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Abstract 

Graphene oxide (GO) nanosheets, often embedded in nano-composites, have been studied as 

promising materials for waste water purification, in particular to adsorb heavy metals and 

cationic organic contaminants. However, a broader range of potential applications of GO is 

still unexplored. This work investigated the potential applicability of GO for enhanced in-situ 

soil washing of secondary sources of groundwater contamination (i.e. the controlled 

recirculation of a washing GO suspension via injection/extraction wells). The laboratory study 

aimed at quantifying the capability of GO to effectively remove adsorb methylene blue (MB) 

from contaminated sand. The tests were conducted in simplified conditions (synthetic 

groundwater at NaCl concentration of 20 mM, silica sand) to better highlight the key 

mechanisms under study. The results indicated a maximum sorption capacity of 1.6 

mgMB/mgGO in moderately alkaline conditions. Even though the adsorption of MB onto GO 

slightly reduced the GO mobility in the porous medium, a breakthrough higher than 95% was 

obtained for MB/GO mass ratios up to 0.5. This suggests that a very high recovery of the 

injected particles should be also expected in the field. 
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At the moment, GO nanosheets have been proposed predominantly for the batch treatment of 

dye-contaminated wastewater as a lone material [19, 32, 33], incorporated in GO-based 

sponge materials [34, 35] or in magnetic [36-38] and non-magnetic [39] nanocomposites. 

Fewer applications envisioned the incorporation of GO in adsorbent porous beds [40, 41] or 

membranes [42] for in-line water treatment. These water purification technologies could 

benefit from the GO high sorption capacity toward a broad range of environmentally relevant 

substances. Among the possible options, in situ groundwater remediation is a prominent one. 

In this work we propose the application of GO for in situ treatment of contaminated aquifer 

systems, and present the laboratory-scale studies necessary as a first step toward the 

development of this technology. 

GO nanosheets can be stably suspended in water, even at relatively high concentrations, and 

possess a considerable mobility in porous media [6, 43-47]. Moreover, their colloidal stability 

and mobility in the porous medium are significantly affected by the hydrochemical parameters 

(e.g. ionic strength and pH) and by the flow velocity [48-51]. All these characteristics suggest 

that GO nanosheets represent a promising nanomaterial for a controlled injection and delivery 

in the subsoil. In particular, the GO high sorption capacity toward a broad range of hydrophilic 

compounds indicates that this material has a good potential for being employed in a novel 

GO-assisted soil flushing, where GO suspensions are continuously recirculated in the subsoil 

using transects of injection and extraction wells. To unlock the potential of GO nanosheets 

for this application, the first key steps include (i) verify and quantify the capability of GO 

nanosheets to adsorb the target contaminant; (ii) study the mobility of the contaminant-loaded 

GO nanosheets in the porous media; (iii) evaluate the capability of GO to accelerate the 

desorption of the target contaminant from the contaminated soil. 

This work follows these preliminary steps at the laboratory scale. Methylene blue (MB) was 

here selected as a model cationic pollutant, representative of a broad range of contaminants 
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of concern. MB is a common aromatic, water-soluble cationic dye, which has been reported 

as a relevant pollutant of water resources, with adverse effects on humans and on the aquatic 

organisms, such as increasing heartbeat, diarrhea, vomiting, shock, cyanosis, quadriplegia, 

jaundice, and tissue necrosis in human body [52]. MB is mainly used in the textile industry 

for cotton, silk and wool coloring, and in the paper industry for paper printing [53]. The 

capability of GO to adsorb MB has been already reported in the literature [18, 33, 54, 55]. 

Conversely, to date very few studies have addressed the co-transport of GO and adsorbing 

solutes in porous media. The recent literature on the co-transport of GO and heavy metals 

showed that the mobility of Pb2+ and Cd2+ [56, 57], U6+ [58], Cu2+ [59] and As3+ [60] can be 

significantly enhanced by GO nanosheets, which act as carriers and can also help remobilizing 

the heavy metals when already adsorbed on the porous medium. Co-transport with bacteria 

and clays were also reported [61, 62]. However, to our best knowledge, no study is available 

concerning the co-transport of GO and organic (hydrophilic) compounds, such as MB, in 

saturated porous media, nor on the use of GO to desorb organic compounds from soil matrices. 

This study contributes to fill these knowledge gaps with laboratory tests including (i) batch 

tests, aimed at assessing the capability of GO to adsorb MB, and identifying the optimal 

operating conditions that maximize adsorption without hindering GO colloidal stability; (ii) 

column co-transport tests, aimed at determining the key parameters controlling the co-

transport and retention of MB-loaded GO nanosheets in saturated porous media, (iii) column 

removal tests, aimed at evaluating the efficacy of GO as a washing agent to remediate MB-

contaminated sand columns. 
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All suspensions of MB-loaded GO nanosheets were prepared as follows. An aliquot of the 

GO stock suspension (4 mg/mL) was diluted in NaCl 20 mM solution to the desired GO 

concentration (CGO in the range 9 to 80 mg/L, depending on the test). NaOH was then dosed 

to reach a pH of 8.5. The GO lateral size was adjusted to 1~1.2 µm via probe sonication 

(UP200S, Hielscher Ultrasonics GmbH, Germany), following the approach described in 

Beryani et al. [47]. Then, MB was added to reach the desired concentration (10 to 97 mg/L, 

depending on the test). The suspension was stirred for 30 minutes on a magnetic stirrer. 

According to preliminary kinetic pre-tests (not reported), and coherently with the literature 

[55], MB adsorption was observed to be a fast process, and in all tested conditions equilibrium 

between phases was reached in 5 mins, or less. 

 

2.3. MB batch adsorption tests on GO nanosheets  

Batch tests were carried out to evaluate the capability of GO to adsorb MB dissolved in water, 

to study the colloidal stability of MB-GO suspensions and to develop a reliable method to 

estimate the concentration of GO nanosheets, adsorbed MB and free (dissolved) MB from 

UV-vis data. Batch adsorption tests were performed varying MB and GO concentration. For 

fixed GO concentration (9, 20, 30, 50 or 80 mg/L), different doses of MB (up to a MB/GO 

mass ratio above 1) were added to the GO suspension. Immediately after the sample 

preparation, different aliquots of the suspension were collected for the following analyses: (i) 

without further treatment, for DLS and UV-vis spectrophotometry (to determine the GO and 

adsorbed MB concentrations, respectively CGO and CMB,ads); (ii) after filtration with 0.2 µm 

PTFE filters, again DLS (to exclude the presence of residual GO nanosheets in filtered 

samples) and then UV-vis spectrophotometry (to determine the free MB concentration, 

CMB,free).  
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The GO suspensions employed in these column tests were prepared following the protocol 

described in section 2.2 (excluding the MB loading). The column packing procedure, 

discharge rate and inflow/outflow monitoring were the same as described in section 2.4.  

 

3. Results and Discussions  

3.1. GO - MB interactions and their effects on FT-IR and UV-vis spectra 

The analysis of the absorbance spectra of GO, MB and MB-loaded GO obtained from FT-IR 

and UV-Vis spectroscopy provided insight into the interactions between GO and adsorbed 

MB (Figure 1). 

 
Figure 1: Characterization of bare GO (brown), MB (blue), and MB-loaded GO (green) in water: (a) FT-IR 

and (b) UV-Vis spectra. In all suspensions/solutions the concentrations were CGO = 20 mg/L and CMB = 5 
mg/L. 

 

FT-IR transmission spectra of bare GO confirmed the existence of different functional groups 

(i.e. epoxide, carbonyl, carboxyl and hydroxyl) on the surface of the GO nanosheets (Figure 

1a). Comparing the FT-IR spectra of MB alone and MB-loaded GO, it appears that the 

intensity of C=S+ stretching bond of MB central heterocycle (at wavenumbers 1356 and 1495 
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by time-resolved DLS measurements, that showed no significant trend in size over 2 hours 

for samples with MB/GO < 0.5, and by visual inspection of the samples (see examples on 

selected batch tests reported in Supporting information, in Figures S3 and S4 and Table S1).  

For a better insight, Figure 2c reports the trend of the absorbance at 420 nm and 578 nm as 

a function of MB concentration: the absorbance at 420 nm (predominantly due to GO 

nanosheets) remains almost constant for MB/GO<0.5, further confirming that GO nanosheets 

are stably dispersed in solution in this MB/GO range. Conversely, the absorbance at 578 nm 

(due to both GO nanosheets and adsorbed GO) increases linearly with MB concentration, and 

is due to two contributions: a constant value due to the constant concentration of GO 

nanosheets, and a second linear component increasing with increasing absorbed MB 

concentration (compare also the black curve corresponding to bare GO and the green curves 

of MB-loaded GO in Figure 2a). 

The trends changed as the MB/GO ratio was increased above 0.5. The spectra declined in 

intensity (see orange/yellow curves in Figure 2a), even though no evident peak at 667 nm was 

observed in the spectra even in this case. This behavior suggests that partial aggregation and 

sedimentation occurred for MB/GO > 0.5, but MB was still predominantly adsorbed on GO 

nanosheets, without significant free MB in solution. The absence of free MB in solution was 

confirmed by the measurements on filtered samples (Figure 3a). 

Further increasing the MB/GO ratio above 1 resulted in a fast and almost complete 

sedimentation of the GO nanosheets, and thus the spectra were measured only on filtered 

samples, which confirmed the presence of free MB for MB/GO > 1 (Figure 3a). 
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calculated from Eq.1 and are reported in Figure 5. No freely dissolved MB was detected at 

the column outlet in any co-transport test and hence, for the sake of simplicity, the 

concentration of MB adsorbed on GO, detected at column inlet/outlet, are hereby indicated as 

C0,MB and CMB, respectively, instead of C0,MB,ads and CMB,ads. 

The breakthrough curves (BTCs) of GO nanosheets at different MB concentrations (Figure 

5a) showed, during injection, a plateau CGO/C0,GO approximately equal to 1 for MB 

concentration up to 10 g/L, and lower, but still significant, for C0,MB = 20 mg/L. Conversely, 

for C0,MB = 30 mg/L an almost negligible GO breakthrough was observed. This behavior is 

coherent with the colloidal stability and the particle Zeta potential of GO nanosheets observed 

in the inlet suspension and in batch tests for C0,GO = 50 mg/L (Table 1 and Figure S1). For MB 

concentration up to 10 mg/L the GO nanosheets were stably dispersed, and no aggregation 

was observed in the inlet reservoir. The Zeta potential was equal to -50±4 mV and -40.8±2 

mV for CMB = 0 mg/L and 10 mg/L, respectively. In these conditions the GO nanosheets 

travelled (almost) undisturbed through the porous medium, reaching CGO/C0,GO = 1 at column 

outflow. Conversely, for C0,MB = 20 mg/L slight aggregation was observed in the inlet 

reservoir, coherently with the batch tests and the measured zeta potential (-21.3±2 mV), along 

with a more limited mobility. More specifically, the shape of the breakthrough curve indicates 

a mechanical filtration of partly aggregated GO nanosheets (this is suggested by the plateau 

CGO/C0,GO < 1) with limited ripening on the late stages (see the slightly declining BTC after 5 

PVs). For C0,MB = 30 mg/L, aggregation had a major impact, in agreement with the Zeta 

potential close to neutrality (-6.6±2 mV), and resulted in mechanical filtration of the flocs in 

the column and consequently in a negligible breakthrough of the GO nanosheets.  

The flushing performed with NaCl 20 mM at pH=8.5 led to a limited tailing for all tests, 

indicating that detachment was a minor phenomenon even in those tests where the previous 

deposition was not negligible. For all tests the mass recovery at the end of the flushing was 
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Table 2: Methylene blue release tests: mass balance for MB released during flushing #2. The percentages are 
calculated with respect to the mass of MB retained in the column at the beginning of flushing #2. 

  
 

Flushing #2 with 

DIw GO 
in DIw 

GO 
in NaCl 
20 mM 

% MB 
desorbed @ 

32 PVs 0.0% 0.0% 0.0% 
35 PVs 8.1% 25.8% 17.3% 
38 PVs 8.2% 36.9% 26.9% 
42 PVs 8.3% 42.4% 31.2% 
46 PVs 8.4% 44.4% 32.9% 

 
 
 

4. Conclusions  

This study showed that GO nanosheets have a high mobility in porous media, a strong capacity 

to absorb environmentally relevant compounds, and a good potential to facilitate their removal 

when adsorbed on the porous medium. The batch experiments demonstrated that GO is highly 

effective in the rapid adsorption of MB, hereby chosen as a model contaminant representative 

of a broader set of cationic pollutants. Even though the sorption capacity is not unlimited, in 

the tested conditions the maximum loading was higher than 1.5 mg/mg, which represents an 

extremely interesting removal efficiency in view of a technical application in water 

purification. 

Methylene blue itself is prone to strong adsorption onto negatively charged granular media 

(e.g. the silica sand used in this study, and more in general in soils and aquifer systems) due 

to the high affinity of MB cations with the negatively charged surface of the sand. However, 

when co-transported with GO, its mobility is dramatically enhanced. Batch sorption and 

colloidal stability tests showed that, under the tested conditions (i.e. pH>8.5 and NaCl 20 

mM), the colloidal stability of MB-loaded GO depends on the ionic strength and on the 

MB/GO ratio, which both directly affect colloidal stability, aggregate size and ultimately 

transport in the porous medium of the MB-loaded GO nanosheets. The co-transport results 



27 
 

revealed that the MB-loaded GO nanosheets with an initial MB/GO ratio lower than 0.5 

maintained a good colloidal stability and were transported through the porous medium 

without significant retention. On the other hand, MB-loaded GO nanosheets with a higher 

ratio aggregated over time and were filtered in the columns. These findings give important 

indications on the expected mobility of GO nanosheets at the field scale, even though further 

studies at larger scales are undoubtedly needed to extrapolate relevant behaviors observed in 

column tests. 

The desorption experiments, aimed at testing the capability of different washing 

solutions/suspensions to accelerate the removal of MB from contaminated sand, showed a 

high potential of GO nanosheets in this sense. The major positive effect was a significantly 

accelerated desorption, thus opening positive perspectives for the potential application of GO 

for groundwater reclamation purposes. In particular, a GO-assisted soil flushing can be 

envisioned. In this way,  fast desorption of contaminants strongly adsorbed on the aquifer 

solid matrix can be promoted, thus allowing for the treatment of secondary sources of 

contamination. 

It is finally worth to highlight that the experiments herein presented were conducted in 

simplified conditions, namely using clean silica sand and a solution of NaCl. The results 

evidenced the strong impact of the ionic strength on the MB desorption and removal, 

suggesting that pore water composition and more in general  other hydrochemical parameters 

would likely have a significant impact on the co-transport of GO and cationic contaminants 

in more complex scenarios. Consequently, the results of this study are intended as a 

preliminary step toward the development of a novel GO-based soil flushing approach, and 

further investigation is needed to elucidate controlling mechanisms and key design parameters 

in case this approach is developed at a larger scale. 














