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The goals of this work were (i) to compare two anion ion exchange resins (IRA958 Cl and IRA67) and a nonionic resin (XAD16)
in terms of phenolic compounds adsorption capacity from olive mill wastewater and (ii) to compare the adsorption capacity of
the best resin on columns of different length. The ion exchange resins performed worse than nonionic XAD16 in terms of resin
utilization efficiency (20% versus 43%) and phenolic compounds/COD enrichment factor (1.0 versus 2.5). The addition of volatile
fatty acids did not hinder phenolic compounds adsorption on either resin, suggesting a noncompetitive adsorption mechanism. A
pH increase from4.9 to 7.2 did not affect the result of this comparison. For the best performing resin (XAD16), an increase in column
length from 0.5 to 1.8m determined an increase in resin utilization efficiency (from 12% to 43%), resin productivity (from 3.4 to
7.6 gsorbed phenolics/kgresin), and phenolics/COD enrichment factor (from 1.2 to 2.5). An axial dispersion model with nonequilibrium
adsorption accurately interpreted the phenolic compounds and COD experimental curves.

1. Introduction

Olive mill wastewaters (OMWs) represent a major envi-
ronmental concern. Indeed, their high COD content (20–
200 g/L) and relevant phenolic compounds (PCs) content
(0.1–18 g/L) result in toxicity, bad smell, and inhibition of seed
germination and plant growth [1–5]. Furthermore, the pres-
ence of high concentrations of PCs can inhibit aerobic and
anaerobic biological processes that could be applied to make
OMW suitable for irrigation [6]. On the other hand, several
studies showed that OMWPCs have strong antioxidant, anti-
inflammatory, and antimicrobial properties [1, 3, 7–11].OMW
contains about 95% of the PC content of the original olives,
as a result of the high solubility of PCs in water [1, 12]. Several
processes were proposed to remove or recover PCs from
OMW: solvent extraction with acidic ethyl acetate, acidified
ethanol, or supercritical fluids [1, 9, 13–15], ultrasound treat-
ment [16], different combinations of membrane separation

processes [17–20], and other emerging technologies such as
cloud point extraction [21–23].

Adsorption represents an interesting technology for PC
recovery from OMW. It has a relatively simple design,
operation, and scale-up. It is characterized by ease of resin
regeneration and low operating costs [24, 25]. Two alternative
adsorption mechanisms can be used for PC recovery: simple
adsorption on neutral nonionic resins and ion exchange on
ionic resins. Both sorbent types were successfully used in
several fields [25, 26]. Several studies focused on the use of
these sorbents for the removal of single phenolic compounds
from synthetic solutions [27–31]. More recently, adsorption
processes were studied to recover valuable compounds from
food processing byproducts (PCs, proteins, and peptides)
from orange peels, apple pomace, grape seed oil, and pigeon
pea [32–36]. In the presence of a complex matrix, such as
an actual OMW, PC adsorption yields can be significantly
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reduced by the competitive adsorption exerted by other com-
pounds [37]. In addition, Kammerer et al. [38] showed that
carbohydrates and amino acids can reduce PC adsorption
yields on both neutral and ion exchange resins. pH has an
important effect on PC adsorption: low pH values favour the
protonated form and thus the adsorption on neutral resins,
whereas higher pH values (up to 12) favour the corresponding
anionic form and therefore adsorption on ion exchange resins
[28–30]. Basic pH values are preferable in the case of ion
exchange of PCs which do not contain carboxyl functional
group such as tyrosol, hydroxytyrosol, and oleuropein. On
the other hand, many PCs are also carboxylic acids. For this
reason, PCs were successfully adsorbed via ion exchange also
at neutral pH values [38].

Although several works dealt with PC adsorption, only a
few studies focused on the development of continuous flow
processes for the adsorption of PC mixtures [39–45]. Among
these, only one used an actual OMW [39], whereas the others
used other natural sources or synthetic PCmixtures. In other
works, OMW adsorption was investigated as a wastewater
treatment, rather than a PC recovery process [18, 46].

In a previous work [47], our research group tested the fea-
sibility of recovering PCs from actualOMWby adsorption on
a 0.5m column. The nonionic XAD16 resin was selected on
the basis of preliminary tests carried out with 4 resins: non-
ionic weakly polar acrylic ester Amberlite XAD7, nonionic
nonpolar S-DV Amberlite XAD16, polar S-DV IE Amberlite
IRA96 (polyamine functional group), and nonpolar hydrox-
ylated polystyrene-divinylbenzene Isolute ENV+ [3, 48, 49].
Thepreviouswork [47] included PC isotherms, breakthrough
tests followed by desorption with acidified ethanol, process
simulation, and the design of a longer adsorption column (2-
3m) to be used for further investigations.

The main objectives of this work were the following.

(1) Comparing the PC Separation Capacity of Two Ion
Exchange Resins and a Neutral Resin (XAD16), by means
of Isotherms and Breakthrough Tests Conducted with Actual
OMW. Indeed, although XAD16 previously proved to be an
efficient and moderately selective sorbent [47], its relatively
high cost could affect the economic feasibility of the PC
recovery process. On the other hand, ion exchange resins are
generally less expensive. For this purpose, a strong and aweak
ion exchange resin (IRA958 Cl and IRA67) were selected.

(2) Evaluating the PC Separation Capacity of Two Ion
Exchange Resins and a Neutral Resin (XAD16) in the Absence
and in the Presence of Significant Amounts of VFAs and at Dif-
ferent pH Values. Indeed, PC recovery was investigated in the
framework of a comprehensive process of OMW valorisation
which may comprise several steps, including the conversion
of the available COD into volatile fatty acids (VFAs) by anaer-
obic digestion. In turn, VFAs can be used as carbon source
for a variety of purposes, including polyhydroxyalkanoates
production [50–52]. In this perspective, PC adsorption can
be carried out either before or after VFA production: in the
first case, PCs will compete for adsorption with the other
nonphenolic compounds present in the OMW, whereas in
the second case PCs will compete mainly with VFAs. In

both cases, the competitive effect exerted on PC adsorption
is strongly affected by pH. Indeed, for both VFAs and PCs,
high pH values shift the equilibrium towards the ionized
form and therefore favour adsorption on ion exchange resins,
whereas low pH values enhance adsorption on nonionic
resins. However, the pH threshold above which the ionized
formprevails depends on the specific compounds considered:
the pKa values of VFAs and of the carboxylic groups that
some PCs contain are in the range 4.0–5.0, indicating that
at pH values above 5-6 these compounds are mostly ionized;
on the other hand, the phenolic groups have significantly
higher pKa values (9.9 for phenol) and therefore get ionized
at much higher pH values. Furthermore, pH impacts the
distribution between the free and the protonated forms of the
tertiary amine which functionalizes ion exchange resins such
as IRA67. On the other hand, quaternary ammonium groups
such as those of IRA958 Cl cannot be protonated. Thus, in
this work, both conditions (with and without VFA addition)
were tested at three pH values, from the natural pH of the
fresh OMW (4.9) up to neutrality, in the perspective of a
process in which no further pH correction is required before
the final use of the treatedwater for either irrigation or further
biotechnological transformations.

(3) Assembling andTesting a 1.8mAdsorption/DesorptionCol-
umnandComparing the Experimental PerformancesObtained
with XAD16 with Those Predicted on the Basis of the Results
Previously Obtained in the 0.5m Column. Indeed, in our
previous work [47], the model-based optimization of PC
adsorption on XAD16, performed on the basis of the 0.5m
tests, showed that a column length in the 1.8–3m range was
expected to lead to high performances in terms of both PC
adsorption yield and resin utilization efficiency.

Themain novel elements of this study are (i) the develop-
ment andmodelling of a continuous flow adsorption/desorp-
tion process for OMW PC separation, (ii) the comparison of
ion exchange and nonionic resins for OMW PC separation,
and (iii) the evaluation of the competitive effect exerted by
VFAs on PC adsorption.

2. Materials and Methods

2.1. OMW, Resin, and Chemicals. The OMWs used in this
study were produced by a 3-phase olive mill located near
Imperia, in Northwest Italy. Different OMWs relative to three
consecutive production years (2012–2014) were used. The
main characteristics of the tested OMWs are reported in
Table 1.

Amberlite XAD16 (DOW Chemical Europe GmbH,
Horgen, Switzerland) is a nonionic styrene-divinylbenzene
adsorption solid phase. Amberlite IRA958 Cl is a strongly
basic anion exchange resin, with a quaternary ammonium
functional group in a cross-linked acrylic polymer matrix
releasing Cl− in exchange for the dissociated polyphenols
or acids. Amberlite IRA67 is a weakly basic anion exchange
resin, with a tertiary amine functional group in a cross-
linked acrylic gel structure. Both ion exchange resins are
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Table 1: Main characteristics of the tested OMWs.

Imperia
2012 OMW

Imperia
2013 OMW

Imperia
2014 OMW

Total phenolic compounds (g/L) 1.6 0.51 0.80
Total solids (g/L) 34 13 24
Suspended solids (g/L) 33 5 a
Dissolved solids (g/L) 1 8 a
COD (g/L) 32 21 32
Total carbohydrates (g/L) 5.4 23.0 16.2
Density (kg/L) 1.01 1.00 1.01
pH 4.6 4.6 4.9
aParameter not available.

Table 2: Technical characteristics of the tested sorbents.

XAD16 IRA958 Cl IRA67
Polymeric matrix Cross-linked styrene/divinylbenzene Cross-linked acrylic Cross-linked acrylic gel
Physical form White translucent beads White opaque beads White translucent beads
Specific density (kg/L) 1.04 1.05–1.08 1.06
Adsorption capacity at saturation 370mg/gdry resin

a 0.8 eq/L >1.60 eq/L
Surface area (m2/g) 800 b b
Porosity (dry resin, L/L) 0.55 b b
Average particle size (dry resin, mm) 0.63 0.63–0.85 0.50–0.75
Uniformity coefficient 2.0 1.8 <1.8
Fine content (mm) <0.350: 2.0% max <0.355: 1.0% max <0.300: 3.0% max
Coarse content (mm) >1.18: 2.0% max >1.18: 5.0% max b
Maximum reversible swelling 25% b <30%
aReferring to medium molecular weight compounds.
bParameter not provided by the resin supplier.

produced by Rohm and Haas Company, Philadelphia, Penn-
sylvania, USA.Themain characteristics of the three resins are
described in Table 2.

XAD16 was activated as follows: (i) resin soaking with
acidified ethanol (0.5% HCl 0.1 N), (ii) overnight drying at
105∘C, (iii) second resin soaking with acidified ethanol, and
(iv) double washing with demineralized water [49]. Finally,
the activation solvent was removed by syringe aspiration and
a mass of activated and hydrated resin (28% w/w resin, 72%
w/wwater) was obtained. IRA958Cl and IRA67 ion exchange
resins did not need any activation.

The desorption-regeneration solvent, the HPLC mobile
phase components, gallic acid, sodium carbonate, sodium
chlorate, sulphuric acid, and the solvents for resin activation
were obtained from Sigma-Aldrich (Milan, Italy). The COD
Test Tubes were acquired from Aqualytic (Dortmund, Ger-
many).

2.2. Analytical Methods. The total phenolic compounds con-
tent was determined by means of an HPLC method using
a C18 Kinetex 2.6 𝜇m 100 Å Phenomenex column, a Jasco
880 pump, and a Jasco 875-UV Intelligent UV/vis detec-
tor (Easton, Maryland) set at 264 nm. A two-mobile-phase
gradient was applied: solvent A was HPLC water with 0.1%
orthophosphoric acid and solvent B was acetonitrile. Gallic

acid was used as internal standard (50mg/L). Total solid con-
tent was measured by drying the sample overnight at 105∘C
andweighing. Suspended solidswere determined by filtration
with a 0.45𝜇m ALBET cellulose nitrate membrane filter
and weighing. Dissolved solids were calculated as the dif-
ference between total and suspended solids. COD was mea-
sured spectrophotometrically using theAqualytic CODVario
Tubes (range: 0–1500mgO2/L). OMW density was measured
by means of a 100mL ITI Tooling pycnometer. pH was
measured with an EUTECH Instruments pH 2700 Series pH
meter (Thermo Fisher Scientific, Waltham, Massachusetts).
More details on the analytical procedures are reported in [47].

2.3. Adsorption Isotherms. The PC adsorption isotherms
were studied in the 27–30∘C temperature range, approx-
imately corresponding to the operational temperature of
the breakthrough experiments. Different amounts (0.1–2.0 g)
of dry resin were introduced into 50mL glass vials. Two
vials were set up for each amount of resin. After adding
20mL of OMW, the vials were placed in a rotatory shaker
(140 rpm) for 2 h. The equilibrium concentration in the solid
phase 𝐶

𝑆,PC,eq was then calculated as 𝐶
𝑆,PC,eq = (𝐶𝐿,PC,0 ⋅

𝑉
𝐿,added−𝐶𝐿,PC,eq ⋅𝑉𝐿,final)/𝑚𝑆, where𝑚𝑆 is the dry resinmass,
𝐶
𝐿,PC,0 and𝐶𝐿,PC,eq are the initial and final PC concentrations

in the liquid, and 𝑉
𝐿,added and 𝑉

𝐿,final are, respectively, the
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OMW volume added to the solid and the final liquid volume
resulting from the sum of the added OMW and the water
initially contained in the activated resin. In the preliminary
tests aimed at selecting one out of the two investigated ion
exchange resins (Section 3.1), one single condition of the
isotherm was tested, following the same procedure described
above for the complete isotherm and mixing 10 g of dry resin
with 20mL ofOMW.Each single-point test was characterized
by means of the PC, COD, and VFA adsorption yield 𝑌ads,𝑖,
evaluated as𝑚

𝑖,sorbed/𝑚𝑖,initial.

2.4. OMW Pretreatment. A 3-step OMW pretreatment was
used to remove the suspended solids and avoid the adsorption
bed fouling: (i) centrifugation of fresh OMW at 4000 rpm
for 30 minutes, using a Thermo Fisher Scientific SC16R cen-
trifuge (Waltham,Massachusetts), (ii) in-line 25 𝜇mmicrofil-
tration, and (iii) in-line 11 𝜇mmicrofiltration (GE Healthcare
Life Science Whatman filters). Filtration was performed at a
1m/h superficial velocity.This procedure allowed the removal
of 98.5% of the suspended solids. Only modest and reversible
pressure drop increases (from 0.1 to 0.3 bar) were observed
during the breakthrough tests.The PC loss with the separated
solid resulted to be equal to 7-8%. More details on the OMW
pretreatment are shown in [47].

2.5. Adsorption Column Packing. The semicontinuous adsorp-
tion/desorption tests were performed in an adsorber made of
4 0.5m glass columns (inner diameter 0.0244m) connected
in series. After placing a 20–25mm layer of quartz sand at
the bottom, each column was filled with the chosen resin
using the dynamic axial compression technique optimized
and described in detail previously [47]. 150mL of a diluted
slurry (100 gdry resin/LDI water) was sonicated for 5 minutes in
order to remove the air trapped in the resin beads, poured on
the sand layer, and left to natural settling for one hour. After
recirculating deionized water downwards until the stable
settling of the resin, 25mL of a second more concentrated
slurry (600 gdry resin/LDI water) was sonicated and added in
three steps. Further deionizedwater recirculationwas applied
and, finally, a further 20–25mm quartz sand layer was placed
at the top of the resin and the columnwas flushed downwards
overnight with deionized water. Therefore, the actual resin
bed length was 1.82m.

2.6. Fluid-Dynamic Tests. For the best performing resins,
frontal analysis experimental tests were carried out to evalu-
ate the packing quality and the fluid-dynamic behavior of the
adsorption bed. A 0.04MNaCl solution was fed from the top
of the column at a superficial velocity of 1.2m/h. At the col-
umn outlet, the electrical conductivity was measured with an
EUTECH Instruments 2700 series conductometer.The pack-
ing quality was evaluated by means of the method described
in detail in [47], which allowed estimating (i) the number of
theoretical plates𝑁, (ii) the height equivalent to a theoretical
plate (HETP), (iii) the HETP/𝑑

𝑝

ratio, where 𝑑
𝑝

indicates the
average size of the packing particles, and (iv) the asymmetry
factor𝐴

𝑆

, defined as the ratio between the leading and tailing
semiwidth of the peak at 10% of the peak height. For chro-
matography purposes, HETP/𝑑

𝑝

should be as low as possible

(<3) and 𝐴
𝑆

should be as close as possible to 1 (0.8 < 𝐴
𝑆

<

1.8) [53].The same frontal analysis data were used to estimate
the effective porosity (𝜀) and longitudinal dispersivity (𝛼

𝐿

) of
the resin packed bed. The former parameter was evaluated
directly from the retention times distribution curve, whereas
the latter was estimated by best fit of the experimental
outlet concentrationswith a 1D convection-dispersionmodel,
assuming that no retardation is present due to adsorption
phenomena. The experimental data were simulated with the
time-dependent convection/diffusion module of the finite
element PDE solver COMSOL Multiphysics 3.5a. The best-
fitting value of 𝛼

𝐿,resin and the 95% confidence interval were
determined by applying the Gauss-Newton method, follow-
ing the procedure illustrated by Englezos and Kalogerakis
[54] and later adapted to convection-dispersion problems by
Zama et al. [55]. More details are available in [47].

2.7. Adsorption Process: Breakthrough Tests and Simulations.
Three adsorption breakthrough tests were performed at room
temperature (24–30∘C) in the 1.8m column. The detailed
operating conditions of each test are reported in Table 3.
These tests were labelled XAD2 (1.8m, 3.1m/h; resin XAD16;
Imperia 2013 OMW), IRA1 (1.8m, 2.8m/h; resin IRA958 Cl;
Imperia 2014 OMW), and IRA2 (1.8m, 1.3m/h; resin IRA958
Cl; Imperia 2014 OMW). In each test label, the first number
after the test ID indicates the column length, and the second
refers to the superficial velocity. The superficial velocities,
ranging from 1.3m/h to 3.1m/h, were selected on the basis
of preliminary optimization performed in the previous work
[47]. For comparison purposes, Table 3 includes also one
of the tests previously performed with XAD16 in the 0.5m
column: this test, labelled bt2 in [47], was renamed XAD1
(0.5m, 1.4m/h) in this work for homogeneity.

The pretreated OMW was fed with a Masterflex L/S 0.1
HP 1–100 RPM peristaltic pump. Both pressure drop and
temperature 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 experimental
tests were continued up to 20 hydraulic residence times (cal-
culated as𝑉resin ⋅ 𝜀resin/𝑄+𝑉sand ⋅ 𝜀sand/𝑄) corresponding to an
outlet normalized PC concentration varying between 0.3 and
0.9. The adsorption performance was quantified by means
of the following indexes, referred to a 0.2 dimensionless
concentration used as breakpoint value: (i) adsorption yield
(𝑌ads,𝑖), evaluated as 𝑚

𝑖,adsorbed/𝑚𝑖,fed; (ii) PC/COD adsorp-
tion selectivity, expressed as the corresponding adsorption
yield ratios; (iii) resin utilization efficiency (𝜂resin), defined
as (PC mass sorbed at the breakthrough point)/(total PC
mass that could be sorbed if all the resin was saturated);
(iv) PC/COD enrichment factor, defined as the ratio between
the PC content in the total COD of the adsorbed matter
(gPCs/gCOD) and that in fresh OMW; (v) resin productivity,
expressed as gPCs sorbed/kgresin. These indexes were calculated
as described in [47].

For the best performing resin, the experimental normal-
ized PC and COD breakthrough curves were interpreted
by means of a 1D convection-dispersion model, in order to
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Table 3: Experimental conditions, resin and packed bed properties, and adsorption/desorption performances relative to the breakthrough
tests.

Parameter
Test ID

XAD1
(0.5m, 1.4m/h)a

XAD2
(1.8m, 3.1m/h)

IRA1
(1.8m, 2.8m/h)

IRA2
(1.8m, 1.3m/h)

Resin type and
properties

Resin type XAD16 XAD16 IRA958 Cl IRA958 Cl
Resin bulk density (𝜌

𝑏

, kgdry resin/L) 0.87 0.87 0.65 0.65
Resin porosity (𝜀resin, —) 0.83 0.89 0.53 0.55

Resin long. dispersivity (𝛼
𝐿,resin, m) 0.004 0.029 b b

Experimental
conditions

Bed length (m) 0.5 1.8 1.8 1.8
Vsup (m/h) 1.4 3.1 2.8 1.3
𝑇 (∘C) 30 24 29 26

Imperia OMW production year 2012 2013 2014 2014

Performances
and best-fitting
values of model
parameters

PC adsorption yield (𝑌ads,PC, —)c 88% 92% 87% 97%
COD adsorption yield (𝑌ads,COD, —)c 75% 37% 95% 96%
Resin utilization efficiency (𝜂resin, —)c 12% 43% 9% 30%

PC desorption yield (𝑌des,PC, —) 74% 75% 60% 51%
PC/COD enrichment factor (—)c 1.2 2.5 0.9 1.1
Productivity (gsorbed PC/kgresin)

c 3.4 7.6 2.1 0.9
𝑘
𝐿

𝑎 ⋅ 10
3 (1/s) 2.5 ± 0.2 3.1 ± 0.5 b b

𝐾eq,PC (Lpore volume/kgdry resin) 85 ± 2 110 ± 10 b b
𝐾eq,COD (Lpore volume/kgdry resin) 11 ± 2 19 ± 4 b b

aTest XAD1 corresponds to test bt2 in [47].
bEstimates not available, as the simulations were performed only on the best performing resin, XAD16.
cEvaluated at a 20% PC outlet normalized concentration.

evaluate the process performance and to set up the basis for
model-based optimization and scale-up of the process. The
model was developed, successfully tested, and applied in the
previous work [47] on experimental data collected in a 0.5m
column.The simulation was conducted under the hypothesis
of not negligible mass-transfer resistance. The normalized
outlet PC and COD concentrations were interpreted with the
mass balance equations relative to the liquid (see (1)) and
solid (see (2)) phases as follows:

𝜕𝐶
𝐿,𝑖

𝜕𝑡
= −Vint ⋅

𝜕𝐶
𝐿,𝑖

𝜕𝑧
+ 𝐷eq ⋅
𝜕
2

𝐶
𝐿,𝑖

𝜕𝑧2
− 𝑘
𝐿

𝑎

⋅ (𝐶
𝐿,𝑖

−
𝐶
𝑆,𝑖

𝐾eq,𝑖
) ,

(1)

𝜌
𝑏

𝜀
⋅
𝜕𝐶
𝑆,𝑖

𝜕𝑡
= 𝑘
𝐿

𝑎 ⋅ (𝐶
𝐿,𝑖

−
𝐶
𝑆,𝑖

𝐾eq,𝑖
) , (2)

where 𝐶
𝐿,𝑖

indicates the PC or COD liquid phase concen-
tration, 𝐶

𝑆,𝑖

is the corresponding solid phase concentration
(g
𝑖

/gdry resin), 𝑘𝐿𝑎 is the mass-transfer coefficient referred to
liquid volume, 𝜌

𝑏

is the sand or resin bulk density (calculated
as mass of dry sand or resin divided by the volume of
the corresponding column portion), 𝜀 is the resin or sand
porosity, 𝐾eq,𝑖 is the PC or COD equilibrium adsorption
constant, and 𝐷eq is the equivalent diffusion coefficient
(calculated as 𝛼

𝐿

⋅ Vint, with the longitudinal dispersivity 𝛼
𝐿

estimated from the fluid-dynamic tests).

In this model, internal and external mass-transfer phe-
nomena are expressed bymeans of an overall volumetric coef-
ficient [56]. On the basis of the results of the isotherm tests,
a linear equilibrium model was utilized in the expression
of the mass-transfer driving force. The same 𝑘

𝐿

𝑎 value was
assumed to be valid for PCs and COD. In these simulations,
simple convection with dispersion was assumed for the inert
sand added at the bottom and top of each sorbent column
(no adsorption on the sand). 𝐾eq,PC and 𝑘

𝐿

𝑎 were estimated
by best-fit procedure on the experimental PC concentra-
tions following the Gauss-Newton method, according to the
procedure for its adaptation to convection-dispersion prob-
lems illustrated by Zama et al. [55]. Similarly, 𝐾eq,COD was
estimated by best-fit procedure on the experimental COD
concentrations. The quality of each best fit was evaluated by
means of the correlation coefficient 𝑅2 as defined in [57].
More details on the model and on the best-fit procedure are
reported by Frascari et al. [47].

2.8. Desorption-Regeneration Tests. To desorb and recover
PCs, at the end of each semicontinuous breakthrough adsorp-
tion test, acidified ethanol (0.5% v/v HCl 0.1 N) was fed
from the bottom of the column with a Masterflex L/S 0.1
HP -1–100 RPM pump. The solvent flow rate was initially
equal to the OMWflow rate in the corresponding adsorption
test. However, a gradual decrease in solvent flow rate was
applied to maintain the total pressure at the column inlet
<2 bar, as solvent viscosity increased due to the increase
in PC dissolved concentration. Desorption was continued
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Table 4: Single-point adsorption test: pH-averaged adsorption yields relative to the 3 tested resins, with standard deviations.

Resin VFA content (g/L) 𝑌ads,PC 𝑌ads,COD 𝑌ads,VFA

XAD16 1.3 (no VFA addition) 77% ± 3% 71% ± 10% 72% ± 1%
10.3 (with VFA addition) 83% ± 7% 44% ± 14% 43% ± 19%

IRA958 Cl 1.3 (no VFA addition) 60% ± 5% 31% ± 7% 43% ± 3%
10.3 (with VFA addition) 55% ± 10% 38% ± 4% 46% ± 7%

IRA67 1.3 (no VFA addition) 33% ± 12% 17% ± 5% 22% ± 2%
10.3 (with VFA addition) 34% ± 23% 31% ± 11% 37% ± 23%

until the attainment of a PC concentration <5% of the
average inlet concentration during the adsorption step. This
criterion was fulfilled with a total desorption time equal
to about 5 hydraulic residence times. Finally, the column
was rinsed with demineralized water for at least 5 hydraulic
residence times. The PC desorption yield 𝑌des,PC, defined
as 𝑚PC,desorbed/𝑚PC,sorbed, was determined on the basis of
the PC content of the ethanol solution and of the rinsing
water solution. To regenerate the solvent and recover the
desorbed compounds, the desorbed ethanolic extract was fed
to a low-pressure distillation process in a rotatory evapo-
rator (LABOROTA 4002 Heidolph, Schwabach, Germany).
Further details on the desorption tests are reported in [47].
The above-described desorption procedure, developed and
successfully tested for XAD16 in the previous work [47], was
tentatively applied to IRA958 Cl as well.

3. Results and Discussion

3.1. Comparison of the Performances of Nonionic and Ion
Exchange Resins bymeans of Batch Tests. Afirst set of equilib-
rium tests was carried out to compare the PC adsorption per-
formances of the selected sorbents (IRA67, IRA958 Cl, and
XAD16) and in particular to choose the best performing ion
exchange resin between IRA67 and IRA958 Cl. As described
in Section 2.3 for the single-point isotherm tests, 20mL of
OMW was mixed with 10 g of dry resin. In the complete
isotherm previously performed with XAD16 [47], this con-
dition yields a low concentration point, corresponding to a
dimensionless PC concentration of about 0.1. In actual indus-
trial processes, this represents the typical threshold at the col-
umn outlet used to stop the adsorption phase (breakpoint).

The fresh Imperia 2014 OMW contains 1.3 g/L of VFAs
(acetic acid 0.60 g/L, propionic acid 0.02 g/L, butyric acid
0.63 g/L, and valeric acid 0.03 g/L). On the other hand, VFA
concentration can be much larger if the OMW is pretreated
in an acidogenic anaerobic digestion process aimed at turning
the nonphenolic COD into VFAs. In order to study the possi-
ble interference of VFAs on PC adsorption, the tests at differ-
ent pH values (4.9, 6, and 7.2) were repeated after the addition
of a VFAmixture whose compositionmimicked that of a typ-
ical effluent of a process of OMWacidogenic anaerobic diges-
tion [58]: acetic acid 4.26 g/L, propionic acid 1.61 g/L, butyric
acid 3.42 g/L, valeric acid 0.97 g/L, and total VFAs 10.3 g/L.

The pH-averaged adsorption yields obtained with and
without VFA addition are shown in Table 4. These average
values can be used to compare the performance of the tested

sorbents also in terms of PC/COD and PC/VFA selectivity
and to discuss the influence of VFAs on PC adsorption.

In all the experimental conditions, XAD16 performed
better than both tested ion exchange resins, with average PCs
adsorption yields between 77% and 83%, whereas IRA958
Cl, the best of the two ion exchange resins, ranged between
55% and 60%. Even if XAD16 confirmed its high PC affinity,
the average XAD16 yields for PCs, COD, and VFAs were
very similar (77%, 71%, and 72%, resp.), indicating seemingly
poor PC/COD selectivity. The low selectivity of XAD16 in
these tests is in apparent contradiction with the results of our
previous work [47]. A tentative explanation of this incon-
gruence will be discussed in Section 3.2 on the basis of the
isotherm data. On the other hand, both ion exchange resins
seem to possess a lower PC capacity than XAD16 but higher
PC selectivity: for example, IRA958 Cl adsorbs 60% of PCs
with noVFA addition but only 31% of COD and 43% of VFAs.

VFAs did not significantly hinder PC adsorption. Indeed,
for all the tested resins, the PC yields obtained with and
without VFA addition were equivalent. On the other hand,
VFA addition determined a marked increase in the PC
selectivity of XAD16 (both PC/COD and PC/VFAs yield
ratios increased from 1.1 to 1.9), as a result of the decreases in
CODandVFA yields. In fact, notwithstanding a 30% increase
of COD due to VFA addition, the amount of COD adsorbed
on XAD16 in the test with VFA addition is very close to
that without addition (450mg without addition, 370mg with
addition). On the contrary, a 10-fold increase of the initial
VFA concentration (from 1.3 g/L to 10.3 g/L) led to a 5-fold
increase of the adsorbed VFAs (from 19mg to 88mg). These
data suggest that, in XAD16, COD is close to the saturation
zone of a theoretical Langmuir type isotherm both in the raw
OMW and in the samples with VFA addition, whereas VFAs
reach saturation only after the increase in their concentration.
Notwithstanding these marked changes in concentration of
possible competitors, PCs are sorbed on XAD16 with similar
yields, suggesting that PC and VFA adsorption occur without
competition.

As for the effect of pH, the PC, COD, andVFA adsorption
yields obtained with and without VFA addition at each tested
pH (4.9, 6.0, and 7.2) are reported in Figure S1 in the Supple-
mentaryMaterial available online at http://dx.doi.org/10.1155/
2016/9349627. pH seems to have a little effect on the adsorp-
tion performance in the tested range. In particular, no signif-
icant influence was seen on XAD16, both in the absence and
in the presence of high VFA concentrations. This behavior is
somehow expected as XAD16 is a nonionic resin and PCs are
predominantly protonated at acidic pH.
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On the contrary, opposite effects of pH were observed on
the ion exchange resins. In the case of IRA 958 Cl (quaternary
ammonium functionalized), a moderate increase of the PC
yield was achieved by increasing pH from 4.9 to 7.2, both
in the fresh OMW (from 54% to 64%) and in the samples
with VFAs addition (from 44% to 64%). This result may
be ascribed to the increase of the ionized PC fraction with
increasing pH. On the other hand, the pH increase deter-
mined decay in the PC yields obtained with IRA67 (tertiary
amine functionalized): from47% to 23%with the freshOMW
and from 60% to 22% in the presence of VFA addition. This
negative influence can be tentatively explained taking into
account the protonation equilibrium of the tertiary amine: at
relatively low pH, the prevailing protonated form allows ion
exchange to effectively adsorb PCs, whereas at neutral pH the
nonionic form of the amine is likely to dominate, and adsorp-
tion occurs by simple interaction with the polymeric matrix.
However, acidic conditions significantly reduce the PC ionic
form that can be retained by an ion exchange mechanism.

In conclusion, the performances of both tested IRA ion
exchange resins are lower than those of XAD16 in terms
of PC adsorption capacity, even if higher in selectivity for
PCs in the specific tested condition. In particular, the lower
affinity of the IRA ion exchange resins for VFAs may result
to be interesting in case of a process of PC adsorption
after conversion of the nonphenolic COD into VFAs by
means of acidogenic anaerobic digestion. On the basis of
these results, IRA958 Cl, the best performing of the two ion
exchange resins, was selected for a further investigation of its
performances, consisting in a complete isotherm curve and
in breakthrough tests in the 1.8m adsorbing bed.

3.2. Polyphenol Adsorption Isotherms. The PC isotherms
relative to IRA958 Cl (𝑇 = 30∘C) and XAD16 (𝑇 = 27∘C)
are shown in Figure 1 in terms of solid and liquid phase
equilibrium concentrations and interpolation curves. In the
case of XAD16, the experimental equilibrium points can be
divided into two zones: first a low concentration zone (up to
150mg/L in the liquid) with an unfavourable behavior and
second a medium-high concentration zone where a linear
trend is observed.The latter could be interpreted as the initial
linear part of a Langmuir isotherm. This hypothesis is sup-
ported by the observation that the theoretical XAD16 capacity
(370mg/gdry resin) is about 6 times higher than the maximum
sorbed concentration measured in this work. This peculiar
behavior of XAD16, observed also at different temperatures
[47] and with different OMWs (data not published), can
be tentatively ascribed to the competitive adsorption of the
single PCs and of other COD components. Overall, a linear
interpolation of the XAD16 isotherm resulted in a high 𝑅2
(0.94). Therefore, a linear adsorption model was successfully
used in the simulation of the XAD16 breakthrough tests, as
illustrated in Section 3.4. On the other hand, the IRA958
Cl experimental points show an unfavourable behavior
throughout the entire PC concentration range. The IRA958
Cl isotherm was interpolated by means of a power-law curve
(Freundlich type isotherm) with an exponent higher than 1
(𝑅2 = 0.88).

0

10

20

30

40

50

60

70

0 200 400 600 800
Liquid phase PC concentration (mg/L)

y = 0.070x

R
2
= 0.94

y = (4.6 · 10
−11

)x
3.9

R
2
= 0.88

XAD16, T = 27
∘C

IRA958 Cl, T = 30
∘C

So
lid

 p
ha

se
 P

C 
co

nc
en

tr
at

io
n 

(m
g/

g dr
y 

re
sin

)

Figure 1: Isotherm tests conducted with resins XAD16 and IRA958
Cl: experimental data and best-fitting interpolations.

It should be noted that, for both XAD16 and IRA958
Cl, the single-point equilibrium experiments, object of Sec-
tion 3.1, are at the very beginning of the isotherms, in the
unfavourable behavior zone (resp., 72 and 350mg/L of PC
liquid concentration, 1.2 and 0.82mg/gdry resin of sorbed con-
centration). This evidence explains the low selectivity
observed in the single-point experiment with XAD16, as the
PC sorbed amount is five times lower than the amount that
would be expected if the linear trend observed at higher liquid
concentration was applicable also in this low concentration
zone.

In conclusion, regardless of the different isotherm type
and the slight difference in temperature, the comparison of
the experimental data clearly shows that the IRA958 Cl PC
adsorption performance is significantly worse than that of
XAD16, at least at the PC concentrations typical of the tested
OMWs.The comparison between IRA958 Cl and XAD16 was
completed bymeans of fluid-dynamic and breakthrough tests
conducted in the 1.8m adsorption column, in order to assess
the PC/COD selectivity in a continuous process.

3.3. Fluid-Dynamic Characterization. Before each group of
PC breakthrough tests illustrated in Table 3, the 4 columns of
the adsorption bed were packed with fresh resin (XAD16 or
IRA958 Cl) and a fluid-dynamic test with NaCl as tracer was
performed in order to evaluate the packing quality, the resin
porosity, and, only for XAD16, the longitudinal dispersivity.
Some representative cases of the experimental dimensionless
NaCl concentrations at the column exit are shown in Figure 2.
The results of the packing quality evaluation are reported in
Table 5, whereas the estimated porosities and longitudinal
dispersivities are reported in Table 3.

With regard to XAD16, the fluid-dynamic test performed
before breakthrough test XAD2 (1.8m, 3.1m/h) resulted in
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Table 5: Packing quality assessment on the basis of the fluid-dynamic tests.

Test IDa Nb (—) HETPc HETP/𝑑
𝑝

d (—) 𝐴
𝑆

e (—)
Before XAD2 (1.8m, 3.1m/h) 120 0.017 27 1.3
After XAD2 (1.8m, 3.1m/h) 57 0.037 58 1.0
Before IRA1 (1.8m, 2.8m/h) 46 0.045 61 1.3
After IRA2 (1.8m, 1.3m/h) 29 0.073 99 1.8
aThe fluid-dynamic tests were performed at a 1.2m/h superficial velocity. The velocities reported in the test ID refer to the PC breakthrough test performed
before or after each fluid-dynamic test.
bNumber of theoretical plates in the column packing (—).
cHeight equivalent to a theoretical plate (m).
dHETP/average size of the packing particles (—).
eAsymmetry factor (—).
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Figure 2: Fluid-dynamic tests conducted in the 1.8m column:
experimental points and, only for resin XAD16, best-fitting simu-
lation.

a high packing quality (very high 𝑁, low HETP/𝑑
𝑝

, and
asymmetry factor very close to 1).The axial dispersion model
with no adsorption and mass transfer (see (1) with 𝑘

𝐿

𝑎 =

0) fits the data very well (𝑅2 = 0.98; continuous line in
Figure 2). The quite low longitudinal dispersivity estimated
(𝛼
𝐿

= 29mm) confirms the high packing quality. As
shown in Table 5, the fluid-dynamic test performed on the
same adsorption bed after one adsorption/desorption cycle
resulted on the one hand in doubling of HETP/𝑑

𝑝

but on the
other hand in a more symmetrical curve. The corresponding
curve is not shown in Figure 2 as it is closely overlapped to
that measured before test XAD2. This result indicates that
the adsorption/desorption cycle has a small but not negligible
impact on the packing quality. Further tests are in progress
in order to evaluate this aspect in the long term, in the
perspective to develop a process characterized by a high
number of cycles performed with the same resin.

As a representative case of IRA958 Cl tests, the tracer
curves obtained before the IRA breakthrough tests and after
two adsorption/desorption cycles (i.e., after test IRA2) are
shown in Figure 2. As shown in Table 5, the operation of
2 consecutive adsorption/desorption cycles with IRA958 Cl
led to a 60% increase of reduced plate height and a 40%
increase of asymmetry factor. This finding confirms that
further research is needed to evaluate the impact of repeated

adsorption cycles on the packing quality and stability. Inter-
estingly, despite the relevant changes in packing quality
between the two abovementioned IRA tests, the experimental
trends of the outlet tracer concentration appear to be almost
overlapped (Figure 2). This observation enlightens the high
sensitivity of the proposed packing quality assessment tool.

3.4. Phenolic Compounds and COD Breakthrough Tests. In
our previous work [47], the XAD16 breakthrough tests
conducted in a 0.5m column at superficial velocities of 0.48
and 1.4m/h resulted in an early breakpoint, in a consequent
poor resin utilization efficiency (12%–17%), and in themodel-
based identification of the optimal bed length (between 2
and 4m). The PC breakthrough curve and the main process
performances obtained in the previous work [47] in the
1.4m/h test, relabelled XAD1 (0.5m, 1.4m/h) in this work,
are reported in Figure 3(a) and in Table 3 for comparison
purposes.

In the present work, the breakthrough test performed
with XAD16 at 3.1m/h in the 1.8m plant (XAD2, Table 3) was
characterized by an increase of both resin bed length (from
0.5 to 1.8m) and superficial velocity (from 1.4 to 3.1m/h),
with a resulting increase in hydraulic residence time (from
0.35 to 0.60 h). The 3.1m/h superficial velocity was chosen
as a compromise to decrease the mass-transfer resistance
without decreasing the residence time, a key factor in the
determination of the resin utilization efficiency. The main
objective of test XAD2 was to compare the performances
with those achieved in the 0.5m column (XAD1, 1.4m/h).
The normalized PC and COD concentrations obtained at
the column outlet in XAD2 (1.8m, 3.1m/h) are plotted in
Figure 3(a) versus dimensionless time, defined as (actual
breakthrough time)/(hydraulic residence time).

The simulations of the breakthrough curves were con-
ducted using the axial dispersionmodel under the hypothesis
of not negligible mass-transfer resistance and linear isotherm
for both PCs and COD (see (1) and (2)). This approach
led both groups of compounds to satisfactory simulations,
with 𝑅2 = 0.95 for PCs and 0.94 for COD. The best-
fitting estimates of 𝐾eq,PC, 𝐾eq,COD, and 𝑘𝐿𝑎 are reported
in Table 3. The Gauss-Newton method utilized to estimate
these parameters converged after 6-7 iterations and provided
acceptably small 95% confidence intervals. 𝑘

𝐿

𝑎 of XAD2
(1.8m, 3.1m/h) resulted to be 25% higher than that of XAD1
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Figure 3: (a) PC and COD breakthrough tests conducted with resin XAD16 in the 0.5m column (XAD1, 1.4m/h) and in the 1.8m column
(XAD2, 3.1m/h); the continuous lines indicate the best-fitting simulations performed with (1) and (2); (b) PC and COD breakthrough tests
conducted with resin IRA958 Cl in the 1.8m column (IRA1, 2.8m/h; IRA2, 1.3m/h); no simulations were performed for the IRA tests.

(0.5m, 1.4m/h) as a result of the 2-fold increase in velocity.
A 30% increase in 𝐾eq,PC was observed, probably due to the
lower temperature (24∘C for XAD2 versus 30∘C for XAD1).
On the other hand, the𝐾eq,COD/𝐾eq,PC ratio of XAD2 (0.17 ±
0.04) was analogous to that obtained in XAD1 (0.13 ± 0.02),
confirming the high selectivity of XAD16 for PCs evaluated
previously [47]. These results show that the apparently low
PC/COD selectivity obtained for XAD16 in the single-point
batch tests (Section 3.1) was due to the fact that the use of
a high resin/OMW ratio led to an equilibrium point falling
in the initial portion of the XAD16 isotherm (Figure 1),
characterized by an unfavourable behavior.

The PC and COD simulated curves of test XAD2 (1.8m,
3.1m/h), shown in Figure 3(a), were used to estimate the
corresponding adsorption yields (𝑌ads,PC and 𝑌ads,COD) and
the resin utilization efficiency (𝜂resin) at the selected 20%
breakpoint (Table 3). As expected, the deeper adsorption bed
shifted the experimental curve towards higher dimensionless
times, with a considerable enhancement of performance in
terms of resin utilization efficiency (+260%, in comparison
with XAD1), a key factor for the economic feasibility of the
process.The performances of test XAD2 (1.8m, 3.1m/h) were
compared to those expected for a 1.8m column filled with
XAD16 on the basis of the predictions made in our previous
work [47]. While the PC adsorption yields are very close
(92% versus 95%), the actual resin efficiency (43%) resulted
to be lower than the predicted one (58%). This deviation can
be explained by considering that the higher velocity of test
XAD2 (3.1m/h) in comparison with that used for the model
predictions (1.4m/h) determines a lower residence time and
therefore a lower 𝜂resin. An optimization of the superficial
velocity is in progress.

A second breakthrough test, labelled IRA1 (1.8m,
2.8m/h), was carried out after packing the column with
IRA958 Cl resin. The operating conditions were similar
to those of test XAD2 (1.8m, 3.1m/h). The PC and COD
experimental data are shown in Figure 3(b). The outlet

PC concentration increased steeply, reaching high levels
in less than 5 residence times. The corresponding COD
breakthrough curve had a similar trend and resulted to be
much closer to the PC curve than in the case of the XAD16
test (XAD2). These data suggest that IRA958 Cl has very
poor PC/COD selectivity. This conclusion is confirmed by
the fact that, in test IRA1, the COD yield resulted to be
higher than the PC yield (Table 3). Furthermore, the resin
utilization efficiency was definitely too low (9%).

As the performance of IRA958 Cl was far below the
expected, a third breakthrough test (IRA2, 1.8m, 1.3m/h) was
characterized by halving of the surface velocity. This change
doubles the residence time, with an expected positive influ-
ence on the resin utilization efficiency. On the other hand, the
reduction in surface velocity could negatively affect themass-
transfer coefficient and therefore the overall performance. As
shown in Figure 3(b) and Table 3, in IRA2 (1.8m, 1.3m/h),
the PC outlet concentration increased more steeply than
in IRA1 (1.8m, 2.8m/h) and rapidly reached the saturation
condition. The PC/COD selectivity resulted again to be very
poor. Despite an increase in resin efficiency, this parameter
still resulted to be 30% lower than the value obtained with
XAD16. Overall, test IRA2 (1.8m, 1.3m/h) confirmed the
unsatisfactory PC adsorption capacity of resin IRA958 Cl.

3.5. Desorption-Regeneration Tests, Extract Purity, and Resin
Productivity. After every breakthrough test, the adsorbed
matter was desorbed from the resin by feeding and recovering
acidified ethanol (0.5% v/v HCl 0.1 N).Then, the column was
regenerated by demineralized water rinsing. The PC desorp-
tion yield, calculated on the basis of the analysis of the ethanol
and water extracts, resulted to be equal to about 75% in both
XAD16 tests (short and long column; Table 3). In the two
IRA958 Cl tests, the desorption yields were lower (50–60%)
and 1/3–1/2 of the desorbed PCs were found in the rinsing
water. These results indicate that the desorption procedure
developed for XAD16 is not suitable for IRA958 Cl, even if
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other authors used alcoholic solutions to desorb PCs from ion
exchange resins [32, 59]. However, due to the unsatisfactory
adsorption results obtained with IRA958 Cl, a desorption
protocol specifically adapted to this resin was not developed.

The PC and COD amounts adsorbed in the XAD and
IRA tests were calculated and compared to the corresponding
values in fresh OMW. This allowed the evaluation of a
PC/COD enrichment factor, which assesses the effectiveness
of the adsorption process in concentrating PCs in the organic
matter produced (Table 3). In the XAD16 tests, the use of the
1.8m bed (test XAD2) proved necessary in order to attain an
acceptable enrichment factor (2.5). On the other hand, the
lack of selectivity of IRA958 Cl did not yield any significant
increase in relative PC/COD concentration in either IRA
test. Working with XAD4 neutral adsorption resin, Zagklis
et al. [18] found enrichment factors similar to those attained
in test XAD2 (1.8m, 3.1m/h). They succeeded in partially
circumventing the problem of coadsorption by applying two-
step desorption: the first water washing eluted half of the
adsorbed carbohydrates and only 14% of the PCs, whereas a
rich PC fraction was recovered with ethanol.

A preliminary characterization of the PC/COD extract
obtained from Imperia OMW with resin XAD16 indicated
that (i) carbohydrate concentration in theOMWwas reduced
from 23 to 7 g/L, whereas proteins were completely adsorbed;
(ii) in the desorbed product, the nonphenolic COD was
composed of carbohydrates (84%) and proteins (16%); (iii)
preliminary evaluations of the antioxidant power of an
extract characterized by a 0.08–0.10 PCmass fraction resulted
in a quite high antioxidant capacity (20–25mM ascorbic acid
equivalent) [47].

The possible need and design of a further purification
step to be applied to the desorbed product depend on the
specifications requested. Different purification technologies
can be applied to separate the nonphenolic COD and thus
to obtain a PC-rich product. Several membrane technologies
can be applied to concentrate PCs, to separate them from
proteins, and to separate high molecular weight PCs from
low molecular weight ones [60–63]. Specific high-value PCs
such as tyrosol and hydroxytyrosol can also be recovered
by means of molecular fingerprinting adsorption processes,
characterized by the use of polymers with highly selective
sorption sites [11, 64, 65].

Finally, in the perspective of an economic feasibility
assessment, an important parameter is the resin productiv-
ity, expressed as grams of PCs adsorbed in each adsorp-
tion/desorption cycle per kg of dry resin. This parameter
allows taking into account the significant difference in
bulk density between XAD16 and IRA958 Cl (0.87 versus
0.65 kg/m3). As shown in Table 3, the XAD16 productivity
doubled with the adoption of the long column. As for IRA958
Cl, in test IRA1 (1.8m, 2.8m/h), this parameter was 70%
lower than in XAD2 (1.8m, 3.1m/h), despite the similar
operating conditions. Comparing IRA2 (1.8m, 1.3m/h) with
IRA1 (1.8m, 2.8m/h), the halving of the superficial velocity
led on the one hand to a further 60% decrease in productivity
but on the other hand to a 3-fold increase in resin utilization
efficiency.

4. Conclusions

In relation to the three goals stated in the Introduction, the
following conclusions can be drawn.

(1) Both tested ion exchange resins (IRA67 and IRA958
Cl) performed worse than nonionic XAD16 in terms of both
PC/COD selectivity and resin utilization efficiency.

(2) The addition to the OMW of a relevant amount
of VFAs did not hinder PC adsorption on either resin,
suggesting a noncompetitive adsorption mechanism.The pH
increase from the natural value of the tested OMW (4.9) to
neutrality did not impact PC adsorption on XAD16, favoured
sorption on IRA958 Cl (quaternary ammonium functional
group), and had a negative effect on IRA67 (tertiary amine
functionalized).

(3) In the XAD16 breakthrough test, the increase in
column length from 0.5m to 1.8m led to a marked improve-
ment of the process performances in terms of resin utiliza-
tion efficiency, resin productivity, PC adsorption yield, and
PC/COD enrichment factor.The process model, based on the
assumption of nonequilibrium adsorption and characterized
by overall mass-transfer resistance, proved capable of accu-
rately interpreting the experimental curves in both the 0.5m
and 1.8m columns.

Overall, the continuous flow PC adsorption/desorption
process proved to be a promising one for OMW valorisation.
Further research is required to evaluate the number of
adsorption/desorption cycles that can be operated with the
same resin load, to optimize PC desorption, and to perform
economic optimization of the process.
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: Mass of dry resin in the isotherm studies
(gdry resin)

𝑁: Number of theoretical plates in the column
packing (—)

𝑄: Volumetric flow rate through the column
(m3/s)

𝑉
𝑖

: Adsorption column volume occupied by
component 𝑖 (resin or sand) (m3)

𝑉
𝐿,added, 𝑉𝐿,final: OMW volume added to the solid and final

liquid volume resulting from the sum of
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𝑌ads,𝑖: Adsorption yield of compound 𝑖, calculated
as𝑚
𝑖,sorbed/𝑚𝑖,initial in the batch tests and as

𝑚
𝑖,sorbed,20%/𝑚𝑖,fed,20% in the breakthrough

tests (—)
𝑌des,𝑖: Desorption yield of compound 𝑖

in a breakthrough test, defined as
𝑚PC,desorbed/𝑚PC,sorbed (—)

𝛼
𝐿

: Longitudinal dispersivity (m)
𝜀
𝑖

: Effective porosity of component 𝑖 (resin or
sand) (—)

𝜂resin: Resin utilization efficiency (= 𝑚PC,sorbed,20%/
𝑚PC,sorbed,sat) (—)

𝜌
𝑏

: Resin bulk density (kg/L).
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