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Abstract

BACKGROUND: Fermentation brines from table olive processing are effluents characterized
by very high salinity and high organic matter concentration, which includes phenols of high

value as hydroxytyrosol that is used by pharmaceutical and cosmetic industries.

RESULTS AND CONCLUSION: In this work the adsorption with a phenols-selective resin

(MN200) of raw and pre-treated by ultrafiltration or by ultrafiltration plus nanofiltration
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fermentation brine has been studied. The study included the adsorption and desorption
process. Besides, the useful life of the resin was evaluated. Results indicated that resin
MN200 above 20 g-L* yielded phenols separation efficiencies higher than 90%. However,
the adsorption of nanofiltrated effluent separated phenols more selectively. Adsorption
kinetics fitted properly to a pseudo-second order Kinetics and the Langmuir isotherm
correctly model the adsorption process. Results of the intra-particle diffusion model show
that the pore diffusion is not the only rate limiting step. Desorption was carried out with
ethanol. More than 85% of phenolic compounds were recovered. The use of the resin during

ten cycles showed that the nanofiltrated effluent increased the useful time of the resin.

Keywords: Fermentation brines; Phenols adsorption; Phenols recovery; Polymeric resin;

Table olive processing.

1. INTRODUCTION

Olive oil and table olives are recognized as valuable sources of natural phenolic antioxidant
compounds that provide health benefits. These natural antioxidants have applications against
reactive species involved in aging and in inflammatory, coronary and degenerative diseases.’”
% Therefore, the phenolic compounds from olives have applications as food additive, as

pharmaceutical active substance and as a cosmetic ingredient.

Phenolic content of olive oil and oil mill wastewater have been thoroughly investigated.

Thus, several studies about their phenolic compounds concentration can be found in the



literature.*” Nevertheless, there are only a few studies focused on phenolic compounds of

table olives effluents.®®

Spain is the largest producer of table olives in the world, followed by Turkey, Egypt, Syria,
Algeria, Argentina and Greece. The average world production was 2,472,700 tons, between
2009 and 2014, corresponding 524,700 to the Spain’s production, i.e. 21% of the world

production.©

The aim of the table olive processing is to remove bitterness from the fruit caused by
oleuropein (characteristic polyphenol of the olives). This process entails three steps. Firstly,
olives are submerged for 8-12 hours in sodium hydroxide solution (1-2% w/v), and
oleuropein is hydrolysed.!! Secondly, the sodium hydroxide solution is removed, and two or
three rinses cycles are performed to eliminating the excess alkali. In the final step, olives

remain immersed in brine (4-8% w/v of sodium chloride) for several months.

During Spanish-style green olive processing there is an osmotic exchange between fruit and
brine. Consequently, important changes in composition occur; mainly on soluble sugars,
NaCl and phenolic compounds.'? Thus, there is an important loss of phenolic compounds in
olive fruit, due to the diffusion of these compounds to the brine. In this way, concentrations
of protocatechuic acid, ferulic acid and oleuropein decrease in olives, meanwhile the phenols
concentration increases in brines. The main phenolic compounds in wastewaters from the
fermentation step of table olive processing (FTOP) are hydroxytyrosol (HTY) and tyrosol
(TY).13% The concentration of hydroxytyrosol is due to acid and enzymatic hydrolysis of
oleuropein. Tyrosol may arise from the hydrolysis of ligstroside, a heterosidic ester of tyrosol
and elenolic acid. The evolution of other phenolic compounds (caffeic, gallic, p-
hydroxyphenylacetic, vanillic and benzoic acids) depends on the olive maturation stage.'®

Hydroxytyrosol has the highest antioxidant capacity of these phenolic compounds. Besides,



hydroxytyrosol has better properties than other natural antioxidants such as vitamin C,

vitamin E or resveratrol.®

FTOP wastewater corresponds with the 20% of the total wastewater volume generated in all
stages of table olive processing, which is about 3.9-7.5 m® per ton of green olives.'’
However, FTOP contributes to the 80-85% of the total pollution.'® Therefore, it is of great
interest to treat it separately. FTOP wastewater is an acidic stream (pH around 4) and its
conductivity is very high, showing values close to 80 mS-cm™. Suspended solids (SS)
concentration is also high (around 1000 mg-L™?), what implies high turbidity values. The
concentrations of organic matter and total phenols are highly variable, and they depend
primarily of processing method, cultivar and maturation degree.® Soluble COD can range
between 6,000 and 15,000 mg-L?, and total phenols concentration ranges among 500 and

1,500 mg TY- L™

The above mentioned characteristics make FTOP wastewater treatment very difficult. The
application of a biological process is complicated because salinity shocks cause physical and
biochemical changes of the activated sludge and phenolic compounds can inhibit biomass,
primarily by bactericidal effect.!® Other possible treatments are electro-coagulation,?
ozonation or Fenton’s oxidation?® but they are expensive and inappropriate for large
wastewaters volumes. In addition, these treatments imply phenols destruction and valuable

phenolic compounds would not be recovered.

Some techniques allowing phenol recovery or concentration from water solutions are
membrane technologies and adsorption. Membrane processes, in particular ultrafiltration,
nanofiltration and reverse osmosis have been reported for many authors for concentrating
phenolic compounds from olive mill wastewater,?>?? but they have not been reported for

FTOP wastewater. Adsorption is one of the best techniques to eliminate phenolic compounds



in liquid-phase. There are several papers reporting phenols adsorption efficiency of activated
carbon,?>?* new low-cost adsorbents®2’ or polymer adsorbents.?®?® The most usual
adsorbents for phenols separation in water treatment are activated carbons, but phenols
recovery is difficult. Irreversible adsorption in carbon may be given by adsorbate bonding to
specific functional groups on the active sites of the adsorbent or by oxidative polymerization
of phenolic compounds onto the surface.?® Nevertheless, polymeric adsorbents have feasible
regeneration under mild conditions and the most commonly used ones are based on

polystyrene adsorbents crosslinked with divinylbenzene.303!

In the present work, adsorption of phenols in FTOP effluents has been studied with the
nonionic polymeric resin. Samples of both raw FTOP wastewater and FTOP effluents after
membrane filtration (ultrafiltration and nanofiltration) were subjected to adsorption.
Adsorption and desorption (by organic solvents) of phenolic compounds were evaluated.
Besides, it has to be mentioned that this study includes experiments for resin reuse in

different adsorption/desorption/activation cycles.

2. MATERIALS AND METHODS
2.1. Wastewater

Fermentation brine was provided by a table olive packaging industry located in Comunidad
Valenciana (Spain). Experiments and characterization were carried out with two fermentation
brine samples, which were previously filtered in a 60 pm sieve. Little pieces from olives that
could be present in the FTOP and 35-40% of SS were removed in this step. The filtered

samples were named FTOP-1 and FTOP-2. 15 L of FTOP-1 and FTOP-2 were ultrafiltrated



using a 5 kDa polyethersulfone membrane (UP005) supplied by Microdyn-Nadir.
Transmembrane pressure (TMP) in the ultrafiltration was 2.5 bar. Ultrafiltrated samples were
named UF-1 and UF-2. Finally, 10 L of UF-1 was filtered at a TMP of 15 bar with a
nanofiltration membrane (NF245) supplied by Dow. The main characteristics of this
membrane are the negligible rejection of monovalent ions and the molecular weight cut-off of
300 Da. The NF permeate was named NF-1. Before their use, all wastewater samples were

stored at a temperature of 4°C.

2.2. Adsorption Resin.

Adsorption tests were performed using MN200 resin. This resin was selected from previous
tests (data not shown). MN200 was nonionic polymeric resin provided by Purolite Lt. It has a
macroporous structure of polystyrene crosslinked with divinylbenzene and its physical
appearance is spherical beads. Resin was conditioned in sodium hydroxide solution (2% w/v)
for 60 min (mixing at 150 rpm) and then in water for 5 min (twice, mixing at 150 rpm) before

being used on the adsorption experiments. Characteristics of the MN200 are shown in table 1.

Table 1. Physical and chemical characteristics (data from supplier).

MN200 Characteristics

Functional group None
lonic form None
Moisture retention 57 -61%
Mean diameter 535+ 85 um
Uniformity coefficient (max.) 1.4
Pore volume 1-1.1mL-g?
Surface area (min.) 900 m?.g*t
d50, Meso and Macropores 800 A
d50, Micropores 15 A
Specific gravity 1.04

Shipping Weight (approx.) 655 -685¢-L*




The MN200 has a hydrophobic matrix, and it has no properties for ion exchange, hence
operating performance can be enhanced by the presence of electrolytes in the aqueous phase,
increasing the differential hydrophilicity/organophilicity between the water and the adsorbent
phase. As commented, the high NaCl concentration in FTOP wastewater can improve

adsorption process.

2.3. Analysis.

pH and conductivity measurements were carried out with pH-Meter GLP 21+ and EC-Meter
GLP 31+ (CRISON), respectively. COD was analysed using kits and a Spectrophotometer
DR600 (HACH LANGE). Suspended solids (SS) were measured according to APHA, 2005.%
Colour was determined as the difference of absorbance at 440 and 700 nm according Castro

and Brenes.3?

Total phenols were measured spectrophotometrically according to the Folin-Ciocalteu
method.** Sodium carbonate (20% w/v) from PANREAC and Folin & Ciocalteu’s reagent
from Sigma Aldrich were used for it. Results were expressed as equivalent ppm of tyrosol

(mg TY-L1).

For phenolic profile measurement by high-performance liquid chromatography (HPLC), all
samples were previously treated in order to extract phenols according to El-Abbassi et al.*®
Extracts were brought to dryness in a rotary evaporator (Rotavapor R-114 from BUCHI) at
40°C. The samples (7 mg) were reconstituted in 1 mL of MetHQ, where MetHQ was
hydroquinone at 0.5 mg-mL™ in methanol. Hydroquinone was used as internal standard.
Analyses were carried out with a Jasco HPLC system equipped with a MD-2018 Photodiode

Array detector. The separation was carried out using a Phenomenex Kinetex 5u Biphenyl



100A column (4.6 x 250 mm, 5 pm). The optimal chromatographic conditions were
established: flow rate of 1.5 mL-min; injection volume of 10 uL; solvent system were phase
A (1 % acetic acid in water) and phase B (1 % acetic acid in methanol); gradient conditions:
the elution started at 5% of B and remained constant for 1 min, it linearly increased up to
80% of B in 25 min and returned to 5% of B in 2 min. This elution was held for 3 min before
the next injection. External calibration curves were obtained for different analytes in different

concentrations which were dissolved in the MetHQ solution and injected in triplicate.

2.4. Adsorption.

Adsorption of phenolic compounds was carried out with batch experiments (Flocumatic 4 jar-
test apparatus from JP SELECTA) at room temperature (21 + 1°C). The MN200
concentrations in the jar-tests were 5, 10, 20, 30 and 40 g-L*. Resin was mixed with 200 mL
of the FTOP-1, FTOP-2, UF-1, UF-2 and NF-1. Experiments were performed for 180 min at

a constant speed of 150 rpm.

The extent of adsorption was determined by measuring the residual amount of total phenols
in the liquid phase, throughout the experiment. COD and colour were analyzed at the end of
the experiments. The equilibrium adsorption time was calculated and adsorption kinetics of
pseudo first-order reaction, pseudo second-order reaction and intra-particle diffusion model
were analysed. Besides, data were represented in order to find out whether they followed the
behavior of the Langmuir or Freundlich isotherms. Finally, the influence of resin dosage,
initial characteristics of the samples and pre-treatment performed on phenol adsorption was

evaluated.



After adsorption, the MN200 resin was separated from the liquid phase. Then, it was washed

twice with distilled water (5 min at 150 rpm) and dried in an oven for 3 hours at 50°C.

2.5. Desorption.
2.5.1. Organic solvent selection for phenols recovery.

Batch experiments at room temperature (21 + 1°C) were performed using NF-1 aliquots.
Ethanol and ethyl acetate were compared. Firstly, it was carried out the adsorption phase
using 500 mL of NF-1 with 20 g-L"* of MN200, according to the adsorption protocol (section
2.4). Desorption was performed with 4 g of the resin and 200 mL of solvent, for 60 min at a
constant speed of 150 rpm. Then, it was determined the amount of total phenols in the liquid

phase.

2.5.2. Phenols recovery.

For every resin used in the adsorption experiments explained in section 2.4, desorption was
carried out for phenols recovery. Experiments were performed at room temperature (21 +
1°C), for 60 min at a constant speed of 150 rpm. During the experiments, data of total phenols
in the liquid phase were collected. The equilibrium desorption time was calculated. Besides,
relationship with phenol adsorption and dosage resin, initial characteristics of the samples

and pre-treatment performed, was studied.



2.6. Useful life of MN200.

Operating cycles were carried out in view of estimating the lifetime of the MN200 resin. The

aim of this experiment was to study the relationship between the three types of effluents (raw,

ultrafiltered and nanofiltered FTOPs) and service life of the resin. Experiments were

performed at room temperature (21 + 1°C) with 30 g-L* of the MN200 and 200 mL of the

FTOP-2, UF-2 and NF-1. Each cycle involved: initial conditioning or activation with NaOH

(2% wi/v), adsorption and desorption. Conditioning or activation was performed according to

the above mentioned protocol (section 2.2). Adsorption and desorption were performed for

the equilibrium time at a constant speed of 150 rpm. After adsorption and desorption, the

MN200 was washed twice in water (5 min at 150 rpm) and dried in an oven for 3 hours at

50°C.

3. RESULTS AND DISCUSION.

3.1. Wastewater characterization.

The characterization of the wastewaters used in the experiments is shown in table 2.

Parameters were measured in triplicate, and the standard deviation for each one also is

presented in this table.

Table 2. Wastewaters characterization.

Sample L Conductivity™ SS COD Total phenols Colour
P P (mS.cm™) (mg-L?) (mg-L?) (mg TY:-LY)
FTOP-1 4.4 79.2 1105+56 9730 £ 65 1013+ 8 0.458 + 0.003
FTOP-2 4.2 79.8 1026 £33 8570+42 79112 0.429 £ 0.011
UF-1 4.3 78.0 0 7662 + 13 956 £ 9 0.252 = 0.008
UF-2 4.2 80.5 0 7301 £ 23 722 £ 16 0.194 + 0.007
NF-1 4.2 69.9 0 4970 £ 15 710+ 16 0.172 £ 0.003

) pH standard deviations were between 0.1 and 0.2
() Conductivity standard deviations were between 0.3 and 1.2



Results confirm that FTOP is a very saline effluent (conductivities between 70 and 80
mS-cm™) and acidic (pH slightly higher than 4). It has a high organic matter content (CODo
higher than 8500 mg-L) including high concentrations of phenolic compounds (Co). It can
be also observed in this table that the performed membrane filtration hardly had significant
influence on pH and conductivity of the samples. Even in NF, there was only a slight
decrease in the conductivity since monovalent ions (sodium chloride) were hardly rejected.
Regarding suspended solids, they were completely removed in both pre-treatments with
membranes. Ultrafiltration treatment partially removed COD, total phenols and colour, from
FTOP samples. With additional nanofiltration, the elimination percentages of these

parameters increased.

From the analysis of samples by HPLC, the phenolic profile was determined. The results
confirmed that hydroxytyrosol was the main phenolic compound in all samples, and the

second one was tyrosol.

3.2. Adsorption.
3.2.1. Phenols, COD and colour adsorption.

Table 3 shows pH and conductivity in the liquid phase and COD, total phenols and colour
removal percentages after 180 minutes of adsorption reaction, for all samples analysed and
three resin dosage: 10, 20 and 40 g-L. The adsorption process was carried out in triplicate
for each sample and resin dosage, and the standard deviation is presented in table 3 together

with the average value.



Table 3. Liquid phase characteristics at the end of adsorption (180 min, 150 rpm, 21+1 °C).
FTOP-1, FTOP-2, UF-1, UF-2 and NF-1 with three resin dosages: 10, 20and 40 g-L ..

sample MN200 e Conductivity™ Removal (%)
(g'L) (mS-cm”) Total phenols ~ COD Colour
10 4.8 80.8 59.8 £3.3 340x12 76611
FTOP-1 20 4.9 81.0 83.7+4.8 39.2+08 90.1+0.6
40 5.2 81.3 941+£1.2 446+£19 95606
10 4.5 81.4 82.1x+3.7 36.6x15 746+0.3
FTOP-2 20 4.7 81.1 93.2+23 416+14 71307
40 4.9 82.5 97.3+£2.8 409+23 769+1.0
10 4.6 74.2 78375 322+39 77909
UF-1 20 4.8 78.7 914+4.1 38.7+30 90.0x04
40 51 79.1 97.3+£2.2 43.7+£39 93018
10 4.5 85.1 87456 31.2+21 84026
UF-2 20 4.7 85.6 954+1.8 339+£09 918%0.7
40 5.0 83.9 98.3+2.3 356+31 954+11
10 4.5 68.2 88.4+39 342+08 88709
NF-1 20 4.7 68.9 97.3+£3.7 385+0.2 90322
40 51 70.1 99.3+1.7 40.3+£20 95.2+0.6

®) pH standard deviations were between 0.1 and 0.2
() Conductivity standard deviations were between 0.2 and 1.4

As it can be seen in table 3, COD, total phenols and colour removal efficiencies increased
with increasing MN200 dosage, because there was an increase in the amount of adsorption
active sites. In all samples analysed after adsorption process pH and conductivity values were
higher than the initial parameters. This phenomenon is due to the fact that MN200 is
conditioned in NaOH solution (according to section 2.2), remaining a residual amount
adhered in its surface. During the adsorption process NaOH was transferred into liquid phase;

thereby pH and conductivity increased with increased MN200 dosage.

If FTOP-1/FTOP-2 and UF-1/UF-2 samples are compared, it is observed that total phenols

initial concentration (Co) was related to total phenols removal. As expected, for each resin



dosage the phenols removal efficiencies increased with decreasing Co, since there was less

solute for the same number of adsorption active sites.

Regarding the relationship between pre-treatments and adsorption process, it can be observed
that the percentage of total phenols removed was very high independently from the pre-
treatment used. However, considering COD, which is a parameter that includes not only
phenols but also other organic compounds, it can be verified that the NF-1 sample adsorbat

had higher percentage of phenols and fewer impurities than the other samples.

In order to a better explanation of the results, the theoretical COD of the total phenols has
been calculated. As total phenols are expressed in mg TY-L™? and the oxidation of 1 mol of
tyrosol requires 9.5 mol of O, i.e. 2.2 mg O2-mgTY™ are needed. The theoretical COD
concentration of the total phenols adsorbed (CODph.adgs) has been presented in table 4. This

parameter was calculated by the equation Eq.1:
CODppads = (Co — Ce) * 2.2 = Cpp ags * 2.2 (Eq.1)

where Co was the initial total phenols concentration, and C. was the total phenols
concentration in the liquid phase when equilibrium adsorption was achieved (mg TY-L7).
This difference is named Cpn.ads Which was the total phenols concentration adsorbed in the
resin (mg TY-L™?). In table 4, the CODpn.ags in percentage, which was calculated by Eq.2, is

also presented.

COD
CODpags (%) = ~ggp =+ 100 (Eq.2)
adas

where CODags was CODg — CODe. CODg was the initial COD in the samples and COD, was

the COD in the liquid phase in adsorption equilibrium.



Table 4. Adsorption study of COD for three MN200 dosage (10, 20 and 40 g-L™)
at equilibrium for the FTOP-1, FTOP-2, UF-1, UF-2 and NF-1.

MN200 CPh.ads CODPh.ads CODPh.ads

Sample @) (mgLl)  (mgLY (%)
10 606 + 33.4 1333+ 73.5 424+ 0.8
FTOP-1 20 848 +48.6 1866 + 107.0 476+1.8

40 953+12.2 2097+26.7 455+14

10 649+29.3  1428+64.4 456%0.2

FTOP-2 20 738+18.2 1624+400 455%04
40 770+221  1694+48.7 431+13

10 748 +67.7 1646+149.0 61.8=*1.6

UF-1 20 873+37.0 1921+815 60.1+2.0
40 930+19.9 2047 +43.7 56.7+3.9

10 631+404  1388+89.0 60.6+0.2

UF-2 20 689+130 1516+286 61.3+05
40 710+166  1561+365 60.0+3.9

10 627 +27.7 1379+609 81.2+1.7

NF-1 20 684 +26.3 1504 +57.8 78.7+2.6
40 705+121 1551+26.6 77.5+25

Although MN200 has high affinity for phenolic compounds, this resin adsorbs other
substances present in the aqueous phase. With nanofiltration it can be observed that the
remaining non-phenolic COD after pre-treatment hardly compete on the resin active sites

with phenols, enhancing the adsorption of the phenolic compounds.

3.2.2. Kinetics of phenol adsorption.

Figure 1 shows the amount of total phenols adsorbed per g of MN200 resin (q: in mg-g?)
through the adsorption time, for three resin concentrations: figure 1a) 10 g-L™, figure 1b) 20

g-Ltand figure 1c) 40 g-L ™.
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Figure 1. Adsorbed amounts of total phenols as a function of time in FTOP-1, FTOP-2, UF-1, UF-2
and NF-1 for three resin dosages: figure 1a) 10 g-L™%, figure 1b) 20 g-L"* and figure 1c) 40 g-L%.

It can be observed that adsorption was very fast during the first minutes, because there were a

lot of adsorption active sites in the resin. Then, adsorption becomes slower near the



equilibrium. As expected, initial adsorption was faster as MN200 concentration increased,

and the equilibrium was achieved earlier.

3.2.2.1. Pseudo first-order and pseudo second-order.

The Kkinetic parameters are helpful for the prediction of adsorption rate, which gives
important information for designing and modelling the processes. Adsorption Kinetics of
phenolic compounds was studied through the testing of Lagergren (1898) and pseudo second-
order®® and pseudo second-order®” models, in order to find correlations between adsorbed
amounts and reaction time. Linear forms of Lagergren (pseudo frist-order kinetic) and

pseudo-second order kinetic equations are given in Eq.3 and Eq.4, respectively:

In(ge —q¢) =Inqe — k; - t (Eq.3)

t__t .1, Eq. 4
¢ k2 92 Qe (Fa-4)

where ki (mint) is the kinetic constant of pseudo first-order, k2 (g-mg™*-min) is rate constant
of pseudo second-order, and de and q: (mg-g?) are the amounts of adsorbed phenol at
equilibrium and at time t (min), respectively. Table 5 summarizes the parameters derived
from the application of Eq.3 and Eq.4 for phenols adsorption, in all samples analysed and the

three resin dosages: 10 g-L*, 20 g-L"* and 40 g-L ™.



Table 5. Kinetic parameters for phenols adsorption in FTOP-1, FTOP-2, UF-1, UF-2

and NF-1 for three MN200 dosage; 10, 20 and 40 g-L™.

| MN200 Pseudo first-order Pseudo second-order
Sample ) e ki x 102 e ko x 103
L) gy @in) R mgg @mgiminy R
10 58.36 3.91 0.9596 66.67 0.88 0.9806
FTOP-1 20 40.79 4.86 0.9004 43.48 2.25 0.9918
40 16.26 6.15 0.9295 24.27 10.05 0.9995
10 61.68 5.12 0.8551 66.23 1.74 0.9962
FTOP-2 20 21.71 0.83 0.7502 37.88 6.39 0.9996
40 291 4.01 0.8770 19.27 42.22 1.0000
10 72.56 5.30 0.8824 77.52 1.44 0.9980
UF-1 20 26.10 5.92 0.9538 44.64 5.97 0.9999
40 412 5.71 0.9794 23.36 35.16 1.0000
10 57.41 5.39 0.5424 61.35 1.64 0.9996
UF-2 20 17.25 5.93 0.9560 32.47 7.93 0.9999
40 217 4,55 0.8953 17.79 65.12 1.0000
10 61.60 6.03 0.9514 66.67 1.76 0.9991
NF-1 20 14.69 5.76 0.9843 34.97 9.01 0.9999
40 2.18 4,53 0.9248 17.67 68.16 1.0000

According to the data from table 5, the calculated ge amounts applying the Pseudo first-order
kinetic model do not give reasonable values, since they were lower than the expected ones
according to the experimental data. This can be observed in figure 1 where the experimental
data have been represented. Besides, the R? obtained from the Pseudo second-order kinetic
was better than those obtained from the Pseudo first-order one. These values were above 0.98
in all cases, and the calculated ge values were closer to the experimental data. Hence, phenols
adsorption with MN200 can be approximated more favourably by the Pseudo second-order
model. These results agree with previous studies reported by others authors for phenols

adsorption with MN200.383° The kinetic constant ko was related with Co. In table 5 it can be

seen that k> increased when Co decreased.



3.2.2.2. Intra-particle diffusion model.

Phenols adsorption process can be controlled by one or more steps: film or external diffusion,
pore diffusion, surface diffusion and adsorption on the pore surface, or a combination of more
than one step.*® The intra-particle diffusion model relates the amount adsorbed at time by the

Eq.5:

Qe =kig-t/2+8 (Eq.5)

where kig is the intra-particle diffusion rate constant (mg-g*-min?), and 6 (mg-g?) is a
constant related to the thickness of the boundary layer: the larger is the value of 0, the greater
is the boundary layer effect.*! As an example, in figure 2 the plot of g; versus t*2 for NF-1 and

three dosages MN200 (10, 20 and 40 g-L™) is shown.

+10g/L A20g/L ®a0g/L

B0

70

q,(me/g)
g

2 (min¥/2)

Figure 2. Intra-particle diffusion model from NF-1with 10, 20 and 40 g-L* of the MN200.

It can be observed that the data do not fit to a straight line and exhibit multi-linear plots.
Thus, the sorption process is not only controlled by intra-particle diffusion, and external

resistance to mass transfer is important in the first steps of adsorption. This is the reason why



there was a deviation of straight lines from the origin. Besides, this initial period shows a
slight curvature, usually attributed to boundary layer diffusion effects or external mass
transfer effects.*’ For all samples and resin dosage analysed (data not shown) the data points
are related by two straight lines, as seen in figure 2. This agrees with studies reported by
Valderrama et al. (2010) about phenol adsorption in liquid phase by MN200.% In figure 2 it
can be observed that the adsorption equilibrium was achieved faster when the resin

concentration increased.

3.2.3. Adsorption isotherms.

Several models have been reported in papers to describe experimental data of adsorption
isotherms, but the most frequently used were the Langmuir and Freundlich isotherms. The
Langmuir model assumes a uniform surface and a single layer of adsorbed material® unlike
Freundlich isotherm that assumes that adsorption is heterogeneous and there is not only a
layer of adsorbed material.*? The linear form of Langmuir and Freundlich isotherms

equations are given in Eqg.6 and Eq.7, respectively:

de KL qo qo b

1
Inq. = InK; + = InC, (Eq.7)

where C (mg-L™?) is the total phenols concentration at the equilibrium, ge (mg-g™?) is the total
phenols mass adsorbed at the equilibrium per g of MN200, go (mg-g?) is the maximal
adsorption capacity and K. (L-mg™?) is the Langmuir coefficient. In the Freundlich equation

Kt (mg-g™%)-(mg-L1)¥™ and n are empirical coefficients. Kr indicates the adsorption capacity



and n is related with the adsorption intensity. Thus, n higher than 1 means that the operating
conditions are appropriate for the adsorption.*® Both isotherms were performed for all
samples and five resin dosage (5, 10, 20, 30 and 40 g-L!). The fitted parameter values are

listed in table 6.

Table 6. Isotherm parameters for total phenols adsorption in FTOP-1, FTOP-2,
UF-1, UF-2 and NF-1 on MN200 resin at room temperature (21 + 1°C)

| Langmuir Freundlich

Sample

T ey R R gy R
FTOP-1 0.0054 78.13 0.156  0.9987 2.87 2.05 0.9973
FTOP-2 0.0073 10753  0.147 0.9989 3.25 1.82 0.9810
UF-1 0.0056 85.47 0.165 0.9992 2.42 1.84 0.9993
UF-2 0.0081 129.87  0.146  0.9986 3.10 1.63 0.9863
NF-1 0.0154 11775 0.084 0.9941 4.10 1.68 0.9881

Assessing R? value, it is observed that the data obtained from the adsorption tests fitted to
Langmuir equation better than to Freundlich equation. These results are consistent with those
reported by Caetano et al. (2009) for phenols adsorption with the MN200 resin.® It can be
seen in table 6 that K. increased with decreased initial phenol concentration in the solution
(Co). This parameter is related to the efficiency of phenols adsorption and to the

dimensionless equilibrium parameter R, through the Eq.8:

1

Rp=——
FT14K, -G

(Eq.8)

The phenol adsorption is considered as irreversible when R = 0, favourable when 0 <R < 1

and unfavourable when R >1.%° The R. values are presented in table 6, where it can be



observed that R. always was between 0 and 1. The NF-1 presented the lowest R., which

showed the best conditions for adsorption.

3.3. Desorption.
3.3.1. Organic solvent selection.

Phenols desorption efficiencies achieved for ethanol and ethyl acetate as liquid phase
(according to the protocol in 2.5.1 section) were 87.3 and 91.8%, respectively. Phenols
desorption was very fast in the first minutes. At 5 minutes the 85.8 and 80.5% of total
phenols were recovered by the ethanol and ethyl acetate, respectively. In view of these
results, and considering higher toxicity and price for the ethyl acetate in comparison with

ethanol, ethanol was selected for performing the desorption experiments.

3.3.2. Phenols recovery.

In figure 3, the percentage of total phenols recovered by desorption is presented, for all

samples analysed in 3.2.3 section and the three resin dosages (10, 20 and 40 g-L™%).

It can be observed that desorption was again very fast in the first minutes for all the cases
surveyed, and evolved quickly toward equilibrium. Phenols desorption equilibrium was
achieved after 15 minutes in all the experiments performed. There were no relation between

phenols recovery and the MN200 dosage.



a) 10 g/LL

—&—FTOP-1 —@—FTOP-2 -k~ UF-1 -~ UF-2 - A - NF-1
100
90
80

70 —i gt
B, Gy
60

50

a0 4
30

Total phenols recovered (%)

10 20 30 40 50 60

Time (min)

b) 20 g/L
—&—FTOP-1 —#— FTOP-2 ke UF-1 oo UF-2 - A = NF-1
100
90
hk k- o hemm oA —————h
80 " A -
70 PRI e i = —

60 ¢

50

40
30

Total phenols recovered (%)

20
10 f

0 T
0 10 20 30 40 50 60

Time (min)

c) 40 g/LL
—&— FTOP-1 —@—FTOP-2 -k~ UF-1 @ UF-2 - A = NF-1

100

90

Ak kA

80 A
V

70 L

60 .

50

40

30

Total phenols recovered (%)

20

10

0

T
0 10 20 30 40 50 60

Time (min)

Figure 3. Percentage of total phenols recovered in desorption process from FTOP-1, FTOP-2, UF-1,
UF-2 and NF-1, and three MN200 dosages; a) 10 g-L, b) 20 g-L-*and c) 40 g-L ™.

Nevertheless, the percentage of total phenols recovered was related with FTOP pre-treatment
performed. For FTOP and UF samples, phenols concentration in ethanol phase were between
71-77%, while this amount increased near 85% for NF-1. As commented in adsorption
section, the solutes adsorbed from NF-1 had a higher phenols percentage. Therefore, there

were fewer impurities retained in the resin, and phenol desorption was easier.



The phenolic profile of NF-1 performed by HPLC is presented in figure 4. In this figure, the
following chromatograms are compared: initial NF-1 sample (graph on the top of the figure),
NF-1 after adsorption with 40 g-L™* of MN200 (graph in the middle part of the figure), and

ethanol after desorption process (at the bottom).
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Figure 4. HPLC chromatograms of the polyphenols in: NF-1 (on top), NF-1 after adsorption
by 40 g-L* of MN200 (in the middle), and ethanol after desorption process (at the bottom).

Peak identification: (1) Hidroquinone (internal standard); (2) Hydroxytyrosol; (3) Tyrosol.

As it can be seen in figure 4, after adsorption TY was completely removed from NF-1, and
only a few amount of HTY was detected. Regarding chromatogram after desorption, it was

observed that the phenolic profile was practically the same as the initial one.



3.4. Useful life of MN200.

Ten operating cycles have been carried out with FTOP-2, UF-2 and NF-1. These three
samples had similar Co, whereby the influence of FTOP pre-treatment in the useful life of
MN200 was studied. Throughout experiments, it can be stated that both phenols adsorption
and desorption capacities of MN200 decreased with its use. In table 7 the results for the first

and latest adsorption and desorption operating cycles are shown.

Table 7. Adsorption and desorption phenols percentage for the first and latest cycle
carried out in the useful life of MN200 study.

Adsorption phenols (%) Desorption phenols (%)
Sample 1° 10° Lost efficiency 1° 100 Lost efficiency
cycle cycle in 10 cycles cycle cycle in 10 cycles
FTOP-2 95.8 87.9 7.9 81.8 69.7 12.1
UF-2 97.4 96.5 0.9 84.8 76.3 8.5
NF-1 98.2 97.4 0.8 91.7 87.2 4.5

After ten operating cycles it can be observed that adsorption and desorption phenols
performance decreased, but the loss of efficiency through desorption was higher than in the
adsorption process. The effect of pre-treatment carried out was very important in the useful
life of MN200. It can be seen in table 7 that the greatest diminution in adsorption and
desorption efficiencies occurred for FTOP-2. This can be explained due to the suspended

solids and fats in FTOP-2, which caused fouling in resin surface clogging the resin pores.

4. CONCLUSIONS.

Fermentation brines from table olive processing are characterized by containing valuable
phenolic compounds, including hydroxytyrosol, which shows the most antioxidant capacity.
In this work, the separation of phenols from fermentation brines from table olive processing

has been evaluated, and the nonionic polymeric resin MN200 was selected.



The results have been achieved for raw FTOPs samples and for ultrafiltrated and
nanofiltrated streams. Phenols adsorption from all the samples tested has fitted properly to a
pseudo-second order Kkinetics and the process can be described by the Langmuir isotherm
model. The equilibrium is achieved in approximately 90 and 60 min for 20 and 40 g-L*,
respectively. Phenol removal efficiencies higher than 90% have been achieved when these
resin concentrations have been used. Phenols transport from the solution to the MN200
surface is shown to occur according to two steps: the first step is due to external resistance to

mass transfer, and the second one being related to micropore diffusion.

Results have indicated that the adsorption of the most exhaustively pretreated effluent has
separated phenols more selectively. Only around 22% of the non-phenolic organic matter has

been separated together with phenols in NF-1 sample.

Desorption with ethanol was successful, in such a way that more than 85% of phenolic
compounds were recovered from the resin independently from the resin concentration in the

case of nanofiltered FTOP (NF-1).

Finally, the evaluation of ten operation cycles (adsorption + desorption) drives to establish
that the adsorption capacity of the resin hardly decrease, meanwhile desorption efficiency

decreases at a higher extent, except for the case of NF-1.
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Figures.

Figure 1. Adsorbed amounts of total phenols as a function of time in FTOP-1, FTOP-2, UF-
1, UF-2 and NF-1 for three resin dosages: figure 1a) 10 g- L, figure 1b) 20 g- L and figure

1c)40g- L1
Figure 2. Intra-particle diffusion model from NF-1with 10, 20 and 40 g- L™ of the MN200.

Figure 3. Percentage of total phenols recovered in desorption process from FTOP-1, FTOP-

2, UF-1, UF-2 and NF-1, and three MN200 dosages; a) 10 g- L%, b) 20 g-L ™ and ¢) 40 g-L™.
Figure 4. HPLC chromatograms of the polyphenols in: NF-1 (on top), NF-1 after adsorption
by 40 g-L of MN200 (in the middle), and ethanol after desorption process (at the bottom).

Peak identification: (1) Hidroquinone (internal standard); (2) Hydroxytyrosol; (3) Tyrosol.

Tables.
Table 1. Physical and chemical characteristics (data from supplier).

Table 2. Wastewaters characterization.



Table 3. Liquid phase characteristics at the end of adsorption (180 min, 150 rpm, 21+1 °C).
FTOP-1, FTOP-2, UF-1, UF-2 and NF-1 with three resin dosages: 10, 20 and 40 g-L™.

Table 4. Adsorption study of COD for three MN200 dosage (10, 20 and 40 g-L) at

equilibrium for the FTOP-1, FTOP-2, UF-1, UF-2 and NF-1.

Table 5. Kinetic parameters for phenols adsorption in FTOP-1, FTOP-2, UF-1, UF-2 and

NF-1 for three MN200 dosage; 10, 20 and 40 g-L™2.

Table 6. Isotherm parameters for total phenols adsorption in FTOP-1, FTOP-2, UF-1, UF-2

and NF-1 on MN200 resin at room temperature (21 + 1°C).

Table 7. Adsorption and desorption phenols percentage for the first and latest cycle carried

out in the useful life of MN200 study.



