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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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1. Introduction 

Graphene oxide (GO) nanosheets are an emerging carbon-based 2D nanomaterial composed 

by single- or multi-layer flakes, having nanoscale thickness and an extremely high specific 

surface area. GO nanosheets contain large amounts of oxygenated functional groups, 

including carbonyl, carboxyl, hydroxyl, and phenol on their edges and surfaces, and thus they 

can inherently develop a strong negative surface charge in a relatively broad range of 

hydrochemical conditions, and act as good sorbents for ionic and polar compounds in water 

solutions [1, 2]. Electrostatic interactions, π-π stacking and hydrogen bonds have been 

identified as the dominant adsorption mechanisms [3]. Such GO attributes have led to their 

application in many engineering and medical fields [4-6]. On the one hand, GO nanosheets 

act as excellent carriers for the delivery of various compounds through the human body for 

medical purposes [7-12]. On the other hand, GO are promising adsorbents for drinking water 

or wastewater treatment, to remove a wide range of environmental contaminants [13, 14], 

such as heavy metals (e.g. As3+, Ni2+, Cr6+, Pb2+, Cd2+, Cu2+, Zn2+) [15-17], dye molecules 

(e.g. methylene blue, bromophenol blue, basic blue 41, basic red 18/46, and malachite green) 

[18-21], and pharmaceuticals (e.g. methadone, ibuprofen and other similar anti-inflammatory 

drugs) [22-24]. 

Disposal of dye-containing wastewater produced by various industries (e.g. textile, paper, 

printing, cosmetics, food, pharmaceuticals, etc.) may pose serious health and environmental 

concerns if discharges are not under control [25]. Several studies showed that dye-

contaminated water can be effectively treated via adsorption onto natural and synthetic 

sorbents, e.g. fly ashes [26, 27], calcine diatomite [28] and numerous carbon-based sorbents, 

including activated charcoal [29], carbon monoliths and nanocrystalline cellulose [30], 

activated carbon, carbon nanotubes, and graphene oxide [31]. 
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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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2. Materials and Methods 

2.1. Materials 

High purity methylene blue (MB) was purchased in powder form from Alfa Aesar (Karlsruhe, 

Germany). Single layer GO nanosheets (nominal composition: 49-56% w/w C, 41-50% O, 0-

1% H, and 2-4% S; nominal lateral size of 15.4±1.1 μm; nominal thickness of 0.8-1.2 nm) 

were provided by Graphenea Inc. (Spain) in the form of a concentrated aqueous suspension 

at 4 mg/mL. The specific surface area of this GO was previously measured via BET analysis 

and was found equal to 14±1.6 m2/g [63]. 

Quartz sand (Sibelco, Italy) with grain size in the range 0.3~1.0 mm (d10= 0.4 mm, d50=0.75 

mm) was used in column transport tests. To remove possible impurities (organic residual, 

oxides and hydroxides), the sand was thoroughly cleaned prior use following these steps: 

cyclic ultra-sonication and rinsing with tap water, one-day soaking in 10% (v:v) nitric acid 

solution, cyclic ultra-sonication and rinsing in tap water, cyclic ultrasonication and rinsing 

with deionized water, degassing in a vacuum chamber to release residual air micro bubbles.  

MB and GO concentrations were measured using UV–visible spectroscopy analysis (Specord 

S600, Analytik Jena, Germany) with different procedures depending on the test, as detailed 

in the next sections. The GO zeta potential (ζ) was measured using Dynamic Light Scattering 

(Zetasizer Nano ZSP, Malvern Instruments, UK). The sand zeta potential was measured 

following the method presented by [64]. 

 

2.2. Preparation of MB-loaded GO suspensions 

NaCl concentration of 20 mM and pH of 8.5 – 9 (adjusted using NaOH) were adopted for all 

suspensions (unless otherwise stated) based on previous studies [31, 47], which suggest a 

good GO colloidal stability at alkaline pH (8.5- 9) for NaCl solutions up to 30 mM. 
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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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On selected samples, the colloidal stability of MB-loaded GO nanosheets was also monitored 

over time using DLS: after mixing on the stirrer, an aliquot of the MB-loaded GO sample was 

transferred in the DLS cuvette and the Z-average (assumed representative of the average 

particle size) was monitored over time for two hours to identify potential formation and 

growth of aggregates. Although the Z-average does not coincide with the real size of GO 

nanosheets [65], due to the non-spherical shape of thew GO nanosheets, this metric, read in 

terms of size trend in time, is useful to assess whether particles aggregate or not. Fourier 

transform infrared (FT-IR) transmission spectra (Bruker FTIR Equinox 55 spectrometer, 

equipped with a MCT cryo-detector, Germany) were measured for clean GO and MB-loaded 

GO to elucidate the MB-GO interaction mechanisms. 

 

2.4. Column tests: co-transport of MB-loaded GO 

A Plexiglas cylinder (L=10 cm, D=1.6 cm) was wet-packed with clean silica sand following 

the protocol reported by [66]. Columns were run vertically with bottom-to-top flow. The 

column tests were performed at a constant flow rate of 1.63×10-8 m3/s (Darcy’s velocity 

8.1×10-5 m/s) following this protocol: 

1) Pre-equilibration with deionized water (DIw) for at least 7 pore volumes (PVs); 

2) Pre-injection with background electrolyte solution (20 mM NaCl) for 8 PVs; 

3) Injection of the MB-loaded GO suspension in background electrolyte solution (20 mM 

NaCl) for 7.5 PVs; 

4) Flushing with a particle-free 20 mM NaCl solution for 4 PVs. 

The injected concentrations of MB and GO (respectively, C0,MB and C0,GO) were selected 

based on the results of the batch adsorption tests. Before being injected, all 
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suspensions/solutions were degassed in a vacuum chamber to remove residual dissolved air. 

During the experiments, the full UV-vis spectra of the column inflow and outflow were 

continuously measured with a frequency of 30 seconds using the UV-Vis spectrophotometer 

equipped with flow-through quartz cells with 5 mm light path (Hellma, Germany). The NaCl 

breakthrough curve measured before injection at a wavelength of 198.5 nm (step 2 of the 

column test protocol) was least-squares fitted with the classical advection-dispersion equation 

for unreactive solutes using the software MNMs [46, 67]. The effective porosity and 

dispersivity of the sand-packed columns were respectively estimated equal to 0.49±0.02 and 

5.16(±0.8)×10−4 m. 

 

2.5. Column tests: MB removal from loaded sand via GO injection 

A second set of column tests was performed to investigate the GO capability to remove MB 

pre-adsorbed on sand grains. The experimental protocol for these tests included the following 

steps: 

1) Pre-equilibration with deionized water (DIw) for at least 7 pore volumes (PVs) (not 

reported in the graphs); 

2) Pre-injection with background electrolyte solution (20 mM NaCl) for 8 PVs (not 

reported in the graphs); 

3) Injection of MB solution (C0,MB = 25 mg/L, 20 mM NaCl) for 26 PVs; 

4) Flushing #1 with background electrolyte solution (20 mM NaCl) for 6 PVs, to promote 

elution of free MB molecules in the liquid phase and initiate desorption; 

5) Flushing #2 with washing suspension/solution for 14 PVs. Depending on the tests, the 

washing solution was GO-free DIw, GO dispersed in DIw, or GO dispersed in NaCl 

20mM. When present, GO was injected at a concentration of 50 mg/L. 
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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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cm-1) and the intensity of C=O stretching bond of carboxyl and carbonyl groups of GO (at 

1730 cm-1) both decline after MB adsorption. This observation can be associated with the 

electrostatic interaction between positively charged sulfur moiety of MB molecules and 

negatively charged -COOH functional groups of GO [32, 68, 69]. Moreover, the π−π 

interaction between the C=C stretching in MB and GO aromatic rings may partake in the 

adsorption process [9, 68, 70, 71]. Also the slight reduction of C=C stretching bond intensity 

in GO-MB spectrum at around 1600 cm-1 compared to MB spectrum may be attributed to the 

π−π interaction.   

The UV–vis absorbance spectrum of the bare GO aqueous dispersion (Figure 1b) showed a 

main peak at λ=232 nm and a shoulder peak at around λ=295 nm, which can be respectively 

attributed to π-π* transition of C=C bonds, and n-π* transition of C=O bonds. In the presence 

of MB adsorbed on the GO nanosheets, new secondary peaks at 578 and 678 nm appeared, 

which were not present in the spectra of MB aqueous solutions (which conversely showed 

peaks at 613 nm and 667 nm). These peaks can be associated to the chemical bonds between 

MB and GO [70]. In particular, the peak at 678 nm is attributed to the overlap of π-clouds of 

GO and MB [72]. Its intensity increased with increasing concentration of adsorbed MB for 

low to moderate MB loading, whereas high MB concentrations lead to saturation of the band 

intensity. Conversely, the 578 nm peak can be attributed to the close packing between MB in 

the upper and lower faces of the GO sheets [72]. For bare GO, the absorbance was linear with 

GO concentration in the entire range of explored wavelengths (calibration curves reported in 

Supporting Information). Since for freely dissolved MB a negligible absorbance was 

measured in the region 380-440 nm, the measurements at λ=420 nm were selected for the 

calculation of GO concentration. 
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3.2. Batch adsorption tests 

Batch tests at different GO concentration and MB/GO initial dose were performed to assess 

the capability of GO nanosheets to adsorb MB, to study their colloidal stability, and to identify 

the best operating conditions for column tests. In the tested conditions (i.e. NaCl 20 mM, 

pH≈8.5), GO nanosheets were stably dispersed in water in the absence of MB, with Zeta 

potential (ζ) equal to -50±4 mV. Conversely, when MB was added to the suspensions, the 

MB/GO dose played an important role also in the colloidal stability: the Zeta potential 

increased with increasing the MB concentration, reaching positive values for MB/GO ratio 

higher than 1, due to the progressive saturation of the GO surface by the MB cations. An 

example of the Zeta potential trend with increasing MB concentration is reported in 

Supporting Information (Figure S1). 

 

3.2.1. MB adsorption and impact on colloidal stability 

The capability of GO to adsorb MB was assessed using UV-vis spectrometry. Selected UV-

vis spectra for CGO = 50 mg/L and 9 mg/L at varying MB/GO mass ratio are reported in Figure 

2. 

In the tests performed with CGO = 50 mg/L (Figure 2a), for MB/GO < 0.5 (green curves) the 

spectra rose with increasing MB concentration, with a shape analogous to that of the MB-

loaded GO spectrum reported in Figure 1b. The peak at 578 nm (characteristic of adsorbed 

MB) increased with increasing CMB (Figure 2c), whereas no evident peak at 667 nm 

(characteristic of free MB) was observed. These qualitative observations suggest that the 

suspension was colloidally stable for MB/GO<0.5, with negligible free MB. The absence of 

detectable dissolved MB was confirmed by UV-vis measurements on filtered samples, free of 

MB-loaded GO nanosheets (Figure 3a). The absence of significant aggregation was confirmed 
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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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Figure 2: Adsorption batch tests. (a-b): UV-vis spectra for (a) CGO = 50 mg/L and (b) CGO = 9 mg/L with 

varying the total (initially dosed) MB concentration, CMB. Green spectra correspond to colloidally stable 

suspensions, orange/red spectra to unstable samples. (c-d): trends of peak absorbance at λ = 420 nm (empty 

diamonds) and λ = 558 nm (black circles) reported as a function of the total CMB (bottom axes) and MB/GO 

ratio (top axis), again for suspensions prepared with (c) CGO = 50 mg/L and (d) CGO = 9 mg/L. The grey areas 

identify the regions where the suspensions are colloidally stable, the black lines fit linearly the trend of the 

absorbance at 578 nm in the stability region.  

 

To confirm and extend the results obtained for CGO = 50 mg/L, the batch adsorption tests were 

performed also at CGO = 9, 20, 30 and 80 mg/L. The results for CGO = 9 mg/L are reported in 

Figure 2b and d. In this case the tests could be extended up to MB/GO = 2.7 with GO partly 

remaining in suspension, thus allowing the measurement of full spectra also in the range 

MB/GO >1. The data for CGO = 9 mg/L showed trends similar to those discussed for CGO = 

50 mg/L: also in this case a stability region exists where GO nanosheets were stably dispersed 

(compare the initial constant trend of the absorbance at 420 nm in Figure 2d), the spectra rose 
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with MB concentration (see green curves in Figure 2b), the peak at 578 nm linearly increased 

with MB concentration, and no evident peak at 667 nm was registered, suggesting a negligible 

presence of free MB. However, for CGO = 9 mg/L this stability region extended up to MB/GO 

approximately equal to 1. Above this ratio (orange/red curves in Figure 2b), a decline in the 

spectra was observed, suggesting a partial sedimentation of the suspensions, confirmed by the 

decline of the absorbance at 420 nm (Figure 2d). At the same time, the peak at 667 nm rose. 

The absorbance at 578 nm (Figure 2d) was linear with the MB concentration for MB/GO < 1 

(stability region). As MB/GO rose above 1, the absorbance at 578 nm first declined due to 

GO sedimentation, and then showed a new rise due to the presence of free MB. This behavior 

is consistent with the non-negligible absorbance of MB solutions at 578 nm showed in Figure 

1b. Consequently, for MB/GO >1 the absorbance at 578 nm is given by three contributions: 

GO nanosheets, absorbed MB and freely dissolved MB. 

The tests performed at CGO = 20, 30 and 80 mg/L (full spectra not reported, see Figure S5 in 

Supporting Information for peak absorbance trends) all confirmed the existence of a colloidal 

stability region, which extended up to approximately MB/GO = 1 for low GO concentrations 

(CGO up to 20 mg/L) and approached MB/GO = 0.5 for higher CGO values. Conversely, in all 

conditions a non-negligible concentration of freely dissolved MB was observed only above 

MB/GO = 1, regardless the GO concentration. 

 

3.2.2. Adsorption isotherm 

Based on the qualitative observations discussed in the previous section, a quantitative 

estimation of MB adsorption on the GO nanosheets can be obtained combining information 

from multiple UV-vis wavelengths. To this aim, the absorbance at λ = 420 nm and λ = 578 

nm were used (absorbance unprocessed data are reported in Supporting Information in Figure 
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S5). As discussed above, the absorbance at 420 nm (A420) shows a linear trend with CGO as it 

is predominantly due to the GO nanosheets. For colloidally stable suspensions, the absorbance 

at 578 nm (A578) is given by the sum of the absorbance due to GO nanosheets (A578,GO) and a 

second component (A578,dep = A578 – A578,GO) which increases linearly with increasing the 

concentration of adsorbed MB (CMB,ads). It is reasonable to assume that, even for colloidally 

unstable samples (i.e. outside the stability region), the two contributions to A578 due to GO 

nanosheets and adsorbed MB still remain linear with the respective concentrations, if no free 

MB is present. Conversely, in the presence of free MB the picture is further complicated and 

the relationships are not linear anymore. 

Given the described UV-vis spectrum characteristics for MB-loaded GO, it is possible to 

identify the conditions to discriminate the presence/absence of freely dissolved MB, and to 

write the equations to calculate the concentration of adsorbed MB. 

In the absence of freely dissolved MB, the ratio A578,dep/A420 is expected to be linear with the 

total (dosed) MB/GO ratio, and to deviate from linearity when free MB is present in the water 

phase (i.e., for MB/GO > 1), due to the change in the shape of the spectrum (Section 3.1). 

This assumption is confirmed by the ratios A578,dep/A420 calculated for all tests (see examples 

in Supporting information in Figure S6). 

As a consequence, batch sorption UV-vis spectra were processed as follows: 

- In the range where A578,dep/A420 was linear with the MB/GO ratio (i.e. when the 

presence of freely dissolved MB was negligible), the volume concentration of 

adsorbed MB, CMB,ads (mass of adsorbed MB in suspension per unit volume of 

sample), and suspended GO nanosheets, CGO (mass of suspended GO per unit volume 

of sample), were calculated solving this system of equations: 
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{
𝐴420 = 𝛼420,𝐺𝑂 ∙ 𝐶𝐺𝑂 + 𝛼420,𝑀𝐵𝑎𝑑𝑠 ∙ 𝐶𝑀𝐵,𝑎𝑑𝑠
𝐴578 = 𝛼578,𝐺𝑂 ∙ 𝐶𝐺𝑂 + 𝛼578,𝑀𝐵𝑎𝑑𝑠 ∙ 𝐶𝑀𝐵,𝑎𝑑𝑠

  (eq. 1) 

where 𝛼578,𝑀𝐵𝑎𝑑𝑠 ∙ 𝐶𝑀𝐵,𝑎𝑑𝑠  corresponds to A578,dep defined above. The i 

proportionality coefficients were determined as follows: 

o 420,GO and 578,GO were obtained via least-squares fitting of A420 vs CGO and 

A578 vs CGO, respectively, for all samples with CMB = 0 (see calibration curves 

in Supporting Information in Figure S2); 

o 420,MBads and 578,MBads were obtained via least-squares fitting of A420,dep vs 

CMB,ads and A578,dep vs CMB,ads, respectively, for all samples in the stability 

region, i.e. MB/GO < 1 for CGO = 9 and 20 g/L, and MB/GO < 0.5 for CGO = 

30, 50, 80 g/L. 

The mass concentration of adsorbed MB (SMB, mass of adsorbed MB per unit mass of 

GO) was then calculated as CMB,ads/CGO, to get rid of the effect of GO sedimentation. 

- In the range where A578,dep/A420 was not linear with the MB/GO ratio, the 

concentration of free MB in solution (CMB,free) was measured on filtered samples, and 

the mass concentration of adsorbed MB (SMB) was calculated with a mass balance 

from this measurement. 

Figure 3b shows the results of MB adsorption experiments on GO nanosheets (CGO = 50 

mg/L) in terms of SMB as a function of the total (dosed) MB/GO ratio, calculated as described 

above. The results of Figure 3b confirm that GO nanosheets were highly effective in adsorbing 

MB under the tested conditions. For total MB/GO < 1, the MB in solution was almost 

completely adsorbed by the GO nanosheets (compare the experimental data with the dotted 

line representing the bisector of the graph, corresponding to 100% of MB adsorbed on GO). 

On the other hand, when MB/GO > 1, a fraction of the MB remains in solution. With 

increasing the total MB/GO ratio, the aliquot of MB remaining in solution increased, 
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suggesting an asymptotic behavior for MB adsorption. This was confirmed by the calculation 

of the sorption isotherm (Figure 3c), which showed a Langmuirian trend: 

𝑆𝑀𝐵 =
𝛽∙𝑆𝑀𝐵,𝑚𝑎𝑥∙𝐶𝑀𝐵,𝑓𝑟𝑒𝑒

1+𝑆𝑀𝐵,𝑚𝑎𝑥∙𝐶𝑀𝐵,𝑓𝑟𝑒𝑒
      (eq. 2) 

where SMB,max is the saturation concentration (1.63 mg /mg) and  = 2.0 L/mg.  

 

 

Figure 3: Adsorption tests for CGO = 50 mg/L: (a) UV-vis spectra of filtered samples at different 

concentrations of MB. (b) Mass concentration of adsorbed MB (SMB) vs total (initially dosed) MB/GO ratio 

calculated from UV-vis spectra of the suspension using eq. 1 (black points) and obtained from the 

measurement of free MB concentration in filtered samples (red points); the bisector is reported as dotted line 

for comparison with experimental data. (c) Adsorption isotherm: measured concentrations (red points) and 

fitted Langmuir model (black line). 

 

3.3. Column tests: co-transport and retention of MB-loaded GO nanosheets 

Batch and column transport pre-tests were performed for GO-free MB solutions to assess the 

interaction between MB and silica sand. A GO-free MB solution (C0,MB = 25 mg/L, NaCl 20 

mM, pH = 8.5 adjusted by NaOH addition) was injected into a saturated sand column for 19 

pore volumes (PVs), and then flushed with the same MB-free electrolyte solution (Figure 4a). 

As expected, the positively charged MB molecules showed a high affinity to the negatively 

charged sand grains (Zeta potential: -38.2 ± 2 mV) resulting in a delayed breakthrough at 
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approximately 10 PVs after injection, and a retardation factor of 14. This behavior 

corresponds to a reversible adsorption of MB. The sorption isotherm in the same electrolyte 

solution determined in batch evidenced a Langmuirian shape (Figure 4b). Conversely, batch 

tests performed putting in contact MB-loaded sand grains with MB-free DIw showed a 

complete and irreversible adsorption, with no release of MB (data not reported), due to the 

stronger affinity of MB cations to the sand surface in DI water (Zeta potential: -74.0 ± 2 mV). 

 

 

Figure 4: (a) Breakthrough curve of methylene blue (C0,MB = 25 mg/L, NaCl 20 mM, same flow rate as GO 

tests) injected in a sand-packed column for 19 pore volumes, followed by flushing (NaCl 20 mM). The 

concentration of dissolved MB at column inlet and outlet was monitored in-line at λ = 678 nm. (b) Batch 

adsorption isotherm for MB in contact with silica sand, (NaCl 20 mM, T = 20°C). CMB,eq = concentration in 

water phase at equilibrium, SMB,eq = concentration in solid phase at equilibrium. The red dots represent the 

experimental data, the black curve is a Langmuir isotherm SMB,eq = CMB,eq /(1+ CMB,eq), where  = 0.09 

L/mg,  = 0.18. 

 

Column co-transport tests of MB-loaded GO nanosheets were then performed at C0,GO = 50 

mg/L and C0,MB = 0 to 30 mg/L. The GO and MB concentrations were selected based on the 

results of batch tests, in order to explore a wide range of GO colloidal stability, but always in 

the absence of free MB. Full spectra were collected every 30 s at the column inflow and 

outflow. Breakthrough curves of GO nanosheets and adsorbed MB (CGO and CMB,ads) were 
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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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higher than 70%, except for C0,MB = 30 mg/L, for which a GO recovery of 61.47% was 

registered (Table 1). 

 

Table 1: Mass balance for GO and MB in column co-transport tests: concentrations of GO and MB injected at 

column inlet (C0,GO and C0,MB) and corresponding inlet mass ratio MB/GO, and mass balances for GO and MB 

expressed as percentage of GO or MB recovered at column outlet with respect to the injected ones, after the 

flushing step. The outflow mass ratio at column outlet averaged over the entire column test (MB/GOout) 

 was calculated from Eq. 3. 

Column inlet Column outlet  
Injected GO 

conc. 

C0,GO 

(mg/L) 

Injected MB 

conc. 

C0,MB 

(mg/L) 

MB/GOin 

(mass ratio) 

 

(-) 

Colloidal 

stability 

during the 

injection 

Eluted GO 

after 

flushing 

(%) 

Eluted MB 

after 

flushing 

(%) 

MB/GOout 

(mass ratio) 

 

(-)  

50 30 0.60 
Relatively 

Aggregated 
2.62 0.57 0.131 

50 20 0.40 
Relatively 

Aggregated 
70.84 44.76 0.253 

50 10 0.20 Stable 91.63 65.49 0.143 

50 5 0.10 Stable 92.62 76.57 0.083 

50 2 0.04 Stable 92.88 93.47 0.040 

50 0 -- Stable 93.86 - - 

 

MB breakthrough decreased with increasing MB/GO ratio at column inlet (Figure 5b). 

Noticeably, the BTCs and associated mass balances of adsorbed MB do not entirely reflect 

the GO BTCs. The adsorbed MB showed lower breakthrough concentrations compared to GO 

nanosheets in the corresponding column test. This phenomenon is further evidenced in Figure 

6, where the MB/GO ratio at column outlet is reported for two selected tests (C0,MB = 10 and 

20 mg/L, corresponding respectively to MB/GO inlet ratio of 0.2 and 0.4). During both tests, 

the MB/GO ratio at the column outlet remained always significantly below the inlet value, 

even though a slight increase can be observed over time, particularly for the test at C0,MB = 10 

mg/L. This finding suggests that a fraction of the MB initially adsorbed onto GO nanosheets 

desorbed from it while flowing through the column and competitively attached onto the sand 

grains. The observation of light blue shades on the sand grains within the column at the end 

of the tests was a visual evidence for this. 
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The discrepancy between inlet and outlet mass ratios was quantified also from the mass 

balances for GO and MB (Table 1). To this aim, the recovered mass ratio of MB to GO at 

column outlet (𝑀𝐵/𝐺𝑂|𝑜𝑢𝑡), was calculated as: 

𝑀𝐵/𝐺𝑂|𝑜𝑢𝑡 =
∫ 𝐶𝑀𝐵
𝑡𝑒𝑛𝑑
𝑡=0 𝑑𝑡

∫ 𝐶𝐺𝑂
𝑡𝑒𝑛𝑑
𝑡=0

𝑑𝑡
      (eq. 3) 

where tend is the time corresponding to the end of the flushing. 

The discrepancy between the nominal MB/GO mass ratio injected in the column (MB/GOin) 

and the ratio of recovered masses at column outlet (MB/GOout) is more pronounced at higher 

injected MB doses. Significant discrepancies were observed in particular for C0,MB ≥10 mg/L.  

The more pronounced desorption of MB from GO nanosheets (and adsorption onto sand 

grains) observed for higher MB/GO inlet ratios can be attributed to differences in the affinity 

of MB to sand and GO surface depending on the inlet MB/GO itself: for C0,MB ≤ 10 mg/L, the 

higher negative surface charge of GOs (zeta potential -50±4 mV) compared to sand (38.2±2 

mV) likely lead to a stronger electrostatic interaction force of MB with GO compared to the 

sand grains. Literature studies on MB adsorption by quartz sand with different grain zeta 

potentials showed that the adsorption efficiency decreases with decreasing sand surface 

charge [73-75]. 
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Figure 5: Co-transport tests: measured normalized breakthrough curves (BTCs) for (a) GO nanosheets (CGO 

= outlet concentration, C0,GO = inlet concentration) and (b) adsorbed MB, reported as a function of the 

number of injected pore volumes (PVs). Tests were performed injecting C0,GO=50 mg/L and different MB 

concentrations. Darcy velocity: 8.110-5 m/s. 

 

 

Figure 6:  Co-transport tests: MB/GO ratio at column inlet (dashed lines) and outlet (continuous lines) as a 

function of injected pore volumes (PV) for transport tests performed injecting C0,GO = 50 mg/L with (a) 

C0,MB,ads = 20 mg/L and (b) 10 mg/L. The corresponding GO breakthrough curves (dotted lines) are also 

reported to improve readability of the graph. MB/GO ratio is calculated for CGO>1 mg/L to discard poorly 

significant data. 
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3.4. Removal of MB adsorbed on sand by GO  

The GO capability to remove MB adsorbed on sand grains was assessed in a set of column 

tests mimicking, in simplified conditions, the possible steps of an aquifer contamination and 

decontamination process (Figure 7). In all tests, the sand-packed column was first 

contaminated injecting a MB solution (20 mg/L, pH = 8.5) for 26 PVs. MB breakthrough was 

observed after approximately 10 PVs. After 26 PVs, CMB/C0,MB ≈ 0.8 was reached at the outlet, 

corresponding to an average concentration of adsorbed MB of 0.15 mg/g in the column. 

During flushing #1, performed injecting the NaCl 20 mM solution, the flow of MB-free 

groundwater through the contaminated area was mimicked. In this step, slow MB desorption 

occurred, coherently with the reversible adsorption previously observed in batch and column 

tests. The flushing #2, conversely, mimicked the effects of the injection of a washing solution 

(DIw) or a washing GO dispersion (C0,GO = 50 mg/L, dispersed in NaCl 20 mM or DIw). To 

elucidate the role of the tested washing solutions/suspensions on MB release, beside 

breakthrough curves, also mass balances for flushing #2 (Table 2 and bottom part of Figure 7) 

were calculated. 

When GO in the NaCl solution was injected for column flushing, no clear release of MB was 

observed: this suggests that, at this salt concentration, the MB molecule has a stronger affinity 

to sand grains rather than to GO nanosheets. Also DIw (without GO) proved not suitable as a 

washing solution: in this test the MB recovery at column outflow dropped abruptly as soon as 

DIw is injected, and only 8.4% of the MB remained adsorbed on the sand was released during 

flushing #2. This is coherent with the negligible desorption of MB observed in batch tests for 

MB-loaded sand in contact with DIw due to the very strong affinity of MB cations to the 

highly negative surface of the sand, as discussed above. 

Conversely, the injection of GO dispersed in DIw gave rise to a strong MB release peak 

immediately after GO injection: in 3 PVs, 25.8% of the remaining MB was collected at the 
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outflow. After the peak, a declining MB recovery was observed, and the breakthrough curve 

collapsed on the BTC obtained for GO in the NaCl solution. This behavior can be attributed 

to the strongly negative surface of GO nanosheets dispersed in DIw (Zeta potential: -57.1 ± 3 

mV), which can partly desorb MB molecules from the sand surface and wash them out of the 

column. Based on these results, the GO-DIw could therefore be useful in the perspective of 

an accelerated clean-up of a contamination source in remediation applications.  

 

 
Figure 7: Breakthrough curves of total (free + adsorbed) methylene blue in release tests. 1-26 PVs: MB 

injection (25 mg/L) in NaCl 20 mM; 27-32 PVs: flushing #1 with NaCl 20 mM; 33-46 PVs: flushing #2 with 

the washing solution/dispersion (as detailed in the legend). Darcy velocity: 8.110-5 m/s. The bottom graph 

reports the percentage of MB mass released starting at 32 PVs with respect to the mass of MB retained in the 

column at beginning of flushing #2. 
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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 
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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. 
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