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Abstract: This study emphasizes the importance of employing parallel batch tests with different
liquid/solid (L/S) ratios to assess their dissolution mechanisms. Changes in physicochemical
parameters (electrical conductivity, pH, and oxidation-reduction potential), as well as the sorp-
tion/desorption of dissolved organic carbon (DOC) and nitrate (NO3

−) due to graphene addition in
a calcareous sandy soil (CS) and in a siliciclastic riverine sandy soil (SS) were assessed via batch ex-
periments at different L/S ratios. Graphene’s production is growing at a great pace, so it’s important
to test methods to reuse graphene wastes. The results of soil batch experiments mixed with graphene
were compared with classical soil improvers (compost, biochar, and zeolites). The batches were
performed using the saturation soil extraction method with deionized water as a proxy of rainwater.
The contact time was 48 h. At the end of the experiment, water samples were collected to be analyzed
for NO3

−, DOC, DIC, Ca, and Mg. Graphene did not alter the physiochemical parameters of both
soils. Moreover, its addition did not trigger any NO3

− increase respect to control and to other
improvers. Biochar increased EC and pH beyond recommended limits for most crops’ growth in both
soils. As expected, compost addition produced the highest NO3

− release.

Keywords: batch experiments; sorption/desorption; engineered carbonaceous materials; dilution;
leaching

1. Introduction

Graphene is an engineered carbonaceous material (ECM) with many promising char-
acteristics, such as good electrical and thermal conductivity, resistance, elasticity, and good
adsorption capacity [1–3]. As a result of this, it is used in countless fields of application
such as medicine [4,5], electrical and chemical engineering [6,7], and in some eco-friendly
application (e.g., as nematicide) [8]. In recent years its production grew enormously, so
production scraps and graphene-based wastes have increased too [9,10].

For this reason, it is important to test methods to reuse graphene wastes, with the aim
to include graphene into the circular economy loop [11]. In this light, graphene was recently
tested as a soil improver to increase water retention and to reduce nutrient leaching due to
its high specific surface area, low bulk density, low release of nitrogen (N) compounds, and
nil release of heavy metals [12].

Nitrate (NO3
−) is one of the most common inorganic groundwater contaminants due

to fertilization practices that increase crop production worldwide [13]. So, it is important to
test if ECM, such as graphene, could release or adsorb NO3

− since the overapplication of N
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compounds can trigger the degradation of groundwater quality, which is strictly connected
with the increase of human health risk [14].

Laboratory leaching experiments, such as batch tests, are indispensable tools to un-
derstand the potential release of contaminants on the soil-groundwater pathway [15].
Schuwirth and Hofmann [16] summarized the four most common leaching batch experi-
ments: German DEV S4 test, saturation soil extraction (SSE), ammonia nitrate extraction
(ANE), and pH static test. They concluded that for a study focused on groundwater impact
assessment, the best test is the SSE since the use of deionized water and the absence of
constant agitation makes it closer to the real conditions of the soil-groundwater system.

The crucial point of a batch experiment is the choice of the liquid/solid (L/S) ratio.
There is currently no standardization of the L/S ratio for batch leaching experiments in
groundwater risk assessment. In most literature studies the L/S ratio values vary between 2
and 10 [17–19]. Parallel batch tests can be used to determine a potential contaminant release
in a soil-water system [20]. The release of chemical species, indeed, can be closely linked to
the L/S ratio that can influence the solubility of a chemical species and its ability to pass
in the liquid phase [21]. Therefore, it is important to perform multiple batch extraction
tests on new materials that will be applied to the soil to estimate the total amount of
contaminant that can be extracted from a given material [22]. It is essential to perform
series of batches with different L/S since the different batch set-up could change the
results and their interpretation. Indeed, multiple batches with different L/S ratios can
provide useful information on the behavior of some materials under different moisture
conditions, as usually happen in the field. For example, it is possible to gain insights about
the conditions of maximum and minimum release of nutrients and/or contaminants. This
is very important in studies focused on the release of nutrients in agricultural landscapes
or in risk assessment studies tackling the potential release of contaminants.

In this study, multiple leaching batch tests with different L/S ratios were carried
out to assess the potential release of NO3

− from graphene’s application in two different
soils: a calcareous sandy soil (CS) and a siliciclastic riverine sandy soil (SS). The results
of graphene batch tests were compared with the ones on classical improvers (compost,
biochar, and zeolites). The aim of the study was twofold: (i) to evaluate the leaching of
NO3

− in two different sandy soils after the application of compost, zeolites, biochar, and
graphene in controlled laboratory conditions; and (ii) to replicate the same experiment at
different L/S ratios to assess NO3

− release from each improver as a function of the L/S
ratio. It is important to note that this study carries out an innovative procedure for batch
experiments. Most of the literature studies such experiments have been conducted using
only one L/S. Instead, performing batch experiments with different L/S ratios fosters a
better understanding of the interaction among solid and liquid phases [20].

2. Materials and Methods
2.1. Soils and Improvers Characteristics

The CS soil had a grain size distribution from medium to coarse and a high carbonates
content while the SS soil had a grain size from medium to fine and a low carbonates
content (Table 1). The grain size distribution was determined via wet and dry sieving and
the carbonate content was determined via Chittick gasometric apparatus. Soils were not
sterilized to minimize the alteration of their characteristics.
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Table 1. Grain size distribution, carbonates content expressed in percentage over dry weight, and pH
for the CS and SS soils, and for the four improvers. Standard deviation from triplicate samples is
also reported.

Sand Silt Clay Carbonates pH

CS 96.8 ± 2.4 2.5 ± 1.6 0.7 ± 1.4 87.9 ± 4.2 7.8 ± 0.2
SS 96.9 ± 0.2 2.7 ± 0.1 0.4 ± 0.2 5.3 ± 0.6 8.1 ± 0.2

Compost 90.6 ± 2.0 8.8 ± 1.0 0.5 ± 0.1 0.2 ± 0.03 6.7 ± 0.1
Biochar 80.6 ± 5.5 4.9 ± 1.7 14.3 ± 4.6 2.1 ± 0.6 9.9 ± 0.1
Zeolites 3.2 ± 0.3 7.7 ± 3.4 89.2 ± 3.2 0.1 ± 0.02 8.1 ± 0.1

Graphene 0.0 ± 0.0 0.0 ± 0.0 100.0 ± 0.0 0.0 ± 0.0 7.1 ± 0.1

The soil improvers, Biochar, Compost, Zeolites, and Graphene, were purchased from
commercial manufacturers and their composition, as described in their technical sheet, is
reported in Table 2.

Table 2. Type of soil improvers used in this study and their percentage in the batch experiments (as
dry weight).

Compost Zeolites Biochar Graphene

Type Cow manure
vermicompost

Clinoptilolite
67.5% Mordenite

32.5%

Wood
gasification

biochar
GR006050

Manufacturer LTDG® SBM LIFE
SCIENCE® BioDea® Directa Plus®

Mix (% d.w.) 1.8 0.9 4.5 0.015

2.2. Batch Experiments

Batch leaching experiments were carried out doing parallel batch tests with different
L/S ratios, as proposed by Sakankura et al. [20], to better understand the desorption
dynamics of the soil-water system. Batch tests were performed using the SSE method
described by Schuwirth and Hofmann [16], with the use of deionized water as a rainwater
proxy (EC 15 ± 2 µS/cm, pH 6.84 ± 0.01, ORP 154 ± 11 mV). The contact time was set
to 48 h. Each batch was replicated with four different L/S ratios (1, 2, 5, and 10) and for
each configuration three replicas were made. Each experiment was performed in HDPE
containers with rectangular base (3.9 × 4.5 cm) and height of 8.5 cm, closed by a double
stopper to isolate the content. Batches were stored under temperature-controlled condition
(25 ± 0.5 ◦C) in the dark to avoid algal proliferation. After preparation, the batches were
shaken, mixed, and left stand unstirred, since a strong artificial shaking might cause the
change of leaching behavior due to the abrasion of particles, the destruction of aggregates,
and the mobilization of colloids [23].

Batches were monitored with a HANNA Instruments multiparametric probe (HI98194)
to record pH, electrical conductivity (EC), and oxidation-reduction potential (ORP) after
1, 12, 24, and 48 h. At the end of the experiment, water samples were collected and
filtered with a 0.45 µm polypropylene filter to analyze dissolved organic carbon (DOC) and
NO3

− via a Pharmacia Biotech Ultrospec 2000 UV/VIS spectrophotometer following the
procedure of Cook et al. [24]. Ca and Mg were analyzed with an ICP-OES (PerkinElmer,
Waltham, USA) after acidification of the samples with ultrapure 1 M nitric acid and filtering
on 0.45 µm. Dissolved inorganic carbon (DIC) was determined by back-titration method
using pH 3.5 as end point [25].

One-way analysis of variance (ANOVA), computed with STATGRAPHICS v.18, was
applied to calculate significant differences between treatments and between L/S ratios for
the same treatment.
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2.3. Graphene’s NO3
− Sorption Isotherm

The graphene’s NO3
− sorption isotherm experiments were performed by batch ad-

sorption experiments and were carried out by mixing 0.5 g of graphene and 100 mL of
water at four different NO3

− concentrations: 1 mg/L, 10 mg/L, 50 mg/L, and 100 mg/L. A
NO3

− ion stock solution (100 mg/L) was prepared, and the other solutions were obtained
by subsequent dilution of the stock solution. The mixture was agitated in a thermostatic
shaker at a speed of 250 rpm at 25 ◦C. The adsorption experiment was conducted for the
optimization of experimental conditions such as contact time, initial NO3

− concentration,
and adsorbent dose. All experiments were carried out at room temperature (25 ◦C). NO3

−

concentrations at the end of each test were analyzed with a Pharmacia Biotech Ultrospec
2000 UV/VIS spectrophotometer following the procedure of Cook et al. [24].

3. Results and Discussions
3.1. Physical-Chemical Monitoring

Figure 1 shows the results of the EC monitoring in the batches with CS and SS soils
for all of the L/S ratios. In all experiments EC reached asymptotical equilibrium values at
the end of the monitoring period (48 h). All of the soluble salts passed in the water phase
in a relatively small amount of time, which is typical of sandy materials characterized by
large pore throats [26,27]. Graphene showed lower values of EC for almost every treatment
and L/S ratio. This was possibly due to the capability of Graphene to incorporate solute
complexes and large dissolved ions within its honeycomb lattice [28]. Graphene’s EC
values were very close to Control and to Zeolites’ EC values for L/S = 5, and L/S = 10.
Biochar showed the highest value of EC for all L/S ratios, according to Kookana et al. [29]
and Alessandrino et al. [12], mainly due to the dissolution of carbonates formed during the
combustion process.

Figure 2 shows the results of EC variations in response to the increasing L/S ratios.
To directly compare the results with L/S = 1, the EC values measured in the batches
with L/S > 1 were multiplied by factor 2, 5, and 10, respectively. It can be noticed that
EC logarithmically increased in the CS and SS Control, reaching an asymptotic value of
500 µS/cm at L/S 10. This occurred since the larger amount of liquid phase respect to solid
phase allowed a complete dissolution of precipitated salts, witnessing an availability control
mechanism [16]. Biochar and Compost batches released more ions in solution respect to the
Control since they release soluble nutrients such as N, P, and K [12], as witnessed by their
statistically different values from the Control for all L/S ratios. This was not the case for
Graphene and Zeolites CS batches at L/S = 5 and L/S = 10, which were statistically different
from the Control only for CS L/S = 10. EC lowering respect to the Control was likely due
to ions and complexes incorporation and sorption onto Zeolites nanotubes [30] and due
to sorption and lattice incorporation for Graphene [28]. In general, EC values increased
with the increase of L/S ratios, meaning that the dissolution in batches was dependent on
L/S ratio. Therefore, if the aim of the experiment is to delineate the maximum amount of
soluble salts released, a high L/S ratio must be employed. Additionally, SS characteristics
were completely different than CS characteristics (Table 1), but the effect of the L/S ratio
used was similar for both soils. This implies that the effect of L/S ratio is independent on
the type of solid matrix for sandy soils.
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Figure 3 shows the results of pH monitoring in the batches with CS and SS soils for 
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Figure 2. EC values variation in SSE batches with CS (left panels) and SS (right panels) soils versus
L/S ratios at the end of the monitoring period. Error bars denote standard deviation calculated
on three replicates, while lines are the best fit natural logarithmic curves. Different letters indicate
statistically different means at 0.05 confidence.
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Figure 3 shows the results of pH monitoring in the batches with CS and SS soils for all
L/S ratios. As for EC, the pH reached asymptotical equilibrium values at the end of the
monitoring period. pH values in CS batches were generally higher than in SS ones, Due
to their higher content of carbonates. Graphene showed pH values similar to Control and
Zeolites ones, lower than Biochar and higher than Compost for both soils at all L/S ratios.
This means that Graphene addition did not result in natural soil pH changes. Compost
showed the lowest values of pH for all L/S ratios due to the release of Fulvic and Humic
acids [31] in both CS and SS soils. Biochar showed the highest values of pH for all L/S
ratios reaching the maximum value (12) in L/S = 1 for CS batches and in L/S = 2 for
SS batches (10.8). Those elevated pH values can trigger the conversion of ammonium
(NH4

+) into ammonia (NH3) [32] with the consequent release of greenhouse gasses [33].
Furthermore this could impact the agricultural yield for many crops removing NH4

+ from
the soil and preventing plants from using it [34]. In CS batches Biochar showed a different
trend from the other soil improvers and the Control, except for L/S = 10. In fact, for
L/S = 1, L/S = 2, and L/S = 5, Biochar pH tended to increase during the monitoring period,
while the other improvers showed equilibrium or a slight decrease. In SS Biochar batches
showed two different trends. For L/S = 1 and L/S = 2 pH increased at the beginning of
the monitoring period, while it decreased for the other L/S ratios. This was imputable
to CaCO3 precipitation, which is optimal in a pH range of 8.5–10 [35] and the following
reaction can occur:

Ca2+ + HCO−3 → CaCO3 + H+ (1)

with the consequent release of protons triggering the pH lowering [36]. For L/S = 1, L/S = 2,
and L/S = 5 in CS batches and for L/S = 1 and L/S = 2 in SS batches, Biochar pH values
were out of the optimal pH range for CaCO3 precipitation. Biochar pH values were also
affected by L/S ratios, indeed they tended to decrease with the increase of L/S ratios.

Figure 4 shows the effect of different L/S ratios on pH. In the Control, pH increased
starting from 8.5 for CS and 8.2 for SS, to reach an asymptotic value of 9.2. In Graphene
and Zeolites batches no appreciable differences from the Control could be noted, with no
statistically relevant differences among CS, SS, and Control. In the Compost batches a
decrease of 0.2 pH points was induced by the acidic conditions of the Compost (Table 1),
with statistically relevant differences respect to Control for all L/S ratios except for SS
L/S = 1 and L/S = 10. In the Biochar batches, pH tended to converge towards the Control’s
pH at increasing L/S ratios, starting at pH near 12 in the CS batches, probably since Biochar
induced carbonates dissolution, in agreement with Alessandrino et al. [12]. In both Biochar
CS and SS statistically different means respect to Control were present, while for Zeolites
no relevant differences were present, indicating that Zeolites addition did not influence pH.

Figure 5 shows the results of ORP monitoring in the CS and SS batches for all L/S ratios.
Zeolites revealed the highest values of ORP, while Biochar showed the lowest values for all
L/S ratios and for both soils. Biochar did not show a clear trend with ORP values showing
an initial decrease and a subsequent increase, in agreement with Alessandrino et al. [12].
This effect was imputable to the dissolution of organic compounds from Biochar thus
providing electron donors that determined the ORP fluctuations [37]. In all treatments and
for all L/S ratios ORP for Graphene and Compost batches were quite similar and close
to those of the Control. The CS Graphene batches showed ORP values higher than the
Control ones. Conversely, the SS Graphene batches showed ORP values slightly lower
than the Control ones, apart from L/S = 10. For all L/S ratios, except for Biochar, the
addition of the soil improvers stabilized ORP, which rapidly reached equilibrium values.
Graphene, Compost, and Zeolites ORP values were not affected by the change of L/S
ratios, with values close to 200–250 mV. Biochar ORP values were, instead, affected by the
change of L/S ratios. The increase of L/S ratios increased ORP values that tended towards
Control values.
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Figure 4. pH in SSE batches with CS (left panels) and SS (right panels) soils versus L/S ratios
values at the end of the monitoring period. Error bars denote standard deviation calculated on three
replicates, while lines are the best fit natural logarithmic curves. Different letters indicate statistically
different means at 0.05 confidence.
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Figure 6 shows the effect of different L/S ratios on ORP. In the Control, ORP decreased
due to the dilution effect, departing from ORP values of approximately 210 mV for CS
and 220 for SS, to reach an asymptotic value around 150 mV and 170 mV, respectively. In
Graphene’s batches ORP values were less affected by the influence of the liquid phase
and tended to remain more stable than the Control ones. Both CS and SS batches showed
statistically different means respect to Control except for CS L/S = 1 and for SS L/S = 5.
This was probably due to the antioxidant properties of this material [38]. In Compost
batches, ORP values were not affected by the change in L/S ratios remaining substantially
close to 200 mV for both soils except for L/S = 5, with statistically different means respect
to Control except for CS L/S = 1. Biochar batches showed lower values of ORP than the
Control in both soils, with statistically different means respect to Control. This was due to
the effect of aromatic compounds on Biochar surfaces that provided a source of electron
donors that could create a reducing environment [37]. In Zeolites batches ORP mimicked
the trend of the Control for both CS and SS batches, with ORP values slightly higher than
the Control, with statistically different means respect to Control except for SS L/S = 5.

3.2. NO3
− and DOC Release

The results of the NO3
− and DOC concentrations monitoring suggested that Graphene

performed well in comparison with the other soil improvers, despite the fact that Graphene
was applied with a lower amount respect to the other improvers. CS batches showed higher
release of NO3

−. This was due to the higher pH that corresponds to a higher number of
negative charges on the surface of the solid phase, which increases the solubility of the
cations [39]. In the Graphene batches NO3

− concentration in water was significatively
lower than in the Control for both CS and SS soils (Figure 7), with statistically different
means respect to Control except for CS and SS L/S = 1 and L/S = 2. This suggested
that possible adsorption reactions might occur, as already found by Ghadiri et al. [3] and
Alessandrino et al. [12]. In addition, it has been recently highlighted that Graphene can
enhance denitrification performance [40], significantly reducing the concentration of NO3

−

in the liquid phase. Based on the results obtained by the sorption isotherm experiments
(data in Supplementary Materials), the NO3

− decrease in Graphene’s batches was likely
due to denitrification. This is due to the fact that the percentage of adsorption, especially
in the solution with 10 mg/L of NO3

−, was almost negligible (≈0.2% of NO3
− adsorbed).

Compost batches showed significative higher values of NO3
− concentration in water for

both CS and SS soils, above the admissible limit of 50 mg/L [41] for all L/S ratios, with
statistically different means respect to Control. This was due to organic N mineralization
which produced a large amount of NO3

− that was brought into solution approaching an
asymptotic value of approximately 100 mg/L for CS batches and 200 mg/L for SS ones. For
instance, the inorganic N reported by the manufacturer was 270 mg/kg, which was similar
to the asymptotical value for the SS batches, meaning that nearly all of the inorganic N was
brought into solution. In CS batches, NO3

− was probably denitrified by the excess of labile
organic substrates available in the Compost. Indeed, the manufacturer reported 29.4% of
humified organic matter. Biochar batches showed a slight but unsignificant increase of
NO3

− in CS batches respect to the Control (except for L/S = 1), while no differences in
comparison to the Control was recorded in SS batches (except for L/S = 1 and L/S = 2).
This highlights no release, no sorption, and no degradation of NO3

− in all Biochar batches.
Zeolites batches showed significative lower NO3

− concentration in water than in the
Control for CS L/S = 5 and L/S = 10 and for SS L/S = 5, since the clinopliolite has a
moderately good NO3

− adsorption capacity at neutral and basic pH [30].
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The DOC concentrations were similar among CS and SS batches (Figure 8). Graphene
batches showed a slight increase of DOC in CS compared to the Control, but statistically
relevant only for L/S = 1 and L/S = 5; while a significative increase of DOC respect to the
Control was recorded in SS for all L/S ratios except for L/S = 5. The higher DOC in SS was
probably due to the low amount of carbonates in this soil (Table 1), which often promote
complexation and flocculation of organic substances [42]. Compost batches showed a
significant increase of DOC both in CS and SS soils except for CS L/S = 5, due to the
dissolution of humic and fulvic acids. Biochar batches showed a significative increase of
DOC in CS at L/S = 5 and L/S = 10; while it showed significant differences in SS respect
to the Control only for L/S = 2. Zeolites showed a slightly but not significant increase of
DOC both in CS and SS, except for SS L/S = 1 and L/S = 2, which were affected by limited
exchange among solid and liquid phases.

The increase of DOC carried on by the application of the soil improvers represented a
very important result. Especially in a scenario where the rise of global temperatures leads
to a greater degradation of soil organic matter [43]. In addition, Bungau et al. [44] pointed
out that the application of nanomaterials to soils corresponds to an increase in soil organic
matter and microbial activity, this could lead to potential positive and negative impacts on
the agricultural fields [45]. So, it is essential to investigate how the application of a new
nanomaterial can impact the environment.

In general, there are two different leaching control mechanism: (i) the release of a
chemical species can be controlled by its availability; or (ii) the release can be controlled by
the solubility of the chemical species and/or by sorption-desorption processes [16]. NO3

−

salts have elevated solubility, indeed NO3
− release in all of the batches was controlled by

NO3
− availability since its concentration is strongly dependent on the L/S ratio. In fact,

an increase in L/S ratio corresponds to a decrease in NO3
− concentration for both CS and

SS soils (Table 3) [16]. The only exception is the high concentration of NO3
− for L/S = 2

compared to L/S = 1. This was possibly due to the fact that in L/S = 1 the solid-liquid
contact was not optimal and NO3

− cannot be easily transferred into the liquid phase.
Despite the fact that there were no significant differences between NO3

− concentration
in L/S = 5 and L/S = 10 for all batches, the values in batches with L/S = 10 were always
smaller than the ones for L/S = 5, highlighting that NO3

− release was controlled by its
availability and not by its solubility [16]. As regards DOC, its solubility also depends on the
nature of the organic carbon contained in the different soil improvers. In fact, for example,
it is possible to notice large differences of DOC among CS and SS Biochar batches. This
is due to the very refractory nature of the biochar organic carbon, which gives it a low
solubility and a great sensitivity even to small pH changes (pH in CS is higher than in SS
due to CaCO3 dissolution) [42]. When the leaching process is limited by the solubility of the
chemical species, the L/S ratio has no influence on the concentration. But in field conditions
is rather common to find a mix of solubility and availability control mechanisms [16]. In
general, DOC concentrations tend to increase with the increase of the L/S ratio for all of the
batches, or as in the case of graphene there are no statistically significant differences in DOC
values for the different L/S ratios. Likewise, the other soil improvers show non-significant
differences for some L/S ratios in DOC concentrations. This means that DOC release was
controlled by a mix between solubility and availability for Compost, Zeolites, and Biochar,
since the increase of the liquid phase led to an increase in DOC solubility [15]. Conversely,
in Graphene’s batches DOC release was limited only by its solubility, since there are no
statistical differences in DOC concentration between the different L/S ratios.
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Table 3. Statistical comparison between the mean (±standard deviation) of raw data values (not
multiplied by the L/S ratios factor) for NO3

− and DOC at different L/S ratios for each improver for
both soils.

NO3−

L/S ratios (CS) Control Compost Biochar Zeolites Graphene

1 0.45 ± 0.12a 24.83 ± 6.2a 5.87 ± 1.1a 1.86 ± 0.62b 0.1 ± 0.01a
2 6.52 ± 4.15b 31.24 ± 7.9b 7.79 ± 0.39b 4.52 ± 0.87c 3.86 ± 0.93
5 2.57 ± 0.06ab 12.73 ± 6.2c 4.00 ± 2.2a 0.23 ± 0.06a 0.15 ± 0.01a

10 2.95 ± 1.3ab 9.44 ± 4.34c 3.79 ± 0.62a 0.13 ± 0.01a 0.21 ± 0.11a
F ratio 4.159 7.927 2.796 43.31 46.917
p value 0.047 0.009 0.109 <0.001 <0.001

L/S ratios (SS) Control Compost Biochar Zeolites Graphene

1 0.17 ± 0.06a 24.5 ± 3.1a 3.14 ± 2.72a 0.66 ± 1.48ab 0.82 ± 0.62a
2 3.88 ± 1.86b 66.56 ± 16.5b 9.49 ± 1.24b 2.66 ± 0.76c 3.33 ± 0.86b
5 2.29 ± 0.06ab 21.46 ± 6.2a 2.33 ± 0.06a 0.35 ± 0.12b 0.55 ± 0.18a

10 2.08 ± 1.1ab 19.86 ± 3.72a 2.18 ± 0.62a 0.87 ± 0.43ab 0.73 ± 0.06a
F ratio 5.898 18.031 15.686 4.079 17.479
p value 0.02 <0.001 0.001 0.05 <0.001

DOC

L/S ratios (CS) Control Compost Biochar Zeolites Graphene

1 4.85 ± 1.15a 6.5 ± 0.55a 6.46 ± 0.58a 5.06 ± 0.63a 1.5 ± 0.92b
2 4.04 ± 1.04a 7.29 ± 0.56a 4.99 ± 0.42b 3.06 ± 0.1a 4.67 ± 0.36a
5 5.52 ± 1.37a 7.99 ± 1.13a 12.3 ± 1.07c 8.47 ± 1.41b 8.71 ± 1.41c

10 6.34 ± 0.48a 13.41 ± 1.7b 10.21 ± 0.41d 6.45 ± 1.87ab 6.28 ± 1.39a
F ratio 2.514 24.344 72.024 11.228 22.209
p value 0.132 <0.001 <0.001 0.003 <0.001

L/S ratios (SS) Control Compost Biochar Zeolites Graphene

1 2.23 ± 0.76a 4.16 ± 0.74b 2.86 ± 0.32a 3.48 ± 0.09a 7.76 ± 0.7a
2 3.48 ± 1.29a 8.07 ± 0.62a 2.13 ± 0.31b 6.54 ± 1.35a 5.18 ± 0.35a
5 7.46 ± 1.11b 18.23 ± 0.69c 6.89 ± 0.88c 7.16 ± 1.44a 8.75 ± 1.44a

10 4.41 ± 1.06a 10.21 ± 2.17a 3.66 ± 0.23ab 5.61 ± 2.58a 7.34 ± 1.01a
F ratio 12.825 68.512 50.99 2.917 7.335
p value 0.002 <0.001 <0.001 0.1 0.011

The ANOVA metrics (F-ratio and p-value). For p-value < 0.05, there is a statistically significant difference between
the means. Multiple range tests to determine which means are significantly different from which others for each
parameter, based on different treatments. Different letters indicate statistically different means at 0.05 confidence.

3.3. DIC, Ca and Mg in L/S = 5 Batches

DIC, Ca, and Mg were analyzed in batches with L/S = 5. Figure 9 shows DIC, Ca and
Mg concentrations at the end of the monitoring period. Biochar showed the highest value
of DIC, with statistical differences in comparison to the control for both CS and SS soils.
The elevated DIC concentration in Biochar batches was closely connected to the dissolution
of carbonates and also explained the high initial pH values of these batches. Biochar also
showed the largest values of Ca for both soils. The concentration of Ca in the Biochar CS
batch (207.0 mg/L) was larger than the one in the Biochar SS batch (74.8 mg/L). This large
difference could explain the gap of DOC concentrations between these two treatments [46].
This behavior was maintained even in Compost batches. Indeed, the Compost SS batches
showed Ca concentrations higher than the Compost CS batches and, accordingly, Compost
SS batches showed DOC concentrations higher than the Compost CS batches. With respect
to Mg, the Compost SS batches showed an increase with significative statistical differences
respect to the Control.
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4. Conclusions

In this study, the release of NO3
− and DOC from Graphene was investigated in

comparison with classical soil improvers (Biochar, Compost, and Zeolites) in two different
soils, performing multiple batch experiments with different L/S ratios. Graphene addition
did not alter the physiochemical parameters of both soils (CS and SS) and its addition
did not trigger any NO3

− increase respect to Control and to other improvers, possibly
stimulating denitrification. Biochar increased EC and pH beyond recommended limits
for most crops’ growth for both soils, but the effect was mitigated by the increase of L/S
ratios. Compost addition produced the highest NO3

− release, although generally below
groundwater quality threshold limits. Graphene helped to decrease NO3

− concentrations
in batches with L/S = 5 and L/S = 10 in both soils. This study emphasizes the importance of
employing parallel batch tests with different L/S ratios to study the dissolution mechanisms.
In fact, statistical differences between NO3

− and DOC released for the different L/S
ratios used were recognized. Moreover, NO3

− and DOC concentrations were not strictly
linked to dilution effects. The significance of this study lies in going beyond a simple
experimental set-up with a single L/S ratio in order to provide a sound understanding
of NO3

− and DOC release from the different L/S mixtures. In this way, it was possible
to highlight the close relationship among the results and the choice of the L/S ratio.
Furthermore, performing the experiments on two different sandy soils (CS and SS) allowed
to demonstrate that the effect of the L/S ratio is also manifested (thou with different
magnitude) on soils different mineralogical compositions. Field studies remain the most
suitable method to understand the real behavior of new materials in the environment.
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Laboratory investigations such as the one here presented are informative and cost-effective
tools to better design field experiments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12126220/s1. Table S1: Isotherm NO3 graphene.
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