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Abstract: We evaluated the feasibility of five sustainable materials (clay, zeolite, biochar, compost, and
woodchips) to be included in a reactive barrier intended to improve the removal of pharmaceutical
active compounds (PhACs) during soil aquifer treatment (SAT). The potential of the five materials to
sorb PhACs was assessed and compared to sand capacity through batch experiments. Materials with
high organic carbon content (biochar, compost, and woodchips) exhibited a greater capacity to sorb
PhACs than materials with a low organic carbon content (clay and zeolite). The ion speciation of the
molecules is a major parameter controlling the fate and transport of PhACs during SAT operations.
Anionic species are the ones with the highest risk of reaching the aquifer since they are generally
less sorbed compared to cationic and neutral species. Experimental parameters such as contact
time, solid:water ratio, and grain size had no a significant effect on the sorption of PhACs in the
studied materials. The incorporation of biochar, compost, and/or woodchips into reactive barriers
will promote the sorption of PhACs and will boost the ability of the SAT system to improve the
quality of the recharged water.

Keywords: retention; ionizable organic compounds; sustainable materials; water recycle; reactive barriers

1. Introduction

The increasing demand for quality water due to population growth urges the devel-
opment of environmentally sustainable strategies to promote water reuse and recycling,
especially in the most populated regions of arid and semiarid zones [1]. Reclaimed effluents
from wastewater treatment plants (WWTP) are one of the main sources of water available
for reuse and recycle. However, the removal of pharmaceutical active compounds (PhACs)
such as antibiotics, anti-inflammatories, sedatives, and β-blockers is limited during pri-
mary treatment and compound-variable during the biological treatment, making WWTPs
effluents one of the most important sources of PhACs in the aquatic environment [2,3]. The
presence of such contaminants in soils, surface water, groundwater, and even drinking
water has been largely confirmed [4–6]. These emerging contaminants are widely used for
human and veterinary medicine purposes, and their presence in the aquatic environment,
even at very low concentrations, can produce physiological effects in wildlife, posing a
risk to aquatic ecosystems and, eventually, to human health [7–9]. Most of the PhACs are
designed to be ionizable molecules with at least one ionizable group that will change their
degree of ionization during the uptake process [10,11]. Ionized species increase solubility,
facilitating ingestion, but some degree of lipophilicity is required to facilitate transport of
the pharmaceuticals through membranes of organisms and reach the pharmacological tar-
get [12]. One of the parameters controlling the potential toxicity of these molecules and their
distribution between environmental compartments is their speciation/ionization [13,14].
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Currently there are no legal discharge limits for PhACs, but the European water
policy has defined a watchlist of high-risk substances to be prioritized, in which several
PhACs such as sulfamethoxazole (SMX) and venlafaxine (VLX) are included [15]. The reuse
of reclaimed water requires the application of a treatment that efficiently removes these
contaminants. Upgrading the treatment of conventional WWTPs is a logical approach to
improve effluent quality, benefiting both the quality of a source for reuse and minimizing
the release of PhACs into the environment [16,17]. Tertiary treatments conventionally
implemented in WWTPs for PhACs removal include ultraviolet irradiation, advanced
oxidation, and membrane technologies, among others [18]. However, these technologies
might not be the most suitable due to their high operating costs and/or the potential
formation of transformation products of unknown toxicity [17,19].

An alternative approach is to renaturalize the reclaimed water through nature-based,
cost-effective, and low-energy systems such as soil aquifer treatment (SAT) [20,21]. SAT
consists of the infiltration of the impaired WWTP effluents through the vadose zone and
their subsequent travel through the aquifer, providing environmental, economic, and
energetic benefits compared to conventional technologies. The quality of the recharged
water improves during its passage through the soil at the same time that the groundwater
resources increase, benefiting the groundwater-dependent ecosystems, which makes this
technology a powerful alternative to achieve the sustainable development goals (SDGs)
of the United Nations (UN), in particular SDG 6 (to ensure availability and sustainable
management of water and sanitation for all) [22].

The quality of the recharged water improves in terms of organic matter, pathogens,
inorganic nutrients, and PhACs [21,23,24]. However, the transport of contaminants from
the infiltration zone into the aquifer could result in the occurrence of aquifer contamination.
Operational parameters such as the quality of the water source, the flow into the recharge
system, and the thickness and composition of the vadose zone play a determinant role
in the fate and behavior of contaminants during SAT and therefore in the quality of the
recharged water reaching the aquifer [25–27]. PhACs behave very differently from each
other during SAT. The main processes involved in the fate and transport of theses contam-
inants during water soil passage are biotransformation and sorption [6,28,29]. Sorption
is a key process controlling the behavior of organic molecules in the environment since it
regulates their bioavailability and therefore their degradation rates and transport [30,31].
Indeed, sorption process has been proposed as a low-cost treatment for the removal of
various pollutants [32,33]. The amount of a contaminant sorbed into a fraction of soil will
depend on the physicochemical properties of both and the environmental conditions [34,35].
Neutral species interact with the surface of organic matter through hydrophobic/lipophilic
interactions that favor the transfer from the polar phase (water) to the nonpolar phase
(soil/sediment), while ionized species interact with minerals, oxides, and the surface of
organic matter through electrostatic interactions such as cation exchange, surface complex-
ation, or hydrogen bonding [36].

An optimal strategy to boost the effectiveness of SAT systems improving the quality
of the recharge water regarding PhACs is to favor their sorption and biotransformation
through the implementation of reactive barriers consisting of a mixture of sand and a
series of sustainable materials [37]. The function of the sand is to ensure the structure and
hydrological properties of the infiltration basin, and the function of sustainable materials is
to provide different sorption surfaces and dissolved organic carbon to favor the sorption
and the biotransformation of contaminants present in the recharged water. The sustainable
materials selected to compose the reactive barrier in addition to increasing sorption and
biotransformation of PhACs should ideally be the following: (i) waste from a near industry,
(ii) easy to handle, (iii) cheap, (iv) capable of ensuring permeability, and (v) not releasing
any potentially hazardous substances. The presence of diverse materials modifies the
structure of the microbial community in the systems [38], and the release of dissolved
organic carbon in the recharged water induces denitrification [39]. This strategy has been
tested at both in field and pilot scales with beneficial results [40].
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The objective of this study is to assess the feasibility of five sustainable materials
(low-cost and readily available materials) to increase PhACs sorption when included as
components of reactive barriers in SAT applications. The sorption on the selected materials
and sand of 12 PhACs regularly consumed in Europe and with different physicochemical
properties was evaluated though batch experiments. The sorption on the selected materials
was then compared to the sorption on sand, of which recharge basins of SAT systems
typically consist. Additionally, the properties that control the sorption capacity of the
materials were identified to allow an initial assessment of other materials that can be
incorporated into reactive barriers. Contact time, solid:water ratio, material grain size, and
water composition were tested parameters to obtain information on optimal operating
conditions to promote sorption.

2. Materials and Methods
2.1. Sustainable Materials Selection

Five materials were selected to evaluate their capacity to sorb PhACs compared to
sand when included as components of reactive barriers. The selection was based on both
the sustainable characteristics of the materials (price, availability, and having a nearby
point of distribution) and their potential ability to improve the performance of reactive
barriers [21]. Two materials were selected based on their high sorption capacity: clay
and zeolite. Clay minerals present high surface area and porosity, and they are low-cost
and abundantly available. Their negatively charged surfaces provide sorption sites for
the cationic species. We used Colades© clay from Bisbal d’Empordà (Argiles Colades,
Corça, Girona, Spain), which contained kaolinite, montmorillonite, and illite. Zeolites are
a crystalline, low-cost, high sorption capacity, microporous material applied in drinking
water treatment plants [41]. Aqua© zeolite (Zeocat, Sant Esteve de Palautordera, Barcelona,
Spain), a natural-type zeolite composed of climnotilotite (82–86%) with a porosity between
24–32%, was used in this study.

Three materials were selected based on their high OC content: biochar, vegetable
compost, and woodchips [42–44]. Biochar is a carbon-rich material obtained from biomass
pyrolysis at temperatures between 300–1000 ◦C that favors the sorption of neutral and
cationic compounds [45]. Production processes and biomass source used for biochar
production affect its physicochemical properties such as specific surface area, polarity,
and particle size distribution and thus its sorption capacity [46]. We used LivingChar©
biochar (LivingChar, Barcelona, Spain) produced locally from pine, olive wood, and shrubs
residues at 450 ◦C. Compost is the result of the biological degradation of organic matter
under aerobic conditions. Compost is a low-cost, little-processed material that presents
a high OC content, cation exchange capacity, and diversity of functional groups [47]. We
selected locally produced compost from garden-maintenance waste. Woodchip is a low-
cost, porous material with high cellulose content and therefore is an effective sorbent. The
woodchips were obtained from pruning residues of pine and shrubs. The sand used for
comparison is a classic coastal sand composed mainly of quartz, silicates, carbonates, and
clays (Table 1).

Table 1. Physicochemical properties of the tested materials.

Material %OC pH (Eq with Water) CEC (meq/100 g) Reactive Surface (m2/g)

Clay 3.11 8.71 20.4 23
Sand 0.73 8.5 2.3 3

Zeolite 3.76 6.36 16.6 33
Biochar 83.32 9.38 6.9 98

Vegetable Compost 21.03 7.82 43.9 5
Woodchips 94.83 5.26 10.7 -
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2.2. Sustainable Materials Preparation

The materials were dried and then sieved. The grain size fraction < 2 mm was selected
to compare the sorption capacity of the materials under similar conditions. Material
analyses were performed to obtain the organic carbon fraction (%OC), the pH in equilibrium
with water, the total cationic exchange capacity (CEC), and the reactive surface of each
material. The %OC was determined by weight loss at 480 ◦C. BET (Brunauer–Emmett–
Teller) surface areas were determined from N2 adsorption isotherm data collected at 100 ◦C.
The mineralogical composition of the materials was determined by X-ray diffraction using
a Bruker D8 Discover (Montpellier Charles Gerhardt Institute, Montpellier, France). X-
ray fluorescence was performed using a PANalytical AXIOS Max (Montpellier Charles
Gerhardt Institut, Montpellier, France) to determine the elemental composition of each
material. X-ray fluorescence coupled with X-ray diffraction allowed identification and
confirmation of the mineralogy composition. The sand is mostly composed of quartz grains
(51%), albite (17%), muscovite (13%), calcite (10%), and microcline (9%). The clay sample is
composed by 35% of quartz, 29% of muscovite, 23% of kaolinite, 8% of calcite, and 4% of
iron oxide. Finally, the zeolite is a Na-, K-, and Ca-rich zeolite.

2.3. Selected PhACs Physicochemical Properties

We selected 12 PhACs to evaluate the capacity of the materials to sorb them. The
molecules were selected based on both their frequent occurrence in WWTPs effluents and
their physicochemical properties. Among the studied molecules, there are three that can be
defined as amphoteric (sulfamethoxazole (SMX), oxazepam (OXA), and carbamazepine
(CBZ)), four as bases (diazepam (DIA), propanolol (PRL), atenolol (ATL), and venlafaxine
(VLX)), and five as acids (fenofibric acid (FFA), diclofenac (DCL), ketoprofen (KTO), ibupro-
fen (IBU), and paracetamol (PRM)). The selected PhACs display a broad range in their
n-octanol/water distribution coefficient (KOW), which accounts mainly for the lipophilicity
of the neutral specie of the molecule (Table 2). The wide range of values of physicochemical
properties displayed by the selected molecules allows the evaluation of the efficiency of the
materials in the sorption of PhACs.

Table 2. Physicochemical properties of the studied PhACs.

Molecule Acronym Formula a Solubility in
Water a (mg/L)

Molecular
Weight a

pKa
a

(Character)
Log Kowa Species b at pH=

4 6 8

Sulfamethoxazole SMX C10H11N3O3S 610 253.28 1.6 (A), 5.7
(B) 0.89 0 0, − −

Oxazepam OXA C15H11ClN2O2 20 286.71 1.55 (B),
10.9 (A) 2.24 0 0 0

Carbamazepine CBZ C15H12N2O 18 236.27 −3.8 (B),
13.9 (A) 2.45 0 0 0

Diazepam DIA C16H13ClN2O 66 284.74 3.4 (B) 2.82 +, 0 0 0
Propanolol PRL C16H21NO2 62 259.34 9.42 (B) 3.48 + + +

Atenolol ATL C14H22N2O3 13 266.34 9.6 (B) 0.16 + + +
Venlafaxine VLX C17H27NO2 572 277.4 10.09 (B) 3.2 + + +

Fenofibric Acid FFA C17H15ClO4 5 318.7 3.1 (A) 4.45 0, − − −
Diclofenac DCL C14H11Cl2NO2 2 296.1 4.15 (A) 4.51 0, − − −
Ketoprofen KTO C16H14O3 51 254.28 4.45 (A) 3.12 0, − − −
Ibuprofen IBU C13H18O2 21 206.28 5.3 (A) 3.97 0 0, − −

Paracetamol PRM C8H9NO2 14 151.16 9.38 (A) 0.46 0 0 0, −
Notes: a Data from PubChem.ncbi database. Acid (A) and basic (B) character of the ionizable functional group.
b Species molar fraction calculated with Henderson–Hasselbalch equation. Charge of the occurring species
according to their pKa: (0) neutral; (+) cation; (−) anion.
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2.4. Speciation and pH-Dependent n-Octanol/Water Distribution Coefficient
(Log Dow) Calculations

The speciation of the selected molecules was estimated by applying Hender-
son–Hasselbalch equation for monovalent acids and bases (Equations (1) and (2)) [31]:

φn =
1

1 + 10α(pH−pKa)
(1)

φion = 1 − φn (2)

where φn is the molar fraction of the neutral specie, φion is the molar fraction of the ionic
specie, and α = 1 for acids and −1 for bases.

The Henderson–Hasselbalch equation for two ionizable functional groups is as follows
(Equations (3)–(5)):

φn =
1

1 + 10(pH−pKa,acid) + 10(pKa,base−pH)
(3)

φ− = φn.10pH−pKa,acid (4)

φ+ = φn.10pKa,base−pH (5)

where φ− and φ+ are the fractions of the anionic and cationic species, respectively. A
fraction of the amphoteric molecules will exist as neutral specie in the range of pH between
the two pKa of the molecule. Based on these molar fractions, PhACs were grouped
into three categories: cationic, neutral, and anionic. Scherrer and Howards equations
were applied for calculate the Log DOW (the pH-dependent n-octanol/water distribution
coefficient) for the experimental pH range [48]. We estimated Log DOW for monovalent
molecules as follows (Equation (6)):

LogDOW(pH) = LogKOW − Log
(

1 + 10α(pH−pKa)
)

(6)

where α = 1 for acids and −1 for bases.
For molecules with two functional groups, the equation used for the Log Dow estimation

was (Equation (7)):

LogDOW(pH) = LogKOW − Log
(

1 + 10(pKa,−pH) + 10(pH−pKa)
)

(7)

Figure S1 displays the estimated molar fraction of the molecule’s species and Log DOW
for the experimental pH range. The physicochemical properties of the studied PhACs and
their speciation at pH equal to 4, 6, and 8 are summarized in Table 2.

2.5. Sorption Batch Setup

Batch experiments were performed to determine (1) the influence of experimental
parameters (contact time, solid:water ratio, material grain size, and water composition) in
the sorption capacity of sand, clay, and compost and (2) the capacity of the five selected
materials to sorb the selected PhACs and to compare them with that of sand.

The material and the spiked water (at 10 µg/L of PhACs) were put in contact in a glass
flask for a defined contact time. The flasks were continuously agitated at 40 rpm using a SCI-
RL-E analog tube rotator (Scilogex, Rocky Hill, CT, USA). A Jouan B4i centrifuge (Thermo
Fisher Scientific, Waltham, MA, USA) was used at 4000 rpm for 5 min to separate the solid
and liquid phases (Figure S2). All experiments were conducted at room temperature and
performed in triplicate to account for the variability.

The role of the water composition in the sorption capacity was evaluated by using
milli-Q water and synthetic wastewater (SWW) containing a proportion of major inorganic
components characteristic of wastewater treatment plant effluents (composition described
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in Table S1) in batches performed with crushed materials, a S:W ratio of 1:3, and a contact
time of 60 min. Four contact times (30, 60, 360, and 1440 min) were tested to include the
potential slow kinetics using milli-Q water, a S:W ratio of 1:3, and crushed material. Three
solid:water ratios (S:W) (1:5, 1:3, and 1:1) were tested to evaluate the sorption capacity of
the materials under conditions close to those of SAT systems using milli-Q water, a 60 min
contact time, and crushed materials. Finally, two different grain size fractions (crushed
material and d (grain diameter) < 2 mm) were tested for sand, compost, and clay to assess
the influence of these parameters in the sorption capacity using milli-Q water, a contact
time of 60 min, and a S:W ratio of 1:3. Table S2 summarizes the experimental conditions
used in each set of experiment.

The sorption of the PhACs on the materials was calculated by means of the differ-
ence between the initial and final concentration of each PhACs. Reference experiments
containing only spiked water were also performed in triplicate on each set of batches to
account for (1) the accuracy of the analytical method to determine each of the studied PhAcs
and (2) the potential loss of some of the PhACs during the experiment and the sample
preparation (recovery).

We calculated the sorption (%S) of each PhACs as follows (Equation (8)):

%Si = 100 −


f inalCi, batch /

initialCi, batch
f inalCi, re f /

initialCi, re f

× 100 (8)

where final Ci, batch, and final Ci, refer to the final concentrations of the molecule i mea-
sured in the regular and in the reference batches, respectively. In this way, we avoid
including as sorption the potential losses of the PhACs due to the experimental setup.
Blank samples containing only milli-Q water or synthetic wastewater were also used for
analysis performed on each set of batches to confirm the absence of contamination during
sample preparation.

2.6. Sample Preparation and Analysis

Directly after the batch experiments, 1 mL of each supernatant was filtered with
a Chromafil xtra filters 0.2 µm PTFE filters (Macherey-Nagel, Bethlehem, PA, USA) for
further PhACs quantification and spiked with surrogate standard at 10 µg/L. Samples
were stored at −18 ◦C until LC-MS analysis. Extracts were analyzed using a Vanquish
ultra-high liquid chromatography (Thermo, Fisher Scientific, Waltham, MA, USA) cou-
pled to a high-resolution mass spectrometry Q-Focus Orbitrap (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with a heated electrospray ionization probe (HESI) source.
Chromatographic separation involved a reverse-phase biphenyl 100 Å analytical column
(Kinetex, 100 mm × 2.1 mm; 2.6 µm particle size). The chromatography assays involved a
10 µL injection volume, a 0.4 mL/min flow rate, and a binary gradient of water (A) and
ACN (B) as follows: 5% B at 0–2 min, 50% B at 11–12 min, 100% B at 16–17 min, 5% B at 19
min, and a stop time at 22 min. Contrary to negative ionization mode, in positive ionization
mode, both phases contained 0.1% formic acid. Over a 22 min run, data acquisition was
performed in positive and negative ionization mode, and the HESI parameters were as
follows: 55 arbitrary units (AU) sheath gas, 10 AU auxiliary gas, 300 ◦C capillary tem-
perature, 250 ◦C heater temperature, and the electrospray voltage was set at 3.5/−3.5 kV.
The S-lens radio frequency (RF) level was set at 50 AU. Full scan data in both positive
and negative ionization mode were acquired at a resolution of 70,000 full width at half
maximum (FWHM) with an automatic gain control (AGC) of 106. Moreover, MS2 was
achieved using a mass inclusion list composed of the mass of the precursor ion of the
compounds of interest (Table S3). A 20 eV absolute collision energy and 17,500 FWHM
resolution were used. The m/z scan range was set between 100 and 700.

Analyses were carried out only if the conditions required for analysis (absence of
contamination in the blank samples, sensitivity, etc.) were fulfilled. Standard solutions at
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10 µg/L were injected before each analysis sequence and about every 12 samples to calculate
the internal standard responses factors for quality control and PhACs quantification. The
method displays a relative recovery between 80–120% for all analyzed molecules (calculated
in reference batches using deuterated standards).

3. Results
3.1. Influence of Experimental Parameters in the Sorption of PhACs on Sand, Compost, and Clay

The influence of S:W ratio, contact time, water composition, and grain size on sorption
capacity was studied for three materials: sand, clay, and compost. The pH in equilibrium
with water of these three materials varied between 7.8 and 8.7 (Table 1), and none of the
selected PhACs displayed a pKa within this pH range; therefore, no significant differences
were expected in the species fraction of PhACs.

Figure 1 shows the influence of the S:W ratio (A, B, and C) and the contact time (D, E,
and F) on sorption capacity for sand, clay, and compost, respectively. The S:W ratio displays
a moderate influence on the sorption of PhACs under the tested conditions. Overall, the
sorption increases with the S:W, as expected. The high sorption of some molecules even for
the lowest S:W hides this general trend; this is the case for the alkaline molecules in their
cationic form (PRL, ATL, and VLX) on clay and compost and most of the molecules in their
neutral form (OXA, CBZ, and DIA) on compost.
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Figure 1. Influence of the solid:water ratio (volumetric) (A–C) (tested for contact time of 60 min)
and influence of the contact time (in minutes) (D–F) (tested for a material:water ratio of 1:3) on the
sorption of the selected PhACs on sand (A,D), clay (B,E), and compost (C,F) in batch experiments
performed with milli-Q water and crushed materials. Errors bars display the variability within the
three replicates.

Figure 2 displays the influence of the water composition and material grain size on
the sorption capacity of sand (A), clay (B), and compost (C). Both parameters, i.e., water
composition and grain size, showed a minor effect on the sorption capacity of these three
materials under our experimental conditions. Overall, the sorption increases slightly for
the crushed materials, as the decrease in the grain size means an increase in the reactive
surface and therefore a more efficient sorption. The solid portion is very high compared to
conventional sorption studies, preventing sorption from being limited by the availability of
sorption sites, and therefore, the decrease in grain size and increased in reactive surface
would not have a significant effect on sorption.
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Figure 2. Sorption on sand (A), clay (B), and compost (C) calculated from batch experiment with
60 min contact time, 1:3 solid: water ratio, non-crushed materials in milli Q-water (pale blue), crushed
materials in milli Q-water (dark blue), and crushed materials in SWW (green). Variability in the
triplicates is displayed as error bars. PhACs with dominant neutral, anionic, and cationic fractions
are grouped in black, red, and blue squares, respectively.

Concerning water composition, several studies have reported that ionic strength affects
the sorption of ionizable molecules since the cation concentrations increase and so does
the competition with the positively charged species [34,49,50]. Indeed, a slight decrease in
adsorption with increasing ionic strength (milli-Q compared to SWW) was observed for
those PhACs whose cationic fractions are dominant at the experimental pH (PRL, ATL, and
VLX, grouped with a blue square in Figure 2A) in the sand tests. The sorption of these three
molecules in clay and compost is almost complete, hiding this reported trend. However,
the effect of the ionic strength on the sorption of molecules whose anionic fractions are
dominant (FFA, DCL, KTO, and IBU, grouped with a red square in Figure 2) is opposite;
the sorption is slightly higher when SWW was used instead of milli-Q water.

3.2. PhACs Sorption Capacity of the Five Selected Materials Compared to Sand

We compared the sorption capacity of the selected materials to the sand capacity
using the results of batch experiments performed at 1:3 S:W ratio, 60 min of contact time,
crushed materials, and with SWW (Table S2). Figure 3 displays the distribution (minimum;
25th, 50th, and 75th percentile; maximum; and outliers) of the sorption of the 12 studied
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molecules (A) and the sorption distribution of the anionic, neutral, and cationic groups (B)
in the six materials as boxplots.
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The sorption of the studied PhACs displayed a broader range on clay and zeolites
compared to sand (Figures 3A and S3). Clay and zeolite exhibit both high porosity and a
negatively charged surface, favoring the retention through electrostatic attraction of cationic
species such as ATL, VLX, and DIA. Sorption of anionic, neutral, and cationic species on
biochar, compost, and wood is increased compared to sorption on sand (Figure 3B).

The anionic forms of the studied PhACs, gathered in red boxplot in Figure 3B, comprise
the group displaying the lowest sorption in all six materials. Within the acid molecules,
FFA, DCL, and KTO are in their anionic form, and PRM is in its neutral form throughout
the experimental pH range; IBU is in its anionic form in the experiments performed with
all materials except for those performed with woodchips, for which it is in its neutral form
(Figure S4). Anionic forms are moderately sorbed on biochar, compost, and woodchips
but subtlety sorbed on sand, clay, and zeolite. It is worth noting that wood is the material
displaying the higher sorption of anionic compounds.

The neutral forms, grouped in the blue boxplots in Figure 3B, are highly sorbed in
biochar, compost, woodchips, and the materials with high %OC and little sorbed in sand,
clay, and zeolites. OXA and CBZ are in their neutral form for the whole pH range, while
SMX is found in its neutral form only in the experiments performed with woodchips and in
its anionic form in the experiments performed with the rest of materials (Figure S4). Three
within the neutral species (OXA, CBZ, and DIA) display high affinity for high %OC
materials and little or moderate affinity with zeolite and clay. However, PRM, an acid
molecule mainly in its neutral form for the entire experimental pH range, displays moderate
sorption in woodchips and poor sorption in the rest of the materials (Figure S4).
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The cationic species, gathered in green boxplots in Figure 3B, is the group displaying
the highest sorption in all materials (including sand). Within the basic PhACs, three
molecules, namely PRL, ATL, and VLX, are in their cationic form and display high sorption
on clay and zeolite (Figure S3). DIA, which is in its neutral form and is so gathered under
the blue box in Figure 3B, displays only moderate sorption on clay and zeolite although
much higher than on sand (Figure S4D). The sorption of the cationic forms, even those
with low Log Dow, is highly increased in biochar, compost, and woodchips compared to
sand. The incorporation of any of the tested materials as components of the reactive barrier
will favor the sorption of the alkaline molecules, especially those in their cationic form
(Figure 3B).

Figure 4 displays the sorption of the neutral (A) and anionic (B) species in the six
tested materials. The dependence of the sorption on the Log Kow of the molecule and on
the OC content of the materials is clear for neutral species. The only molecule in its neutral
form that is poorly sorbed into biochar, compost, and woodchips is PRM, which shows a
Log Kow of 0.46, which is much lower than the rest of neutral species (OXA, 2.24; CBZ, 2.45;
DIA, 2.82). However, the sorption of anionic species does not display a clear correlation
with the Log Kow; most of them were only moderately sorbed even in high %OC materials.
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Figure 4. Sorption in sand (red), clay (pale blue), zeolite (dark Blue), biochar (orange), compost
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Figure 5 displays the sorption of the 12 PhACs (A) and anionic (B), neutral (C), and
cationic (D) species versus the OC content (gr) for each batch experiment and the linear
fit in B and logarithmic fit in C and D. Overall, a positive correlation is observed between
the OC content of the materials (Table 1) and the PhACs sorption (Figure 5A). The OC
contain of the materials is the parameter that most influences their sorption capacity. The
correlation between sorption and OC content is clear for anionic and neutral species, while
cationic species tend to be sorbed regardless of OC content, which weakens the correlation
between the two parameters.
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4. Discussion

Sorption and biodegradation are the main two processes controlling the fate and
transport of PhACs during SAT operations. The installation of reactive barriers intended to
promote both processes is a proven approach to upgrade the effectiveness of SAT systems
improving the quality of the recharged water [37,40,51,52]. We studied the capacity of five
sustainable materials to increase the sorption of a group of PhACs representative of those
commonly identified in WWTPs effluents. The mechanism behind the PhACs sorption
differs depending on the molecule structure and ionization and in the surface properties of
the materials.

4.1. Role of Experimental Parameters in Sorption

The variation in contact time has no evident effect on the adsorption of the PhACs,
supporting that sorption is a fast process. Sorption of PhACs did not increase for contact
times greater than 60 min, indicating that the parameterization of the reactive barrier and
inflow rate should ensure this time, but longer residence times are not necessary (Figure 1).
Gil et al. (2019) performed batch experiments to determine the adsorption of six PhACs on
activated carbon, and observed a very rapid initial increase in adsorption up to 40 min of
contact time, followed by a long period where the sorption did not increase [53]. A similar
influence of the contact time on sorption was found in other studies regarding uranium
onto polymeric adsorbents and metal ions onto straw material [54,55]. The fact that grain
size is not a determining factor in the control of the sorption process is good news since
decreasing the grain size of the reactive barrier material implies reducing its hydraulic
conductivity, and therefore, it would limit the volume that can be treated per square meter
of infiltration area (Figure 1). The other tested operating parameters, namely the S:W ratio
and the composition of the influent water, are not easily manageable, but having a limited
effect on sorption, they do not represent an effective approach to boost PhACs sorption
(Figure 2).

The increased sorption of anionic species with the ionic strength (Figure 2) might
be explained by the decrease of the electrostatic repulsions between molecules and the
negatively charged surfaces of materials due to the concentrations of cations near the
surfaces [50]. However, the presence of ions in the water decreases the sorption of anionic
contaminants in biochar mainly due to the competition for the positively charged carbon
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surfaces [49]. The effect of the ionic strength on the sorption of anionic species is, in any
case, subtle, probably resulting from the opposite effect of these two processes.

4.2. What Materials Should Be Included in Reactive Barriers to Boost PhACs Sorption?

Clay and zeolites exhibit a similar sorption capacity; anionic molecules are poorly
sorbed, neutral molecules display a wider sorption range in both materials than in sand, and
cationic molecules’ sorption is significantly improved and display a narrower distribution
compared to sand (Figure 3B). Sand has little sorption capacity compared to other materials;
however, for some molecules (CBZ, SMX, OXA, FFA, IBU, and DCL), sand performed very
similar to clay and zeolite (Figure S3), which can be linked to our sand composition (13%
of muscovite). Rossner et al. (2009) indicated that the uniform size and shape of zeolite
pores might be very effective in removing a specific molecule but not so effective when the
objective is to remove a broad range of molecules, as in the case of SAT systems [56]. Other
parameters such as the hydrogeological properties of the material must be considered in
deciding whether to incorporate these materials into reactive barriers. The incorporation
of clay in the reactive barrier will decrease the infiltration capacity and increase the water-
retention capacity. On the other hand, the incorporation of zeolites will provide structure
to the barrier.

Biochar, compost, and woodchips are shown to be very effective at increasing the
sorption of neutral and cationic species and moderately effective for anionic species. The
biochar sorption mechanisms for positively charged molecules has been proposed to
be cation exchange; it displays a high CEC (6.96 meq/100 g, Table 1) and hydrophobic
interactions for the neutral PhACs [46], whereas negative-charge-assisted H bonds, surface
complexation, and π–π interaction have been proposed as the sorption mechanisms for
anionic species into biochar [44,57,58]. Compost provides a high CEC (Table 1), facilitating
electrostatic attraction with the cationic species and a reactive surface higher than sand
but much lower than biochar (5 m2/g). Woodchips showed the lowest pH in the water
equilibrium: 5.26 (Table 1). The presence of woodchips leads to acid molecules with a pKa
greater than 5, such as SMX and IBU, to be mainly in their neutral form rather than in their
anionic form, favoring their sorption on the material (Figure S4). The high cellulose content
of woodchips favors ion exchange between cationic species and the phenolic hydroxyl
groups of the tannins [59].

The molecules speciation clearly affects their interaction mechanism with the active
fractions of the soil. Hydrophobic/lipophilic bonds (≈4 KJ/mol) are weaker than elec-
trostatic interactions with change transfer (≈40 KJ/mol) [31]. Scheytt and collaborators
concluded that the hydrophobic interaction with the organic matter is the mechanism
dominating the sorption process for CBZ and other neutral compounds [60]. Within the
neutral species, the anomalous behavior of PRM, which displays subtle sorption onto all
the tested materials, might be the explained by its low Log Dow, 0.28, compared to those of
the other three neutral species, around 2.5 (Table 2, Figure S1). The π–π interaction between
PRM and the syringyl group of lignin was proposed as an important mechanism for this
molecule [61]. Accordingly, to our results, the anionic species are the group of PhACs with
the highest probability of reaching the aquifer since they are the least sorbed; fortunately,
only 20% of PhACs belong to this group [11], and the presence of materials with a high
%OC markedly increases the sorption of these molecules compared to sand.

The %OC of the soil was proposed as the main parameter controlling the transport
of PhACs in column experiments by Chefetz and collaborators [62]. CBZ, DIA, DCL, IBU,
and ATL showed a strong retention in columns operated with materials containing high
%OC [51] and in SAT systems operated with a reactive barrier based on compost [37]. The
hydrophobic interactions between PhACs and the OC present in the soil were proposed
as the main sorption process in a SAT system. This fact supports the hypothesis that in
SAT systems operated with reactive barriers, sorption will prevent the transport of cationic
and neutral species into the aquifer. In addition, the inclusion of biochar, compost, and
specially woodchip in reactive barriers could increase the retention of anionic molecules
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such as SMX that are included in the surface water watchlist of the European Commission
since they might pose a significant risk for the aquatic environment [15]. Furthermore,
by including different materials and increasing the sorption surfaces, the distribution of
the residence times in immobile zones is broadened, which has been associated with the
localization of biogeochemical reactions that favors PhACs biodegradation [63].

Compost, biochar, and woodchips are suitable materials to be included in reactive bar-
riers. Within the studied sustainable materials, biochar is the one with the least-affordable
price, but since biochar production provides carbon-sequestration benefits, its cost might be
reduced under a carbon pricing regime [46]. On the other hand, biochar addition favored
plant growth, which reduces clogging risk and enhances pathogen retention and contam-
inant biotransformation [64]. In general, the sorption capacity of ionizable compounds
correlates with the biochar surface area, which is higher in biochar pyrolyzed at high
temperatures [58]. Compost addition can improve water retention, porosity, and nutrient
availability, affecting the microbial community structure and metabolism [38]. The optimal
proportion of each material should be assessed by column experiments where the changes
in the hydraulic conductivity can be investigated. Compost and woodchips have been
tested in high proportion (mixed with sand at 50% in volume) in SAT systems, displaying a
good performance in both maintaining the infiltration capacity of the system and improving
the removal of PhACs [21,40,52]; however, the effect of a potential mixture performance
should be tested before field-scale implementation. The proportion of biochar should be
lower than 10% (in volume) since proportions higher to 15% of the total will cause the
reduction of hydraulic conductivity, reducing the volume of renaturalized water [46].

5. Conclusions

The capacity of five sustainable materials to sorb PhACs was assessed through batch
experiments and compared with the capacity of sand. In this study, we propose a simple
test using batch experiments to assess the capacity of sustainable materials to sorb a broad
group of PhACs present in the effluents of WWTPs. The optimization of the operating
conditions must be carried out a posteriori in column tests where, in addition to the sorption
capacity, the hydrogeological properties and potential passivation can be evaluated.

Our main findings are the following:

1. All five materials displayed a higher capacity for PhACs sorption than sand;
2. The organic carbon content is the key parameter for the sorption performance of

the materials;
3. The PhACs speciation determines the mechanism of interaction with the surfaces and

therefore the degree of retention;
4. Cationic species displayed a high potential to be retained even in sand (13% of clay).

Neutral species interact with materials showing a high organic carbon content, while
their sorption on sand, clay, and zeolites was limited or moderate. Anionic species are
the ones with the greatest risk of reaching the aquifer since their sorption is moderate
even in materials with a high organic carbon content;

5. The incorporation of a mixture of woodchips, compost, and biochar in reactive bar-
riers will favor the retention of PhACs, increasing the time during which they are
bioavailable for degradation, and therefore increasing the efficiency of SAT systems in
water renaturalization.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15071393/s1, Figure S1: Calculated Log DOW (green line, secondary
vertical axis) and anionic (slashed line), neutral (black line), and cationic (dot line) molar fraction of the
studied molecules for pH range between 1 and 15. Pale blue square marked the experimental pH range.
Figure S2: Schematic diagram of the experimental procedure. Figure S3: PhACs sorption on studied
materials: clay (pale blue), zeolite (dark blue), biochar (orange), compost (yellow), and woodchips (green)
compared with sorption onto sand (red bars). Standard deviations from the triplicates are displayed as
errors bars. Figure S4: Sorption of the 12 PhACs onto the studies materials (sand: red squares, clay: pale

https://www.mdpi.com/article/10.3390/w15071393/s1
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blue squares, zeolite: dark blue squares, compost: yellow circles, woodchips: green circles, and biochar:
orange circles) and their ionization fraction (neutral: black line, anionic: red dash line, and cationic blue
dot line) for the experimental pH range. Table S1: Composition of the SWW used in the experiments.
The composition was achieved by the addition of 0.133 g of CaCl2, 0.687 g of NaCl, 0.058 g of NaHCO3,
and 0.064 g of KHCO3 to the commercial brand Aix les Bains®. Table S2: Experimental conditions
of the batch sets performed to assess the role of the experimental parameters (S:W ratio, contact time,
water composition, and grain size) in the sorption capacity of sand, compost, and clay and in the batch
performed to compare the sorption capacity of the five sustainable material studied to sand sorption
capacity. Crosses in green indicate the values tested in each case, and crosses in black indicate the default
value of the parameter. Table S3: Ionization mode, m/z, and retention time of the selected molecules.
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