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ARTICLE INFO ABSTRACT

Edited by: Dr R Pereira Graphene oxide (GOx) is a nanomaterial with demonstrated capacity to remove metals from water. However, its
effects on organic pollutants and metal(loid)s present in polluted soils when used for remediation purposes have
not been extensively addressed. Likewise, few studies describe the effects of GOx on edaphic properties and soil
biology. In this context, here we assessed the potential of GOx for remediating polluted soil focusing also on
different unexplored effects of GOx in soil. To achieve this, we treated soil contaminated with concurrent
inorganic (As and metals) and organic pollution (TPH and PAHs), using GOx alone and in combination with
nutrients (N and P sources). In both cases increased availability of As and Zn was observed after 90 days, whereas
Cu and Hg availability was reduced and the availability of Pb and the concentration of organic pollutants were
not significantly affected. The application of GOx on the soil induced a significant and rapid change (within 1
week) in microbial populations, leading to a transient reduction in biodiversity, consistent with the alteration of
several soil properties. Concurrently, the combination with nutrients exhibited a distinct behaviour, manifesting
a more pronounced and persistent shift in microbial populations without a decrease in biodiversity. On the basis
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of these findings, GOx emerges as a versatile amendment for soil remediation approaches.

1. Introduction

The abandonment of industrial and mining activities has left behind
many areas contaminated by metals, metalloids, and hydrocarbons,
sometimes even simultaneously. While hydrocarbons are usually
degraded into less harmful molecules (Gallego et al., 2022), metals and
metalloids are a major threat due to their toxicity, persistence, and
bioaccumulation in the food chain (Gong et al., 2020). Traditional
physico-chemical soil remediation technologies, such as soil washing or
leaching, may negatively affect soil properties and microbiology.
Moreover, they are very expensive and not able to completely remove
pollutants (Dermont et al., 2008). In contrast, Nature-based Solutions
(NBS) such as bioremediation or phytoremediation are low-cost sus-
tainable options for this purpose (Song et al., 2019a).

In this context, soil nanoremediation has recently emerged as a
strategy through which to mobilize or immobilize pollutants (Bolan
et al., 2014). Nanomaterials are characterized by a large specific surface

* Corresponding author.
E-mail address: diego.baragano@unican.es (D. Baragano).

area and high chemical reactivity (Corsi et al., 2018) and thus they may
be more effective in environmental remediation when compared with
conventional methods (Alazaiza et al., 2021; Ganie et al., 2021). For
instance, iron-based nanoparticles can modify metal and metalloid
availability (Fajardo et al.,, 2019; Mohammadian et al., 2021). In
particular, nanoscale zero-valent iron (nZVI) has a high surface area and
can immobilize As, Cd, Hg, Pb, and Zn (Fajardo et al., 2020). Also,
carbon nanomaterials such as graphene oxide (Baragano et al., 2020),
carbon foams (Janeiro-Tato et al., 2021) or carbon nanotubes (Matos
etal., 2017) have been tested for metals immobilization in polluted soils.

Graphene oxide (GOx) is a hydrophilic two-dimensional oxidized
form of graphene, resulting from graphite oxidation. Its surface is
decorated by oxygen functional groups (Motevalli and Parker, 2019),
including epoxide and hydroxyl groups located on the basal plane, and
carboxyl and carbonyl groups on the periphery area (Stankovich et al.,
2006). GOx is characterized by a high surface area, high density of ox-
ygen functional groups, hydrophobic n-n surface interaction, and
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low-cost production from graphite using chemical oxidation and exfo-
liation (Futalan et al., 2019). In addition, graphene nanoflakes can be
produced from eco-friendly materials (Naik et al., 2020). GOx has
proven to be an effective sorbent for metals (Sitko et al., 2013; Wang
et al., 2013), and also to remediate aquatic environments (Mishra and
Ramaprabhu, 2011; Siddiqui and Chaudhry, 2018). Nonetheless, GOx
has received limited attention in the context of soil remediation, despite
its potential as an amendment for soil stabilization as demonstrated in a
previous work (Baragano et al., 2020). In fact, the effects of this nano-
material on soil properties and organic contaminants, or even in plants
development, have not been previously addressed.

Potential negative effects of GOx on isolated microorganisms include
the inhibition of bacterial growth through the disruption of cell walls
and reactive oxygen species production (Akhavan and Ghaderi, 2010;
Barrios et al., 2019). Also, some studies have described that GOx can
decrease soil enzymatic activity (Chung et al., 2015; Fang et al., 2022)
and alter the microbial composition (Forstner et al., 2019), although its
effect on bacterial communities in contaminated soils remains ambig-
uous (Xiong et al., 2018). Conversely, GOx has been described to
improve bacterial hydrocarbon biodegradation acting as an electron
acceptor (Song et al., 2019b), and it can also enhance microbial growth
by providing a large area for attachment (Ming et al., 2019).

On the whole, the interaction of GOx with soil biotic and abiotic
components continues still largely unknown. To fill this gap, and to
explore GOx uses in soil remediation, here we performed a detailed
analysis of a GOx-amended soil contaminated with metal(loid)s and
hydrocarbons, also including trials using a combination of GOx and
biostimulation with N and P. An exhaustive study of the immobilization
of metal (loid)s, degradation of hydrocarbons, edaphic properties and
germination index was carried out to assess positive and negative effects
on soil health. Also, the Automated Ribosomal Intergenic Spacer Anal-
ysis (ARISA) DNA fingerprinting technique was used to evaluate the
influence of GOx on soil bacterial communities under the different
experimental conditions applied. A multivariate study of all results
(bacterial communities and the above referred soil chemical and
edaphic parameters) allowed to report novel information about GOx
effects in soil and its potential for remediation purposes.

2. Materials and methods
2.1. Graphene oxide characterization

GOx nanoflakes were supplied by Graphenea (San Sebastian, Spain).
The nanomaterial was produced using a modified Hummer method
(Graphenea’s methodology: patent EP15382123 2015).

Different analyses were conducted to characterize GOx: Elemental
analysis was performed through a FlashSmart CHNS/O elemental ana-
lyser (ThermoFisher) directly on the powder materials. Thermogravi-
metric analysis (TGA) analysis was performed using a TA Instruments
Discovery TGA550 where the dried samples were analysed up to 1000 °C
in Ny atmosphere with a 10 °C/min ramp. XRD was carried out using a
Rigaku Miniflex 600 in which dried samples were analysed at 40 Kv and
15 mA with a Cu tube from 7 to 70°. The morphology and microstructure
of the nanoparticles were studied by scanning electron microscopy
(SEM) directly on the powder using an Environmental Scanning Electron
Microscope (ESEM) QuantaTM 250 FEG.

2.2. Soil sampling and initial characterization

Soil was taken from the surroundings of an industrialized area
(Trubia, Oviedo) located in Asturias (Northern Spain). A 20-kg com-
posite soil sample was collected from the surface layer (first 25 cm)
using a manual auger. In the laboratory, the sample was air-dried, ho-
mogenized, and sieved (<2 mm) to remove rocks and debris. The soil
was initially analyzed to determine physicochemical properties, total
and water-soluble fractions of metal(loid)s, and hydrocarbon
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concentrations (methodologies described below and results shown in
supplementary material, Table S1).

2.3. Microcosm experiments

Microcosm experiments consisted of borosilicate trays of
L19xW19xH5 cm containing 250 g of soil. Briefly, the following four
treatments were tested (Table 1): control (C); addition of GOx nano-
flakes (G); addition of nutrients (N); and combined addition of nutrients
and Gox (NG). Each treatment was carried out in triplicate.

As shown in Table 2, GOx nanoflakes were added at a final dose of
2% of the total weight based on previous works (Baragano et al., 2020);
this implied that an additional carbon source was included in G and NG
microcosms. In turn, with the nutrients added to microcosms N and NG
it was attempted a potential improvement of biodegradation rates of the
organic contaminants.

Experiments were conducted at ambient temperature over a period
of 90 days, with sample collection at different times (0, 3, 7, 20, 40, 60,
and 90 days) for both chemical and microbiological assessment. Mois-
ture was controlled weekly using an MB35 Moisture Analyzer and
distilled sterile water was added when needed to keep moisture between
15% and 20%.

2.4. Soil characterization and monitoring

2.4.1. Physico-chemical properties

To study the impact of GOx on soil properties, electrical conductivity
(EQ), pH, redox potential (Eh), available P, and dissolved organic carbon
(DOC) were determined. EC and pH were measured using a METLER
TOLEDO SevenCompact™ pH-meter and redox potential (Eh) using an
ORP portable meter (HANNA) in a 1:20 soil-water (1 g of soil) suspen-
sion after 2 h of shaking. Available P was measured using the Mehlich 3
method (Mehlich, 1984). DOC was determined from 5 g of soil following
the method described in Sanchez-Monedero et al., 1996.

2.4.2. Availability of arsenic and metals

Initial metal(loid) concentrations were determined in triplicate
representative subsamples of 1 g of soil after acid digestion using a
mixture of 6 mL of nitric acid (69% purity) and 2 mL of hydrochloric
acid (37% purity), in a microwave reaction system (Milestone ETHOS 1,
Italy). In the digestion extract, the concentrations of As, Cd, Cu, Hg, Pb,
and Zn were quantified by inductively coupled plasma mass spectrom-
etry (ICP-MS, 7700 Agilent Technologies equipment) using IDA (Iso-
topic Dilution Analysis) with a spike solution from ISC Science Spain.
High-purity standards (Charleston, SC, USA) for calibration and a
Certified Reference Material (CRM) (soil, ERM-CC018) were used.
Detection limit for all elements is 0.1 pg/1, except for Cu and Zn, which is
0.25 pg/1.

To quantify As and metal availability, subsamples were taken for
water extractions from 1 g of soil using a relation of 1:20 w/v and shaken
at room temperature for 2 h (Chang et al., 2014; Mench et al., 1994).

Table 1
Experimental microcosm setup according to the soil treatments performed.
Microcosm Treatment Description
C Control Moisture control and weekly aeration.
(no amendments)
G 2% GOx 2% of GOx nanoflakes (dry weight).
Moisture control and weekly aeration.
N Nutrient addition Ammonium nitrate and sodium dihydrogen
phosphate in a C:N:P ratio of 100:10:2.
Moisture control and weekly aeration.
NG Combined nutrients 2% of GOx nanoflakes (dry weight).

and 2% GOx Ammonium nitrate and sodium dihydrogen
phosphate in a C:N:P ratio of 100:10:2 taking
into account the carbon content of GOx.

Moisture control and weekly aeration.
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Table 2
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Physicochemical properties of soil over the 90-day experiment. Different letters in different samples, at the same time-point (columns), indicate significant differences
between treatments (n = 3, ANOVA; p < 0.05). Microcosms: control (C), GOx (G), nutrients (N), and combined nutrients and GOx (NG).

Parameter Units Treatment  Monitoring time (days)
0 3 7 20 40 60 90
EC puS/ecm  C 51.59 + 1.61 72.86 + 3.63b 110.32 + 90.04 + 3.36¢ 96.47 + 2.92c 104.50 + 4.58¢ 116.20 + 5.25¢
21.54b
G 51.59 + 1.61 117.20 + 3.31b 132.47 + 137.60 + 159.63 + 2.18b 161.67 + 181.03 + 3.75b
16.21b 4.52b 14.00b
N 51.59 + 1.61 106.36 + 5.15b 128.73 + 3.97b 126.70 + 158.77 + 5.00b 159.03 + 3.56b 171.50 + 2.48b
3.82b
NG 51.59 + 1.61 420.93 + 390.93 + 13.86a 375.53 + 6.23a 446.93 + 485.53 + 6.45a 471.73 +
32.58a 12.35a 22.68a
pH C 6.53 £ 0.04 6.52 + 0.03a 6.01 £0.17a 6.20 & 0.04a 6.13 £ 0.02a 6.08 £ 0.06ab 6.28 + 0.04a
G 6.53 £ 0.04 5.83 £+ 0.04c 5.89 £+ 0.16a 5.70 £ 0.01c 5.75 + 0.11b 5.77 + 0.08b 5.50 + 0.04c
N 6.53 + 0.04 6.30 + 0.03b 5.97 + 0.02a 5.90 + 0.04b 5.76 + 0.08b 6.21 + 0.16a 5.82 + 0.03b
NG 6.53 + 0.04 5.89 + 0.05c 5.72 £ 0.02a 5.69 + 0.01c 5.48 + 0.08c 5.38 £ 0.04c 5.33 £0.11c
Eh mV C 185.97 £0.12  185.70 + 0.96¢ 186.80 + 0.26¢ 184.53 £ 0.55c  196.80 + 0.70c 190.93 + 0.44c 191.47 + 0.87c
G 185.97 +0.12 194.07 + 0.58a 198.87 £ 0.92a 204.80 + 0.90a 204.20 + 0.36b 201.87 + 1.59b 199.90 + 0.25b
N 185.97 £0.12  188.77 + 0.30b 191.97 + 0.92b 195.00 + 198.63 + 0.98c 180.47 + 0.68d 193.27 + 0.46¢
1.63b
NG 185.97 +0.12 198.23 + 0.23a 200.13 + 1.45a 208.87 £ 1.76a 209.93 £+ 0.92a 218.47 + 0.87a 207.50 £+ 1.51a
P (available)  mg/ C 19.48 + 1.24 21.14 + 0.74a 19.03 + 1.86a 21.56 + 1.53a 19.71 + 1.68b 23.83 + 0.54a 18.96 + 0.80b
kg G 19.48 + 1.24 20.09 + 1.37a 23.38 £ 2.94a 22.51 + 0.90a 20.71 £ 1.53b 22.01 + 2.56a 20.38 + 1.42b
N 19.48 + 1.24 22.31 £ 1.24a 19.02 + 2.06a 22.14 + 2.02a 18.61 + 1.10b 22,42 +£2.17a 24.65 + 1.43ab
NG 19.48 + 1.24 28.80 + 4.02a 28.05 + 1.85a 27.32 + 1.62a 26.87 + 1.59a 29.50 =+ 2.89a 27.21 + 1.43a
DOC mg/ C 7.18 £ 0.61 3.90 + 0.56a 5.34 £ 0.10a 5.80 + 0.13a 6.24 + 0.77a 5.98 + 0.19b 6.97 + 0.09a
kg G 7.18 £ 0.61 3.77 £0.19a 3.57 £ 0.16b 3.84 £ 0.51b 5.12 + 0.45a 6.44 £ 0.45b 7.28 £ 0.38a
N 7.18 £ 0.61 4.47 + 0.05a 4.66 += 0.18a 6.28 + 0.36a 5.96 + 0.53a 6.02 + 0.30b 11.22 + 2.06a
NG 7.18 £ 0.61 5.62 + 0.61a 5.51 + 0.52a 5.49 + 0.71a 6.87 + 0.62a 10.72 + 0.41a 7.78 +£1.02a

Samples were then centrifuged, and the supernatant was passed through
a 0.45-um filter. The concentrations of As, Cd, Cu, Hg, Pb, and Zn were
determined by ICP-MS.

As speciation was determined in water extracts, thus As species were
separated in a 4.6 mm x 150 mm As Separation Column (Agilent Tech.)
fitted to a 1260 Infinity HPLC apparatus coupled to an ICP-MS device
using a mobile phase of 2 M PBS (Phosphate Buffered Saline)/0.2 M
EDTA (pH = 6.0) at a flow of 1 mL/min.

2.4.3. Organic contaminants

Soil subsamples were analysed to quantify Polycyclic Aromatic Hy-
drocarbons (PAHs) and total petroleum hydrocarbons (TPH). For PAH
determination, 5-g representative subsamples were extracted with
dichloromethane:acetone (1:1) in a Soxtherm apparatus (Gerhardt). The
extracts were concentrated by rotary evaporation, and the 16 priority
PAHs were measured after injection into a 7890 A GC System coupled to
a 5975 C Inert XL MSD with a Triple-Axis Detector (Agilent Technolo-
gies) and following a modification of EPA method 8272. A capillary
column DB-5 ms (5% phenyl and 95% dimethylpolysiloxane) 30 m x
0.25 mmi.d. x 0.25 um film (Agilent Technologies) was used, with He as
carrier gas at a flow rate of 1 mL/min. The initial oven temperature was
80 °C (held for 2 min), which was ramped up at 15 °C/min-300 °C (held
for 10 min). The GC injector was operated in splitless mode for 2 min at
260 °C. The mass spectrometer was operated in selected ion monitoring
mode (SIM), and the quantification m/z relations were 128, 152, 153,
154, 165, 166, 178, 202, 228, 252, 276, and 278. The extracts were also
measured in the same GC-MS apparatus with the same column to
quantify semivolatile (C10-C40) TPH, following EPA Method 8270 C. In
this case, the initial oven temperature was 40 °C (held for 5 min), which
was ramped up at 5 °C/min-300 °C (held for 20 min). The chromato-
grams were acquired in full-scan mode (mass range acquisition from 45
to 500 m/z). In both cases, the MS was operated in electron ionization
mode (EI) at 70 eV and calibrated daily by auto-tuning with per-
fluorotributylamine (PFTBA) and calibration mixtures (AccuStandard
and Ehrenstorfer respectively) were used.

2.4.4. DNA fingerprinting of bacterial communities
DNA was extracted in triplicate from the initial soil and the replicates

of each treatment using the PowerSoil DNA Isolation Kit (Qiagen) from
0.25 g of soil following the manufacturer’s instructions. A total of 75
samples were processed. Automated Ribosomal Intergenic Spacer
Analysis (ARISA) (Fisher and Triplett, 1999) was used to assess changes
in bacterial community structure during the microcosm experiments.
The 16 S to 23 S rRNA intergenic spacer region was amplified using
specific ARISA Primers ITSReub (5’-GCCAAGGCATCCACC-3’) and ITSF
(5’-GTCGTAACAAGGTAGCCGTA-3’) labelled with a fluorescent dye
(HEX or 6FAM) (Cardinale et al., 2004). For the PCR reaction, Speedy
Supreme NZYTaq polymerase (NZYTech) was used according to the
manufacturer’s instructions, using 5 ng of DNA template, annealing
temperature of 55C, and final extension prolonged to 10 min. Fragment
study was performed on an ABI PRISM 3130xl Genetic Analyzer
(Thermo Fisher) using GS500 (ROX) size standard. Electropherogram
data were visualized and analyzed with Peak Scanner™ Software v1.0.
Background noise thresholds were set to 50 fluorescence units and any
peak below this threshold was discarded.

OTU (Operational Taxonomic Units) binning was performed with R
interactivebinner.r script (Ramette et al., 2009), using fragments between
200 and 1000 base pairs (bp) and a minimum Relative Fluorescent In-
tensity (RFI) cutoff value of 0.09%. Differences between bacterial
communities were analyzed by calculating a Bray-Curtis dissimilarity
matrix using R package vegan (Oksanen et al., 2012). Based on this
matrix, non-metric multidimensional scaling (NMDS) ordination and
analysis of similarities ANOSIM (Clarke, 1993) were used to evaluate
differences between groups. A Shepard diagram was generated to
explore the goodness of fit of data in the NMDS ordination chart (She-
pard, 1962). To estimate the effect on abiotic soil proprieties, a Mantel
test (Mantel, 1967) based on Spearman correlation was carried out with
9999 permutations. Also, indicator species analysis (De Cdceres et al.,
2010) was performed to highlight OTUs significantly associated with
one or more treatments. Using the hilldiv R package (Alberdi and Gilbert,
2019), Hill numbers (q=0, q=1, and q=2) were calculated to explore
changes in alpha-diversity of microbial communities (Hill, 1973; Ros-
well et al., 2021). E2.0 community evenness was calculated as a ratio
between Hill numbers q= 2 and q= 0.
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2.4.5. Germination index

To assess the impact of GOx on plant germination, the germination
index of the Lepidium sativum seeds was determined using a modified
version of the Zucconi test (Zucconi et al., 1981; Zucconi et al., 1985).
Briefly, six Lepidium sativum seeds were moistened either with 6 mL of
distilled water (for the control), soil extract or 2% w/v GOx suspension
and were then placed onto filter paper inside Petri dishes. Extracts were
obtained by adding 50 mL of distilled water at 60 °C to 5 g of soil for 30
min, followed by filtering with a Whatman paper (541 grade). After an
incubation period of 72 h in darkness at 25 °C, the germination index
(GI) was determined:

G1(%) = 2% )

c

Where G is the percentage of germinated seeds (root length higher than
5 mm), Lg is the mean root length in the soil extract, and L. is the mean
root length in the control. Tests were performed in triplicate.

2.5. Statistical analysis

The data obtained were statistically treated using SPSS version 25.0
for Windows. Analysis of variance (ANOVA) and test of homogeneity of
variance were performed. In the case of homogeneity, a post hoc least
significant difference (LSD) test was carried out (Williams and Abdi,
2010). If there was no homogeneity, Dunnett’s T3 test was performed
(Dunnette, 1963).

Principal Component analysis (PCA) and factor analysis (FA) were
carried out to identify possible interrelations between parameters and
groups. The PCA was done in R software (version 4.1.1) with the Fac-
toMineR package (Lé et al., 2008) while FA was performed using the fa
function included in the Psych package (Revelle, 2015). To evaluate the
adequacy of the data set, a Kaiser-Meyer-Olkin (KMO) test was carried
out (Kaiser and Rice, 1974). Finally, to evaluate the concordance be-
tween NMDS and PCA ordinations, Procrustes analysis (Gower, 1975)
was performed with 9999 permutations.

3. Results and discussion
3.1. Graphene oxide characterization

According to CHNS/O determination, the graphene oxide powder
revealed a composition of 52.49% of C, 43.41% of O, 1.63% of H, 0.02%
of N and 2.47% of S.

The XRD pattern of graphene oxide powder is shown in Fig. S1 in the
supplementary material. The main diffraction peak of graphene oxide
appeared at the range 9.0-11.20°, whereas the main one of graphite
(26°) was absent thereby assuring that the transformation of graphite
into graphene oxide was complete. The TGA plot (Fig. S1) also
confirmed the purity of the product as the main weight loss was found
around 200 °C corresponding to the decarboxylation of graphene oxide
(Baragano et al., 2020 and references therein). Finally, SEM revealed the
distinctive flake shape of GOx (Fig. S2).

3.2. Initial soil characterization

The properties of the polluted soil are shown in Table S1. Soil
characteristics revealed a high content of organic matter, which suggests
a healthy structural status. According to the pH and electrical conduc-
tivity (EC) values, the soil was slightly acidic and non-saline (Hazelton
and Murphy, 2016). Regarding As and metal content, only As and Pb
exceeded the Risk-Based Soil Screening Levels (RBSSLs) established in
the region of Asturias for all soil uses, whereas Hg levels exceeded the
limits for urban and natural soil land use (those suitable for agricultural,
forestry, and livestock-raising activities; BOPA, 2014). According to the
water extraction, As was the most mobile pollutant in the soil, although
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the percentage of leachability was not high.

With regard to organic pollutants, a notable presence of hydrocar-
bons of between 16 to 35 carbon atoms was found (Table S1). Most of
these hydrocarbons were the 16 priority PAHs Among the 16 priority
PAHs (ATSDR, 2005). Of note, Benzo(b)fluoranthene, Benzo(a)pyrene,
Dibenzo(a,h)anthracene, and Indene(1, 2, 3-cd)pyrene were clearly
above the RBSSLs (RD 9/2005, 2005). The chromatogram shown in
Fig. S3 shows the absence of readily degradable compounds such as
linear alkanes, and the predominance of recalcitrant heavy PAHs.

3.3. Evolution of soil parameters

Electrical conductivity (EC) generally showed an increasing trend in
all treatments over the 90-day experiment although the initial increase
in N, G, and NG treatments was abrupt and, in some cases, slight fluc-
tuations were observed. This phenomenon may be attributed to the
introduction of electrically active compounds such as nutrients and GOx.
Notably, there was no substantial difference in EC from day 3 to the end
of the experiment in N, G and NG treatments. In contrast, the control
group exhibited a gradual increase in EC throughout the experiment,
although it never reached the higher levels observed in the N, G, and NG
treatments (Table 2). Soil pH showed an initial decrease in most treat-
ments that was maintained until the end of the experiment with soft
fluctuations, this was mainly observed in those treatments involving
GOx (G and NG, final pH below 5.5 in both cases) as a result of the acidic
nature of GOx nanoflakes (Baragano et al., 2020) (Table 2). Redox po-
tential (Eh) at the beginning of the experiments was oxidative and this
parameter increased gradually over time, showing some variations in all
experiments (Table 2). However, the slight increase observed in the G
and NG treatments was significantly higher than in C, thereby indicating
that GOx modified the oxidation conditions of the soil likely due to its
behaviour as redox mediator (Song et al., 2019b and references therein).
Although the variations in Eh and pH caused by GOx were not consid-
erable, the combination of both could favour the mobilization of some
pollutants (Frohne et al., 2011). Available P content was moderately
higher after 90 days in the N and NG treatments due to the addition of
salts whereas no relevant differences were observed between the C and
GOx treatments (G) (Table 2). Therefore, in contrast to previous studies
(Baragano et al., 2020), GOx amendment did not cause an increase in P
availability. This result is important given that phosphate is chemically
analogous to arsenate, and thus changes in P availability could alter As
mobility (Beesley et al., 2014). Finally, DOC varied depending on the
treatment and sampling time but did not show a clear pattern.

3.4. Availability of arsenic and metals

The availability of As, Cd, Cu, Hg, Pb, and Zn in was monitored
throughout the experiment. No detectable levels of Cd were observed in
the water extractions. The availability of As in the microcosm experi-
ments increased with GOx addition; the NG treatment showed the
highest rise, whereas the C and N treatments revealed a slight decrease
(Fig. 1). These effects were observed in the three first days of the
experiment and persisted until day 90. As was present mainly in its most
oxidized form, As(V), which exceeded 95% in all measurements,
without any significant changes in any treatment; this is consistent with
the oxidative condition of the soil (Camm et al., 2004; Siddiqui and
Chaudhry, 2018).

On the whole, there was an increase in As availability when GOx was
added. GOx has a zero-point charge (ZPC) of around pH 2.0, and at a
higher pH it is deprotonated, revealing a negatively charged surface
(Mondal and Chakraborty, 2020), as occurred in this study given that
the soil pH was around 5.5. Since both ions in the solution and the
surface of the deprotonated graphene oxide are negatively charged, they
repel each other due to electrostatic forces and promote As mobilization
(Siddiqui and Chaudhry, 2018; Baragano et al., 2020). In turn, arsenate
(As(V)) and P are chemically analogous, so they can compete in soil
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significant differences are detailed in Table S2.
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systems for binding (Beesley et al., 2014; Strawn, 2018) and may
facilitate As removal from soil particles (Baragano et al., 2020). In our
study, we observed a correlation between As and P (0.7, P < 0.01) in the
NG treatment, which is not observed in the G treatment. This correlation
could explain the higher rate of mobility in the case of NG. On the other
hand, the available As in the N microcosm did not differ from the con-
trol, suggesting that a higher available P concentration alone may not be
sufficient to mobilize As in this soil. Notably, As (V) was found as the
only As species present in the soil extracts.

Concerning Zn availability, this metal gradually increased
throughout the experiment in GOx-treated soils, especially in the NG
microcosm, whereas only a relatively small increase was observed in the
C and N treatments, without significant differences after 90 days in
comparison with the initial concentration. Some studies have described
GOx as an effective adsorbent to Zn ions (Ain et al., 2019; Futalan et al.,
2019; Najafi, 2015). However, this capacity is closely related to opti-
mum pH values of around 7, while at pH 5 only 20% of adsorption ca-
pacity is observed (Ain et al., 2019; Wang et al., 2013). This reduced
adsorption at acidic pH is due to the competition between protons and
Zn (II) ions in water solutions (Lei et al., 2014), and a similar effect has
been observed in soil amended with organic products (Houben et al.,
2013); i.e., a decrease in soil pH caused Zn mobilization. In our study,
this was corroborated by a negative correlation (—0.8, P < 0.01) be-
tween Zn availability and pH when GOx was added to the soil.

Regarding Cu, Hg and Pb, only slight differences were observed be-
tween treatments. Cu mobility decreased in all treatments, most notably
in those involving GOx (G and NG) that showed a slightly significant
lower availability after 90 days. In this sense, the optimum pH range for
Cu adsorption to GOx in water is between 3 and 7 (Wu et al., 2013), and
the pH of the tested soil fell in this range, thereby favouring Cu immo-
bilization. We hypothesize that the oxygen atoms of the functional
groups on the negative surface of GOx donate their only pair of electrons
to the Cu ions, thus achieving Cuimmobilization (Baragano et al., 2020).
A similar behaviour was found for Hg, which was immobilized after GOx
(G and NG) application, thus similar immobilization mechanisms to
those of Cu may be involved. In contrast, Pb availability fluctuated in all
the soil treatments, although some trends were found. In the short-term,
Pb availability was lower in the G than in the C treatment. This obser-
vation could be explained by the immobilization mechanism reported by
Baragano et al. (2020), although in the long-term Pb was remobilized.

3.5. Organic pollution

Total petroleum hydrocarbons (TPH) barely decreased in any of the
treatments, and only a slight (but statistically significant) reduction in
the N treatment was observed, possibly due to biodegradation. This
decrease was more accentuated for hydrocarbons with more than 30
carbon atoms and some PAHs (Table S3), but it cannot be linked to the
addition of GOx.

In aqueous environments, natural organic matter (NOM) reduces the
ability of graphene-based nanocomposites to adsorb organic compounds
(Apul et al., 2013; Lu et al., 2018). In the context of organic and inor-
ganic co-pollution, GOx appears to have a higher affinity for metals
(Wang and Chen, 2015). In addition to the referred precedents, in our
case, the hydrocarbons found in the soil were not easily biodegradable,
as described above.

3.6. Effects on soil microbiology

Molecular fingerprinting techniques allowed to carry out a
straightforward study of the microbial community structures in the
presence and absence of GOx. ARISA provides a community-specific
binding pattern (Dubey et al., 2020) and a reliable examination of
changes (Castano et al., 2021; Gallego et al., 2022; Mahamoud Ahmed
et al.,, 2018; Ranjard et al., 2006) that is reflected in the segregation of
microbial communities in each treatment over time (Fig. 2). Bacterial
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Fig. 2. Non-metrical Multidimensional Scaling (NMDS) ordination plot of Bray-Curtis community dissimilarity matrix obtained from bacterial ARISA profile
(Shepard plot non-metric fit = 0.971, stress value = 0.17). NMDS illustrate differences in the structure of bacterial communities in each treatment over time. Axes
represent arbitrary distances. Environmental vectors (arrows) were fitted onto NMDS ordination. Length and direction show the strength of the linear correlation of
environmental variables and microbial data (longer segments show a higher correlation with the data). Ellipsis areas represent 60% of confidence. Microcosms:

control (C), GOx (G), nutrients (N), and combined nutrients and GOx (NG).

profiles on day 0 and day 3 were very similar in the NMDS ordination
chart, indicating the same bacterial community structures. However,
they started to move away from the initial soil pattern (CO) after 7 days.
These changes were more pronounced in the case of microcosms
involving GOx, thereby suggesting strong disturbances not maintained
over time in microcosm G as communities converged to those of C in the
following sampling times. These observations are consistent with pre-
vious studies in which GOx addition modified microbial communities
only transiently (Chung et al., 2015; Du et al., 2015; Ren et al., 2015;
Xiong et al., 2018).

On the other hand, as shown in Fig. 2, for the NG treatment, this
alteration was maintained over 90 days, suggesting that changes in
microbial communities likely reflected adaptation to new environ-
mental conditions (not only GOx presence but higher availability of
nutrients) (Du et al., 2015). Comparison of the distribution of microbial
communities in the NG microcosms with key environmental parameters
using the NMDS plot (Fig. 2) revealed a positive correlation with EC,
available Zn, available P, available As, and Eh, as shown by the envi-
ronmental vectors represented in the figure. In addition, a Mantel test
was carried out to evaluate the correlation between bacterial commu-
nities and each environmental factor, which was significant for EC (R =
0.5479, p = 0.0001), Eh (R = 0.4192, p = 0.0002) and available P (R =
0.408, p = 0.0002). In contrast, the mobilization or immobilization of
metal(loid)s in the soil had a much lower correlation with the structures
of communities, possibly due to the high tolerance of native bacteria to
the pollutants (complete Mantel test scores are shown in Table S4).
Thus, parameters such as EC, Eh and P could have had the highest in-
fluence on the divergence of bacterial communities in the NG
treatments.

From a different perspective, according to the ANOSIM test, the time
of sampling did not affect bacterial communities (p > 0.001), and the
corresponding R-ANOSIM value was low (R = 0.1633), thereby indi-
cating a low degree and speed of change. In contrast, the amendments
added to the soil had a much stronger effect on bacterial community
structure (R = 0.4398; p = 0.0001).

In turn, Hill numbers (Alpha-diversity) were calculated to determine
whether any treatment had an impact on the richness and evenness of
bacterial communities (Fig. 3). Hill numbers modulate the weight of

OTU frequencies by changing the “order”, i.e., the higher the q value, the
greater the importance of OTU frequency (Alberdi and Gilbert, 2019).
Therefore, Hill number q= 0 is insensitive to OTU frequency and thus is
used as a richness metric, g= 1 is equivalent to an exponential of the
Shannon index, and q= 2 is equivalent to the inverse of the Simpson
index. Community evenness (E2.0) was therefore calculated as a ratio of
q= 2to q= 0. In this regard, from the richness-evenness scatterplot, as in
the case of NMDS ordination, samples from the NG treatment were
grouped away from the rest (Fig. 3A). They showed higher community
richness with low evenness, suggesting that the communities were
dominated by a small number of organisms. Conversely, on day 7 after
GOx addition, the G microcosm revealed low community richness with
high evenness, probably due to a reduction of OTU counts. Hill numbers
q=1 and q= 2 (Figs. 3B and 3C) decreased in all cases compared with
the initial soil. Moreover, treatments displayed lower values of
alpha-diversity in comparison to the control. In all treatments, alter-
ations in soil conditions such as pH (in G and NG treatments), EC (in G,
N, and NG treatments), Eh (in G and NG treatments), or nutrient source
(in N and NG treatments) could result in a specialization of soil bacterial
communities. This led to the promotion of the growth of those pop-
ulations that are better adapted to the new conditions, subsequently
reducing diversity. However, it is worth noting that this decline was
more pronounced in the initial states of G microcosm, indicating a
negative, although transient, impact on diversity seven days after the
treatment.

Indicator species analysis showed that of the 57 OTUs obtained from
all the treatments, 18 were significantly associated (p < 0.05) with one
or several treatments (Fig. 4). The greatest change in the relative
abundances of the different OTUs appeared on day 7, especially in the G
treatment, where many of the OTUs identified at the initial times dis-
appeared, an effect also appreciated in the decrease of richness of sample
G_07 (Fig. 3A) as previously explained. In addition, while treatments C,
G, and N exhibited some shared OTUs, the NG treatment displayed OTUs
(33, 34, 41, 43, 45 and 46) exclusively associated with it. This could be
linked, as previously suggested by the NMDS analysis (see above) and in
coherence with the Mantel test outcome (see below), to the selection of
bacterial strains that are better adapted to the alterations observed in NG
for some physicochemical properties (higher availability of As, Zn, and
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P).

Taken together, our findings allow us to conclude that GOx had a
transitory negative short-term effect on soil biodiversity. It has been
reported that the large number of sharp edges of GOx nanoflakes may
damage the bacterial membrane (Akhavan and Ghaderi, 2010; Efremova
et al., 2015). However, over time, the interaction between GOx and soil
microorganisms could modify the surface of the nanomaterial by
increasing its thickness and producing other organic molecules,
nitrogen-containing groups, and fewer negative charges, resulting in less
harmful effects (Du et al., 2015). Such an ageing process occurs over
time when GOx is added to the soil, although we propose that the
simultaneous addition of GOx and nutrients could speed it up. This
consideration may explain why no negative effects on bacterial com-
munities were identified in the NG treatment.

3.7. Multivariate study

A dataset of 25 samples and 10 variables were obtained during the
microcosm experiments and as explained above, it was not easy to
identify the parameters most affected by the amendments. Therefore, we
applied a PCA and FA, powerful and versatile statistical methods (Bro
and Smilde, 2014), to further discuss the results.

The PCA (Fig. 5) reported three major components, accounting for
82.8% of the total variance. PC1 represented 50.2% of the variance, with
the highest loads for Zn availability (0.932), EC (0.882), Eh (0.814), and
As availability (0.800). The highest loads in PC2 (18.3% of variance) and
PC3 (14.3%) were Hg availability (0.790) and DOC (0.825),
respectively.

In the PCA (Fig. 5), the N and C treatments were clustered and
showed considerable overlap, whereas a lower overlap was observed in
the case of the G treatment. However, the NG treatment appeared in a
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significant and completely different cluster. Differences were therefore
consequences of variations in chemical parameters, although changes in,
for instance, the availability of Cu and Hg, had a weak effect on the PCA
distribution. Accordingly, we can conclude that relevant changes, and
mainly those observed in the NG treatment, correspond to the increase
in As and Zn availability in correlation with physico-chemical properties
of the soil, such as EC, Eh, and available P.

These results were also corroborated by the FA (Table S5). As with
the PCA, the FA suggested that EC, P, As, Eh, and Zn had a higher in-
fluence on the variations; furthermore, factor 1 (38.5% of variance)
grouped the environmental factors that generally increased in the NG
treatment (As, CE, Eh, P and Zn), whereas variables that decreased along
the experiment were explained by factor 2.

Comparison of the physico-chemical multivariate analysis of the soil
with DNA microbial fingerprinting analysis showed a strong similarity
between changes in physic-chemical properties of the soil and changes
in microbial communities. This resemblance was corroborated by sym-
metric Procrustes rotation analysis (R = 0.68, p = 0.0004), revealing a
good grade of concordance between the PCA and NMDS ordinations.
Furthermore, some of the parameters that most affected the PCA dis-
tribution were also the variables that appeared to have a greater influ-
ence on changes in bacterial community structure (EC and pH), as
determined by the Mantel test. Overall, changes in both microbiological
and physic-chemical properties were tightly related and dependent.

3.8. Germination index

The effects of GOx on the germination of Lepidium sativum seeds
(garden crees) are shown in Fig. 6. Germination index (GI) values below
50% reflect high phytotoxicity, 50% to 80% moderate, and above 80%
no phytotoxicity (Zucconi et al., 1985). Initial values revealed high
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Fig. 5. Principal Component Analysis (PCA) constructed from soil parameters (P < 0.05); plots show the three first principal components (the first one is presented in
both graphs in the x-axis as it represents more than 50% of the total variance). Arrows show the direction and loadings of variables (longer segments show a higher
loading of variables in the dimension). Samples are grouped by confidence ellipses. Microcosms: control (C), GOx (G), nutrients (N), and combined nutrients and

GOx (NG).
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toxicity of the soil (GI = 42%), but over time the GI fluctuated between
50% and 80%, which suggests moderate soil toxicity and therefore an
improvement might be attributable to the treatments; however, the
values of GI and their variability in the control are comparable with the
rest of the treatments and therefore no specific beneficial effect can be
deduced from any of them.

Interestingly, a 2%-GOx suspension in water (without soil) showed
GI values above 100%. GOx have been described as a water carrier in
soil (He et al., 2018) which, together with its ability to penetrate seeds,
would facilitate the entry of water and improve germination rates
(Zhang et al., 2015). However, this effect is uncertain in the experi-
mental conditions assayed, as no clear improvement of GI index was
observed.

Hu et al. (2014) described how GOx amplifies As(V) toxicity in wheat
but does not affect germination, but rather weight, root number, and
root and shoot length. In our case, the interaction between GOx and
phytotoxicity in the soil is difficult to interpret as many variables, dis-
cussed above, were modified throughout the experiment, including the
pH, EC, and As and Zn availability. In any case, the GI may not be suf-
ficient to comprehensively evaluate the actual effects of GOx on plant
growth. Thus, the evaluation of biochemical and physical parameters
associated with plant stress, as chlorophyll content, ethylene produc-
tion, electrical capacitance in root-soil systems or membrane stability
index (Fiizy et al., 2019) will be necessary to delve deeper into the real
effect of GOx.

4. Conclusions

Application of GOx to polluted soil altered the availability of metal
(oid)s, effectively mobilizing As and Zn and immobilizing secondarily
Cu and Hg, while having minimal effects on recalcitrant hydrocarbons
and Pb. Furthermore, GOx, alone or combined with nutrients, promoted
significant changes in soil pH, redox potential (Eh), and electrical con-
ductivity (EC), parameters linked to the mobility of the metal(loid)s.
These changes are correlated with alterations in soil bacterial commu-
nities, as demonstrated using multivariate statistics.

Soil amendment with GOx induced noticeable changes in bacterial
communities, particularly 7 days after application a reduced bacterial
diversity was observed although in the evolution up to 90 days this effect
was attenuated. A different behaviour of the microbial populations was
observed in the combination of nutrients and GOx, as the biodiversity
was hardly affected but the structure of the bacterial communities
changed markedly. Furthermore, GOx did not harm the germination
index, although its real effect on plant development requires additional
studies.
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On the basis of our findings, GOx is a potentially multipurpose ma-
terial for soil remediation, for instance to stabilize metal-contaminated
soils or to enhance As phytoextraction, whereas the effects on organic
contaminants should be deeply addressed. Finally, although GOx clearly
alters some soil properties, this does not imply a permanent loss of mi-
crobial biodiversity (only transient) and may not be a problem for plant
growth.
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