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Abstract: The sustainable management of biomass is a key global challenge that demands compliance
with fundamental requirements of social and environmental responsibility and economic effective-
ness. Strategies for the valorization of waste biomass from agrifood industries must be in line with
sustainable technological management and eco-industrial approaches. The efficient bioremoval of
the pesticides imazalil and thiabendazole from aqueous effluents using waste biomass from typically
Mediterranean agrifood industries (citrus waste, artichoke agrowaste and olive mill residue) revealed
that these residues may be transformed into cost-effective biosorbents. Agrifood wastes present
irregular surfaces, many different sized pores and active functional groups on their surface, and
they are abundant in nature. The surface and adsorptive properties of olive mill residue, artichoke
agrowaste and citrus waste were characterized with respect to elemental composition, microstructure,
crystallinity, pore size, presence of active functional groups, thermal stability, and point of zero charge.
Olive mill residue showed the highest values of surface area (Brunauer–Emmett–Teller method),
porosity, crystallinity index, and pH of zero point of charge. Olive mill residue showed the highest
efficiency with sorption capacities of 9 mg·g−1 for imazalil and 8.6 mg·g−1 for thiabendazole.

Keywords: agrifood waste; plant biomass; adsorption; bioremoval; water pollutants

1. Introduction

The 2030 Agenda for Sustainable Development adopted by all United Nations mem-
ber countries in 2015 stated a shared blueprint for our planet [1,2]. This document set
17 sustainable development goals, of which the sustainable use of ecosystems and the
improvement of water quality by reducing pollution were particularly highlighted [3]. At
this point, it should be stressed that appropriate steps need to be taken to enhance the
value of the wastes generated by the agrifood sector.

Water pollution causes human health problems, wildlife poisoning, and long-term
damage to ecosystems. It has become a major global challenge that requires ongoing evalu-
ation and effective remediation technologies [4]. Water bodies can be polluted by a wide
variety of substances, including toxic chemicals, plant nutrients, organic wastes, medicines,
and pathogenic microorganisms. Different treatment processes are applied to remove
these pollutants from wastewaters, including membrane filtration, photodegradation, ion
exchange, electrochemical treatment, chemical oxidation or reduction, and sorption [5].

Adsorption is a proven and effective alternative technology for the removal of pol-
lutants from aqueous effluent [6,7]. Multiple sorbents have been successfully tested, and
numerous research and review papers have been published in this field [8–10]. Agrifood
wastes, industrial byproducts, and biochars are considered to be efficient eco-friendly
sorbents with potential use for environmental applications [11–13].
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Biomass can be defined in broad terms as any organic matter derived from biogenic
sources that are available on a renewable basis [14]. Wood, forest residue, grass, energy
crops, and agrifood residue are all types of lignocellulosic biomass [15].

Large amounts of agrifood waste are produced throughout the supply chain, from
initial production stages to final consumption. The global annual production of lignocellu-
losic biomass including agrifood waste and greenhouse biomass is estimated at around
200 billion tonnes [16]. Artichoke agrowaste and citrus waste residues are partially used
as a source of bioactive compounds [17,18] although mostly they are discarded as green
manure or used in livestock feed [19]. Olive mill residue constitutes a promising biomass
resource, being mainly used for energy purposes because of their thermochemical char-
acteristics [20]. However, modern green technologies are available that make it possible
to efficiently use this waste biomass of the agrifood industries to produce value-added
products such as commodity chemicals (biofuels), highly effective carbonaceous sorbents,
or even bioactive compounds for the food or pharmaceutical industries [18,21].

Lignocellulosic biomass is highlighted prominently as a sustainable alternative to
fossil carbon resources in the production of second-generation biofuels and other bio-
based chemicals [22,23]. Alternatively, a significant number of studies have reported the
feasibility of transforming lignocellulosic biomass into valuable sorbent material which
improves and upgrades the bioremoval of contaminants in aqueous effluent [24–26]. Lig-
nocellulose is a three-dimensional nanocomposite consisting of a dynamic mixture of
multifunctional constituents. The major components of lignocellulosic biomass are cel-
lulose (30–35%), hemicellulose (20–40%), and lignin (15–25%) [27]. Cellulose is a linear
polymer of β-1,4-linked glucose residues and is the main component of plant cell walls [28].
Hemicellulose is composed of heteropolymers and is derived from a miscellaneous group
of sugars (including d-xylose, d-galactose, and d-mannose) and sugar acids (d-glucuronic
and d-galacturonic acids). The presence of a different number of sugar units in the hemi-
cellulose side chains results in different three-dimensional structures of the hemicellulose
molecules that confer relevant adsorptive properties. In addition, hemicelluloses may
contain slightly ionized organic acids in their side chains, which increase the adsorption
capacity of the biomass [29]. Lignin is an amorphous aromatic biopolymer of propyl phe-
nol units, namely, sinapyl alcohol, coniferyl, and a minor quantity of p-coumaryl alcohol.
In plants, lignin surrounds the cellulose microfibrils and strengthens the cell walls [30].
Lignin is difficult to decompose due to its high degree of cross-linkages, and moreover,
it is characterized by an abundance of electron-donor active sites which are provided in
the polyphenol and polyhydroxy functional groups, offering an exceptional frame for the
binding and interaction with cationic pollutants [31].

Citrus fruits, olives, and artichokes are typical crops in the Mediterranean basin. The
industrial processing of these crops generates vast quantities of agrifood residue. The citrus
processing industries produce solid waste consisting of pulp, peels, and whole fruits that
do not meet quality criteria [32]. Olive mill waste biomass is the solid residue of olive oil
factories. This residue is mostly composed of olive pulp and stones [33]. The industrial
processing of the artichokes produces a solid residue composed essentially by the external
bracts and stems of the flowers, which constitutes about 70–80% of the total artichoke
flower [34].

These agrifood residues are poorly managed and rarely exploited, although there
is no doubt that many greater benefits could be obtained from these materials through
a more detailed knowledge of their physicochemical properties. In order to contribute
more actively to the development of a circular economy, there is a growing interest in
the scientific community to provide sustainable solutions for the valorization of these
agrifood wastes.

According to reported studies, municipal wastewater is considered the main source
of pesticide emissions into the environment [35,36]. After the use of products containing
pesticides, a mass of them is discharged into the wastewater and reaches the wastewater
treatment plants through the sewage system. In general, pesticides cannot be completely
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eliminated from these plants using conventional treatment technologies, which undoubt-
edly represents a potential ecological risk, because while these substances do not generally
pose acute risks to aquatic organisms or humans, their long-term effects and especially
their potential synergistic impacts are still unknown in most cases. Imazalil (IMZ) and
thiabendazole (TBZ) are systemic fungicides employed to control a wide range of fungal
diseases on fruit, greens, and ornamentals. Both fungicides are most widely used in pack-
inghouse treatments to control postharvest decay in citrus and banana fruits. TBZ is also
painted onto housing materials as an antifungal agent, and is used in clothing manufacture
as antifungal processing agent.

The main objective of this work was to characterize the physicochemical properties of
the agrifood biomass resulting from the industrial processing of citrus fruits, olives, and
artichokes, in order to obtain new data on the relationship between adsorptive parameters
(composition, microstructure, crystallinity, pore size, presence of active functional groups
on the surface, thermal stability, and the point of zero charge) and bioremoval capacity
with respect to emergent water pollutants such as imazalil or thiabendazole.

2. Materials and Methods
2.1. Conditioning of Agrifood Wastes

The agrifood wastes selected included solid residues from the citrus processing in-
dustry (rejected fruit, pulp portions, peels, and seeds), the olive oil industry (olive pulp
and stones after mechanical and water extraction of the oil content), and the artichoke
canning industry (external bracts and stems of the flowers). All these factories were located
in the region of Murcia (Spain). All agrifood residue was washed repeatedly with water to
remove dust and soluble impurities, then oven-dried at 60 ◦C to constant weight. The dried
biomass was ground in a laboratory knife mill to pass through an 18-mesh sieve (1.00 mm).
The sorbent powders obtained were then stored at room temperature prior to use.

2.2. Agrifood Waste Biomass Characterization

The elemental analysis of the agrifood waste biomass was carried out using a 628 Series
Leco CHNS/O Analyzer (Leco Corp., St. Joseph, MI, USA). The higher heating values
(HHV) of the biomass were calculated using the Channiwala and Parikh equation [37]:

HHV (MJ/kg) = 0.3491C + 1.1783H + 0.1005S − 0.1034O − 0.0151N − 0.0211A (1)

where C, H, S, O, N, and A represent carbon, hydrogen, sulfur, oxygen, nitrogen, and ash
content of biomass, respectively, expressed in mass percentages on a dry basis.

The surface chemistry of the sorbents was characterized using scanning electron
microscopy (SEM) and Fourier-transform infrared spectroscopy (FTIR). The surface mi-
crostructure was analyzed using a Hitachi S-3500 N electron microscope (Hitachi Ltd.,
Krefeld, Germany). SEM images were obtained at 15 kV with a working distance of 17 mm
and different magnifications. Biomass samples were scattered on double-sided tape and
mounted over an aluminum sample holder.

Infrared spectra were recorded at room temperature to identify the functional groups
present on the surface of the sorbents. A Thermo Nicolet 5700 (ThermoFisher Scientific,
Karlsruhe, Germany) was used, in the range of 4000 to 400 cm−1 and in transmittance mode.

X-ray diffraction (XRD) was used to analyze the crystallinity of the sorbents. The
diffractograms were recorded using an XRD Bruker D8 Advance instrument (Bruker corp.,
Karlsruhe, Germany) with Cu Kα radiation, a voltage of 40 kV, and a current of 20 mA. The
scanning range was from 2Θ = 5◦ to 50◦ at a scan speed of 0.05◦·s−1.

Thermogravimetric analysis was performed using a TGA/DSC 1 HT instrument
(Mettler-Toledo GmbH, Giessen, Germany), operating in a nitrogen atmosphere. Mass
samples of 9–11 mg were taken into a ceramic crucible and heated up from 25 to 900 ◦C at
10 ◦C/min under static conditions.

The specific surface area and the pore size distribution of the powder sorbents were
measured using N2 and CO2 gas sorption and Hg porosimetry, respectively. Sorption–
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desorption isotherms of N2 at −196 ◦C were determined using an Autosorb iQ XR-2
automated gas sorption analyzer (Quantachrome Instruments, Boynton Beach, Florida).
Prior to the gas sorption measurements, the samples were degassed at 100 ◦C for 24 h. The
surface area and pore volumes were determined using the standard Brunauer–Emmett–
Teller (BET) method [38]. In parallel, a surface analysis was also conducted, using CO2
gas as the adsorbate to quantify the narrow micropores (<1 nm). A PoreMaster 60-GT
porosimeter (Quantachrome Instruments, Boynton Beach, FL, USA), was used to analyze
the pore size distribution of the raw sorbents. Prior to the analysis, the samples were
degassed at 100 ◦C for 24 h. The density of the samples was calculated using helium
pycnometry with an UltraPyc gas pycnometer (Quantachrome Instruments, Boynton Beach,
FL, USA).

The zero points of charge (pHZPC) of the agrowaste sorbents were determined using
the mass titration method [39]. The method consists of putting different samples of
sorbent into contact with a 0.03 M KNO3 solution within a dosage range of 5–100 g/L.
These suspensions were stirred for 24 h at 150 rpm until the equilibrium pH was reached.
The pHZPC was determined as the pH at which a plateau was reached when plotting
equilibrium pH vs. sorbent dosage.

2.3. Imazalil and Thiabendazole Batch Sorption Experiments

A weighed quantity of imazalil [C14H14Cl2N2O; 1-[2-(allyloxy)-2-(2,4-dichlorophenyl)-
ethyl]imidazole] or thiabendazole [C10H7N3S; 2-(4-thiazolyl)benzimidazole] was dissolved
in deionized water in order to prepare the 50 or 150 mg/L solutions, respectively. Further
concentrations were achieved by dilution in deionized water. For the sorption experiments,
working solutions of IMZ and TBZ (10 mg/L) were made from the stock solutions. Batch
experiments were performed at room temperature (22 ◦C) under agitation in a reciprocal
shaker by contact with 100 mL of the fungicide working solution at a fixed concentration
and a known quantity of sorbent biomass (0.1 g) for 24 h in a conical flask at a constant
agitation speed of 150 rpm, in dark conditions. The solutions were then filtered through a
0.45 µm pore size nylon membrane filter and the residual fungicide concentrations in the
filtrate were quantified through high-performance liquid chromatography (HPLC) [40] in
a Waters instrument (Waters Chromatography Europe BV, Etten-Leur, The Netherlands). A
Symmetry C18, 5 µm column (4.6 × 150 mm i.d.) containing acetonitrile—0.1% phosphoric
acid in the ratio of 50:50 was used as the mobile phase (in the rate of 0.6 mL/min). Detection
was performed with a photodiode array detector at 204 nm (IMZ) and 254 nm (TBZ).

The mass balance equation was used for determining the sorption capacity qe (mg/g)
of each sorbent according to the expression:

qe =
C0 − Ce

m
·V (2)

where C0 (mg/L) is the initial fungicide concentration, Ce (mg/L) is the equilibrium
concentration after the adsorption has taken place, V is the solution volume (L), and m is
the dried sorbent biomass (g) added.

For the desorption experiments, 0.1 M NaOH was used as an eluent reagent. The
desorption efficiencies were determined using loaded sorbent dosages of 2.0 g/L and a
stirring contact time of 6 h.

3. Results and Discussion
3.1. Elemental Analysis of the Agrifood Wastes

The elemental composition of the selected agrifood wastes on a dry weight (%) basis
(Table 1), determined by means of a CHONS analyzer, revealed that C and O were, as
expected [41], the predominant elements, with H, N, and S being in substantially lower
proportion. A significant quantity of oxygen was revealed in these residues (46.9–49.9%),
which indicated the presence of oxygen-functional groups (O−H, C−O, C=O) within them.
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Functional groups with nitrogen (C−N, C≡N, N−H) and sulfur (C−S, S-H) were also
present, although in a considerably smaller proportion.

Table 1. Ultimate analysis (wt, %, db) of selected agrifood wastes.

Olive Mill Residue Artichoke Agrowaste Citrus Waste

C 47.0 ± 1.0 * 42.3 ± 0.9 41.3 ± 0.7
O 46.2 ± 1.9 48.1 ± 1.7 49.9 ± 2.2
H 5.2 ± 0.8 6.2 ± 0.5 5.8 ± 0.5
N 1.1 ± 0.5 3.0 ± 0.3 2.0 ± 0.4
S 0.4 ± 0.2 0.3 ± 0.1 0.9 ± 0.2

Ash 0.7± 0.2 5.3 ± 0.8 8.9 ± 1.2
O/C 0.98 1.14 1.21

HHV † (MJ/kg) 17.77 16.97 15.96

* mean ± SD of 3 determinations; † Higher heating value (Channiwala and Parikh [36]).

The ratio of the atomic oxygen to carbon content (O/C) is directly correlated with
the energy content of a biomass. Typically, a greater presence of oxygen decreases its
energy potential [42]. As a result, a higher O/C ratio in biomass reduces the energy content.
In this context, the olive mill residue was that with the highest energy potential among
the selected agrifood wastes. These results were confirmed after the application of the
Channiwala and Parikh equation [37] to estimate the higher heating value (HHV) of the
biomass samples, ranging from 17.2 MJ/kg (olive mill residue) to 15.9 MJ/kg (citrus waste).

3.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is among the most powerful tools widely used
to investigate biomass surfaces [43]. The microstructural features of the different sorbent
powders were investigated by means of SEM (Figure 1). Observations carried out on a
number of mounts revealed that there were significant differences in the microstructure of
the sorbent surfaces, depending on their origin.

Among the agrifood wastes used in this study, the olive mill residue showed the
most consistent and firm structure, due to the predominance of olive pits. On the other
hand, the artichoke agrowaste SEM images revealed a compact, ordered, and rigid fibril
structure with longitudinally arranged fiber cells giving this biomass both toughness and
strength [44]. The citrus waste biomass maintained a relatively closely packed structure,
displaying a more porous and disintegrated pattern. In all cases, the presence of cavities of
irregular shape and dimensions could be appreciated, which would enhance the number
of pollutants to be fixed [43,44].

Figure 1. Cont.
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Figure 1. Scanning electron micrographs of the powder sorbents.

3.3. Crystallinity

Crystallinity is an important feature of plant biomass. It is widely measured and
related to the bioconversion of lignocellulose. During cellulose formation, the aggregation
of cellulose chains is promoted to form microfibers that can contain two different domains.
The crystalline part consists of highly structured cellulose molecules, while the molecules
of the amorphous part are less structured. Crystallinity, as expressed by the crystallinity
index (CrI), was determined from the XRD analysis. The estimation of the CrI was made
using the empirical Equation (3):

CrI (%) =
Itotal − Iam

Itotal
·100 (3)

in which Itotal is the scattered intensity at the main peaks, whereas Iam is the scattered
intensity due to the amorphous portion. This parameter (CrI) is inversely related to the
suitability of the biomass to be hydrolyzed and to the possibility that other molecules may
be retained between the cellulose fibers. The olive mill residue showed the highest CrI
(55.8%), while in citrus waste biomass it was less than 20% (Figure 2). These values are
consistent with those previously reported for agrifood residue [13,45,46].
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Figure 2. Crystallinity index (mean ± SD of 3 determinations) of the selected agrifood wastes.

3.4. Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is an effective tool for determining
the surface chemical composition of materials. FTIR spectra offer qualitative and semi-
quantitative information suggesting the presence or absence of functional groups in ligno-
cellulosic compounds [43]. The FTIR spectra of the selected agrifood wastes are illustrated
in Figure 3. All spectra exhibited important intensities in the regions corresponding to
3400 cm−1 (peak attributed to the presence of hydrogen-bonded O−H, a bond-stretching
vibration of α-cellulose), 2900 cm−1 (band attributed to the C−H stretching of lignocellu-
losic components, such as CH, CH2, and CH3), 1630 cm−1 (due to the presence of carboxyl
groups corresponding to the C=O stretching of lignin and the typical skeletal vibrations
of aromatic rings), and 1030 cm−1 (may be an indication of C−O, C=C, and C−C−O
vibrational stretching) [13,47,48]. The main differences between the selected sorbents were
in the region of 1200–1400 cm−1.

When comparing the FTIR spectra before and after adsorption, appreciable changes of
peak structure (position shifts and intensity change) were observed, which would confirm
the involvement of the corresponding groups in the bioremoval process. In general, the
most significant changes are shown in the region from 1000 to 1650 cm−1, indicating that
lignin functionalities and amino groups participated in the sorption process [47,48].

Figure 3. Cont.
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Figure 3. Fourier-transform infrared spectra of the selected agrifood wastes before and after the
sorption process.

3.5. Thermal Analysis

The thermal stability of the selected agrifood residues was investigated using thermo-
gravimetric analysis (TGA) under a N2 environment. The TGA thermograms are presented
in Figure 4. The thermal degradation pattern is ascribed to the inherent structural and
chemical characteristics of the agrifood residues which are linked to the presence of lignin,
cellulose, and hemicellulose in these biomass samples. The depolymerization of these
biopolymers involves dehydration, decarbonylation, decarboxylation, and mainly the
cleavage of C−C, C−O, C−H, and glucoside bonds [49]. The thermal degradation data
reflects the progressive weight loss which occurred during the heating process, and the
first derivative (DTG) reveals the corresponding rate of weight loss. The peak of this graph
(DTGmax) is commonly reported as a value of thermal decomposition and may be used to
assess the thermal stability performance of plant residues. It is well established that the
thermal decomposition of lignocellulosic plant tissues in an inert atmosphere occurs at
mild temperatures for hemicelluloses (250–300 ◦C), followed by cellulose (300–350 ◦C), and
finally lignin (300–500 ◦C) [50]. The weight loss curves obtained showed three main decom-
position steps. The first mass loss observed was from 25 to 120 ◦C due to the evaporation
of the free water present in the samples, which was much more evident in the artichoke
agrowaste and the olive mill residue.
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Figure 4. Differential thermogravimetry curves for the selected agrifood wastes.

The weight loss noted around 200 ◦C was probably caused by the depolymerization
and breaking of the hemicellulose bonds, the most thermolabile lignocellulosic components.
This phase was particularly prominent in the citrus waste and the artichoke agrowaste.
In the third stage (300–375 ◦C), the cellulose and lignin components and other complex
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aromatic structures were decomposed, with only part of the lignin remaining, which is the
most complex and resistant component of the biomass [51].

The DTG curves obtained showed that the different agrifood wastes decomposed at
a range of temperatures in multi-stage processes with unstable intermediates. The DTG
peaks were different in position and height among the samples, implying the specific dis-
tribution of organic and inorganic constituents directly affected the thermal decomposition
characteristics [49]. The DTG curve corresponding to the citrus waste biomass showed a
prominent peak at the temperature of 180 ◦C, assigned to the presence of pectin, which did
not appear in the artichoke agrowaste or the olive mill residue samples.

The resulting values of DTGmax ranged from 290 ◦C (citrus waste) to 340 ◦C (olive mill
residue), with artichoke agrowaste being an in-between value of 337 ◦C. These results were
in good agreement with the values reported in the literature for plant biomass samples [52].

3.6. BET Surface Analysis and Porosimetry

The determination of specific surface areas represents an important concern regard-
ing the characterization of porous and finely dispersed powders. Gas adsorption is the
appropriate method to address this concern. If a gas comes into direct contact with a solid
material, a portion of the dosed gas molecules is adsorbed onto the surface of this material.
The amount of gas adsorbed depends on the gas pressure, the temperature, the kind of gas,
and the size of the surface area. After choosing the measuring gas and temperature, the
specific surface area of a solid material can be reliably and comparably calculated from the
adsorption isotherm. Due to practical reasons, the adsorption of nitrogen at a temperature
of 77 K (liquid nitrogen) has been established as the method for the determination of
specific surface areas.

Figure 5 shows the sorption isotherms of the three biomass samples and displays the
sorption in ultramicropores (<0.7 nm, CO2 isotherm, Figure 5A), in micropores (<2 nm),
and mesopores (2–50 nm) (N2 isotherm, Figure 5B). It can be seen that the olive mill
sorbent is the biomass where the adsorption was most favored. Its nitrogen sorption–
desorption isotherm showed hysteresis, which indicates the presence of mesopores. Ar-
tichoke agrowaste showed more adsorption in the ultramicropores than in citrus waste;
whereas adsorption in micropores was slightly more favored in citrus than in the artichoke
agrowaste. The citrus waste also presented hysteresis and thus the presence of mesopores
was expected. In the three cases, the strong increase of the adsorbed amount close to the
saturation pressure resulted from pore condensation into large meso- and macropores [53].
Total ultramicropore volume was obtained by applying the Dubinin–Radushkevich (DR)
method [54]. Interestingly, the citrus waste showed the highest ultramicropore volume
(0.066 cm3·g−1), followed by the olive mill residue (0.038 cm3·g−1), and the artichoke
agrowaste (0.015 cm3·g−1). The total micropore volume was calculated from the volume
of liquid nitrogen adsorbed at P/P0 = 0.95. The values obtained were 0.0019, 0.0048,
and 0.0015 cm3·g−1 for the citrus waste, olive mill residue, and artichoke agrowaste, re-
spectively. Regarding the BET surface area, the olive residue showed the highest value
(3.727 m2·g−1), followed by the citrus waste (1.804 m2·g−1), and the artichoke agrowaste
(0.913 m2·g−1).

The pore size distributions were obtained using the non-local density functional
theory (NLDFT) for the ultramicropore and micropore regions (Figure 6A), and also for the
mesopore region (Figure 6B). There are different ways of expressing pore size distributions,
but all of them establish the dependence of pore volume on the pore radius or width. In this
work, we determined the pore size distribution based on the logarithmic differentiation
dV/dlogD. This distribution function reduces the wide apparent disparity of derivative
values that the linear distribution of pore sizes dV/dD can create, and is often used in
the literature [53]. From the pore size distributions obtained, it can be seen that although
there were some mesopores in the three selected residues (Figure 6B), the volume of
ultramicropores (Figure 6A) is one order of magnitude higher than that of the mesopores.
There were also micropores of 0.8 nm width in the three selected agrifood wastes. From
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these figures, it can be easily seen that olive waste was the biomass that exhibited a higher
volume of ultra, micro, and mesopores.

Figure 5. CO2 (A) and N2 (B) sorption isotherms of the artichoke agrowaste, olive mill residue and
citrus waste.

Figure 6. Pore size distribution of the selected agrifood wastes with CO2 adsorption at 273.15 K (A)
and with N2 at 77.3 K (B).
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Finally, macropore characterization was carried out with Hg porosimetry. The pore
size distributions of the macropores are shown in Figure 7. The olive mill residue showed
important macropores with an average dimension greater than 75 µm, whereas the citrus
waste showed smaller average macropore dimensions of 25 µm. The artichoke agrowaste
was the biomass with the lower volume of macropores. However, these findings must
be considered with caution given the reported misestimation of porosity and pore size
by mercury intrusion when analyzing soft samples [55,56]. In this work, citrus and ar-
tichoke biomasses are soft materials with low thickness and their pore walls may break
when subjected to mercury porosimetry due to the high working pressures, leading to
incorrect results.

Figure 7. Pore size distribution of macropores in the selected agrifood wastes, performed with
Hg porosimetry.

In summary, the surface analysis revealed that olive mill residue showed the highest
porosity and BET area, which presumably should translate into a better performance as
a sorbent.

3.7. pH of Zero Point of Charge

Sorption processes are numerous, and often do not correspond to simple models. Ion
exchange and surface complexation are the main models used to quantify them. The pH
of the solution is an important parameter in reactions taking place on particulate surfaces
as it controls the surface charge properties of the powder sorbent and must be considered
as a target variable to enhance the sorption process [7,39]. Therefore, in the chemical
characterization of sorbents, the pH of the zero point of charge (pHZPC) is one of the key
factors to be considered [57].

The pHZPC for a given sorbent is the pH at which its surface has a net neutral charge,
hence it contains as many positively charged as negatively charged surface functions. A
given sorbent surface will have a positive charge at solution pH values less than the pHZPC,
and thus will be a surface on which anions may be adsorbed. On the other hand, that
sorbent surface will have a negative charge at solution pH values higher than the pHZPC
and thus will be a surface on which positive ions may be adsorbed.

The values of pHZPC were 4.8, 5.4, and 4.2 for the artichoke agrowaste, olive mill
residue, and citrus waste, respectively (Figure 8). In the sorption process, the pHZPC
plays a significant role in the ionization of and interaction between sorbent and sorbates.
These values are in the same order of those reported for other raw lignocellulosic biomass
samples [39].
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Figure 8. Plots for the pH of zero point of charge determinations.

Because imazalil and thiabendazole are azole biocides (Table 2) with dissociation
constants (pKa) at 25 ◦C of 6.53 and 4.73, respectively [58], the sorption experiments were
conducted at pH 7.0 to achieve a net negative charge on the surface of the powder sorbents
and a positive charge around the nitrogen atoms present in the molecules of both biocides,
in a way that facilitated electrostatic binding mechanisms to enhance the bioremoval of
both pollutants.
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Table 2. Sorption capacity (qe) of the selected agrifood wastes.
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3.8. Imazalil and Thiabendazole Sorption

The agrifood wastes targeted by this research have previously been tested as sor-
bents to bioremove heavy metals and dyes from aqueous effluent, obtaining excellent
results [7–9,11,13,31,59]. However, further research is needed to accomplish the technologi-
cal development of the results reached at laboratory scale, in addition to examining their
performance regarding specific pollutants.

According to results obtained in previous investigations of these sorbents [5,7,13], it
was considered beneficial to conduct a prospecting assay to prove the capacity of these
lignocellulosic residues to bioremove the biocides IMZ and TBZ present in aqueous effluent.
We designed a simple batch experiment at fixed conditions in order to obtain some prelimi-
nary results that could inform us about the possibilities of these sorbents to eliminate these
contaminants. Table 2 presents the obtained sorption capacity (qe) values depending on the
selected biomass and the biocide tested.

The olive mill residue showed the highest uptake capacity both for IMZ and TBZ,
with values of 9.0 and 8.6 mg·g−1, respectively. This represents sorption percentages of
90% (IMZ) and 86% (TBZ) for the olive mill residue. There are few publications reporting
on the adsorption of these substances using plant biomass samples. The sorption capacities
reported for these biocides with phosphoric acid-activated biomass from Phoenix canariensis
and its corresponding biochar were between 57–186 mg·g−1 [60]. Although it is a fact that
the sorption capacities obtained in this investigation are lower than those values reported
in the bibliography [58,60], it should be noted that raw agrifood waste is reused without
having been subjected to any activation process, either chemical or thermal, and it is well
known that carbonaceous materials usually have limited retention capacities. Moreover,
the reuse of agrifood wastes would provide additional benefits to the agrifood sector, in
parallel to the reduction of pollution from the accumulation of unexploited residues.

Regeneration of the sorbent is an important step in economically checking the feasibil-
ity of the sorption process [61]. Desorption assays from the spent sorbents were conducted
with NaOH 0.1 M as the eluent agent [62], and the recovery yields ranged from 91.1%
(olive mill residue) to 78.4% (citrus waste). The sorbents could be easily regenerated using
NaOH eluent and reused for pesticide sorption, suggesting their applicability for water
remediation purposes.

4. Conclusions

A commitment must be established to make a more sustainable world, and to this
end circularizing waste is mandatory. In recent years, much attention has been given to
the reuse of agrifood wastes with a focus on sustainable development and environmental
preservation. The large quantity of agrifood waste discarded annually force us to look
for alternatives for this interesting feedstock. Thus, food biowaste valorization is one
of the imperatives of contemporary society. A strategy for the valorization of typical
Mediterranean agrifood wastes as cost-effective sorbents was assessed in order to reduce
the ecological footprint of the agrifood sector.

This paper provides comprehensive information on the characterization of the surfaces
and the adsorptive properties (SEM, crystallinity, FTIR spectra, TGA, BET surface analysis,
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porosimetry, and zero point of charge) of artichoke agrowaste, olive mill residue, and citrus
waste, providing evidence that sorption could be a suitable strategy for the effective reuse
and recycling of these lignocellulosic residues, in order to promote a zero-waste strategy in
these agrifood industries.

Wastewater generated by fruit packaging plants is a critical source of the pollution of
natural water resources with biocides such as imazalil or thiabendazole. The adsorption
of these biocides onto the agrifood waste-tested samples constitutes a feasible, favorable,
and spontaneous process. Low-cost sorption treatment with agrifood waste can reduce the
presence of these pollutants in agro-industrial effluent.
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