulic retention time on the basis of the measured OMW flow rate. The effective porosity was
evaluated from the retention time distribution curve according to the procedure proposed by
Levenspiel [49]. The frontal analysis tests were also used to evaluate two indicators of packing
quality: the reduced plate height, evaluated as ratio of the height equivalent to a theoretical plate
(HETP) to the mean particle diameter of the tested resin, and the asymmetry factor, defined as the
ratio between the leading and tailing semi-width of the peak at 10% of the peak height. These
parameters were evaluated as described by Frascari et al. [23].

2.6. Adsorption/desorption breakthrough tests

The adsorption/desorption breakthrough tests, performed only for the resins that provided
satisfactory performances in the batch isotherm tests, were conducted at 22°C in the 1.00-m column.
During the adsorption step, the microfiltered OMW was fed with a Masterflex L/S 0.1 HP 1-100 RPM
peristaltic pump. Both pressure drop and flowrate were measured hourly. The total PC and COD
concentrations were measured in OMW samples taken every hour from the column exit and every 3
hours from the inlet. The average PC and COD levels at the inlet were used to normalize the
corresponding outlet values. The adsorption tests were continued up to the attainment of a 0.92-0.95
outlet normalized PC concentration. The adsorption performances of each tested resin were quantified
by means of the following indicators, referred to a 0.20 PC dimensionless outlet concentration used
as breakpoint value: i) PC and VS adsorption yield (Yads,i,), evaluated as mi, sorbed / Mifed; ii) resin
selectivity for PCs, or PC/VS enrichment factor, defined as the PC/VS ratio of the adsorbed matter
over that in the microfiltered OMW; the latter parameter corresponds to the (Yadspc/Yadsvs) ratio; iii)
resin operating capacity (7resin), defined as (PC mass sorbed at the breakthrough point) / (total PC
mass that could be sorbed if all the resin was saturated). The VS adsorption yield was evaluated on
the basis of the COD values measured during each breakthrough test, given the impossibility to
accurately measured VS in the 2 mL samples periodically taken during each test. The detailed
procedure relative to the evaluation of these performance indicators is reported in Table S1 in the
Supplementary Data.
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Different desorption solvents and procedures were used for each resin, on the basis of the
results of the batch desorption tests and of previous works [2, 23, 30, 50]. The desorption solvent was
fed with a Masterflex L/S 0.1 HP -1-100 RPM pump in counter-current flow with respect to
adsorption step. The solvent flowrate was initially equal to the OMW flow rate in the corresponding
adsorption test. A regular decrease in solvent flowrate was then applied to maintain the total pressure
at the column inlet < 2 bars, as solvent viscosity increased due to the increase in PC dissolved
concentration. Desorption was stopped when a PC concentration < 1% of the average inlet
concentration during the adsorption step was attained.

The desorption performances of each tested resin were quantified by means of the PC and VS
desorption yield (Ydes,,), evaluated as mi, desorbed / Misorbed; Mi, desorbed @Nd Misorbed Were evaluated as
illustrated in Table S1 in the Supplementary Material. In addition, the final desorbed product was
characterized by means of the following parameters: i) specific antioxidant capacity; ii) purity in PCs,
defined as PC/(volatile solids) and PC(total solids) mass fractions; iii) presence in the extract of high-
value specific compounds, that could justify a further purification of the desorbed product.

3. Results and Discussion

3.1 Procedure for the identification of the most suitable resin(s), desorption solvent and
operational conditions

The proposed 5-step procedure for the selection of a suitable resin and desorption solvent —
and for the identification of the corresponding operational conditions — for the recovery of PCs from
liquid agro-industrial wastes is summarized in Table 2. In the same Table, the last column lists the
main performance parameters, to be used for the selection of the best resin(s). The first three steps
consist in batch test, that can be conducted even at a very small scale (down to 2 mL), so as to
minimize the amount of resin, liquid waste and desorption solvent required. Conversely, the last two
steps consist in continuous flow breakthrough tests that typically require an adsorption column with
a minimum 70-80 cm height and a large amount of liquid waste (to saturate the entire column) and
desorption solvent. Therefore, the approach applied in this work to minimize the investigation cost
and the amount of liquid waste required for the application of the proposed procedure, consists in
using the small-scale batch tests (steps 1-3) for a pre-screening of the 2 most effective resins, which
were further compared by means of breakthrough adsorption/desorption tests (steps 4-5).

3.2. Characterization of the raw and microfiltered OMW

OMW microfiltration at 0.2 um determined a 99.8% suspended solids removal and a 9% PC
removal, associated to the PC content of the removed suspended particles. The average permeate
flowrate was equal to 3 L/h, and each filtration process produced a final volume of concentrated
sludge equal to 6% of the treated OMW volume. On the basis of these results, the proposed
microfiltration was considered an effective process for OMW pre-treatment before its adsorption in
packed columns.

The main characteristics of the raw and microfiltered OMW are reported in Table 3. The
studied OMW was characterized by a rather high COD (70 g/L). As shown in Table 4, 18 PCs were
identified in the raw OMW: 9 phenolic acids and 9 phenylethanoids and secoiridoids, including
compounds of high scientific and commercial interest [51, 52], such as hydroxytyrosol, oleuropein
and verbascoside.

3.3. Batch isotherm tests

The batch isotherm tests described in this section correspond to points 1-3 of the resin
selection procedure illustrated in Table 2.

Since the ion exchange resin IRA958 can be used both in ClI form (the form supplied by the
resin provider) and in OH form, preliminary tests were aimed at selecting the optimal form to be used
in this work. The affinity of CI" for a strong anion exchange resin (as is IRA958) is 22 times higher
than that of OH" [53]. Therefore, the OH/PC" ion exchange is expected to be significantly more



favorable than the CI/PC ion exchange. Preliminary batch tests confirmed that the PC sorption
capacity of the OH form was significantly higher than that of the CI form (data not shown). All the
subsequent tests were therefore conducted with the OH form (indicated as IRA958 OH), attained by
fluxing the resin with NaOH 1M.

The first step in the application of the resin selection procedure consists in the identification
of the optimal pH for the tested resins. Indeed, PCs are a mixture of compounds exhibiting different
acidic behaviors: some of them are carboxylic acids with an acid dissociation constant K, around 10°
° while others have a very low acidity due to the phenolic hydroxyl group (Ka around 1079).
Therefore, at pH 5, about half of the carboxylic acids are dissociated and thus potentially sorbed on
anionic IE resins. Conversely at pH 5 the phenols are almost completely protonated, and thus poorly
sorbed on IE resins. At a pH = 13, 99.9% of a phenolic compound with acidity similar to phenol is
dissociated. At the same time, in case of IE resins, at very high pHs a strong competition is expected
to be exerted by OH" ions on the dissociated PCs. Conversely, for a neutral resin a better adsorption
performance is expected when the PCs are not dissociated (neutral form), therefore at pH < 4-4.5.

For the 4 tested neutral resins (XAD16N, FPX 66, XAD 761 and Optipore SD-2), preliminary,
single-point batch tests conducted in the 4.2-9.3 pH range indicated that, as expected, the equilibrium
sorbed concentration decreases with increasing pH. As a representative example, the data relative to
XAD16N are reported in Fig. 2. All the isotherms conducted with neutral resins were therefore
operated at the OMW natural pH.

As for the IE resin (IRA958 OH), several batch adsorption tests were conducted in the 4.2-13
pH range. Starting from the natural pH of the filtered OMW (4.2), the desired pH values were attained
by gradual additions of NaOH. Before adding the resin (10 Qary resin/Lomw), the samples were re-
filtered at 0.2 um, as some precipitate was observed at pH > 8. Furthermore, the antioxidant capacity
of the pH-corrected OMW was measured at 6 pH values in the 4.2-13 range, in order to evaluate
whether the possible changes in the OMW chemical composition had any effect on the antioxidant
activity. As shown in Fig. S1 in the Supplementary Data, no significant effect of pH on the OMW
antioxidant capacity was detected.

As illustrated in Fig. 2, the PC solid phase concentration increased in the 4.2-9 pH range
thanks to the increased PC dissociation, whereas a small decrease was observed at pH > 9, possibly
due to competition exerted by OH". The subsequent tests relative to IRA958 were therefore conducted
at pH 9. The increase in PC adsorption capacity observed with resin IRA958 OH in the 4.2-9 pH
range is in agreement with the results of a previous study of PC recovery from OMW conducted with
IRA958 Cl, XAD16N and IRAG67 (a weak IE resin) [30]. Indeed, a pH increase from 4.9 to 7.2
determined a 20% increase of the PC adsorption yield with IRA958 CI, no relevant effect with the
neutral resin XAD16N, and a 50% decrease of the PC adsorption yield with the weak resin (IRA67),
due to the shift of the resin functional group from the protonated active form to the unprotonated
form.

The second step of the proposed resin selection procedure consists in the study of the PC and
COD complete isotherms (T=22°C) relative to the 5 tested sorbents at the previously selected pH
values. The results are shown in Fig. 3 in terms of solid and liquid phase equilibrium concentrations
and best-fitting interpolation curves, whereas Table 5 reports the best-fitting parameters and the R?
values obtained with both the Langmuir and Freundlich models for PCs, and only with the Freundlich
model for COD. Indeed, all the COD isotherms present a strong upward curvature that excludes the
possibility of successfully interpolating them with the Langmuir model. For each PC isotherm, the
model (Langmuir or Freundlich) characterized by the highest R? was selected, and the statistical
significance of the difference between the two interpolations was evaluated through an F test.

In the PC isotherms, the four non-ionic resins showed a favorable behavior (downward
curvature) throughout the entire PC concentration range of interest (up to the PC concentration in the
microfiltered OMW), whereas the PC isotherm of the IE resin IRA958 OH was basically linear. The
isotherm shape has an important role in determining the resin operating capacity in the continuous-
flow adsorption process at the breakpoint of the adsorption bed (20% dimensionless PC
concentration, in this work). Indeed, a marked downward curvature (high Keq in the Langmuir model)
determines a high adsorption capacity even at low concentrations in the liquid phase, and therefore a
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narrow mass-transfer zone and ultimately a high resin operating capacity. For resins XAD16N and
FPX66 the Langmuir model resulted the best-fitting one, whereas for Optipore SD-2 the highest R?
values were obtained with the Freundlich model. Conversely, for XAD761 and IRA958 OH the
difference between the two models did not result statistically significant (p > 5%). For these two
resins, the model characterized by the highest R? was utilized for the subsequent data elaboration and
displayed in Fig. 3. The quality of the best-fitting interpolations resulted very high for the 4 neutral
resins (R? = 0.98-0.99), and high for IRA958 OH (R? = 0.90).

Overall, XAD16N resulted in the higher PC sorbed concentration almost over the entire tested
concentration range (0.07-1.2 gec/L in the liquid phase), whereas Optipore SD-2 performed slightly
better in the very low range (< 0.07 grc/L). A relevant resin performance parameter is Cs pc,eqomw, the
sorbed PC concentration in equilibrium with the PC concentration in the microfiltered OMW, since
it represents the sorbed concentration that will be achieved in most of the adsorbing bed in a
continuous process characterized by a high operating capacity. Therefore, the higher Cspc eqomw, the
lower the mass of resin needed to recover a given PC amount. Cspceqomw Was calculated for each
resin by extrapolating the selected isotherm up to the PC concentration in microfiltered OMW (1.28
grc/L). As shown in Table 5, with XAD16N Cs pceqomw resulted equal to 81 mgec/gary resin, Whereas
for the other resins this parameter varied in the 47-67 mgpc/Qary resin range. An analogous approach led
to estimate Cs cop,eqomw, the sorbed COD concentration in equilibrium with the COD concentration
in the microfiltered OMW, which varied in the 0.9-2.1 go2/Qdry resin range.

Another relevant performance parameter that can be obtained by combining the PC and COD
isotherms is the PC purity, or PC mass fraction, of the sorbed product. Indeed, a higher PC mass
fraction determines a higher specific antioxidant capacity, and therefore a higher market value of the
desorbed product. This parameter, expressed as grc/gcop, was calculated as Cspceqomw /
Cs,cop,eqomw, SO as to estimate the purity of the sorbed product obtained, in a continuous-flow process,
in the column fraction in equilibrium with both the PC and COD concentrations in the microfiltered
OMMW fed to the adsorption process. The product purity was then converted to gec/gvs, by applying
an average COD-VS conversion factor (2.9 go2/gvs) obtained, in the second part of the work, by
measuring COD and VS in different desorbed products. Volatile solids were not directly measured
after each batch isotherm test, as such measurement requires a higher amount of OMW and resin than
those used in these tests. As shown in Table 5, XAD16N and XAD761 resulted in the highest
estimated PC purities (0.19-0.20 grc/gvs), whereas for FPX66, OPTIPORE SD-2 and IRA958 OH
the purities varied in the 0.07-0.12 grc/gvs range. It should be noted that these values, obtained from
the batch isotherm tests, refer to the estimated PC content of the sorbed product, whereas the
experimental measurement of the PC content of the desorbed product — the true final product of the
process - was performed only for the breakthrough adsorption / desorption tests object of the second
part of the work, because of the significant differences between the characteristics of the desorbed
product obtained in batch and continuous flow tests.

The overall evaluation of the isotherm tests led to the identification of XAD16N as the best-
performing resin for PC recovery from the tested OMW, thanks to its highest PC sorption capacity
and second-highest PC content in the sorbed product. On the other hand, also IRA958 OH appeared
to be an interesting resin, thanks to its very low cost (4 times lower than that of XAD16N) and to the
attainment of (i) a sorbed product PC content equal to 2/3 of that obtained with XAD16N, and (ii) a
PC sorption capacity in equilibrium with the OMW PC concentration equal to 80% of that obtained
with XAD16N. Therefore, in the last part of the study XAD16N and IRA958 OH were further
compared by means of continuous flow breakthrough tests of PC adsorption and desorption,
corresponding to points 4 and 5 of the resin selection procedure illustrated in Table 2.

Before proceeding with the breakthrough tests, resins XAD16N and IRA958 OH were further
investigated by means of batch desorption tests, aimed at performing a preliminary identification of
the optimal desorption solvents and pH. These tests correspond to step 3 of the proposed resin
selection procedure (Table 2). In previous tests of desorption of OMW-derived PCs from resin
XAD16N, ethanol acidified with 0.5% v/v HCI 0.1N (pH 3.3) had been identified as the optimal
desorption solvent [2, 23, 54]. Thus, in this work the first batch desorption tests for XAD16N were



operated with pH 3.3 acidified ethanol. The results indicate that, while 1-step desorption led to quite
low PC desorption yields (0.40-0.50), the operation of 5 consecutive batch desorptions with this
solvent led to an overall PC desorption yield in the 0.50-0.65 range. In further attempts to increase
the PC desorption yield from XAD16N, the best results were attained by operating — after 5
consecutive desorptions with acidified ethanol — 5 further desorption steps with a 50% v/v mixture of
de-ionized water and ethanol, acidified to pH 3.3 with HCI. This approach led for XAD16N to an
overall PC desorption yield in the 0.75-0.80 range.

In order to desorb ionic compounds from an anionic IE resin, an anion characterized by a
strong affinity for the tested resin must be supplied. The total moles of the selected desorption anion
must be at least equal to the total moles of anions sorbed to the resin. As some physical adsorption
can occur on the matrix of IE resins in addition to the actual IE process, the best desorption results
are expected to be achieved if the selected anion is dissolved in a solvent effective in the desorption
of physically-sorbed compounds. In this work, OH™ and CI- were compared as desorption anions for
the adsorption tests conducetd with IRA958 OH. In particular 4 types of desorption solutions were
tested: NaOH in ethanol; NaCl in ethanol; HCI in ethanol; HCI in a 50% v/v mixture of de-ionized
water and ethanol. The best desorption yields (0.70 — 0.80) were obtained after 5 consecutive
desorption steps conducted with a 50% v/v mixture of de-ionized water and ethanol, acidified with
HCI to a final concentration of 2 M (pH -0.3).

3.4  Phenolic compounds and COD adsorption breakthrough tests

The goal of the breakthrough tests performed with resins XAD16N and IRA958 OH (step 4
of the proposed procedure; Table 2) was to evaluate crucial performance parameters that cannot be
reliably estimated from the batch isotherm tests: the resin operating capacity for PCs (7rc) and the
PC and VS (or COD) adsorption yields (Yadspc and Yadsvs). Furthermore, the Yadspc / Yadsys ratio
represents an indicator of the resin selectivity for PC, another key parameter in the resin selection
process.

As a preliminary step, a fluid-dynamic analysis of the column packings made with both resins
was performed. For XAD16N, the effective porosity resulted equal to 69.8%, and the packing quality
was rather good. Indeed, the asymmetry factor of the retention time distribution curve was very close
to 1 (0.98) and the reduced plate height (47), even if quite high, fell in the range typical of columns
packed with adsorption resins. As for the column packing made with IRA958 OH, in both type of
tests performed with NaOH solutions (see section 2.5 for details) the retention time distribution curve
resulted less symmetric (asymmetry factor in the 1.2-1.7 range). The effective porosity estimated
from 4 tests conducted according to the two test types illustrated in section 2.5 resulted in an average
value equal to 49.0%. The reduced plate height (40-50) resulted similar to that obtained with
XAD16N.

One adsorption breakthrough test, fed with micro-filtered OMW, was performed for each
tested resin (XAD16N and IRA958 OH). The operational conditions and the main performance
parameters relative to these tests are reported in Table 6. Since the hydraulic retention time (HRT) is
a key parameter in adsorption processes, these 2 tests were performed at approximately the same HRT
(0.34 h for XAD16N, 0.36 for IRA958 OH), selected on the basis of the results of previous works
conducted with the same resins [23,30]. Due to the different effective porosities of the two packings
(69.8% versus 49.0%), the selected HRT resulted in different bed volumes / h (BV/h) for the 2 resins:
2.3 BV/h for XAD16N, 1.5 BV/h for IRA958 OH.

The normalized PC and COD concentrations obtained at the column outlet during the two
breakthrough tests are plotted with full symbols in Figs. 4a (XAD16N) and 4b (IRA958 OH) versus
dimensionless time, defined as (actual time) / HRT. The tests were continued until the attainment of
an outlet PC concentration equal to 0.87-0.91 of the inlet concentration. The PC and COD
experimental points are connected by interpolating lines drawn to make Fig. 4 more readable; these
lines do not represent any process simulation. The same Figures includes for comparison purposes
the PC and COD time plots obtained — under similar experimental conditions - in previous studies
conducted with another OMW, significantly different than the Tunisian one object of this work. The
results of this comparison will be discussed in the last part of this section.
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The observation of Fig. 4 indicates in the first place that XAD16N, thanks to its high PC
adsorption capacity and favourable isotherm, led to a rather slow PC release, with the 20% PC
breakpoint attained after 13 HRTs. Conversely IRA958 OH, due to its lower PC adsorption capacity
and slightly unfavourable isotherm, features a more rapid PC release, with the 20% breakpoint after
just 4 HRTs. Also for COD the breakthrough obtained with XAD16N is less rapid than that obtained
with IRA958 OH, even if in this case the difference is less marked. The PC adsorption yields
evaluated at the 20% breakthrough point were similar and very high (0.93-0.96), whereas IRA958
OH resulted in a significantly higher COD adsorption yield than XAD16N (equal to the VS adsorption
yield; Table 6). As a result, for XAD16N the Yagspc / Yadsvs ratio, that represents an indicator of resin
selectivity for PCs, resulted quite high (3.6), in agreement with the favourable PC isotherm and
unfavourable COD isotherm. Conversely, for IRA 958 OH the Yads,pc / Yads,vs ratio resulted 2.5 times
lower.

For XAD16N, the PC operating capacity at the 20% breakpoint resulted 3 times higher than
that relative to IRA958 OH (Table 6). Indeed, as a result of the slightly unfavourable isotherm shape
IRA958 OH is characterized by a wider mass transfer zone in the adsorption column than XAD16N,
which leads to a lower efficiency in the utilization of the resin. A low operating capacity plays
unfavourably in the determination of the cost for the initial resin purchase and periodic resin
replacement. The low operating capacity evaluated for IRA958 OH (about 0.10) suggests that this
resin, as a result of its wide mass transfer zone, requires a higher bed length — and therefore a higher
HRT - in order to operate under optimal conditions.

The elaboration of the PC and COD breakthrough curves allows to estimate the PC purity (or
PC mass fraction ) in the sorbed product at any point of the curve of normalized PC outlet
concentration. Indeed, by dividing the PC and COD sorbed masses at any point of the curve (see
Table S1 in the Supplementary Materials for the detailed procedure) by the mass of dry resin in the
column experimentally measured during the packing procedure, one obtains the corresponding PC
and COD sorbed concentration (Cspc and Cs.cop). The Cspc / Cscop ratio, an indicator of purity of
the sorbed product, can then be converted to a Cspc / Csys ratio by applying the average COD-VS
conversion factor obtained by measuring COD and VS in different desorbed products (2.9 go2/gvs).
The sorbed product purity at the selected 20% breakpoint resulted equal to 0.14 gec/gvs for XAD16N
and 0.03 grc/gvs for IRA958 OH. For both resins, the sorbed product purity increased with time. At
the end of the breakthrough test (a condition close to resin saturation) the estimated purities resulted
significantly higher (0.22-0.39 gec/gvs; Table 6). The choice of the actual breakthrough point at
which the adsorption process should be stopped depends on the goal of the process: if the technology
is aimed at removing PCs from OMW for environmental reasons, the maximum PC concentration in
the column outlet is set by a regulatory standard or law; conversely, if the goal is to produce a product
characterized by a high PC content and therefore a high antioxidant capacity, no matter how much
PC mass is released with the effluent, then a high breakpoint is likely to be the best option.

The breakthrough tests conducted with both resins were characterized by a roughly constant
pressure drop equal to 0.2 bar for XAD16N and 0.30-0.35 bar for IRA058 OH. This result indicates
that the 99.8% suspended solid removal attained by the OMW microfiltration with a 0.2 um average
pore-size was effective in protecting the packed columns from potential clogging.

For comparison purposes, Figs. 4a and 4b also show with empty symbols the PC and COD
time plots obtained by the same research group, with the same two resins and with very similar HRTs
(0.36-037 h), in previous tests conducted with an Italian OMW characterized, with respect to the
Tunisian one object of this work, by a significantly lower COD (31 versus 70 g/L) and PC (0.6 versus
1.4 gea/L) concentration. The observation of Figs. 4a and 4b indicates that, for both resins, the use of
a significantly different OMW led to very similar breakthrough dimensionless curves for both PCs
and COD. More precisely, the OMW change determined a 3-5% variation in PC adsorption yield and
a 3-14% variation in column operating efficiency (values estimated at a 20% PC breakthrough). This
important result indicates that the approach, methodology and main conclusions of this work can be
applied also to OMWs with different characteristics.



3.5  Desorption / regeneration tests and desorbed product characterization

On the basis of the results of the batch desorption tests illustrated in section 3.3, the
breakthrough test performed with resin XAD16N was followed by the application of a 2-step
desorption procedure: the initial supply of 5 bed volumes of ethanol acidified with 0.5% v/v HCI
0.1N (pH 3.3) was followed by 10 further bed volumes of a 50% v/v mixture of de-ionized water and
pH 3.3 acidified ethanol. Conversely, the breakthrough test conducted with IRA958 OH was desorbed
by supplying 7 bed volumes of a 50% v/v mixture of de-ionized water and ethanol, acidified with
HCI to a final concentration of 2 M (pH -0.3).

These procedures led to the attainment of very high PC desorption yields (87-95%) and to
nearly complete VS desorption yields (Table 6). The characterization of the two desorbed products is
reported in Table 7, whereas the list of the specific PCs identified in the two products is reported in
the last two columns of Table 4. Coherently with the very high desorption yields, the final product
purity attained with IRA958 OH (0.19 gec/gvs) resulted very close to that estimated for the sorbed
product (0.22 gec/gvs; Table 6) whereas for XAD16N the final product purity (0.21 gec/gvs) resulted
equal to 55% of the corresponding value estimated for the sorbed product. The product purity
evaluated in terms of PC/total solids ratio (0.18-0.20 gec/grs) is 5-6 times higher than the
corresponding value measured in the microfiltered OMW fed to the process, indicating that both the
selected resins have a high selectivity for PCs. In addition, the measurement of the product purity
based on the Folin—Ciocalteu method for PCs leads to significantly higher values (0.34-0.41 gec/gvs).
The significant difference obtained, for this specific OMW, between the PC content evaluated by
HPLC and by Folin—Ciocalteu method can be ascribed primarily to the fact that both methods, when
applied to the quantification of total PCs, apply one single response factor (that relative to gallic acid,
by convention) to a wide list of compounds (Table 4) characterized by significantly different response
factors. Therefore, both methods provide an indicator, but not an exact quantification, of the total PC
concentration. In addition, Folin-Ciocalteu method has been reported to be responsive to other
antioxidant molecules [55], being the reagent nonspecific to phenolic compounds [56, 57], since it
can be reduced by nonphenolic compounds [58], thus leading to a possible overestimation of the
estimated total PC concentration.

As shown in Table 4, the desorbed product obtained with XAD16N presented a complex
variety of 28 PCs: 13 phenolic acids, principally represented by hydroxycinnamic and benzoic acid
derivatives, 12 phenylethanoids and secoiridoids, as tyrosol, elanolic acid, verbascoside and
oleuropein, 2 flavonoids and 1 lignan. With the exception of hydroxyelanolic acid, all the PCs
detected in the raw OMW were identified also in the XAD16N product. Conversely, 11 PCs detected
in the XAD16N extract were not found in the raw OMW, most likely because their initial
concentration was below the method’s detection limit. These findings confirm the high affinity of
XAD16N for PCs. The desorbed product obtained with IRA958 OH presented a mixture of 20 PCs,
including 9 phenolic acids and 11 phenylethanoids and secoiridoids. The adsorption/desorption
process conducted with IRA958 OH led to the loss of 4 PCs initially detected in the raw OMW,
whereas 8 PCs detected in the IRA958 OH extract were not found in the raw OMW due to their low
initial concentration.

The detected PCs are generally recognized as potent antioxidants [59], antibacterial (gram
positive and gram negative), antifungal, and have demonstrated activities against yeast [60]. Their
industrial application for these properties are increasing, both in the food industry, as reported for
hydroxytyrosol and verbascoside in meat preparation [59, 61], or olive leaf phenolics in dairy
preparation [62] and OMW extract for olive oil preservation [60], as well as in the cosmetic industries,
as reported for oleuropein used as antiaging ingredient in cosmetic formulations [63].

Notwithstanding the modest differences in composition of the final PC mixture, the specific
antioxidant activities of the products obtained with the two resins resulted quite close (4.6-4.9
gaaeq/grc; Table 7), in agreement with the similar PC purities (0.19 gec/gvs). The specific antioxidant
activities of the two final products resulted comparable to that of the microfiltered OMW fed to the
process (5.3 gaaeq/grc). This finding indicates that the proposed adsorption/desorption process led to
a satisfactory extraction and enrichment in PCs of the treated OMW, while maintaining roughly the
same specific antioxidant activity. In order to assess the antioxidant capacity of the final products of
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this work, the same parameter was measured in single-compound solutions of two PCs well known
for their high antioxidant activity and detected in both desorbed products, namely caffeic acid and
hydroxytyrosol. The result obtained for the former (1.7 gaaeq/grc) was lower than the values attained
for the final desorbed products, whereas the antioxidant activity of hydroxytyrosol resulted about 2
times higher (9.1 gaaed/grc). This analysis indicates that both XAD16 and IRA958 OH led to the
production of a PC-rich product characterized by a relatively high antioxidant activity.

4, Conclusions

The proposed procedure (Table 2) provides for the first time a rigorous framework for the
testing and selection of resins for PC recovery from PC-rich wastewaters and — after a solvent
extraction step — solid wastes. The application of the procedure to a process of PC recovery from
OMW indicates that batch isotherm tests — typically used in the literature to compare resins for
adsorption processes — need to be integrated by continuous-flow adsorption / desorption tests. Indeed
the latter allow to take into consideration several aspects and parameters not assessable by means of
batch tests, such as the resin operating capacity and the effect of the selected breakpoint on the quality
of the desorbed product.

The batch isotherm tests allowed to make a preliminary identification of Amberlite XAD16N
and Amberlite IRA958 OH as the most promising resins for PC recovery from the targeted Tunisian
OMW. The subsequent continuous flow tests — limited to XAD16N and IRA958 OH — indicated that
the final resin selection depends on the desired breakpoint, and therefore on the goal of the process.
Indeed, if an environmental standard imposes in the column outlet a relatively low PC concentration,
and therefore a low breakpoint, XAD16N led to a PC-richer product and a higher operating capacity
than IRA958 OH, thanks to its higher PC selectivity and sorption capacity. Conversely, if the goal of
the process is to produce a pure product characterized by a high PC purity and antioxidant capacity,
no matter how much PC mass is released with the effluent, it is advisable to continue the adsorption
step until the attainment of a very high breakpoint. In this case, the quality of the final products
obtained with the two resins is similar, and IRA958 OH appears to be the most promising one thanks
to its significantly lower industrial cost (Table 1), despite its lower PC sorption capacity.

The identification of the actual PCs present in the final desorbed product — an aspect generally
neglected in the literature — represents a useful integration of the product assessment in terms of
antioxidant capacity and total PC content.

Lastly, OMW microfiltration with a 0.2 um average pore-Size proved to be an effective
technology to attain a very high suspended solid removal - thus protecting the packed column from
potential clogging - with a very low PC loss.

List of abbreviations

BV/h Bed Volumes / h
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HRT Hydraulic residence time
IE lon exchange
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TS Total solids
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Liquid phase concentration of compound i (gec or cop/L)

Initial and final (equilibrium) PC or COD concentration in the liquid phase
(OMW) during the isotherm tests (grc or con/L)

COD or PC solid phase concentration calculated according to the Langmuir
or Freundlich model, for the evaluation of the R? value associated to each
isotherm (gpc or cop/Jdry resin)

Final (equilibrium) PC or COD concentration in the solid phase (resin) during
the isotherm tests (grc or con/Qary resin)

Average experimental solid phase concentration of compound i in an
isotherm test, for the evaluation of the R? value associated to each isotherm
(ch or COD/gdry resin)

Solid phase (resin) concentration of compound i (grc or con/Qary resin)

maximum amount sorbed per unit mass of adsorbent, in the Langmuir model
(ch or COD /gdry resin)

PC or COD solid phase (resin) concentration in equilibrium with the
microfiltered OMW used for the batch and breakthrough tests (grc/Qdry resin)
Height equivalent to a theoretical plate, in the packed column (m)

Constant related to the affinity between the binding sites and PCs or COD, in
the Langmuir isotherm (Lpore volume /gPc or cop)
the sorption capacity in the Freundlich model (L/Qdry resin)

Mass of PC or VS fed to the column until a certain breakpoint (mg)

Total mass of PC or VS desorbed by the resin during the entire desorption
procedure (mg)

Mass of PC or VS adsorbed by the resin in correspondence of a certain
breakpoint (mg)

Mass of dry resin in the isotherm studies (Qadry resin)

Inverse of the sorption intensity in the Freundlich model (-)
Number of experimental points in each isotherm (-)
Number of parameters to be estimated in each isotherm (-)

OMW volume initially added and final liquid volume resulting from the sum
of the added OMW and the water initially contained in the activated resin, in
the isotherm tests (L)

PC or VS adsorption yield, calculated as mpc or vs,sorbed / MPC or vs,initial IN the
batch tests, and as Mpc or vs sorbed,20% / MPc or vs fed,20% IN the breakthrough tests
()

PC or VS desorption yield in a batch or breakthrough test, defined as mpc or
vs,desorbed / MPC or Vs sorbed (')

Effective porosity (-)

Resin operating capacity, defined as mpc sorbed,20% / MpC sorbedsaturation ()
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Table 1
Technical characteristics of the tested resins.

Resin Adsorption Matrix Surface Pore Harmonic Approximate
mechanism Area size mean industrial
(m?/g) (A) particle size cost (€/L)
(mm)
XAD761 Neutral adsorption  Crosslinked phenol- 200 600 0.56-0.76 28
formaldehyde
polycondensate
XAD16N Neutral adsorption 800 150 0.56-0.71 31
_ Macroporous
FPX66 Neutral adsorption . 700 150 0.60-0.75 26
styrene-
OPTIPORE SD- Neutral adsorption . 800 50 a 18
divinylbenzene
2 + minor ion
copolymer
exchange
component
IRA958 CI Strong ion Crosslinked acrylic 400 & 0.63-0.85 8
exchange polymer with quaternary

ammonium group

2 Data not available



23

Table 2
Schematic representation of the proposed procedure for the identification of the most suitable resin(s),

desorption solvent(s) and operational conditions for the recovery of PCs from liquid agro-industrial wastes.

Step Type of test Short test description Output: performance parameters (PP) and

operational conditions (OC)

Single point Batch tests aimed at OC: Optimal pH for the tested resins
batch tests identifying the best pH for the
tested resins
Isotherms Batch tests; 10-15 resin/liquid ~ PP: Isotherm shape (favorable / unfavorable)
ratios for each tested resin PP: Purity of the sorbed product (gec/gvs)
PP: PC sorbed concentration in equilibrium with
the PC average concentration in the liquid waste
Batch Preliminary tests aimed at OC: optimal desorption solvent(s)
desorption identifying a suitable OC: optimal pH for the desorption process
tests desorption solvent and
desorption conditions
Breakthrough  Continuous flow adsorption PP: PC and VS adsorption yield
adsorption tests; column height and PP: Resin selectivity for PCs (Yads,pc,/Yads.vs)
tests residence time > minimum PP: Resin PC operating capacity
values reported in the resin
datasheet
Breakthrough  Continuous flow desorption PP: PC and VS desorption yield
desorption tests PP: Specific antioxidant capacity of the
tests desorbed product;

PP: Purity of the desorbed product (gec/gvs)
PP: Presence in the desorbed product of high-

value specific compounds




Table 3

Average characteristics of the raw and microfiltered OMW (Average values + 95% confidence

intervals).

Parameter Raw OMW Microfiltered OMW
Total phenolic compounds (gaceq/L; HPLC  1.41 +£0.08 1.28 + 0.07
method)

Total phenolic compounds (gaceq/L; Folin -~ 4.4 £0.5 40+0.3
method)

Total solids (g/L) 411 371
\olatile solids (g/L) 25+ 0.5 22+0.5
Suspended solids (g/L) 35+0.1 0.005 + 0.001
Dissolved solids (g/L) 38+1 38+1

COD (g/L) 70£5 65+4
Reducing sugars (g/L) 35+0.3 51+0.1
Proteins (gssa/L) 0.15+0.02 0.21+£0.02
pH 4.24 +£0.08 4.21+£0.09
Antioxidant capacity (mMaaeq) 15+1 13+1
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Identified PCs in the raw OMW and in the desorbed products obtained with resins XAD16N and
IRA958 OH, with spectrometric characteristics.

Compound Retention ~ Mass / charge MS2 Raw XAD16N IRA958 OH
time ratio (m/z) Fragmentation? OMWP  desorbed  desorbed
product®  product”
Phenolic acids
Gallic acid 2.22 169 125 n n y
3,4-Dihydroxyphenylacetic acid 3.23 167 123 y y y
3,4-Dihydroxybenzoic acid 3.68 153 123, 109 y y y
Dihydroxybenzoic acid © 3.89 153 123,121, 109 y y n
Dihydroxybenzoic acid © 4.49 153 123, 125, 109 y y y
Homovanillic acid 4.60 181 137 y y y
Hydroxybenzoic acid 4.60 137 93 y y y
p-Coumaric acid 4.82 163 119 n y y
Caffeic acid 5.14 179 135 y y y
Vanillic acid 5.25 167 152,123 n y n
0-Coumaric acid ° 5.82 163 119 n n y
cis-Ferulic acid 5.99 193 149, 178, 134 n y n
Trimethoxybenzoic acid 6.15 211 167 y y n
Syringic acid 6.25 197 na’ y y n
trans-Ferulic acid 6.49 193 149, 178, 134 n y n
Phenylethanoids and Secoiridoids
Hydroxytyrosol hexoside 3.38 315 153 n y y
Hydroxytyrosol 3.45 153 123 y y y
Tyrosol 3.80 137 109 n n y
Oleoside 4.47 389 345 n y n
Hydroxyelanolic acid 4,54 257 239 y n n
Hydroxyverbascoside 5.32 639 621, 529, 459 y y y
Elanolic acid 5.32 241 165, 183, 197, 223 y y n
Hydroxyverbascoside 5.69 639 621, 529 n n y
Elanolic acid 5.86 241 165, 197, 213 y y n
Verbascoside © 5.96 623 461 y y y
Verbascoside © 6.36 623 461 n n y
Hydroxytyrosol acetate © 6.57 195 na“ n y n
Hydroxytyrosol acetate © 6.86 195 na’ n n y
Elanolic acid 6.88 241 209, 165, 139 n y n
Oleuropein © 7.00 539 377,307, 275 y y y
Oleuropein © 7.31 539 377,307, 275 y y y
Oleuropein aglycone 8.25 377 241 y y y
Flavonoids
Rutin 6.08 609 301, 300 y
Apigenin 7.88 269 225, 209, 251 n y n
Lignans
Pinoresinol 8.92 357 311 n y n

#MS2 fragmentation indicates the fragmentation of the parent ion. ”y, detected; n, not detected.
¢ Tentative identification. The same name r(iforted for some compounds indicates different isomers,

characterized by different retention time an

substituent groups. 9 na: not available. The parent ion has not been fragmented.

which probably differ for the position of the



Table 5
Simulations of the isotherms conducted with the 5 tested resins: best-fitting parameters + 95% confidence intervals and R? values obtained with both
the Langmuir and Freundlich models for PCs and only with the Freundlich model for COD; estimate of the sorbed PC and COD concentrations in

equilibrium with the corresponding concentrations in the microfiltered OMW; estimate of the purity of the sorbed product.

Resin PC: Langmuir parameters PC: Freundlich parameters Best F test COD: Freundlich parameters  Sorbed concentrations in  Sorbed product
fitting equilibrium with OMW purity
C§°PC Keg,pc R? Krpc Npc R? mogélsfor p? Statistical Kecop Ncop R?  Cspceqomw® Cscopeqomn® PC/COD PCIVS
(mép ol (L/grc) (L/Yadry resin) ) difference  (L/Qary resin) ) (mgpc/ (9o2/ (grc  (grc
ey resin) dry resin) Qdry resin) /dcop)  /Qvs)
XAD761  104+18 (1.1+0.3)-10° 0.988 0.38+0.02 1.38+0.02 0.986 Langmuir 36% No (2.9+4.3)-10* 0.52+0.13 0.933  60+13 0.9+1.3 0.07 0.20
XAD16N 11148  (2.1+0.3)-10° 0.996 1.14+0.33 1.62+0.14 0.990 Langmuir 4.5% Yes (3.5+4.2)-10* 0.51+0.12 0.940 817 1.2+£1.7 0.07 0.19
FPX66 82+5 (3.3£0.5)-10° 0.995 1.48+0.52 1.79+0.21 0.978 Langmuir 0.4% Yes (2.0£1.9)-10* 0.45+0.07 0.976 6715 2.1+1.0 0.03 0.09
ggt_'zpore 41#5 (1.240.51102 0.950 3.54+0.96 2.77+0.37 0.981 Freundlich 3.6%  Yes  (1.4+0.8)10% 0.58+0.07 0.980 47+13  18+11 003 0.07
gﬁ‘g% 7254140 (4.9 +1.0)10° 0.846 (2.1:0.6)10° 0.71+0.26 0.902 Freundlich 19%  No  (4.6:1.6)105 0.41+0.19 0.908 48+15  12+04 004  0.12

2 Probability that the best fits obtained with the Langmuir and Freundlich models are not statistically different. Significance level = 5%.

bSorbed PC and COD concentrations in equilibrium with the corresponding concentrations in the microfiltered OMW.



Table 6
Adsorption and desorption performances relative to the breakthrough tests conducted with resins
XAD16N and IRA958 OH in the 1-m packed column

Parameter XAD16N IRA958 OH
Resin effective porosity (s, -) 0.698 0.490
HRT (h) 0.34 0.36
Superficial velocity (m/h) 2.30 1.47
Bed volumes / h (BV/h, 1/h) 2.30 1.47
PC adsorption yield at 20% PC breakpoint (Yadsrc, -) 0.93 0.96
VS adsorption yield at 20% PC breakpoint (Yads,vs, -) 0.26 0.69
Resin selectivity for PCs at 20% PC breakpoint (Yadspc / Yadsvs) 3.6 1.4
PC operating capacity at 20% PC breakpoint (7rc, -) 0.30 0.10
Sorbed product purity at 20% PC breakpoint (grc/gvs) 0.14 0.03
Sorbed product purity at end of test (gec/gvs) 0.39 0.22
PC desorption yield (Ygespc, -) 0.87 0.95
VS desorption yield (Ygespc, -) 0.99 0.99
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Table 7
Relative composition of the desorbed products obtained from resins XAD16 and IRA958 OH and
of the microfiltered OMW fed to the adsorption process.

Parameter Microfiltered  XAD16N IRA958 OH
oMW desorbed product desorbed product

Product purity (grc/gvs; HPLC method for 0.06 0.21 0.19

PCs)

Product purity (gec/gvs; Folin method for PCs) 0.18 0.34 0.41

Specific antioxidant capacity (gaaeq/grc) 5.32 4,92 4.6%

Reducing sugars (gsugars/gvs) 0.23 0.30 0.56

Protein content (gssa/gvs) 0.01 0.04 0.09

\olatile solid content (gvs/grs) 0.59 0.99 0.92

2The (ascorbic acid)/(PC) ratio refers to the total PC content quantified by HPLC.

28



29

Valorisation of olive mill wastewater by phenolic compounds adsorption:

development and application of a procedure for adsorbent selection

Dario Frascari, Giorgia Rubertelli, Fatma Arous, Alessandro Ragini, Letizia Bresciani, Antonio
Arzu, Davide Pinelli

SUPPLEMENTARY MATERIAL

Table S1
Procedure for the evaluation of the performance indicators obtained from the breakthrough tests.

1) PC and VS adsorption yield (Yads;i,)

Yads,i, was evaluated at a 0.20 PC breakpoint as mi sorbed,20% / Mi fed,20%, Where Misorbed,20% indicates
the PC or VS mass adsorbed until the attainment of a 20% outlet normalized PC concentration, and
Mi fed,20% iNdicates the corresponding PC or COD mass fed to the adsorption column. misorbed,20%
was estimated as:

M sorbed 0% = Mi,fed,20% — Mi,out,20% (S1)
where miout.20% IS the mass lost in the outlet up to the 20% breakpoint. Eqg. (S1) does not take into
consideration the liquid phase PC content at the 20% breakthrough point, which is generally
negligible. miout20% Was calculated by numerical integration of the experimental breakthrough
curve up to the selected 20% PC breakpoint:

t20%
M out209% = Q * % Ciour v dt (S2)
where Q indicates the OMW flow rate fed to the column.

2) Resin operating capacity (7resin)

Nresin Was evaluated at a 0.20 PC breakp0int as Mpc sorbed,20% / MPC sorbed,saturation. MPC,sorbed,saturation
indicates the PC mass theoretically adsorbed by the resin upon saturation of the sorption capacity.
Since all the breakthrough tests conducted in this work were continued until the attainment of an
outlet PC concentration close to the inlet PC concentration (condition of resin saturation),
Mpc sorbed,saturation Was calculated by numerical integration of the experimental breakthrough curve
until the last experimental point:

MPC sorbed,saturation = @ * fotﬁnal(CL’pC_IN - CL’PC’OUT) - dt (S3)
where Q indicates the OMW flow rate fed to the column.

3) PC and VS desorption yield (Ydes,i,)

Ydes,i, Was evaluated as mi, desorbed / Misorbed. Mi, desorbed Was calculated by numerical integration of the
experimental curve of PC or VS concentration obtained at the column outlet during the desorption
procedure:

mi, desorbed = Qdes ) f(ffi‘nal CL,i,OUT " dt (S4)
where Qges indicates the desorption solvent flow rate fed to the column.
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