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Abstract: Anaerobic digestion of biomass has increasing implementation for bioenergy production.
The solid by-product of this technology, i.e., the digestate, has relevant potential in agricultural and
environmental applications. This study explored the capacity of a digestate from mixed feedstock to
remove from water four endocrine-disrupting chemicals, namely the pesticides metribuzin (MET)
and boscalid (BOS) and the xenoestrogens bisphenol A (BPA) and 4-tert-octylphenol (OP). The
surface micromorphology and functional groups of the digestate were investigated using scanning
electron microscopy (SEM) and Fourier-transform infrared (FTIR) spectroscopy, respectively. Results
of sorption kinetics showed that all compounds reached the steady state in a few hours according to
a pseudo-first-order model in the cases of MET and OP, a pseudo-second-order model for BOS and
both models in the case of BPA. Data of adsorption isotherms were fitted to the Henry, Freundlich,
Langmuir and Temkin equations. The adsorption of MET preferentially followed the non-linear
Freundlich model, whereas the adsorption of the other compounds was properly described by both
the linear and Freundlich models. The organic carbon partition coefficients, KOC, were 170, 1066, 256
and 2180 L kg−1 for MET, BOS, BPA and OP, respectively. The desorption of BOS, BPA and OP was
slow and incomplete, indicating a phenomenon of hysteresis. In conclusion, the digestate showed a
remarkable efficiency in the removal of the compounds, especially those with high hydrophobicity,
thus behaving as a promising biosorbent for environmental remediation.

Keywords: digestate; endocrine-disrupting chemical; metribuzin; boscalid; bisphenol A; octylphenol;
xenoestrogen; sorption kinetics; sorption isotherm; desorption

1. Introduction

The current practice of processing waste biomass to produce bioenergy is increasingly
adopted all over the world, representing a virtuous alternative to the consumption of
fossil fuels. This approach can effectively cope with more than one emergency, such as the
ever-increasing global demand for energy, the need to dispose of the huge mass of solid
and liquid organic wastes from agro-zootechnical, industrial and urban activities and the
need to implement a circular economy.

Several traditional and innovative conversion technologies, such as pyrolysis, micro-
gasification, hydrothermal carbonization and anaerobic digestion (AD), have been devel-
oped by scientists and specialists to obtain combustible biogas and biofuels from organic
wastes or dedicated crops [1]. These processes can also be combined to improve bioenergy
production and usable remains [2,3]. The resulting by-products from these technologies
are carbon-rich materials suitable for agricultural and environmental applications [4]. In
agricultural practice, these materials can be used to improve soil fertility, as they are able
to compensate for the widespread progressive decline of soil organic matter and also act as
modulators of the bioavailability of phytonutrients and contaminants [5]. In environmental
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remediation strategies, these by-products can be exploited as biosorbents of various types
of pollutants [4].

The AD process is a biological conversion of plant and animal wastes operated by
various bacterial and archaeal populations [6]. Starting from different organic feedstocks,
AD produces biogas and a concentrated semi-solid organic/inorganic mixture that, after a
separation phase, gives a solid digestate (DIG) and a separate clarified liquid also called
liquid digestate [3]. The chemical and physical properties of the DIG depend on the type
of biomass used and the production parameters adopted and significantly influence the
best utilization of the DIG [7]. During the AD process, the easily degradable organic
compounds are readily converted into biogas, while the remaining more recalcitrant
lignocellulosic components have remarkable retention properties towards inorganic and
organic compounds. Some properties of DIG, such as surface reactive functional groups,
a microstructure with some porosity and a large surface area, make this material a good
biosorbent for organic compounds. Recently, DIG has been used successfully in mixtures
with other carbon-rich substrates to prepare biofilters and biobeds [8].

Practices of conventional agriculture, such as the use of agrochemicals and the ap-
plication to the soil of wastewater and sewage sludge not thoroughly decontaminated,
have contributed to the release into the environment of anthropogenic organic pollutants
(AOPs). AOPs include different classes of compounds, such as synthetic biocides, dyes,
pharmaceuticals, personal care products, surfactants, wood preservatives and industrial
products and by-products [9]. Many AOPs are biopersistent pollutants, and several of
them have been recognized as endocrine-disrupting chemicals (EDCs) [10,11]. Even at very
low levels, EDCs are capable of altering the normal hormonal functionality of humans and
animals, especially aquatic animals, causing a variety of health effects, such as dysfunctions
and pathologies of the reproductive apparatus and the cardiovascular system [12,13].

Among the AOPs with EDC activity, there are many plant protection products used
intensively around the world to control crop diseases and ensure food production. Inap-
propriate and repeated use of these compounds can exceed the self-depollution capacity of
the soil and accumulate in plants, soil and natural waters, with high risk for humans and
ecosystems [14]. Metribuzin (4-amino-6-tert-butyl-3-(methylsulfanyl)-1,2,4-triazin-5(4H)-
on) (MET) is a triazinone herbicide widely used to control broadleaf weeds in various
crops. Due to its high water solubility, MET is considered to be one of the pesticides with
the greatest potential for moving to surface and groundwater [15]. Another largely used
pesticide is boscalid (2-chloro-N-(4′-chlorobiphenyl-2-yl)-nicotinamide) (BOS), which is a
broad-spectrum carboxamide fungicide applied to protect fruit and horticultural plants.
BOS is persistent in soil and especially in aquatic systems [16]. Recently, the European
Commission has included both MET and BOS in the list of suspected EDCs [10].

Well-known EDCs are the xenoestrogens bisphenol A (2,2-Bis(4-hydroxyphenyl)
propane) (BPA) and 4-tert-octylphenol (OP). BPA is widely used for the industrial produc-
tion of polycarbonate and epoxy resins, flame retardants, food and beverage packaging,
bottle caps and water supply systems [17]. The OP molecule is generated by the microbial
degradation of octylphenol polyethoxylates which are non-ionic surfactants used in the
production of paints, detergents and pesticides [18]. OP is largely present in the effluents
of sewage sludge treatment plants and is biopersistent in the environment due to recalci-
trance [18]. All these compounds can be detected in soil and natural waters where they
pose serious environmental problems and health risks [19,20].

New sustainable strategies for removing EDCs from environmental matrices have
recently been explored, including adsorption techniques using low-cost carbon-rich ad-
sorbents obtained from processed biowaste, such as DIG. The sorption process consists of
the accumulation of an adsorbate at the interface between the adsorbent phase and the
solution phase. It is favourably regarded by researchers and operators for its easy-to-make
features, low energy consumption and considerable efficiency.

In soil, the organic components, in particular the humic fraction, play a prominent role
in the retention of pollutants. The low level of organic matter in some soils can therefore
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seriously compromise the self-depollution capacity of the soil and, consequently, the quality
and fertility of the soil. Furthermore, the adsorption/desorption process controls the entire
dynamic of contaminants in the soil–plant system, including movement and persistence.
Therefore, the addition to the soil of organic amendments, such as DIG, can replace, at least
in part, the native organic matter, with multiple benefits for the environment. The sorption
of pollutants on DIG can prevent the leaching of these compounds, especially the more
polar ones and control their bioavailability for plants and microorganisms. This is extremely
important in the case of biopersistent molecules [21]. The removal of contaminants from
water and wastewater is also very important. However, the use of expensive synthetic
adsorbents, such as commercial activated carbon, and sophisticated technologies have
become environmentally and economically unsustainable. Therefore, recent research has
focused on the possible exploitation of biosorbents from biomass recycling and by-products
of bioenergy production [4,22].

The interaction between pesticides and/or EDCs and carbon-rich materials has been
extensively studied [8,23,24]. However, most studies concern the adsorption of individual
AOPs on biosorbents such as compost and biochar [25–28], while little information exists
on the use of DIG to remove AOPs [8]. Furthermore, few studies have evaluated the
removal of AOPs from multi-contaminated matrices [29]. In real environmental systems,
such as soil, contaminants with different properties and hydrophobicity coexist and interact
simultaneously with solid and dissolved components, especially organic ones. The same
happens in wastewater which is usually contaminated with many types of inorganic and
organic compounds. Considering all this, the objective of this study was to investigate the
quantitative aspects of the adsorption/desorption process of four EDCs with contrasting
physicochemical properties, namely MET, BOS, BPA and OP, on a DIG sample obtained
from a mixed plant and animal biomass.

2. Materials and Methods
2.1. Chemicals and Digestate

Metribuzin (MET) at a purity of ≥98.0%, boscalid (BOS) at 99.0% purity, bisphenol A
(BPA) at 99.0% purity and 4-tert-octylphenol (OP) at 99.5% purity were purchased from
Sigma-Aldrich S.r.l., Milano, Italy. Structural formula and some chemical properties of the
compounds are reported in Table 1. All other chemicals of extra pure grade were obtained
from commercial sources and used without further purification. Aqueous mixtures of
MET, BOS, BPA and OP were prepared by diluting appropriate aliquots of individual
methanol (HPLC grade) solutions of the compounds at a concentration of 2000 mg L−1

with double-distilled water. At the maximum concentration of the compounds used in the
experiments (2 mg L−1), the percentage of methanol in the final mixture was 0.4%.

The digestate (DIG) sample was obtained through anaerobic digestion from a mixture
of oat silage, manure, slurry, cereal by-products, and two-phase olive pomace. The DIG
sample was provided by F.lli Caione Azienda Agricola La Quercia Soc. Coop., Foggia,
Italy. Before use, the DIG was air-dried and then characterized according to conventional
methods. Some characteristics of air-dried DIG are reported in Table 2.

2.2. Scanning Electron Microscopy Analysis

Scanning electron microscopy (SEM) analysis of the DIG was performed to evaluate
the surface micromorphology. The sample was fixed with an adhesive carbon tape, metal-
lized with graphite, and analyzed with a high-resolution field emission scanning electron
microscope VP FE-SEM ΣIGMA 300 (ZEISS, Oberkochen, Germany) equipped with an
energy dispersive X-ray (EDX) elemental analyzer. The SEM micrographs of the DIG were
captured at both 2500× and 13,000×magnifications using a 5 kV acceleration potential.
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Table 1. Some properties of the compounds.

Compound Chemical
Structure

Molecular
Weight (g/mol)

Water Solubility
(mg L−1) Log Kow

Metribuzin
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Table 2. Some properties of the air-dried digestate.

Parameter Value

pH a 8.73 ± 0.08 b

EC (dS m−1) a 1.36 ± 0.04
Dry matter (%) 87.41 ± 0.63

Volatile solids (% d.m.) 87.15 ± 0.47
Total organic carbon (% d.m.) 50.55 ± 0.27

Ash (% d.m) 12.85 ± 0.54
a DIG/H2O, 1:10 w/v. b All values are the mean ± SD (n = 3).

2.3. Fourier-Transform Infrared Analysis

Fourier-transform infrared (FTIR) analyses were performed to investigate the surface
functional groups of the DIG sample before and after the 24-h interaction with an aqueous
solution of the four compounds at the individual concentration of 2 mg L−1. A mixture of
2 mg of dried DIG (before and after interaction) and 400 mg of dried KBr (FTIR grade) was
homogenized using an agate mortar and pestle. A pellet was obtained from the mixture by
pressing under vacuum at a pressure of 6000 kg cm−1 for 10 min. Fourier-transform infrared
(FTIR) spectra were recorded using a Thermo Nicolet iS50 FTIR spectrophotometer in the
range 4000–400 cm−1 with a resolution of 2 cm−1 and 16 scans min−1 for each acquisition.

2.4. Preliminary Adsorption Experiments

Preliminary adsorption experiments were conducted in batch mode to evaluate the
efficiency of different solution/DIG ratios in removing the compounds. For the purpose,
aliquots of 40, 50, 100 and 200 mg of DIG were made to interact with a volume of 20 mL
of a mixture of MET, BOS, BPA and OP at the individual concentration of 2 mg L−1, thus
obtaining solution/substrate ratios equal to 500, 400, 200 and 100. All samples were
mechanically shaken at 350× g for 24 h at a temperature of 20 ± 1 ◦C to reach sorption
equilibrium. Previous experiments showed that, for each compound, no further adsorption
occurred after 24 h. Successively, the suspensions were centrifuged at 10,000× g for 10 min.
A volume of 18 mL of supernatant solution was collected from each sample and the
equilibrium concentration of each compound was measured by high performance liquid
chromatography (HPLC) as described in Section 2.6. All experiments were triplicated. The
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amount of compound sorbed on the DIG unit after 24 h, qt (mg kg−1), was calculated from
the equation:

qt = (C0 − Ct) V/m (1)

where C0 (mg L−1) is the initial concentration of the compound in solution, Ct (mg L−1)
is the concentration of the compound at time t (24 h in these experiments), V (L) is the
volume of the solution and m (kg) is the mass of the substrate.

The experimental sorption data for each compound (triplicated values) were statisti-
cally analyzed using one-way analysis of variance (ANOVA) followed by the Duncan’s
new multiple range test at P ≤ 0.01.

2.5. Adsorption and Desorption Experiments

Sorption kinetics were performed to evaluate the adsorption rates of MET, BOS, BPA
and OP onto the DIG sample and to establish the time required to reach equilibrium.
Based on the results obtained from the preliminary trials, in the subsequent experiments, a
solution/substrate ratio of 500 was adopted, that is the ratio that allowed the maximum
adsorption efficiency of the DIG. Hence, volumes of 10 mL of an aqueous mixture of the
four compounds at individual concentration of 2 mg L−1 and pH of 8.09 were added to
20 mg of DIG in glass centrifuge tubes. The suspensions were then stirred for 0.25, 0.5, 1, 4,
8, 16 and 24 h in the dark at 20 ± 1 ◦C. After each time, the suspensions were centrifuged
at 10,000× g for 10 min and the supernatants were analyzed by HPLC to determine the
residual concentration of each compound in solution (see Section 2.6). All experiments
were triplicated. The amount of compound sorbed on the substrate unit at each time t,
qt (mg kg−1) was calculated from Equation (1). To determine the sorption equilibrium
time, the Student’s t-test was used to compare, two-by-two, the quantities of compound
adsorbed at any time (P ≤ 0.05). The equilibrium time was established when there was
no significant difference between the values at two successive times. Then, ANOVA and
the Duncan’s new multiple range test (P ≤ 0.01) were performed to evaluate significant
differences among the adsorbed quantities at equilibrium.

Adsorption isotherms of the four compounds onto the DIG were performed using
the batch equilibration method. Aliquots of 20 mg of DIG were added with 10 mL of
aqueous mixtures of MET, BOS, BPA and OP at individual concentrations of 0.2, 0.4, 0.5,
1 and 2 mg L−1 in glass centrifuge tubes. Based on the adsorption kinetics results, the
suspensions were stirred for 24 h at 20 ± 1 ◦C in the dark to reach equilibrium. Then, the
suspensions were centrifuged at 10,000× g for 10 min and the equilibrium concentration
of each compound in the supernatants was measured by HPLC (see Section 2.6). All
experiments were triplicated.

Desorption experiments were started immediately after adsorption using the DIG
sample added with the maximum initial concentration of each compound (2 mg L−1). For
all four desorption cycles, an aliquot of 8 mL of equilibrium supernatant solution was
replaced with the same volume of distilled water. The sample was stirred again for 24 h at
20 ± 1 ◦C and centrifuged in the conditions reported above. Then, the supernatant solution
was collected, and the compounds were analyzed using the HPLC procedure described in
the next section.

2.6. Chromatographic Analysis

The concentration of each compound in solution was measured using an HPLC
apparatus equipped with a Spectra SystemTM pump (Thermo Electron Corporation, San
Jose, CA, USA), a Rheodyne® 7125 injector with a 20 µL loop and a SupelcosilTM LC-18
chromatographic column (250 mm × 4.6 mm × 5 µm). The mobile phase was a mixture
of water (A) and acetonitrile (B) flowing at 0.8 mL min−1. The gradient elution adopted
was: 0–4 min, 50% B; 4–8 min, from 50 to 70% B; 8–15 min, from 70 to 90% B. Retention
times of MET, BOS, BPA and OP were 4.0, 6.2, 9.2 and 13.6 min, respectively. MET and BOS
were detected using a Spectra System UV6000LP™ diode array detector at wavelengths of
294 nm and 207 nm, respectively. BPA and OP were quantified by a Spectra System FL3000
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fluorescence detector operating at wavelengths of 240-nm excitation and 310-nm emission.
All compounds were quantified using the external standard method.

2.7. Sorption and Desorption Models

Two theoretical models were used to interpret the sorption kinetics data, determine
the kinetic constants and investigate the sorption mechanisms of the compounds onto the
DIG. The pseudo-first-order model of Lagergren [31] is based on sorbent capacity. The
non-linear form of the pseudo-first-order kinetic model is given by the equation [32]:

qt = qe (1 − exp−k1t) (2)

where qe and qt are the amount of the compound adsorbed per mass unit of adsorbent
(mg kg−1) at equilibrium and at time t, respectively, and k1 (h−1) is the rate constant of the
pseudo-first-order kinetics. The non-linearized form of the pseudo-second-order kinetic
model, based on equilibrium sorption, is expressed as [33]:

qt =
q2

ek2t
1 + k2qet

(3)

In this equation, qt and qe have already been described for the previous model and
k2 (kg mg−1 h−1) is the second-order adsorption rate constant. Then, using the solver
add-in component of Microsoft Excel, a trial-and-error procedure was adopted to estimate
the pseudo-first-order and pseudo-second-order kinetic parameters with the non-linear
regression method [33]. To quantify the fit of the two equations to the experimental data,
the widely used error function coefficient of correlation, r, was adopted:

r =

√√√√ ∑(qtm− qt)
2

∑(qtm− qt)
2 + ∑(qtm− qt)

2 (4)

where qtm is the amount of solute adsorbed per mass unit of sorbent (mg kg−1) at time t
according to the kinetic model considered, qt is the experimental amount of solute adsorbed
per mass unit of sorbent (mg kg−1) and qt is the mean of qt (mg kg−1).

The adsorption isotherms data for each compound were interpreted with four sorp-
tion models, the two-parameter non-linear empirical equations of Freundlich, Langmuir
and Temkin and the linear Henry equation. The Freundlich isotherm model assumes a
multilayer adsorption of the sorbate on the substrate and is described by the equation:

qe = KF Ce
1/n (5)

where qe (mg kg−1) is the amount of compound adsorbed per unit of substrate, Ce (mg L−1)
is the equilibrium concentration of the sorbate in solution, 1/n indicates the degree of
nonlinearity between the concentration of the compound in solution and that adsorbed, the
reciprocal n expresses the sorption intensity and KF (better indicated as KF-ads and KF-des
for adsorption and desorption, respectively) is the measure of the sorption capacity of the
adsorbent. The Langmuir model is based on a monolayer adsorption and is expressed by:

qe = (KLCeb)/(1 + KLCe) (6)

where qe and Ce are defined as in Equation (5), b (mg kg−1) is the maximum adsorption
capacity of the adsorbent, i.e., the amount of compound forming a monolayer on the adsor-
bent and KL (L mg−1) is the Langmuir constant that expresses the energy of adsorption,
that is the affinity between the adsorbent and the sorbate. The Temkin isotherm predicts a
logarithmic reduction of adsorptive site and energy and is expressed by:

qe = Bln(ATCe) (7)
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where qe and Ce have the same meaning as the previous Equations (5) and (6), AT is the
Temkin isotherm equilibrium binding constant (L mg−1) and B (J mol−1) is a parameter
expressing the enthalpy of the adsorption. In this equation, B = RT/bT, where bT is a
constant related to the heat of adsorption, T is the absolute temperature (K) and R is the
universal gas constant (8.314 J mol−1 K−1). The adsorption parameters KF and 1/n of the
Freundlich equation (Equation (5)), b and KL of the Langmuir equation (Equation (6)) and
B and AT of the Temkin equation (Equation (7)) were estimated through the non-linear
regression method using the solver add-in component of Microsoft Excel and a trial-and-
error procedure which minimized the sum of squared residuals (SSR) between observed
and simulated concentrations [8]. The fit of the three equations to the experimental data
was quantified using the error function coefficient of correlation, r, as described for the
calculation of the kinetic parameters (Equation (4)).

Finally, the Henry linear equation:

qe = Kd Ce (8)

assumes a constant proportion between the concentration of the sorbate in solution and
the concentration of the sorbate on the adsorbent over the concentration range studied.
Equation (7) allowed the calculation of the distribution coefficient, Kd (L kg−1), from the
slope. The amount of adsorbed compound per unit of organic C (OC) of substrate, i.e., the
organic-carbon-partition coefficient KOC, was also calculated according to: KOC = (Kd ×
100)/(%OC)) [23].

Using the same calculation procedure adopted to obtain the sorption parameters, the
desorption data, i.e., the quantity of each compound remained adsorbed at each desorption
step and the corresponding equilibrium concentration, were fitted in the Freundlich equa-
tion to calculate the parameters KF-des and 1/ndes and in the Henry equation to calculate
Kd-des and KOC-des. Finally, the hysteresis coefficient, H, for the adsorption–desorption
isotherm was calculated from the ratio H = (1/ndes)/(1/nads) [34]. In general, a H value < 1
is indicative of a hysteretic condition, i.e., difficulty for the sorbate to be desorbed from
the substrate.

3. Results and Discussion
3.1. SEM Analysis

The SEM technique identifies the micromorphological aspects of the material surface
with information on the distribution and allocation of the pores. The surface features of the
DIG sample were evaluated using SEM coupled with an EDX elemental analyzer. Images
obtained at 2500× and 13,000×magnifications are shown in Figure 1. The surface of the
DIG sample appeared rough and presented numerous irregularly shaped ridges, sharp
edges, microparticles, channels and cavities of mostly less than 10 µm (Figure 1). The pores,
which generally originate from cell walls and vascular tissues, were not so evident. Porosity
and a large surface area are extremely important properties when the material is used as an
adsorbent for decontamination purposes. The EDX spectrum obtained for the DIG sample
evidenced the presence on the surface of various elements typical of plant-based materials
(Figure 1).

3.2. FTIR Analysis

The surface functional groups of the DIG and their modification after adsorption of the
four compounds were investigated using Fourier-transform infrared (FTIR) spectroscopy
(Figure 2). The main features of the FTIR spectrum of the DIG were the following: (a) a
strong band centered at 3410 cm−1, typical of O–H and N–H stretching, also hydrogen
bonded; (b) two twin peaks of medium intensity at 2925 and 2853 cm−1 attributable
to aliphatic C–H stretching; (c) a medium-strong peak at 1638 cm−1 with a shoulder at
1598 cm−1 that can be ascribed to various vibrations, including aromatic C=C stretching,
C=O stretching of amide groups (amide I band) and ketonic C=O and COO- symmetric
stretching; (d) a weak peak at 1510 cm−1 feasibly due to aromatic C=C stretching and N–H
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deformation and C=N stretching of amide groups (amide II band); (e) two weak peaks
at 1456 and 1423 cm−1 possibly due to aliphatic C–H deformation; (f) an intense peak at
1385 cm−1 that can be attributed to various vibrations, including O–H deformation and
C–O stretching of phenolic groups, C–H deformation of CH2 and CH3 groups and COO-

asymmetric stretching; (g) a weak peak with a shoulder at 1230 cm−1 possibly due to C–O
stretching, O–H deformation of COOH and C–O stretching of aryl ethers and phenols; (h) a
shoulder at 1153 cm−1 attributable to aliphatic C–OH stretching; (i) a medium-strong band
at 1040 cm−1 with a shoulder at 1107 cm−1 typical of C–O stretching of polysaccharide-like
substances and Si–O silicate impurities in the digestate (Figure 2) [23].
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with secondary electrons.

The FTIR spectrum of the DIG after interaction with the four molecules appeared not
to be informative as it showed no evident modifications in the bands/peaks wavenumbers
and relative intensity compared to that of the original DIG, except for the strong peak at
1385 cm−1 possibly due to the presence of phenolic O–H and C–O in the four molecules.
However, this result is not surprising given the low concentrations of the molecules used
in the interaction and the richness and strong intensity of the bands/peaks of the DIG.
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3.3. Preliminary Adsorption Experiments

The amounts of each compound adsorbed on DIG at equilibrium are reported in
Figure 3 and Table 3. The different solution/adsorbent ratios adopted are quite common
and comparable with those used in similar studies [8,27]. By increasing the solution/DIG
ratio from 100 to 500, the adsorbed quantity of BOS, BPA and OP increased significantly
with each subsequent ratio tested, whereas that of MET only increased to the solution/DIG
ratio of 500 when the adsorption doubled, compared to that measured at the ratios of 100
and 200 (Table 3). It is reasonable to assume that, at low adsorbent dosage, more sorption
sites were available, including the innermost and less accessible ones, for the molecules,
especially the more hydrophobic BOS and OP, and, at high adsorbent dosage, fewer sites
were available. In addition, in the case of MET, a relevant increase of the solution/DIG ratio
favored the sorption extent, probably due to the reduced competition from water molecules.
At the highest ratio (500), the percentages of MET, BPA, BOS and OP adsorbed on the
DIG after 24-h interaction were approximately 11, 45, 24 and 66% of the initial compound
added (40 µg), respectively. Recently, Yao et al. [35], investigating the capacity of a DIG to
remove various dyes from a wastewater, reported an increase in the adsorption capacity
as the solution/DIG ratio increased. The authors commented that this could be due to
the large number of sites not occupied by the dye when the DIG was at a high dosage,
thus reducing the adsorption capacity of the latter [35]. Considering the physicochemical
properties of the four molecules, as expected, the affinity for the DIG (MET < BPA < BOS
< OP) was inversely related to their solubility in water. In fact, it is well known that an
organic solute is more adsorbable by a substrate the weaker its interaction with the solvent
is. A negative correlation was already demonstrated between the sorption efficiency of
carbon-rich materials and the water solubility of some EDCs and pesticides [24]. Based on
these results, the highest ratio was chosen for the subsequent sorption experiments.
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Figure 3. Adsorption of metribuzin (MET), boscalid (BOS), bisphenol A (BPA) and 4-tert-octylphenol
(OP) from water on the digestate at equilibrium concentration using different solution/adsorbent ratios.

Table 3. Amount of compound adsorbed (mg kg−1) as a function of the solution/digestate ra-
tio adopted.

Compound 100 200 400 500

MET 53.11 ± 2.65 B 51.56 ± 11.88 B 69.83 ± 8.42 B 107.78 ± 16.42 A

BOS 165.99 ± 2.23 D 278.19 ± 4.19 C 412.97 ± 8.72 B 448.74 ± 24.12 A

BPA 128.88 ± 2.48 D 184.99 ± 1.25 C 203.08 ± 24.04 B 238.20 ± 25.04 A

OP 200.00 ± 0.12 D 301.11 ± 3.65 C 563.65 ± 8.15 B 664.51 ± 36.52 A
Note: data were analyzed by ANOVA and means were separated by the Duncan’s new multiple range test at
P ≤ 0.01 (n = 3).

Although, as expected, the extent of DIG sorption in this study was somehow lower
than that of biochar for MET [26,27,36], BOS [8], BPA [37] and OP [24], it can be considered
remarkable and suggests a valuable use of this material as biosorbent. To the best of
our knowledge, the literature does not report information on the removal of the four
molecules studied by the DIG alone. The only comparable study found in the literature
is that of Mukherjee et al. [8], who used soil/DIG biomixtures to remove some pesticides,
including BOS.

3.4. Adsorption Kinetics

The study of adsorption kinetics allows the evaluation of the retention rate of the
solute on the substrate in a certain period and provides useful information on the type of
interaction. Based on the kinetics curves of adsorption obtained, it was evident that each
molecule reached the steady state in a relatively short time. The Student’s t-test applied to
the quantities of compound adsorbed by the DIG at each time stated that the equilibrium
times were 4 h for MET, BPA and OP and 8 h for BOS (Figure 4). The longer equilibrium
time shown by BOS, compared to the other three molecules, might be due to its larger size.
Then, subsequent adsorption isotherms of all compounds were performed using a contact
time of 16 h between the substrate and the solution. The shapes of the kinetics curves
indicate that the adsorption was a multi-step process, comprising a first rapid adsorption
of the compounds on the most available external sites of the material followed by a slower
sorption on the innermost active sites. Upon reaching the equilibrium condition, the
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maximum sorption concentration of 106.20 ± 4.77, 591.61 ± 11.89, 208.87 ± 11.49 and
712.80 ± 2.47 mg kg−1 were measured for MET, BOS, BPA and OP, respectively (Figure 4
and Table 4). Statistical treatment of these data (ANOVA and Duncan’s test) showed a high
significant difference (P≤ 0.01) among the amounts of compounds adsorbed at equilibrium
(Table 4). The two less water-soluble BOS and OP showed the greatest affinity for the DIG
sample, their concentration on the material being about 6 and 7 times higher, respectively,
than that of MET. The lower adsorption of MET on organic substrates, compared to other
pesticides and ECDs, is generally responsible for the high mobility of MET in soil and
sediments and the consequent dangerous release into natural waters [15].
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Figure 4. Adsorption kinetics data and plots of predicted pseudo-first-order kinetics of metribuzin
(MET), bisphenol A (BPA) and 4-tert-octylphenol (OP) and predicted pseudo-second-order kinetics
of boscalid (BOS) onto the digestate. Standard error is reported as vertical bar on each point (n = 3).

Table 4. Kinetic pseudo-first-order and pseudo-second-order parameters obtained through the non-linear method for the
adsorption of the compounds onto the digestate.

Compound Pseudo-First-Order Pseudo-Second-Order

qe,experimental
(mg kg−1) r SSR qe,1

(mg kg−1)
k1

(h−1) r SSR qe,2
(mg kg−1)

k2
(kg mg−1 h−1)

MET 106.20 D 0.985 339 107.17 0.372 0.965 793 124.78 0.003
BOS 591.61 C 0.958 16,199 561.81 1.217 0.983 5525 601.64 0.003
BPA 208.87 B 0.991 485 207.53 1.125 0.990 472 221.21 0.007
OP 712.80 A 0.996 513 706.35 3.801 0.971 3450 728.61 0.010

Note: experimental data at equilibrium were analyzed by ANOVA and the means were separated by the Duncan’s new multiple range test
at P ≤ 0.01 (n = 3).

To investigate the adsorption mechanisms of the compounds onto the DIG, the kinetic
data were analyzed using the non-linearized forms of the pseudo-first-order (Equation (2))
and pseudo-second-order (Equation (3)) models. Both models are widely applied in the
study of AOPs’ adsorption on organic and mineral substrates [32,38,39]. Table 4 shows
the values of the kinetics parameters of the molecules according to the two models along
with the correlation coefficients, r, and the sum of squared residuals, SSR. High r values
and low SSR values indicate the adequacy of the model to the experimental data. Based on
the r values, MET and OP preferentially followed the pseudo-first-order model and BOS
followed the pseudo-second-order model, whereas BPA fitted both models well (Table 4).
This was confirmed by the SSR values. Figure 4 shows the sorption kinetics data and
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plots of the predicted pseudo-first-order kinetics of MET, BPA and OP and the predicted
pseudo-second-order kinetics of BOS.

The pseudo-first-order kinetics suggest a prevailing role of the adsorbent capacity [32].
The pseudo-second-order kinetics is based on sorption equilibrium capacity and assumes
that the rate-limiting step is a chemisorption process involving valency forces through the
sharing or exchange of electrons between the adsorbent and the sorbate [38,39]. The ligno-
cellulosic fraction of the DIG may have interacted with the different molecules through
various mechanisms, such as weak physisorption through van der Waals forces and hy-
drogen bonding and chemisorption through strong ionic or covalent bonds. As far as we
know, there are no other studies on the sorption kinetics of the molecules examined here
onto DIG. A recent work reported that the adsorption of MET on different chars was better
described by the pseudo-second-order model [27]. This suggests an important role of the
sorbent properties on the type of interaction prevailing between a solute and the substrate.
Essandoh et al. [36], studying the adsorption of MET on biochar, concluded that the adsorp-
tion mechanism of MET could be explained mainly by hydrogen bonds and Coulombic
forces and a minor contribution of van der Waals, dipole–dipole and π–π interactions.

Although, in these experiments, no significant relationship was calculated between
the amounts of the molecules adsorbed at equilibrium and the corresponding log Kow or
water solubility, it was evident that the greatest removals by the DIG were obtained with
the most hydrophobic OP and BOS.

3.5. Adsorption and Desorption Isotherms

The adsorption isotherm describes quantitatively the interaction between an adsor-
bent and a sorbate at a fixed temperature. It allows the evaluation of the adsorption
parameters, such as the adsorption constant and the maximum adsorption, and provides
indications on the allocation of the sorbate on sorbent sites. Different sorption models
were adopted to fit the experimental adsorption and desorption data of the four com-
pounds, such as the Freundlich, Langmuir, Temkin and Henry equations. Modeling of
isotherm data is useful for predicting the adsorption mechanism. The Freundlich model
can account for reversible adsorption on a heterogeneous substrate surface and is not
limited to monolayer adsorption. Differently, the Langmuir equation is a good fit when the
sorbent surface is homogeneous, the molecular interaction among the adsorbed species
is negligible and the adsorption occurs as a monolayer on the adsorbent. The Temkin
isotherm predicts a logarithmic reduction of available sites and sorptive energy and is best
applied at intermediate concentrations.

The experimental sorption data obtained, along with the plots of the predicted Fre-
undlich, Langmuir, Temkin and Henry equations, are shown in Figure 5. The sorption
parameters calculated by fitting the equilibrium data in all four models and the desorption
parameters calculated by fitting the experimental data in the Henry and Freundlich models
are given in Tables 5 and 6, respectively. In addition to the values of the correlation coeffi-
cients (r), these tables show the values of the sum of squared residuals (SSR) that are an
indicator of the matching of experimental data with the theoretical model (Tables 5 and 6).
Higher r values and lower SSR values indicate a better fit of the experimental data in
the model.

Based on the calculated r values over the whole concentration range tested, the
sorption of MET was better described by the Freundlich model, whereas the sorption of the
other three compounds better matched the Henry equation (Table 5). However, considering
the SSR values, it was evident that, for all four compounds, the Freundlich model was
the best fit because it reduced errors (lowest SSR), even if the differences among the SSR
values of the four models were not always relevant (Table 5). Hence, the adsorption of each
compound occurred through the multilayer formation on the heterogeneous surface of the
DIG. Moreover, based on the exponent of the Freundlich equation, 1/n ads, and according
to Giles et al. [40], the isotherm of MET was L-shaped (1/n < 1), those of BPA and OP were
C-type (1/n~1) and that of BOS was S-shaped (1/n > 1) (Table 5). A non-linear L-shaped
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Freundlich isotherm indicates that the compound has a high affinity for the sorbent in the
initial stage of adsorption, while successively it decreases as adsorption sites are filled,
and the process never reaches saturation. The L-shaped isotherm is typical of a solute
of low hydrophobicity, such as MET (log Kow = 1.70), onto heterogeneous substrates. A
C-type isotherm indicates a constant partitioning of the sorbate between the solution and
the sorbent, without reaching saturation in the concentration range adopted. Finally, S-type
isotherms are usually observed at low concentrations and indicate an increasing adsorption
rate as the concentration of the sorbate in solution increases. The S-type isotherm is typical
of adsorbents having high affinity for the solvent, e.g., water competes with the solute
for adsorption sites [40]. The Freundlich exponent (1/n) is related to the strength and
feasibility of the adsorption. The reciprocal n is the heterogeneity factor. Based on 1/n
value, the process can be considered mainly physical when 1/n < 1, chemical when 1/n > 1
and linear if 1/n is equal to 1 [41]. Thus, the low 1/n value obtained for MET suggests
that the adsorption on the DIG was predominantly physical (Table 5). Differently, the high
1/n value for BOS suggests a chemisorption process. The 1/n values of the two phenolic
molecules, BPA and OP, were not very different from the unit (Table 5). These findings
agree with the results obtained in the kinetic study. Based on the structure and functional
groups of the molecules used in the mixture (very weak organic acids or bases) in this study,
no interactions between/among them can be expected. AOPs may interact with organic
matter (OM) in several ways which affect both the retention capacity of the adsorbent and
the rate of desorption. In general, AOPs can be adsorbed to OM through specific physical
and chemical binding mechanisms and forces with varying degrees and strengths, which
include ionic, hydrogen and covalent bonding, charge-transfer or electron donor-acceptor
mechanisms, dipole–dipole and van der Waals forces, ligand exchange and cation and
water bridging [42]. The capacity of DIG to retain organic compounds is essentially due to
the numerous hydrophobic and hydrophilic surface sites and chemically reactive functional
groups, such as carboxylic and phenolic OH, alcoholic OH, ketonic C=O, amine groups
and so on, where the molecules can be linked with bonds of different type and strength.
For example, DIG sites containing O and N- can form hydrogen bonds with molecules
containing suitable complementary groups. This can happen for MET that, at the pH of
this study, is almost all unprotonated. The adsorption of MET onto different biosorbents
has been mainly ascribed to H bonds and Coulombic forces and, to a lesser extent, to van
der Waals and dipole–dipole interactions [36]. It is likely that the non-polar BOS molecule
interacted with DIG through hydrophobic interaction [8]. Phenolic groups of BPA and OP
can interact through electron donor-acceptor mechanisms or charge-transfer, by binding
with complementary groups of DIG. However, adsorption of low-polar AOPs can also
occur through non-specific hydrophobic or partitioning processes between water and the
OM phase, in particular on hydrophobic active sites of OM, such as aliphatic side chains
and aromatic structures [42]. OP has been proven to bind to organic materials through
covalent and H bonds [24]. The presence of strong and weak binding of various phenolic
EDCs to organic matter has been reported [42]. Finally, the mechanisms and the extent of
adsorption certainly depend on the solution/adsorbent ratio, the physical and chemical
properties of both the solute and the adsorbent and the condition of the medium, such as
pH and ionic strength.
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Figure 5. Adsorption (experimental points and solid lines representing plots of Henry, Freundlich, Langmuir and Temkin
models) and desorption (experimental points and dashed lines representing plot of Freundlich model) isotherms of the
compounds on the digestate. Standard error is reported as vertical bar on each point (n = 3).

As far as we know, there are no studies concerning the adsorption of the four com-
pounds used here on the DIG, and therefore it is not possible to compare our results with
those of the literature. The adsorption of MET on various plant-based chars was well
interpreted by L-shaped Freundlich isotherms [27]. In a recent work, BOS adsorption on
different sediments followed a Freundlich model [43], and the same model was the best fit
for OP on an aquifer material [44] and various carbon-rich substrates [24].

The Henry isotherm (Equation (8)) allowed the calculation of the distribution co-
efficient Kd that is a reliable parameter to express the sorption efficiency of a substrate.
The adsorption parameters (Kd ads, KF ads and 1/n ads) and the coefficient KOC ads for the
four compounds are referred to in Table 5. The adsorption constants Kd ads, KF ads and
KOC ads followed the same order: MET < BPA < BOS < OP (Table 5). The KF ads value
of the more hydrophobic OP was approximately 11 times higher than that of the more
water-soluble MET (Table 5). The values of the normalized organic carbon, KOC ads, of the
four compounds varied widely from 170 for the least hydrophobic MET to 2180 for the most
hydrophobic OP, which are comparable to the values found in the literature [8,27,36,43,44].
The interpretation of the adsorption data with Langmuir’s equation allowed the calculation
of the maximum adsorption, b. On the basis of the b values, the adsorption trend was
the following: BOS > OP > BPA > MET. The Temkin model is applied for an intermediate
concentration range and takes into account the interaction between the sorbate and the
adsorbent. It assumes that the heat of adsorption of the sorbate decreases linearly with
the surface coverage. From the Temkin plot, the parameters estimated were AT, B and bT
(Table 5). When the Temkin equation was used to fit the experiment data, a good match was
obtained only for MET with r = 0.962, though this value was lower than in the Freundlich
model (Table 5). The plot of the Temkin model for MET is depicted in Figure 5. Much lower
r values were obtained for the other compounds, indicating that the Temkin model was not
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appropriate for BPA, OP and, especially, BOS. The parameter B gives an indication of the
heat of adsorption; for each molecule, especially the most hydrophobic ones, it was quite
high, suggesting an exothermic sorption process of the molecules on the DIG [41].

Unfortunately, there is no information in the literature on the extent and modeling of
adsorption of these molecules on DIG, and this does not make a comparison possible. In a
recent study, Gaullier et al. [43] reported KF ads values for BOS on sediments ranging from
2.8 to 13.5 mg kg−1. The KOC ads value calculated in this study for MET on DIG (170 L kg−1)
was almost twice and 73%, respectively, of those found averagely for the adsorption of
MET on vermicompost (93 L kg−1) and hydrochar (232 L kg−1) [27]. The KOC ads value of
BOS calculated here (1066 L kg−1) was much higher than that reported for the adsorption
of BOS on a biomixture of 30% of DIG and soil [8]. Ying et al. [44] studied the adsorption
of various EDCs on a sediment and reported KF ads values of 3.89 and 90.9 L kg−1 for BPA
and OP, respectively.

Table 5. Adsorption parameters of the compounds on the digestate.

Compound

Henry Model Freundlich Model Langmuir Model Temkin Model

r SSR
Kd

(L kg−1)

KOC
(L kg−1)

r SSR
KF ads

(L kg−1)
1/n ads r SSR b

(mg kg−1)
KL

(L mg−1)
r SSR

AT
(L kg−1)

B
(J mol−1) bT

MET 0.930 4588 86.19 170.50 0.983 147 99.88 0.40 0.954 445 145 2.587 0.962 322 29.46 30.12 80.87

BOS 0.980 15,049 538.73 1065.74 0.968 11872 593.88 1.32 0.948 15,130 126,113 0.004 0.815 51,869 14.57 153.57 15.86

BPA 0.997 354 129.20 255.59 0.996 205 126.31 1.11 0.992 361 47,424 0.003 0.925 3459 5.44 83.15 29.30

OP 0.980 26,465 1102.09 2180.20 0.951 26,322 1067.82 0.96 0.953 26,528 117,129 0.009 0.903 46,769 20.54 229.41 10.62

Table 6. Desorption parameters of the compounds from the digestate.

Compound
Henry Model Freundlich Model

H
r SSR Kd des

(L kg−1)
KOC des
(L kg−1) r SSR KF des

(L kg−1) 1/n des

MET 0.947 2369 78.80 155.88 0.982 287 96.35 0.47 1.175

BOS 0.673 651,881 769.65 1522.55 0.874 1287 531.02 0.04 0.030

BPA 0.904 14,170 151.70 300.10 0.994 170 175.59 0.39 0.351

OP 0.753 889,423 1709.20 3381.21 0.963 507 749.07 0.08 0.083

The experimental desorption data and the Freundlich plots for the four compounds
are shown in Figure 5, while the desorption coefficients of Henry (Kd des and KOC des)
and Freundlich (KF des and 1/n des) are given in Table 6. When desorption data were
fitted to both Henry and Freundlich equations, based on both r and SSR indicators, the
Freundlich model was the best fit for all compounds (Table 6). In all cases, the desorption
isotherm was L-type (1/n des < 1). After four desorption steps, approximately 86, 17, 74
and 16% of the initially retained MET, BOS, BPA and OP were desorbed from the DIG,
respectively. The values of KF des for BOS and OP were lower than the corresponding
values of KF ads, suggesting a partial reversibility of the process. Comparing the values
of 1/n des and 1/n ads, we found that for MET alone the desorption rate was slightly
higher than the adsorption rate (1/n des > 1/n ads), whereas the desorption of all the other
compounds occurred very slowly and was incomplete (Table 6). This behavior is clearly
shown in Figure 5. In other words, the DIG demonstrated a good capacity to retain MET,
but also an easy release (negative hysteresis, H > 1) as soon as the liquid phase was diluted.
This was easily predictable considering the physicochemical properties of MET, such as
the low log Kow and high water solubility. Differently, the other three molecules were
difficult to desorb from the DIG, denoting a strong sequestration and a significant positive
hysteresis (H < 1) (Table 6). The formation of covalent bonds could be the reason for the
low desorption rate and the hysteresis phenomenon observed for these molecules. These
results suggest that the type of interaction between MET and the DIG was weaker than
that formed between the other three compounds and the DIG. We can assume that the
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more hydrophobic molecules were retained through high-energy bonds which hindered
their reversibility. The marked retention of BOS, BPA and OP by the DIG and the low
desorption, especially for BOS and OP, are reasonably due to their chemical structures and
hydrophobic character. In particular, the large size and the low water solubility of BOS
can explain the very low release observed. The desorption of BOS from a 30% DIG/soil
mixture was almost negligible after three desorption steps [8]. Studying the adsorption
of BOS on sediments, Gaullier et al. [43] reported a scarce reversibility of this compound
and explained this behavior with the formation of irreversible bonds between BOS and the
organic fraction of the sediment.

Possible relationships between the sorption/desorption constants (KF ads, Kd ads, KF des
and Kd des) and the corresponding physicochemical properties of the compounds, including
water solubility and log Kow, were assessed through linear regressions. No significant cor-
relations were obtained between each constant and water solubility, whereas all constants
were sufficiently correlated with log Kow (Figure 6). This confirmed the crucial role of
hydrophobicity in the interaction of AOPs with organic materials.
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4. Conclusions

Digestate (DIG), a by-product of the anaerobic biological conversion of waste biomass,
is produced in increasing quantities and is a promising material for both agricultural and
environmental applications. This study evaluated for the first time the capacity of DIG to
remove from water four pollutants with endocrine-disrupting activity, namely two pesti-
cides and two xenoestrogens. The DIG used showed a remarkable efficiency in adsorbing
all compounds, especially the more hydrophobic OP and BOS. The sorption kinetic data
of MET and OP preferentially fitted a pseudo-first-order kinetic equation and those of
BOS followed a pseudo-second-order kinetic equation, whereas those of BPA fitted both
models well. The extent of adsorption of the compounds on the DIG followed the order:
OP > BOS > BPA > MET. The adsorption of BOS, BPA and OP were adequately described
by both the Henry and Freundlich isotherms, whereas the adsorption of MET was better
interpreted by the Freundlich model. The desorption rates of BOS, BPA and OP were lower
than the adsorption rates, indicating strong retention of the compounds on the DIG and the
occurrence of hysteretic conditions. Conversely, MET was easily and completely released
from the DIG, denoting a slight negative hysteresis. The sorption/desorption constants
KF and Kd were sufficiently correlated with the hydrophobicity of the molecules. The
overall results of this study evidenced the good potential of this material as a biosorbent of
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organic pollutants. Therefore, the incorporation of DIG into the soil can yield more than one
benefit, such as reducing the bioavailability of pollutants for plants and microorganisms,
counteracting the leaching of these compounds into groundwater and preventing their
entry into the food chain.
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