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ARTICLE INTFO ABSTRACT
Article history: In Tunisia, olive mill waste water (OMW) is discharged into evaporation ponds where they
Received 28 October 2021 turn into solid waste (OMSW) and become a serious threat to the environment. This paper
Received in revised form 26 January addresses for the first time how to valorize OMSW into a biochar (BC) that can be used as
2022 an adsorbent aiming at either the recovery or the removal of polyphenols from the OMW.
Accepted 23 February 2022 In this work, BC was produced through the pyrolysis of OMSW. Response Surface Method-
Available online 26 February 2022 ology (RSM) approach was used for optimization of the process parameters. Analysis of
variance revealed that all four parameters (pH, adsorbent dosage, pyrolysis temperature
Keywords: and polyphenols loading) had a significant effect on the adsorption (p<0.05). pH proved
Olive mill wastewater to be the most highly significant variable. The nonlinear Freundlich isotherm model was
Adsorption found to better describe the experimental adsorption process (R? =0.9911), while maximum
Olive mill solid wastes polyphenol adsorption at 30 °C was 140.47 mg/g. Indeed, OMW is known as a source of nat-
Biochar ural antioxidant such as Hydroxytyrosol. In this work, hydrxytyrosol proved to have a high
Polyphenolic compounds adsorption affinity for the BC. Therefore, adsorption using BC is an appropriate technique
Central composite design that maximizes the recuperation of hydroxytyrosol. After detoxification, OMW is invested

for a variety of applications.
© 2022 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction environment. Indeed, it has always resulted in the release of olive
mill wastewater (OMW) estimated at an average of 30 million tons

Olive oil which corresponds to one of the most highly appreciated veg- per year (Doula et al., 2017). Ducom et al. (2020) reported that 98% of
etal oils in the world for its health benefits, has been produced at this effluent was generated in the Mediterranean region. For instance,
an average of 2.95 million tons per year (Doula et al., 2017). Unfor- Tunisia, which was ranked the fourth international olive oil producer

tunately, its production has always had a negative side effect on the by the Food and Agriculture Organization (FAO) (FAOSTAT, 2014), was
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reported to have an average yearly discharge of this highly polluting
effluent that is equal to 800,000 tons (C.0.1., 2017). Moreover, this waste
presents a major environmental problem referring basically to the
great values of chemical oxygen demand (COD) and biological oxygen
demand (BOD) as well as the high load of phenolic compounds reach-
ing values up to 25g/L (McNamara et al., 2008). Multiple researchers
emphasized that this effluent was responsible for several phytotoxic
and antimicrobial effects (Aktas et al., 2001; El Hajjouji et al., 2007).
From this perspective, there has been a spate of interest in the physico-
chemical and biological processes for the treatment and valorization of
this waste. Biological treatments were considered less expensive than
physico-chemical ones and environmentally friendly (McNamara et al.,
2008). However, the biological solutions like anaerobic digestion were
affected chiefly by the inhibitory effect of the phenolic compounds
on the activity of the microorganisms (Chen and Chen, 2009). There-
fore, several researchers recommended to adopt integrated treatment
processes based on pretreatments for polyphenol removal followed by
biological processes (El-Gohary et al., 2009; Khoufi et al., 2006). Basi-
cally, polyphenol compounds are regarded as the main obstacle in
the detoxification of OMW. However, this does not exclude that some
of them correspond to high added value by-products like hydroxy-
tyrosol (Tsagaraki et al., 2007). Thus, physical treatments including
membrane technologies have been invested mainly for extraction of
high added value by-products (Garcia-Castello et al., 2010). Unfortu-
nately, this solution displayed some shortcomings, such as the limited
membrane efficiency caused by the gelling substances contained in
OMW and the high cost of the process (Garcia-Castello et al., 2010).
Physical adsorption method onto activated carbon was widely applied
for the phenolic compounds removal owing to its flexibility, simplicity
of design and the large number of cavernous pores of activated car-
bon which provides a large surface area. Adsorption onto the activated
carbons occurs between the physical or chemical bonds between adsor-
bate from the wastewater and the porous solid adsorbent. Recently,
numerous studies have focused on biochar (BC). It is a carbon-rich
material, produced by controlled combusting under insufficient oxy-
gen levels of a variety of biomass materials (Cantrell et al., 2012). BC
drew much attention as an alternative to activated carbon, in view
of its low cost (Hu et al., 2020). Indeed, it represents an ecofriendly
product since it is produced from organic wastes and is being used
for pollutants removal through adsorption and/or for soil improve-
ment. For adsorption applications, the sorption capacity of BC proved
to depend on pyrolysis temperature, residence time and reaction atmo-
sphere (Li et al., 2018) as well as material properties (Chen and Chen,
2009). Indeed, a wide variety of waste biomasses was converted into
BC such as rice straw, bagasse, poplar wood, bamboo and swine solids
(Li et al., 2018). By adopting univariate optimization, prior works have
reported the adsorption behavior of phenolic compounds from OMW
(Achak et al., 2009; Senol et al., 2017; Stasinakis et al., 2008). However, as
was highlighted by Lima et al. (2007), this strategy requires numerous
variable experimental runs which are time-consuming and costly. In
addition, it wrongly considers the variables totally independent of each
other. Therefore, it fails to depict the interactive effects of different fac-
tors on the adsorption process. To overcome such limitations, statistical
experiment design methods need to be considered. On the other side,
despite the huge efforts dedicated by researchers and the accomplished
progress in OMW treatment, there was no totally satisfactory sustain-
able approach adopted for OMW treatment. Thus, this waste continued
to be stored in storage ponds where it progressively turned into olive
mill solid wastes (OMSW). So far, this new waste has received little
attention from researchers in spite of its highly polluting effect. For this
reason, an integrated and innovative process has been conceived by our
research group aiming at the development of a cost-effective and sus-
tainable approach for the management and valorization of OMW and
OMSW in a circular economy concept. Briefly, OMSW is treated through
pyrolysis process, generating bio-oil used as energy carriers and biochar
which can be used as polyphenols adsorbent or soil improver. Thus,
adsorption treatments would detoxify OMW by polyphenol elimination
in view of their recovery as high-added products like hydroxytyrosol.
Subsequently, detoxified OMW could be post-treated anaerobically.
The present study represents a primary step towards achieving our

objectives. Specifically, it purported to achieve the following targets.
Firstly, it attempted to carry out a conversion of OMSW from Tunisian
evaporation ponds into BC through slow pyrolysis. Secondly, BC was
subjected to morphological and structural characterization using sev-
eral techniques such as elemental analysis (CHNS), Fourier transform
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM).
Thirdly, central composite design (CCD) was conducted to optimize
the performance of sorption biochar and assess the significance of
various parameters such as pH of the solution, initial polyphenols con-
centration (or dilution), pyrolysis temperature and adsorbent dosage.
Fourthly, the nonlinear Langmuir and Freundlich isotherms models
were performed to predict OMW polyphenols adsorption. Finally, selec-
tive removal of hydroxytyrosol was investigated.

2. Materials and Methods
2.1. Raw materials

Raw OMW employed in this study was produced by a contin-
uous olive oil mill located in Sfax (Tunisia). OMSW samples
were collected from open evaporation ponds in Agareb, Sfax,
Tunisia.

2.2 OMW pretreatment

Due to the high total suspended solids content of OMW, sam-
ples were centrifuged by Universal 320 R at 6000 tr/min for
10 min in order to separate suspended solids before use.

2.3.  Physicochemical analysis and phytotoxicity test of
OMW

The samples were weighed before and after being oven-dried
at 105°C to measure their total solids content. Next, they
were calcinated at 550°C for 2h to determine the mineral
matter. To determine the total suspended solids, the samples
were centrifuged at 4000rpm for 20min. Subsequently, the
retained residues were dried at 105°C. Total chemical oxy-
gen demand (COD) was analyzed according to the standard
procedure following the American Public Health Association
(APHA, 2012). Biological oxygen demand (BODs) was deter-
mined by the manometric method. Kjeldahl digestion and
distillation method were used to determine Kjeldahl nitro-
gen (Kj-N). Total polyphenol compounds (PC) were quantified
using the Folin-Ciocalteu assay, as described by Aliakbarian
et al. (2015). Total phosphorus was analyzed using ammo-
nium molybdate spectrophotometric method. Quantification
and identification of phenolic monomers were carried out by
means of HPLC analysis performed in a Shimadzu apparatus
with a C-18 column. Mineral and metal analyses were also
performed by service Laboratory (CITET, Tunisia). The samples
were analyzed using inductive coupled plasma- atomic emis-
sion spectroscopy (ICP-AES). OMW phytotoxicity was assessed
by a seed germination index assay using Lepidium sativum
according to Zucconi et al. (1981).

2.4. Biochar preparation

To eliminate any contamination, OMSW was washed with dis-
tilled water. After drying at 40 °C for 48 h, the aggregates were
crashed and the particles were sieved through a 1cm sieve.
The pyrolysis experiments were conducted into a cylindrical
reactor under controlled oxygen conditions, locally fabricated.
OMSW upload per experiment was 150 g, with a residence time
of 30 min at a specified pyrolysis temperature. Three pyroly-



386 CHEMICAL ENGINEERING RESEARCH AND DESIGN 181 (2022) 384-398

sis temperatures were tested 450°C, 550°C and 650°C with
heating rates of 10 °C/min. Nitrogen, as a gas flow, was sparg-
ing with a flow rate of 1L/min. The obtained biochars were
rinsed with distilled water to return impurities before oven-
drying at 80°C for 24 h. Afterwards, the fraction with particle
size 6 < mesh <8 was retained and stored in glass vials for sub-
sequent works.

2.5. Biochar characterization

pH was determined according to the method used by Hmid
et al. (2014). The yield was expressed as a dry weight percent-
age of the starting OMSW.

Ash content was determined based on the method used
by Peng et al. (2011) after combustion in a muffle furnace
at 750°C for 6h. Microscopic morphology of the adsorbent
was analyzed by scanning electron microscopy (SEM) using
JEOL(JSM 5400). Fourier transform infrared spectroscopy (FTIR)
was employed to determine the functional groups present
on the surface of the biochars (Nicolet 380 FTIR). The CHNS
composition was determined using aVario Micro V4.0.2 ele-
mental analyzer (Elementar®, Germany). The O composition
was determined using a Vario MicroV3.1.6 elemental analyzer
(Elementar®, Germany). Point of zero charge, pHp,c, Was con-
ducted according to the method used by Bouzid et al. (2008).
The specific surface area, pore volume, pore diameter and pore
size distribution of the BC were measured by sorption analyses
with Nj at —196 °C using a Micromeritics ASAP 2020 analyzer.

2.6.  Adsorption experiments

Batch method experiments were conducted in erlens with
100 mL of pretreated OMW. A rotary shaker was used for solu-
tions agitation at 200rpm and 30°C using a thermoregulator.
Univariate experiments were performed using various adsor-
bent dosages (1, 5, 10, 15, 20 and 25g/100mL), pH values
(2-12), OMW dilutions (1/3 and 1/5) and pyrolysis temperatures
(450°C, 550°C and 650°C). At predefined time intervals, the
BC was separated from the samples of 1 mL using millipore
membrane filters of 0.2 pm before determining residual con-
centration of total polyphenols following the same protocol
previously described by Aliakbarian et al. (2015). Polyphenols
amount of adsorption at equilibrium, ge (mg/g) or at time t, gt
(mg/g) was calculated in terms of the subsequent equations:

(Co—Ceq) V
g =S V Q
q= G2 @)

The PC removal (%) at time t was computed as follows:

PCremoval =

(Co—Cy)
OCi x 100 A3)

0

where Cp and Ceq are the initial and equilibrium concentra-
tion of PC (mg/L) respectively; C; is the concentration of PC at
time t; V is the volume of solution (L) and X is the mass of dry
adsorbent (g).

Besides, experimental conditions followed for the adsorp-
tion isotherm were: a temperature of 30°C, a pH of 12, an
adsorbent dosage of 2g/100mL, a contact time of 24h and
polyphenols concentration ranging from 470 to 3400 mg/L.

To investigate the best-fit model for the kinetic studies and
adsorption equilibrium, the determination coefficient (R?), chi
squared (x?) value and the residual root-mean-square error
(RMSE) were applied according to the following equations
(Parsa et al., 2019):

RZ —1_ Z(qe,exp - qe,cal)2 (4)
Z(qE,EXp - qe,mean)2
(qe exp e cal)2
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where ge exp (Mg/g) is the amount of PC uptake at equilibrium;
Qe,cal (Mg/g) is the amount of PC uptake obtained from the
models and ge,mean (Mg/g) is the mean of the geexp values’; n
is the number of experimental data and p is the number of
parameters within model equation. Equilibrium and kinetic
models were fit by utilizing the nonlinear fitting method apply-
ing the software program Mathematica 9.

2.7. RSM experimental design

Polyphenols removal efficiency was optimized using CCD with
the centered face using four independent variables, namely
adsorbent dosage (A), pH (B), pyrolysis temperature (C) and ini-
tial polyphenols concentration (D). Table S1 (Supplementary
data) portrays experimental parameters levels. CCD requires
16 factorial runs with 6 central runs and 8 star points as was
recommended by Bajpai et al. (2012). All experiments, with 30
runs, were conducted according to the CCD matrix (Table S2)
and were analyzed with Design Expert 11.

The adequacy of the predicted model was checked through
the analysis of variance (ANOVA) that evaluated the regression
coefficient (R?), the lack of fit and the Fisher test value (F-value)
at a significant level of 0.05. In order to estimate the optimal
conditions of adsorptions, three dimensional (3D) response
surface was constructed. The function of desirability was used
by fixing a maximum target of percentage removal of PC so as
to perform the optimization of the parameters.

3. Results and Discussion
3.1. OMW characterization

Table 1 reveals the main properties of raw OMW and pre-
treated OMW. To start with, the raw OMW displayed an acidic
pH value and a high electric conductivity. But more impor-
tantly, its BODs value of 7.75 g/L. was much lower than that of
COD (68.35 g/L). Moreover, germination index value of Lepidium
sativum was equal to 0%. This can be attributed to the presence
of phenolic compounds (5 g/L) which are responsible for sev-
eral antimicrobial and phytotoxic effects as well as toxic fatty
acids (Aktas et al.,, 2001; El Hajjouji et al., 2007; Sayadi et al.,
2000). Hence in total agreement with Khoufi et al. (2009), it
could be inferred that raw OMW had a low biodegradability
and a high toxicity. To remove total suspended solids, a pre-
treatment was undertaken, which seemed to affect some of
the physicochemical characteristics of OMW (Table 1). Indeed,
its total suspended solids dropped to 0.5 g/L. Likewise, there
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Table 1 - Physicochemical characteristics and

phytotoxicity test of raw OMW and pretreated OMW.

Parameters Raw OMW Pretreated OMW
pH 5+0.06 4.9+0.05
Electrical conductivity (mS/cm)  14.4+0.1 14,7 +£0.1
Total solids (g/L) 55.3+0.43 42.6+0.46
Mineral matter (g/L) 12.44+0.1 12.3+0.23
Total suspended solids (g/L) 10.6 +0.2 0.5+0.03
Total COD (g/L) 68.35+176 47.4+2.8
BODs (g/L) 7.75+1.2 1.75+0.07
PC (g/L) 54+0.13 344012
Kj-N (g/L) 0.77+0.04  0.3+0.06
Germination index (%) 0 20+1.5

Data are represented by mean =+ standard deviation.

Table 2 - Physicochemical and surface structures of the

biochars produced at a pyrolysis temperature of 450 °C
and 650°C.

Parameters Biochar produced  Biochar produced
at450°C at 650°C

pH 10.8+0.05 11.1+0.04
Ash contents (%) 29+2.26 34.24+1.51
Yield (%) 29.2+2.7 274+1.1
PHpze 8.7 9.7
C (db%) 454238 488+18
N (db%) 2.45+0.13 1.940.1
H (db%) 2.26+0.05 0.97 £0.04
S (db%) 1.23+0.32 0.85+£0.11
O (db%) 19.47+0.3 15.3+04
Atomic ratio O/C 0.32 0.23
Atomic ratio H/C 0.6 0.24
Atomic ratio (O +N)/C 0.37 0.27
Surface structure

BET surface area (m?/g) 2.77 6.39

Pore size (nm) 13.42 15.33

Pore volume (cm?/g) 0.009 0.0245

Data are represented by mean + standard deviation.
db: oven dry basis.

was a decrease in its COD, BODs, total solids, PC and Kj-N. This
was accompanied by a slight increase in germination index
which rose to 20%.

3.2. Biochar characterization

The original OMSW was slightly acidic (pH 6.2). It had a high
electrical conductivity (18.2mS/cm) and a high ash content
(20.1%). Table 2 highlights the main properties of the BC pro-
duced at 450°C and 650 °C. Both materials were alkaline and
pH value of BC produced at 450°C was lower than the one
produced at 650°C. Our result is very close to previous find-
ings reported by Hmid et al. (2014) and Hanandeh et al. (2016)
who obtained the respective alkaline pH values of 9.7 and
10.2 for BC derived from olive mill wastes pyrolized at 430°C
and 450°C, respectively. Biochars corresponding to pyrolysis
temperature of 450°C and 650°C had yields of 29.2 % and
27.4 % respectively. This result was in good accordance with
the findings of Abdelhadi et al. (2017) about biochars derived
from olive mill solid wastes having yields ranging between
24 and 35% of the biomass. The ash contents and pHpzc of
BC increased with increasing pyrolysis temperature. Points
of zero charge were alkaline with pHp,. of 8.7 and 9.7 for
BC produced at 450°C and 650°C respectively (Fig. S1). This
was also close to the alkaline pHp;. value of 9.46 reported

by Martin-Lara et al. (2019) in their investigation on BC of
carbonaceous materials from olive cake obtained by slow
pyrolysis at 450°C. Compared to BC produced at 450°C, C
contents were higher for BC produced at 650°C but the con-
tents of N, O, H and S were lower. Consequently, the H/C,
O/C and (O +N)/C decreased with increasing temperature. The
BC produced at 450°C and 650°C had values of atomic ratio
(N+0)/C of 0.37 and 0.27 respectively. When compared to the
BC derived from a three-phase OMW pyrolized at 480 °C (Hmid
et al., 2014), or the one derived from olive cakes pyrolized at
450°C (Martin-Lara et al., 2019) with (N+O)/C ratios of 0.12
and 0.19 respectively; the result obtained in this study would
be considered as high values. This finding reveals the polar
nature of the BC since (N+0)/C ratio was used as an index
for surface polar functional groups (Zhang et al., 2011). Ferri
et al. (2011) confirmed that this polar nature was responsi-
ble for the adsorption efficiency of phenolic compounds from
OMW. The biochar pyrolized at 450 °C had a small BET surface
area of 2.77 m?/g and a pore diameter of 13.42nm. There-
fore, it can be classified as a mesoporous material (between
2 and 50nm). Both biochars pyrolized at 450°C and 650°C
exhibited a pore size distribution from 1.88 nm to 187 nm (Fig.
S2). By increasing the pyrolysis temperature to 650°C, the
mesopore volume increased by about 3 folds. Thus, we can
conclude that increasing carbonization temperature to 650°C
enhanced mesoporosity. Considering phenol molecular size
(0.46-0.54nm), the high mesopores fraction would play an
important role in adsorption especially in OMW containing
polyphenols of different molecular sizes.

The SEM micrograph of the OMSW (Fig. 1a) had a rough
surface with no pores. In contrast, Fig. 1b, presenting the SEM
micrograph of the BC pyrolized at 450°C, demonstrates the
existence of visible pores. The particles surfaces were grainy
and rough owing to the presence of tubular and elongated
shapes while the pore sizes were not uniform. Additionally,
Fig. 1c showing the SEM micrograph of the BC pyrolized at
650 °C, displays more visible pores all over the surface. Finally,
Fig. 1d showing the SEM micrograph of the BC pyrolized at
650°C after adsorption, reveals that the sorbent surface was
partially affected by the adsorbed compounds due to the sam-
ple heterogeneity.

The FTIR analysis of OMW and biochar pyrolized at 650°C
before and after adsorption is reported in Fig. 2.

Resting on spectrum a of OMW, the band at 1633cm™! is
associated with the C=C in aromatic ring (Tran et al., 2018).
Similarly, the band at 3264 cm? is related to (O—H) stretching
vibrations in hydroxyl groups in alcohols and phenols as was
interpreted by Tran et al. (2018) and Hafidi et al. (2005). This
result goes in good conformity with previous findings reported
by El Hajjouji et al. (2007), which are related to the analysis of
Moroccan OMW generated by the three-phase centrifugation
technique.

Spectrum b shows the BC pyrolized at 650 °C before adsorp-
tion. The bands at 866cm™?! results from an out of plane
bending mode of aromatic C—H (Tran et al., 2018). The band
at 1025cm™! refers to stretching C—O groups (Yang and Lua,
2003). The band assigned at 1104 cm~! would correspond to
C—O stretching as was interpreted by Yang and Lua (2003). Fur-
thermore, the band at 1379cm™? is associated with the C—H
bending vibration of the methyl group. Finally, the band at
2918 cm~!isrelated to the aliphatic C—H stretching (Tran et al.,
2018).

Spectrum c indicates the BC produced at 650 °C after OMW
adsorption. It could be easily noticed that new bands at 3264
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Fig. 1 - SEM micrographs of (a) OMSW, (b) BC pyrolized at 450 °C, (c) BC pyrolized at 650 °C and (d) BC pyrolized at 650 °C after

adsorption.

Transmittance (%)

3264

_____ Biochar before adsorption

- .=- .-~ Biochar after adsorption
Pretreated OMW T

4000 3500 3000 2500

T T T T

2000 1500 1000 500

‘Wavenumber (cm‘l)

Fig. 2 - FTIR spectra of (a) pretreated OMW (b) BC produced at 650 °C before adsorption and (c) BC produced at 650 °C after
OMW adsorption. (Conditions: pH =12, adsorbent dosage =15 g/100 mL and initial PC=3400 mg/L).

cm~! and 1633cm~! appeared. They are related to (O—H)
stretching vibrations in hydroxyl groups in phenols and to
the C=C in aromatic ring, respectively. These results indi-
cate the presence of polyphenols and confirm that these
compounds are adsorbed onto BC. Spectrum c indicates also
that some bands shifted to different wavenumbers. Notably,
the C—O groups shifted from 1025cm~! to 1018cm™! and
C—H bending vibration of the methyl group shifted from
1379cm™! to 1398cm~!. The bands at 866cm™—1, 1104cm™?
and 2918 cm~! disappeared. The shift and alteration in band
height of 1025cm~1 and disappearance of vibration band of
1104 cm~! which are related to C—O groups after adsorption
would signify the involvement of oxygen sites in polyphenols
adsorption (Dabrowski et al., 2005). This would confirm the
finding of Liu et al. (2011) corroborating that the mechanism
of adsorption may involve interaction of the oxygen contain-
ing functional groups with phenols via chemical interactions
such as hydrogen binding.

3.3. Sorptive properties of Biochar

3.3.1.  Effect of contact time

Both removal efficiency (Fig. 3a) and adsorption capacity (qe)
(Fig. 3b) increased with the increase of contact time until 12 h.
This may refer to the availability of vacant surface sites of
the BC leading to fast adsorption of the OMW polyphenols.
Beyond 12 hours of contact time, the percentage of polyphe-
nols removal and the adsorption capacity remained almost
unchanged referring to the slow pore diffusion of polyphe-
nols into the adsorbent. Furthermore, the sorption efficiency
decreased owing to the electrostatic repulsion between the
polyphenols adsorbed on the BC surface and the sorbate
species available in the solutions (Ferri et al., 2011; Senol
et al,, 2017). After equilibrium, about 40% of total polyphe-
nols were adsorbed (Fig. 3a). No desorption phenomena were
recorded as those noticed in using dried olive pomace as
polyphenols OMW adsorbent (Stasinakis et al., 2008). Fur-
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Fig. 3 - (a) Effect of contact time on polyphenols removal in pretreated OMW. (b) Kinetic models for OMW polyphenols
removal. (Conditions: adsorbent dosage =15 g/100 mL; pH =5; initial polyphenols concentration = 3400 mg/L and pyrolysis

temperature = 650 °C).

thermore, this result goes in tandem with the observation of
Galiatsatou et al. (2002) about the adsorption of total OMW
phenols into a series of activated carbons derived from olive
stones and olive pulps. These researchers argued that this
adsorbent reached equilibrium between 1h and 22 h. Finally, a
relatively faster adsorption on commercial activated carbons
was previously recorded by Senol et al. (2017) and Aliakbarian
et al. (2015) who asserted that the adsorption of polyphenols
from OMW required a contact time up to 10 min and 120 min,
respectively.

In order to elucidate the adsorption mechanism for
polyphenols sorption onto BC, both of the pseudo-first order
equation (Eg. 7) and the pseudo-second order equation (Eq. 8),
were applied to the data. These equations are presented as
follows:

qp = Qe (1—e 7M1 (7)
_ qakot
4= 1+k2qet (8)

Table 3 - Kinetic parameters calculated by the two
kinetic models.

Model Parameters Qe, exp (Mg/g)
Pseudo-first- order k1 (1/h) 0.913 8.9

Qe (mg/g) 7.9655

X2 2.7864

RMSE 0.9574

R;2 0.8717
Pseudo-second-order k; (g/mgh) 0.1505

ge (mg/g) 8.6791

X2 0.9065

RMSE 0.5497

R,? 0.9577

where ge and q: (mg/g) are the amounts of adsorbed pheno-
lic compounds at equilibrium and at any time, respectively;
kq (h71) is the equilibrium rate constant of the pseudo-first
order equation and k, (g/mgh) is the rate constant for pseudo-
second order equation.

The kinetic data obtained from nonlinear regression anal-
ysis fitting are presented in Fig. 3b. Table 3 illustrates the
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nonlinear-fitting results of both kinetic models to the experi-
mental data.

According to Table 3, pseudo-second model exhibited
higher R? (Ry2=0.9577) and lower x?> and RMSE values than
pseudo-first model. In addition, qe value calculated from
pseudo-second model (8.6791 mg/g) was closer to the experi-
mental ge (8.9 mg/g) than the one calculated from pseudo first
model (7.9655 mg/g). These findings denoted that the kinetics
of phenolic compounds adsorption in this study follows bet-
ter the second order model. Thus, it can be assumed that the
rate-limiting step of polyphenols adsorption may be chemical
sorption (Ho and McKay, 1999). This may stipulate that for PC
adsorption, exchange reactions occur between PC and adsor-
bent surface up to the occupancy of all surface functional sites.
Then, the diffusion of PC in the BC network would lead to other
types of interactions such as hydrogen phobic interaction and
hydrogen bonding.

The linear pseudo-second-order kinetic model was high-
lighted by Stasinakis et al. (2008) and Aliakbarian et al. (2015)
during OMW polyphenols adsorption onto olive pomace and
activated carbon respectively.

3.3.2.  Effect of pyrolysis temperature

Fig. 4a illustrates the effect of pyrolysis temperature on
the polyphenols removal under the following experimental
conditions: adsorbent dosage=5g/100mL; pH=5 and ini-
tial polyphenols concentration=3400mg/L. The removal of
polyphenols from OMW increased slightly from 23.8% at pyrol-
ysis temperature of 450°C to 26.6% at 650°C. This could be
attributed to the fact that the higher pyrolysis temperature
generated a higher porosity. This finding corroborates the one
obtained through the above SEM micrograph analysis. In addi-
tion, it confirms previous results reported by Sanginés et al.
(2015) on slow pyrolysis of olive stones.

3.3.3.  Effect of BC dosage

Fig. 4b depicts the effects of BC dosage on the removal
of polyphenols under the following experimental condi-
tions: pH=5; initial polyphenols concentration=3400mg/L
and pyrolysis temperature=450°C. As can be detected, the
removal efficiency increased from 12.4% to almost 40% as the
adsorbent dosage increased from 1 to 15 g/100 mL. This would
be assigned to the creation of more adsorption sites as a con-
sequence of the increase of surface area. However, beyond this
adsorbent dose, the removal efficiency seemed to remain prac-
tically constant. This phenomenon may be explained by the
fact that the ratio of polyphenol molecules to the vacant adsor-
bent sites decreased as the adsorbent dosage increased, thus
leading to polyphenols bonding to the surface sorbent. Subse-
quently, an equilibrium between adsorbent and unadsorbed
molecules would be established restraining the sorption pro-
cess (Achak et al., 2009; Senol et al., 2017). These findings go
in good agreement with the assertions of Senol et al. (2017)
in their study of OMW with an initial polyphenols content of
4821.5mg/L. These scientists emphasized that surface active
sites of the commercial activated carbon reached saturation
beyond the addition of 5g/100mL. The adsorptive capacity
(mg/g) was evaluated between the different dosages (Fig. S3).
It was high at low adsorbent dosage and decreased as the
amount of adsorbent increased. When the adsorbent dosage
increased from 5 to 15g/100 mL, the adsorptive capacity was
dropped by 47.8% while about 56 % of increase in the removal
efficiency was reached (Fig. 4b). The most important factor
which contributes in reducing the adsorption capacity at high

adsorbent dosage is that the target sites remain unsaturated
(Han et al., 2006).

3.3.4. Effect of pH

Fig. 4c illustrates the behavior of BC in the presence of a
pH ranging between 2 and 12. The experimental conditions
were: adsorbent dosage =5 g/100 mL; initial PC = 3400 mg/L and
pyrolysis temperature =450°C. At pH 2, total phenols removal
was about 28.4% and remained almost stable up to pH 5. After-
wards, it increased gradually until reaching 45% at pH 12.
These findings go in good conformity with those of Stasinakis
etal. (2008) as well as those of Achak et al. (2014, 2009) concern-
ing OMW polyphenols removal on combusted olive pomace,
wheat bran and banana peel, respectively.

The effect of pH on adsorption of phenolic compounds was
considered by Mondal et al. (2016) and Quast (2018) depending
on the ionization constant (pKa) of the phenolic compounds
as well as pHpzc of the adsorbent. Indeed, Xiaoli and Youcai
(2006) argued that when pH is equal to pKa, the neutral and
anion forms are equal. Ahmaruzzaman and Sharma (2005)
added that when pH is lower than pKa, phenolic compounds
are basically in the neutral molecular form. However, when pH
is higher than pKa, the compounds are predominantly in the
form of phenolate species.

This study revealed that the pHpc of the BC was equal to
8.7 indicating that surface adsorbent would have a negative
charge at pH above 8.7. On the other side, phenol would disso-
ciate into anionic forms at pH above 9.89. In such a condition
and according to Haghsereshtetal. (2002), a decrease in phenol
adsorption efficiency occurred at pH 12 owing to electrostatic
repulsion. However, this explanation would be relevant for the
single polyphenol component, with a known pKa (Mohammed
et al., 2018). Therefore, pH mechanism in this work cannot
be reduced only to the degrees of ionization of PC and adsor-
bent surface charge as decisive factors. Many surface phenol
interactions in addition to electrostatic ones may have notable
contributions. The role of pH on polyphenols adsorption was
lately reviewed by Lawal et al. (2020) who demonstrated that
for the phenolate adsorption, negative charge-assisted hydro-
gen bonding was likely to be the main adsorption mechanism.

Consequently, it can be concluded that with the rise of
pH values at 11 or 12, most of the PC would be in the form
of phenolates while the surface BC would become negatively
charged. Hence, as was explained by Lawal et al. (2020), the
sorption capacity probably increased via hydrogen bonding.

Moreover, as was clarified by Achak et al. (2014), because
of the heterogeneity of the BC surface, positively charged
groups may exist and surface phenol interaction via electro-
static attraction would occur. Finally, the relative reduced PC
removal at low pH could be assigned to additional protons,
introduced by acid solution in the OMW solution, which com-
peted with phenolics ions for surface adsorption (Dabrowski
et al., 2005).

3.3.5.  Effect of initial polyphenols concentration

Fig. 4d presents the effect of initial polyphenols concentra-
tion on the removal of polyphenols respecting the following
conditions: adsorbent dosage=>5g/100mL; pH=5 and pyroly-
sis temperature =450°C. The polyphenols removal efficiency
increased gradually from about 24.5% to 38.2 % with the
decrease of the initial polyphenols concentration represented
by a 5-time water dilution of OMW. This observation goes in
total agreement with the findings reported by Habib Dakhil
(2013) on phenol adsorption using sawdust and the observa-
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removal of polyphenols.

tions enacted by Ekpete et al. (2010) on phenol adsorption
using commercial activated carbon. Both researchers empha-
sized that the surface saturation depended on the initial
phenol concentration. In other words, as the initial phe-
nol concentration increased, the accumulation of phenolic
compounds on the surface caused a decrease in percentage
removal. These findings go in good consistency with results
obtained previously by Petrotos et al. (2016) and Senol et al.
(2017) who investigated OMW adsorption on the macroporous
resin and activated carbon, respectively.

3.4.  Process modeling

3.4.1. Statistical analysis

The experimental design and results dealing with the opti-
mization by response surface methodology are presented in
Table S2.

The following second-order polynomial model equation
was found after fitting obtained experimental results to the
quadratic regression model. It is expressed with respect to
coded variables.

Polyphenolremoval(%) = 32.60 + 6.04A + 8.49B
+0.8978C —4.57D — 3.20A.B — 1.01A.D + 3.58A2 +4.80B?

14.38D? ©)

For ANOVA analysis of the polyphenols removal efficiency
(Table S3), solely the statistically significant terms were incor-
porated into the final response regression models so as
to achieve a good fit. This analysis reveals two important
results. Firstly, the F value of 386.94 with a probability <0.0001
would prove that the model was significant, whereas the
insignificant lack of fit (F =1.7, p=0.29) demonstrated that
the F-statistic was inconsequential, which implies adequate
accordance between the process variables and final responses.
Secondly, the R? value of 0.9943 and that of 0.9917 for the
adjusted R?, being both close to 1, would imply reasonable
agreement between the experimental and the predicted val-
ues. The coefficient of variance value of 2.48, being <10, would
imply that the data were accurate. The relationship between
predicted data and actual data of PC adsorption is displayed
in Fig. S4. It is noteworthy that there was an adequate fit-
ness between experimental and predicted data. Finally, the
p value<0.0001 and the F=1297.71 related to the pH solu-
tion would imply that pH had the most significant effect on
PC removal. The second effective parameter would be the
adsorbent dosage (p value <0.0001; F value = 657.01). Then, the
third effective parameter would be the initial PC concentra-
tion (p value<0.0001; F value=375.94). The last parameter,
corresponding to pyrolysis temperature, would have less sig-
nificant effect on the response with a p value=0.0011 and
an F value=14.53. It could be deduced that this finding was
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of a great importance because the highest significant effect
of pH revealed by CCD method could not be detected by the
univariate experiments (Achak et al., 2014, 2009; Senol et al.,,
2017). In addition, these findings corroborate the assertion
of Dabrowski et al. (2005) that solution pH affects the sur-
face charging whose role dominates even in comparison with
porosity distribution in solid adsorbents.

3.4.2. Interaction study of process variables
Statistically significant interactive terms of adsorbent dosage-
pH (F =163.66; p<0.0001) and adsorbent dosage-initial
polyphenols concentration (F =16.18; p=0.0007) were high-
lighted through ANOVA analysis (Table S3).

Fig. 5a presents the interactive effect of adsorbent dosage-
pH on polyphenols removal efficiency. Both variables pyrolysis
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temperature and initial polyphenols concentration were kept
constant at their central levels. According to this figure, with
an adsorbent dosage of 2g, the variation of pH from 5 to 12
yielded an increase of 23% of PC removal. However, adsorbent
dosage of 15 g yielded only an increase of 10% of PC removal.
This antagonist effect between dosage and pH was plausi-
bly justified by Achak et al. (2009). These researchers argued
that an adsorbent high dosage would cause the polyphenols
to bind to the surface sorbent. This would result in affect-
ing the PC affinity for the adsorbent surface. Fig. 5b depicts
the interactive effect of adsorbent dosage-initial polyphenols
concentration. Both variables pyrolysis temperature and pH
were kept constant at their central levels. It was observed
that when increasing the adsorbent dosage from 2 to 15g
with an OMW initial PC concentration of 3400mg/L, the
PC removal increased only by 10%. However, about 15% of
increase in PC removal was recorded when the OMW ini-
tial PC concentration was reduced to 680 mg/L. This synergic
effect between adsorbent dosage and OMW dilution can be
interpreted in terms of the fact that, for non diluted OMW,
the presence of many organic molecules would cause steric
hindrance as well as reduce the accessibility of phenolic
compounds into target sites. Hence, after OMW dilution, the
uptrend in the percentage removal of polyphenols, caused
by the increase of adsorbent dosage, was more notice-
able. However, in industrial scale, before the requirement
of OMW dilution, economic feasibility aspects need to be
considered.

3.4.3. Optimization and model validation

Optimization was conducted to achieve the highest possi-
ble OMW polyphenols compounds removal. Results indicated
that the optimum parameters were pH=12, adsorbent
dosage=15g/100mL, initial OMW polyphenols concentra-
tion =680 mg/L and pyrolysis temperature = 650 °C. The model
predicted that providing these conditions would allow to
achieve a PC removal of 63.16% with a desirability =0.987.

3.5.  Adsorption isotherm

Fig. 6 shows the isotherm data which were fitted with the
following isotherms: Langmuir and Freundlich by nonlinear
regression.

The nonlinear form of the Langmuir model isotherm is
expressed in terms of the following equation:

Qmax KL Ce
Qe = 1+K.Ce (10)
where ge (mg/g) is the adsorbate uptake amount at equilib-
rium time; Ce (mg/L) is the concentration of the adsorbate at
equilibrium; q max (mg/g) is the maximum saturated mono-
layer adsorption capacity of the adsorbent and K;, (L/mg) is the
Langmuir constant related to the affinity between an adsor-
bate and adsorbent.
In addition, dimensionless constant separation factor (Ry)
was calculated using the following equation:

1

RL=——
LT TYKGo

(11)

where Gy is the initial concentration of the adsorbate (mg/L)
and K, is the Langmuir equilibrium constant. For a favorable
equilibrium, the value of Ry, is between 0 and 1. Otherwise,

Table 4 - Isotherm parameters of Langmuir and
Freundlich isotherms.

Isotherm Parameters

Langmuir qm (Mmg/g) 140.47
Ky (L/mg) 6104
X’ 0.8491
RMSE 3.0094
R? 0.9871

Freundlich 1/n 0.6594
Kr (mg/g)/(mg/L)¥/n 0.5286
X2 0.5969
RMSE 2.4896
Ry? 0.9911

equilibrium is either unfavorable where Ry >1; linear where
Ry =1 or irreversible if Ry =0.

Freundlich (1906) proposed the nonlinear form of the Fre-
undlich model as indicated in Eq. (12):

qe = KFCé/n (12)

where ge (mg/g) is the adsorbate uptake amount at equilib-
rium time; Ce (mg/L) is the concentration of the adsorbate
at equilibrium, Kr (mg/g)/(mg/L)" is the Freundlich constant
related to the sorption capacity and n (dimensionless) is the
empirical Freundlich parameter related to the intensity of
sorption.

Table 4 outlines the Freundlich and Langmuir adsorption
parameters evaluated from the nonlinear regression.

Even though correlation coefficients of both models were
quite satisfactory (>0.98), the value of R? displayed a slight
privilege to the Freundlich model (R? =0.9911 versus 0.9871 for
the Langmuir model). Moreover, the Freundlich model exhib-
ited lower RMSE and x? values than the Langmuir model.
Accordingly, Freundlich model exhibited better fit to describe
polyphenols adsorption behavior onto the BC. When fitted to
Langmuir model, the maximum PC sorption capacity qmax
was equal to 140.47 mg/g. The Ry value between 0.33 and
0.78 would denote that the adsorption was favorable. When
applying Freundlich equation, the value of 1/n was between
0 and 1 (0.6594), indicating favorable adsorption onto the
adsorbent. Langmuir adsorption model relies on the con-
cept that adsorption occurs at specific homogeneous surface
sites within the adsorbent as well as monolayer adsorption.
However, Freundlich isotherm rests upon multilayer adsorp-
tion on heterogeneous sites with non-uniform distribution of
energy level. In our case, OMW adsorption on biochar fitted
both models adequately. Monolayer and heterolayer phenolic
compounds may exist on the adsorbent surface due to the het-
erogeneity of biochar surface. This observation was reported
before (Achak et al., 2014, 2009).

Compared to different adsorbents for the removal of
polyphenols from OMW (Table S4), BC produced in our study
showed higher adsorption capacity (qmax) than incompletely
combusted olive pomace with qmax of 11.4mg/g (Stasinakis
et al.,, 2008), or activated olive stones with qmax of 91.74 mg/g
(Galiatsatou et al., 2002) but lower than commercial activated
carbons with qmax of 239.17 mg/g (Senol et al., 2017).
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Fig. 6 - Equilibrium isotherm data for the adsorption capacity (q¢) of biochar produced at a pyrolysis temperature of 650 °C
(Conditions: Temperature =30 °C, pH=12, adsorbent dosage =2 g/100 mL and contact time=24h).

3.6.  Identification of phenolic compounds retained on
BC by HPLC analysis

To render the process of producing biochar more sustainable,
it can be associated with the recovery of added-value prod-
ucts. In fact, BC can be considered as a low-cost adsorbent
for selective separation of valuable chemicals present in OMW
such as hydroxytyrosol, a substance of high demand for health
and nutraceutical purposes thanks to its antioxidant activ-
ities (Bouaziz et al., 2010). For this purpose, the adsorption
affinity of phenolic compounds (tyrosol and hydroxytyrosol)
towards BR was evaluated. Fig. 7 highlights the HPLC analysis
of phenolic monomers from pretreated OMW before and after
adsorption. The results reveal that Hydroxytyrosol (238 mg/L)
and tyrosol (134 mg/L) are the major phenolic compounds in
pretreated OMW (Fig. 7a). Previous researchers reported that
after OMW storage, both compounds proved to be the main
phenolic monomers (Achak et al., 2009; Allouche et al., 2004)
due to degradation processes as well as the generation of
hydroxytyrosol in particular following the hydrolysis of oleu-
ropein (Yangui et al., 2009). Compared to the chromatogram
of Fig. 7a related to pretreated OMW and the one of Fig. 7b,
it is easy to calculate the removal efficiency of polyphenol
adsorbed on BC from OMW. In fact, by adopting the following
condition: an adsorbent dosage of 5 g/100 mL, a pH of 5, a pyrol-
ysis temperature of 450° C and an initial PC concentration of
3400 mg/L; a removal of 92.5% of hydroxytyrosol and 42.5% of
tyrosol were recorded (Table S4). It is clear that better adsorp-
tion efficiency was observed for hydroxytyrosol, while tyrosol
which has a lower polarity was less retained by adsorption
as confirmed by HPLC analysis. Hence, the better efficiency
of hydroxytyrosol adsorption could be attributed to the polar
nature of BC which had a high (O + N)/Cratio. Indeed, Ferriet al.
(2011) reported that the polar features of both resin and phe-
nol were responsible for the adsorption efficiency of simple
phenolic compounds from OMW.

Fig. 7c indicates that for non-diluted OMW and under opti-
mal conditions (adsorbent dosage of 15g/100mL, a pH of 12,
and a pyrolysis temperature of 650 °C), 100% of hydroxytyrosol
and 77% of tyrosol removal were achieved. Under the same
conditions, only 52% of total polyphenolic compounds were
removed (Table S5).

Bertin et al. (2011) argued that, using weakly polar com-
mercial resins as the solid phase extraction procedure, only
53% of total phenols, 42% of hydroxytyrosol and 67% of tyrosol

Table 5 - Chemical parameters and germination test of

pretreated OMW and those of pretreated OMW after
adsorption onto biochar.

Parameters Pretreated Pretreated OMW
OMW after adsorption

COD (g/L) 474428 32.25+1.6

PC (g/L) 3.4+0.12 1.96+0.22

Kj-N (g/L) 0.34+0.06 0.22+0.04

P (mg/L) 39.2+1.1 31.6+0.9

K (g/L) 3.124+0.15 2.86+ 0.1

Ca (mg/L) 482425 262428

Na (g/L) 0.735+0.08 0.401 +0.07

Fe (g/L) 0.402 +0.05 0.337+0.06

Mg (mg/L) 252.5+1.5 61.75+1.5

Mn (mg/L) 1.6+0.25 1.1+0.15

Zn (mg/L) 13403 0.62+0.05

Cu (mg/L) 0.25+0.05 0.1+£0.03

Germination index (%) 20+1.5 68.5+2.3

Data are represented by mean + standard deviation.

were adsorbed from OMW. From this perspective, the use of
BC as reported in this study may be a better option. Moreover,
improvement prospects of desorption procedures by BC seem
to provide promising results in terms of recovering hydroxy-
tyrosol.

3.7. Characterization of OMW and biochar after
adsorption for further reuse

The main parameters of OMW before and after adsorption
onto BC under the following conditions: an adsorbent dosage
of 15 g/100 mL, a pH of 8, a PC concentration of 3400 mg/L and a
pyrolysis T° of 650 °C, showed a change (Table 5). Firstly, there
was a noticeable decrease of COD and PC, which alleviates the
OMW pollution risk for superficial waters. OMW was rich in
macro-elements (Kj-N, P, K) and essential elements for plant
growth (Ca, Mg, Fe, Mn) which confirmed the potential reuse of
OMW for ferti-irrigation (Mekki et al., 2013). After adsorption,
there was a notable decrease in all mineral elements and par-
ticularity Na, Mg and Ca. The decrease of Na concentration
may contribute to alleviate OMW salinity during soil appli-
cation (Mekki et al., 2013). Likewise, the decrease in heavy
metal contents such as Zn and Cu after adsorption may reduce
the toxicity of this waste. Finally, a clear increase in germina-
tion index was noted. It may be due to removal of PC which
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were known as phytotoxic compounds (El Hajjouji et al., 2007).
Hence, according to Zucconi et al. (1981), it can be concluded
that the BC adsorption greatly alleviated the phytotoxic effect
of OMW. Consequently, ferti-irrigation can be considered as
one of the beneficial applications for OMW after adsorption.

4. Conclusion

In this study, OMSW from Tunisian evaporation ponds were
transformed into biochar by pyrolysis. The results indi-
cate that increasing carbonization temperature from 450°C
to 650°C enhanced biochar mesoporosity. Batch adsorp-
tion experiments were conducted so as to investigate OMW
polyphenols compounds removal using this biochar. Using

RSM approach for optimization of the batch process param-
eters, pH was retained as the most highly significant variable

with p<0.0001. Under optimal conditions (pH of 12, initial
PC of 680 mg/L, adsorbent dosage of 15 g/100 mL, pyrolysis
temperature of 650°C), a removal of 63.16 % was undertaken.
A synergic effect between adsorbent dosage and OMW dilu-
tion was emphasized, which highlighted the positive effect
of dilution before adsorption. However, in industrial scale,
economic feasibility aspects need to be considered before
the requirement of OMW dilution. The study on the equilib-
rium adsorption revealed that nonlinear Freundlich isotherm
model was found to better describe the experimental adsorp-
tion process (R?=0.9911), while the maximum polyphenols
adsorption was 140.47 mg/g under the following conditions:
a temperature of 30°C, a pH of 12, an adsorbent dosage of
2g/100mL, a contact time of 24h and polyphenols concen-
trations ranging from 470 to 3400 mg/L. Finally, the results
showed that hydroxytyrosol appeared to have a high adsorp-
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tion affinity for the biochar in view of the polar nature
of biochar surface. The relevance of the present study for
the industrial scale will be assessed based on pilot scale
experiments. Biochar is actually being produced using an
autothermal pyrolysis unit of 15kg OMSW per cycle. The
adsorption experiments will be carried out using a cascade of
pilot scale adsorption columns. In industrial scale, a hybrid
energy system founded on the principle of industrial sym-
biosis integrating pyrolysis and anaerobic digestion processes
will be optimized. It can be associated with the production of
hydroxytyrosol, energy carriers and fertilizer. Consequently,
the required heat process can be provided through the pyroly-
sis process integration (that is using the volatile gases coming
out from the sludge as fuel for sustaining heat production).
From the point of view of social aspects, the process will limit
the accumulation of the solid residue in the area and will
contribute in the local development, thus improving social
sustainability aspects.
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