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Abstract 

In the present study, the used graphene nanoplatelets (GNP) are of high structural quality 

offering the opportunity to modify the adsorbent/adsorbate interactions. Their chemical 

modification by simple acid oxidation leads to their facile dispersion in water. Morphological, 

structural and chemical properties of the functionalized GNP are deeply investigated by a set 

of complementary characterization techniques. The parametric investigation including effects 
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of initial concentration, contact time, solution pH and temperature of methylene blue (MB) 

adsorption allows to identify those being relevant for MB removal enhancement. MB 

adsorption is found to increase with contact time, solution temperature and acidic pH. The 

nature of the MB-GNP interactions and the possible adsorption mechanisms, relatively little 

understood, are here particularly studied. MB-GNP adsorption is shown to follow a Langmuir 

isotherm and a pseudo-first-order kinetic model. The adsorption capacity of MB on the 

chemically modified GNPs (qm=225 mg/g) with respect to the external surface is relatively high 

compared to other carbon nanomaterials. Such adsorbent certainly merits further consideration 

for removal of other dyes and heavy metals from wastewaters. 

 

Keywords: graphene; functionalization; interactions, adsorption; dye removal 

 

 

1. Introduction 

Since more than ten years, many synthesis methods have been developed leading to 

produce graphenic materials in large volumes (Cheng et al. 2017; Yu et al. 2017; Polat et al. 

2015; Novoselov et al. 2012). Especially chemical and mechanical exfoliation of graphite 

allows to prepare various forms of graphene (Achee et al. 2018). This variety of graphene-based 

materials offers various and innovative applications which can be now advantageously 

envisaged with graphene. Environmental applications are especially targeted since added to 

their high surface area, graphenic materials can be considered as a platform man can chemically 

modify to generate any specific functionality. Among them depollution by contaminant 

adsorption has attracted high attention recently. Textile industries consume huge amounts of 

water and chemicals, particularly in the dyeing and finishing processes. Besides, textile 

industries focus primarily on colored cloth production and approximately 700,000 tons of dyes 
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produced per year are estimated with about 20 % of them are discharged in the effluents (Holkar 

et al. 2016). Discharge of highly colored synthetic dye waste could be extremely harmful to 

marine organisms and may even be resistant to natural biological degradation (Holkar et al. 

2016; Tahir et al. 2016; Khan and Malik 2014).  

Adsorption, particularly using carbon adsorbents, is a promising green decontamination 

alternative to eliminate the pollutants from wastewaters. The adsorptive properties of 

functionalized graphene has been shown to depend on its surface area (Hou et al. 2018), 

functional groups and π-electron system (Zhou et al. 2016) and porous structure (Gadipelli and 

Guo 2015). Stability, concentration, and overall quality of the carbon nanomaterial dispersion 

are also critical for the adsorption process, especially for elimination of organic dyes such as 

methylene blue (MB) (Johnson et al. 2015) or malachite green (MG) (Robati et al. 2016). Up 

to now, most of the works on organic dye adsorption by graphenic materials were conducted 

with graphene oxide (GO) or reduced GO (rGO). Presence of carboxylated-GO within a 

polyphenylsulfone nanofiltration membrane was shown to enhance heavy metal removal 

(Shukla et al. 2018). Carboxylated-GO was also efficient to eliminate MB molecules (Zhao et 

al. 2017). A functionalized GO-based 3D composites was used with an excellent adsorption 

performance for the removal of mercury ions (Kabiri et al. 2016). Qi et al. stated that polymer-

based nanomaterials (polysaccharides/GO) removed well both cationic and anionic organic 

dyes (Qi et al. 2017). Surface modification of GO with –SH and –NH2 groups were shown to 

increase the number of sorption sites and facilitate bonding with heavy metals, thus improving 

the sorption capacity in the case of MB (Chen et al. 2016). Bradder et al. reported high 

adsorption capacity of GO for MB and MG compared to graphite and activated carbon 

attributed to electrostatic attraction (Bradder et al. 2011). However, dye molecules are 

chemically complicated bearing hydrophobic and hydrophilic parts eventually charged 

depending on the pH. And the nature of dye-adsorbent intercations, which is expected to govern 
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the adsorption process and thus adsorption capacity, is usually not well understood. Indeed, 

because of the various adsorbate/adsorbent systems, the mechanisms playing the major roles in 

adsorption efficiency are difficult to identify and to generalize to other systems. Control the 

adsorbent characteristics especially its surface chemistry appears as a key aspect for enhancing 

the adsorption process and determining the relevant parameters impacting the adsorption 

effectiveness.  

Two main families of graphene commercially available can be mentioned: GO having 

2-5 layers and a defected structure due to the numerous functional groups it bears (Dreyer et al. 

2014) and graphene flakes or graphene nanoplatelets of often more than 10 layers with a good 

structural quality (Ermakov et al. 2015; Wei et al. 2009; Stankovich et al. 2006; Ghosh et al. 

2010). With the aim of using a well-controlled graphenic material, we have chosen to work 

with high quality graphene nanoplatelets (GNPs). However, the inertness of this kind of 

graphenic material is unfavorable to disperse it in aqueous medium. Functionalization is an 

efficient way to both modify surface properties and induce dispersion of carbon nanomaterials 

(Georgakilas et al. 2012). In this study, we have applied a simple post-synthesis method to 

introduce oxygen-containing functional groups onto the sidewalls of GNPs in a controlled 

manner. The morphological, structural and chemical characteristics of the modified GNPs 

through functionalization were deeply investigated by means of complementary techniques 

such as scanning and high-resolution transmission electron microscopy (SEM and HRTEM), 

thermogravimetric analysis (TGA), Raman, Fourier transform infrared (FTIR) spectroscopy 

and X-ray photoelectron spectroscopy (XPS). Evaluation of the modified GNPs as a potential 

adsorbent for the removal of MB is discussed based on analysis of the adsorption capacity using 

the Langmuir and Temkin isotherm models. Adsorption capacity of the GNPs is compared to 

other commonly investigated carbon nanomaterials (including GO, rGO and multi-walled 
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carbon nanotubes (MWCNTs)). Efficiency of our modified GNPs to remove MB is found to be 

relatively high considering the specific surface area they offer. 

 

2. Materials and chemicals 

The used raw graphene nanoplatelets (referred to as rGNP) was supplied by Universal Science 

Trading, Malaysia (5 µm particle size, surface area 120-150 m2. g-1). Sulfuric acid, H2SO4 

(96%), nitric acid, HNO3 (65%), ethanol (99%) and MB, used as pollutant in this study, were 

purchased from Sigma-Aldrich. Deionized water supplied by USF ELGA water treatment 

system was used to prepare all the reagents and solutions. 

 

2.1. Preparation of functionalized GNPs. 

In a typical functionalization experiment, 1 g of rGNP was placed in a dry, three-neck, round-

bottomed flask, with 1:1 mixture of 78 ml of H2SO4 and 96 mL of HNO3. Then, the solution 

was stirred for 16 h under moderate stirring (300 rpm) at 80°C. Then the mixture was sonicated 

in a water bath for 15 min. After that, it was filtered and washed with distilled water until the 

pH of the filtrate is neutral. Subsequently, the sample was dried in an oven at 110°C for 24 h. 

This method was repeated for volume ratio of H2SO4 and HNO3 1:3 and 3:1. The treated GNP 

were referred to as fGNP1, fGNP2, and fGNP3 for H2SO4/HNO3 ratio of 1:1, 1:3 and 3:1, 

respectively. 

2.2. Characterization techniques 

HRTEM observations were performed using a JEM-ARM 200F apparatus at 80 kV. GNP 

dispersions in ethanol of the raw and the fGNP were deposited on a holey carbon grid. About 

25 images were taken at different locations for each sample in order to guarantee a 

representative description of the samples. Fast Fourier Transform (FFT) was done on selected 

areas. SEM of the raw and the functionalized GNP were carried out using an FEI Verios 460L 
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tool under extreme high resolution (XHR) with field emission. TGA was performed with a 

Setaram Setsys evolution 1750. Experiments were performed in dry air (flow rate 20 mL.min-

1) as the carrier gas and a temperature ramp of 5 °C.min-1 from room temperature to 900 °C. 

For Raman spectroscopy analysis, a Renishaw inVia Raman microscope was used with an 

excitation wavelength of 632.8 nm, a laser power output of 50 mW focused on the sample with 

an x50 objective lens. A range from 100 to 3200 cm-1 of Raman shift was scanned. For each 

sample, at least 3 spectra were recorded on different areas on the sample deposited on a glass 

slide. For data analysis, after subtracting a baseline, the intensity of the D or the G band 

corresponding to the height at the maximum intensity of the peak is used to calculate the 

intensity ratio ID/IG. For a direct comparison of the spectrum features, the intensity of the spectra 

is normalized to that of the G band. 

For Fourier transform infrared spectroscopy, a Model Thermo Fisher Scientific Nicolet iS1O 

FTIR Spectroscope was used. A Malvern Zetasizer was used to measure the surface charge of 

the GNP samples. For the preparation of GNP dispersions, the desired amount of the raw or the 

modified GNP powder (concentration of 1 mg.L-1) was dispersed in water using a probe 

sonicator for 5 min. 

The surface area and pore size were evaluated by Brunauer–Emmett–Teller (BET) standard and 

Barrett-Johner Halenda (BJH) method respectively using an Autosorb 1C Quantachrome 

analyzer. The BET surface area is also known as the specific surface area (SSA). 

For XPS analysis, a Kratos Axis Ultra (Kratos Analytical, U.K.) spectrometer equipped with a 

monochromatic Al Kα source (1486.6 eV) was used. All spectra were recorded at a 90° takeoff 

angle, with the analyzed area being currently about 0.7 x 0.3 mm. Survey spectra were acquired 

with 1.0 eV step and 160 eV analyzer pass energy and the high-resolution regions with 0.1 eV 

step and 20 eV pass energy (instrumental resolution better than 0.5 eV). Curve fitting was 
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performed using a Gaussian/Lorentzian (70/30) peak shape after Shirley’s background 

subtraction and using X-vision 2.2.11 software. 

Contact angle goniometer (Model: OCA15plus, DataPhysics) was used to evaluate the 

hydrophilicity (wettability by water) of the raw and functionalized GNPs. A water droplet (1 

µl) was deposited onto the sample surface through a needle tip. A magnified image of water 

droplet was observed by a digital camera and the contact angle readings were obtained 5s after 

the water drop deposited on the sample surface.  For each measurement of contact angle value, 

at least three points from different parts of the GNP, fGNP1, fGNP2 and fGNP3 were recorded 

and averaged. 

 

2.3 Batch equilibrium studies 

Adsorption of MB on the prepared fGNP was performed by batch equilibrium tests. The effects 

of MB initial concentration, contact time, solution pH and temperature on the removal were 

investigated. The dye solution of few milliliters was taken at regular intervals at every 5 min 

for 55 min of reaction and analyzed using a UV–vis spectrophotometer (Model Shimadzu UV-

1800, Japan). The concentration of the treated sample was measured at a wavelength of 665 

nm. The removal efficiency ξ (%) of MB at period of time, and the equilibrium adsorption 

capacity qe (mg. g-1) were calculated using (1) and (2), respectively: 

ξ=
C0-Ct

C0
×100   Eq. (1) 

�� =
�����

�
× 
  Eq. (2) 

Where CO (mg. L-1) is the initial MB concentration, Ct (mg. L-1) is the final concentration of 

MB remaining at time t, V (L) and W (g) are the volume of the MB solution and the weight of 

the used adsorbent, respectively. 
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2.4 Adsorption isotherm models 

From the Langmuir theory only one dye molecule is adsorbed on each adsorption site to form 

a monolayer (Han et al. 2017). It is then assumed that once a dye molecule occupies a site, no 

further adsorption can take place at that site. That means that adsorption mainly occurs on the 

external surface of the adsorbent having a homogeneous surface and the intermolecular forces 

rapidly decrease with distance. The Langmuir equation is given by (3): 

��

��
=	

�

����
+	

�

��
	��    (3) 

 

where ��	(mg.g-1) is the maximum adsorption capacity, �� (L.mg-1) represents the Langmuir 

isotherm constant and �� (mg.L-1) is the dye concentration at equilibrium. The Langmuir 

dimensionless separation factor   is defined as: 

�� =	
�

����
     (4) 

RL indicates the adsorption nature to be either unfavourable if RL>1, linear if RL =1, favourable 

if 0< RL<1 and irreversible if RL=0.  

 

Freundlich model describes adsorption on heterogeneous surfaces following a multilayer 

adsorption mechanism. It is assumed the stronger binding sites are occupied first and that the 

binding strength decreases with increasing the degree of site occupation. The Freundlich model 

equation (5) is; 

log �� = log�� +
�

�
log ��  (5) 

where qe (mg.g-1) is the amount of adsorbate adsorbed per unit mass of adsorbent; KF (L.mg-1) 

is Freundlich isotherm constant. KF measures the adsorption capacity of the adsorbent and 1/n 

reflects the strength of adsorption in the adsorption process. If value of 1/n is below one, it 
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indicates a normal adsorption. On the other hand, 1/n being above one indicates favorable 

adsorption conditions (Qiao et al. 2016). Ce is the equilibrium concentration of the adsorbate 

(mg.L-1). 

 

Temkin isotherm considers the effect of the adsorbate interaction on the adsorbent based on the 

uniformly distributed binding energies. It also assumes that the heat of sorption of all the 

molecules in the layer decreases linearly with coverage due to sorbate/sorbent interactions. The 

Temkin isotherm equation expressed as (Temkin and Pyzhev 1940). The Temkin model equation 

is: 

�� = 	� ln � + 	� ln ��  (6) 

    � =
! 

"#
                                           (7) 

AT (L.mg-1) is the Temkin isotherm equilibrium binding constant (L.mg-1); bT is the Temkin 

isotherm constant, R the universal gas constant (8.314 J.mol-1.K-1)  and B a constant related to 

heat of sorption (J.mol-1).  

 

2.5 Adsorption kinetics 

The equation of pseudo first order kinetic model is expressed by the following equation 

(Lagergren 1898); 

ln$�� − �&' = 	 ln �� − (�)   (8) 

where qt (mg.g-1) is amount of adsorbate adsorbed at time t; qe is the amount of adsorbate 

adsorbed at equilibrium (mg.g-1) and k1 is pseudo-first-order rate constant of adsorption (min-

1).  

The pseudo second order equation predicts the behaviour over the entire range of adsorption, 

and it is agreed that an adsorption mechanism being the rate controlling step (McKay and 
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Sweeney 1980). The equation of pseudo second order kinetic model can be expressed using 

equation (9): 

&

��
=	

�

*+��
+
+

&

��
	   (9) 

 

where qe (mg.g-1) is the amount of adsorbate adsorbed at equilibrium, qt (mg.g-1) is the amount 

of solute adsorbed per unit weight of adsorbent at time, k2 (min-1) is the rate constant of pseudo-

second-order sorption. The rate parameters k2 and qe can be directly obtained from the intercept 

and slope of the plot of t/qt versus t. 

 

 

 

3. Result and discussion  

3.1 Structural, surface and chemical characterization of the adsorbent 

Many sources of graphenic materials are currently commercially available or synthesized by 

the researchers themselves for their utilization as adsorbent for dye removal. With the aim of 

providing a comprehensive analysis of the mechanisms involved in the efficiency of adsorption 

capacity, a deep investigation of the structural, chemical and surface properties of the used 

graphene nanoplatelets has been conducted. Typical SEM images of rGNP and fGNP1 are 

shown in figure 1. For both rGNP and fGNP1, the GNPs appear as thin platelets with of a typical 

size of 1-5 mm (in agreement with supplier’s information); they have a clean and smooth 

surface and crumple edges. SEM observations of fGNP2 and fGNP3 have a similar aspect than 

that observed for fGNP1 (not shown). 



11 

 

 

 

 

 

 

 

 

 

 

Figure 1 Typical SEM images of (a) and (b) rGNP and (c) and (d) fGNP1 at different 

magnifications. 

 

 

 

 

 

 

 

 

 

Figure 2 HRTEM micrographs of (a) and (b) rGNP and (c) and (d) fGNP1. FFT is shown for 

images b and d. 

 

From HRTEM images (figure 2), GNP layers (<15 layers) were clearly observed indicating a 

high graphitization degree and a good structural quality of rGNP. In agreement with SEM 
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observations, no significant modification of the morphological characteristics is observed for 

fGNP1 by HRTEM. Both HRTEM and FFT images put into evidence the good quality of the 

basal plane of fGNP1 after the applied chemical treatment (figure 2d). 

TGA was performed to analyze the thermal stability of the used GNP-based samples in an 

oxidative (dry air) atmosphere and the thermograms for rGNP and fGNP1 are shown in figure 

3. rGNP and fGNP1 show a quite similar general shape with two main weight losses due to 

combustion: a weight loss of around 20 % of the sample weight in the 400-450˚C temperature 

range and a second weight loss of around 80 % of the sample around 650°C. The remaining 

mass after combustion of the carbon species above 700°C is very low (less than 1 wt.%) 

meaning that almost no residues remains in fGNP1 after the applied chemical treatment. This 

ensures that rGNP and fGNP1 are of good purity and that the prepared adsorbent is an all-

carbon nanomaterial. For both samples, combustion occurs thus in two stages. The lower 

temperature combustion could be due to the presence of carbonaceous species of low structural 

quality from the GNP synthesis process itself. The main combustion temperature is not 

modified by the used acid-based treatment. 

 

 

 

 

 

 

 

 

Figure 3 Thermograms under air of rGNP (black) and fGNP1 (red). 
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In agreement with the good structural characteristics and the number of layers (10-15 layers) 

observed by HRTEM, the main combustion temperature of both rGNP and fGNP1 is relatively 

high. The combustion of poorly ordered carbon species like amorphous carbon usually occurs 

below 400°C while graphite burns off above 700°C (Mercier et al. 2013). That means that the 

chemical method has not induced any strong modification within the layered body of the used 

GNP.  

Commonly used as a complementary technique of HRTEM and TGA, Raman spectroscopy is 

a commanding method to finely probe structural modification of nanostructured carbon 

materials through covalent functionalization. The G band originating from the sp² bonded 

carbon atoms of the hexagonal lattice of a graphitic structure is well visible around 1585 cm−1. 

The intensity of the D band around 1350 cm-1 is expected to increase when sp2 hybridization of 

the carbon atoms turns to sp3 due to functional group grafting. Figure 4 shows the Raman 

spectra of the GNPs before and after the used chemical treatments. In agreement with the good 

structural quality of the starting rGNP, its D band is relatively sharp and of weak intensity; ID/IG 

is of 0.35 for rGNP. After the applied acid-based reaction for all the used conditions, the D band 

is significantly more pronounced, with a larger and more intense peak. ID/IG of fGNP1, fGNP2 

and fGNP3 are 0.91, 0.60 and 0.55, respectively. ID/IG increases of a factor of 1.5 or more 

compared to that of rGNP depending on the used acid mixture, the highest ID/IG being observed 

for fGNP1 treated with the H2SO4:HNO3 ratio of 1:1. Functionalization probably occurred 

mainly at the edges and at the basal plane of the external layers of the GNP without any 

significant attack of the internal layers which leads to an increase of the ID/IG ratio and the 

preservation of their graphitic quality (from TGA and HRTEM).  
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Figure 4 Raman spectra of rGNP, fGNP1, fGNP2 and fGNP3. 

 

Presence of the oxygen containing functional groups expected to be grafted by the proposed 

chemical method has been investigated by FTIR. The FTIR spectra of rGNP, fGNP1, fGNP2 

and fGNP3 are presented in figure 5. 
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Figure 5 FTIR spectra of rGNP, fGNP1, fGNP2 and fGNP3. 

 

The C=C stretching vibrations commonly observed around 1600 cm−1 for graphenic materials 

were well visible for all the samples. O-H stretching variations is visible for all GNP samples 

around 3400–3600 cm−1 and after functionalization C=O and C-O stretching vibrations appear 

in the 1720 cm−1 and 1570–1600 cm−1 range, respectively (Amiri et al. 2016). Oxygen-

containing groups are evidenced in the acid treated GNP by FTIR.  

From XPS analysis, O/C atomic ratio between GNP and fGNP1 (being of 3.54 and 4.89, 

respectively) was found to be increased of 38 % after functionalization. C1s peak of GNP and 

fGNP1 is shown in figure 6. The contribution at around 286 eV assigned to carbon covalently 

linked oxygen (contribution C1s C-O) is more pronounced for fGNP1. The area ratio between 

the C1s sp2 contribution and that of the C1s C-O one for GNP and fGNP1, respectively, is of 

28 % meaning that the main part of oxygen introduced in the sample by functionalization belong 

to oxygen-containing functions grafted to the sp2 network of graphene. 
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Figure 6 C1s peak from XPS for (a) GNP and (b) fGNP1. 

 

In summary, oxygen-containing groups could be efficiently grafted at the GNP external surface 

by the used H2SO4/HNO3 mixture. Even if carboxylic groups are most often reported for such 

acid attack of carbon nanomaterials, other kinds of functional groups such as lactone or 

carbonyl are certainly also present. Their precise nature is difficult to determine. Their 

hydrophilic character is however expected to play a crucial role for the efficient dispersion of 

the GNP and their use as MB adsorbent in water. This is the reason why fGNP1 which has 

shown the highest ID/IG ratio of the fGNP series has been chosen for the following 

investigations.  

 

3.2 Improved dispersion in water 

The accessible surface and the porosity properties of the used adsorbents are important factors 

for adsorption process of dye molecules. A porous morphology and high surface area are 

considered to provide more active adsorption sites leading to an enhanced adsorption uptake. 



17 

 

Surface area, pore volume and pore size of rGNP and fGNP1 are gathered in Table 1. In 

agreement with the supplier’s information, for the starting rGNP sample the surface areas (BET 

and Langmuir) are not higher than 117 and 167 m2.g-1. As discussed below, these values are 

much lower than those usually found for other kinds of graphene such as GO for example (see 

Table 1). GO has usually 2-5 layers with a highly defected structure while the used GNP are 

composed of thick nanosheets (of 10-15 layers from HRTEM) but they are of far better 

structural quality. Even if the applied acid-based chemical treatment seems to only impact the 

external part of the GNP, it induces a significant increase of 20-40 % of all the surface 

properties. And the micropore volume is increased by a factor of almost 4 for fGNP1. 

 

Table 1 Surface and porosity properties of rGNP and fGNP1. 

Sample 

BET surface 
area 

(m2.g-1) 

Micropore surface 
area 

(m2.g-1) 

Langmuir surface 
area 

(m2.g-1) 

Micropore volume 
(cm3.g-1) 

rGNP 117 53 167 0.027 

fGNP1 140 73 198 0.128 

 

High quality pristine graphene nanosheets are widely known to be highly hydrophobic due to 

the electron delocalization of the sp2 network of the carbon atoms. Their dispersion in aqueous 

solvents is strongly compromised without any chemical modification (Hayyan et al. 2015). 

After having been dispersed in water, while rGNP rapidly precipitated, the dispersion of the 

functionalized GNPs remained relatively stable with eyes (dark solution). Zeta potential is 

commonly used to evaluate the colloidal stability of dispersions containing nanoparticles. In 

agreement with visual observations, the zeta potential of rGNP is as low as -11 mV (Table 2) 

meaning that the dispersion attraction forces exceed repulsion leading to poor stability 

(Mohandoss et al. 2017). After the performed surface functionalization, zeta potential is 
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significantly reduced for all the fGNP samples. It is of -44 and -48 mV for fGNP2 and fGNP3, 

respectively. For fGNP1, it is reduced to -59 mV. Usually, an absolute value of a zeta potential 

of 40-60 mV is found for high stable dispersions (Ali et al. 2018). The applied chemical 

treatments could increase affinity between GNP surface and the MB solution through grafting 

of oxygenated functional groups inducing a good dispersibility of fGNP. 

 

Table 2 Zeta Potential values for rGNP, fGNP1, fGNP2 and fGNP3 dispersed in water 

Samples Zeta potential (mV) 

rGNP - 11 

fGNP1 - 59 

fGNP2 - 44 

fGNP3 - 48 

 

3.3 Hydrophilicity by water 

Figure 7a shows the contact angle of a water droplet of raw GNP compared to the functionalized 

GNP (figs. 7b-7d). The contact angle of GNP decreased from ~58° down to ~23° with the 

hydrophilic nature of the grafted moieties at the GNP sheet surface for GNP and fGNP1, 

respectively. The contact angle for fGNP2 and fGNP3 was approximately ~35° and ~40°, 

respectively.  
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Figure 7 Contact angle measurements of aqueous dispersions of (a) GNP, (b) fGNP1, (c) 

fGNP2 (d) fGNP3.  

 

3.4 Effect of adsorption parameters on MB removal 

Among the parameters playing the major role in dye adsorption capacity, initial concentration, 

contact time, tempearture and pH are known to be relevant. To follow MB adsorption, UV-vis 

absorption spectra of the MB solution placed in contact with the raw and the functionalized 

GNP (rGNP and fGNP1) were recorded after the chosen contact time. Figure 8 shows the 

evolution of the absorbed intensity in the visible spectral domain of the MB solutions with 

increasing the contact time with the adsorbent. 
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Figure 8 UV-vis absorption spectra after various contact times of MB (a) with fGNP1 and 

(b) rGNP. Insert: aspect of the MB solution in the UV-visible cell after a contact time t=0 

(left) and t=55 min (right) with (a) fGNP1 and with (b) rGNP1, respectively. 

After a contact time of 55 min, the disappearance of the blue color of MB by fGNP1 is obvious 

leading to an almost colorless solution contrary to with rGNP used as adsorbent. For all the 

samples, the absorption spectra show a similar shape with two broad peaks at around 605 and 

665 nm. The evolution of the intensity of the absorbed intensity as a function of the contact 

time is analyzed in the following section by using the most intense peak (at 665 nm) to 

determine the MB removal rate. 
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3.4.1 Effect of MB initial concentration and contact time on adsorption equilibrium 

Batch adsorption of MB from aqueous solution was carried out, while the initial dye 

concentration was varied in the range of (25-200) mg.L-1. Figure 9 shows the effects of MB 

initial concentration and contact time against the MB removal for both rGNP and fGNP1 at 60 

°C. As normally observed, MB removal increases as a function of contact time for rGNP and 

fGNP1. For all the conditions and both adsorbents, the adsorption process is of greatest rate at 

the beginning, i.e. for short contact times. As the contact time increases, MB adsorption rate 

slows down much more rapidly for rGNP than for fGNP1 which shows a continuous increase 

of the MB adsorption until 45 min of contact time for all the used initial concentrations. At the 

preliminary stage of adsorption, the accessibility of vacant surface sites is favored and after a 

certain time period, the number of occupied sites increases and repulsive forces certainly appear 

between the adsorbed MB and the MB remaining in the bulk phase (Banerjee and 

Chattopadhyaya 2017). The equilibrium time is reached at around 45 min for both adsorbents 

and all the used conditions. Depending on the MB initial concentration, the maximum of 

adsorption efficiency is in the 53-65 % and 76-88 % range for rGNP and fGNP1, respectively. 
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Figure 9 Variation of MB removal with respect to time of (a) rGNP and (b) fGNP1 at pH = 4 

and T = 60 °C. 

However, increasing in dye concentration leads to a continuous decrease in adsorption for both 

rGNP and fGNP1, as normally observed. fGNP1 shows significantly higher adsorbent 

properties with a maximum of MB removal of 87 % compared to 65 % for rGNP at 25 mg.L-1 

of initial concentration of MB. An improvement of more than 27 % is therefore achieved after 

GNP functionalization. The functionalization reaction has certainly several effects that are 

possibly combined to reach the high removal MB efficiency obtained for our adsorbent. Even 

if it is limited, the functionalization process could induce structural damaging increasing the 

intrinsic surface area of fGNP1 compared to rGNP. The grafted oxygen-containing functional 

groups are responsible for the observed better dispersion of the modified GNP which offer as 
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well higher accessible surface for dye adsorption. The GNP being more hydrophilic, they have 

a better affinity with MB. The maximum MB removal efficiency by fGNP1 is consequently as 

high as 87 % leading to a highly efficient adsorbent.  

 

3.4.2 Effect of solution pH on MB adsorption 

pH is a key factor for adsorption processes especially for carboxylated carbon nanomaterials 

since their surface properties highly depend on the pH in the surrounding water. The resulted 

interactions between MB, having both charged and hydrophobic parts, are expected to be 

modified through pH modification. Figure 10 shows the effect of solution pH on the MB 

removal by fGNP1. The highest MB adsorption by fGNP1 was achieved at pH 4, with MB 

removal as high as 88.42 %, at MB initial concentration of 100 mg.L-1. In aqueous medium, 

MB shows a pKa of 5.8 indicating that it can exist in the molecular form when the pH < pKa 

and ionized form when the pH > pKa (Zazouli et al. 2016). Carboxylic acid groups at the GNP 

surface are negatively charged above pH 4-5 (COOH pKa), meaning that at low pH, for which 

MB adsorption is high, GNP surface is probably not charged. Moreover, contrary to GO, the 

functionalization level is here rather low since it could be estimated from Temperature-

programmed desorption (TPD) to be around 1 functional groups every 6 C6-ring of GNP in 

average (cf. Supporting Information, Fig. S1). Even if we consider that the used GNPs are rather 

thick and that the functional groups are mainly situated at the external surface of the 

nanoplatelets (more reactive sites), it is likely to find hydrophobic zones under the form of sp2 

non-oxidized domains on the basal plane of the functionalized GNPs. Since the MB molecule 

has two aromatic rings with π electrons, MB-fGNP interactions can be here mostly governed 

by π–π stacking; hydrophobic intercations being thus the primary driving force for adsorption 

in the low pH domain (Li et al. 2013a; Lv et al. 2018; Qi et al. 2018; He et al. 2018). Electrostatic 

interactions probably become predominant in MB adsorption at higher pH when COOH are 
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deprotonated. These negatively charged sites on fGNP basal plane could lead to attractive forces 

(even if they seem of less intensity than hydrophobic forces) with the positively charged MB 

especially above pH 5.8 corresponding to MB pKa (Kaya et al. 2018). These two effects 

contribute to the rather good MB adsorption on fGNP1 surface over a wide pH range.  

 

 

 

 

 

 

 

 

Figure 10 Effect of pH on MB removal efficiency at C0 = 200 mg.L-1 and T = 60 °C. 

3.3.3 Effect of solution temperature on MB adsorption 

Temperature usually has a significant effect on the adsorption process, as any temperature 

change may affect the adsorption equilibrium (Kushwaha et al. 2017). When the adsorption 

capacity increases with an increase in temperature, it indicates that the adsorption process is 

endothermic (Pathania et al. 2017). For this study, three different temperatures (30, 45 and 

60˚C) were chosen to investigate their effect on MB adsorption. Figure 11 shows the effect of 

solution temperature on rGNP and fGNP1 adsorption capacity.  
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Figure 11 Effect of temperature on the adsorption capacity of (a) rGNP and (b) fGNP1 at C0 = 

200 mg.L-1 and pH 4 

 

Based on the results obtained, for rGNP, when the temperature rises from 30 to 60 ˚C, the 

amount of adsorbed MB is increased from 15 to 130 mg.g-1, from 16 to 110 mg.g-1 and from 16 

to 112 mg.g-1 at 30, 45 and 60˚C, respectivly. For fGNP1, when the temperature increases from 
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30 to 60 ˚C, the amount of adsorbed MB is incaresed from 21 to 142 mg.g-1, from 22 to 147 

mg.g-1 and from 22 to 151 mg.g-1 at 30, 45 and 60 ˚C, respectively. The MB adsorption by both 

rGNP and fGNP1 is thus an endothermic process. When temperature increases, dye mobility 

increases enhancing that way its interaction with the active sites of the adsorbent surface 

(Banerjee and Chattopadhyaya 2017). 

3.5 Adsorption isotherm study of MB adsorption on the chemically modified graphene 

nanoplatelets 

In this study, the linear forms of the isotherm models of Langmuir, Freundlich and Temkin 

were investigated at 30, 45 and 60 ˚C. Figure 12 shows the determined separation factor RL 

versus the initial concentration of MB for its adsorption on fGNP1. The RL values are in the 0-

1 range confirming that the adsorption of MB on the modified GNPs is favorable for the used 

concentration ranges, i.e. 25, 50, 100 and 200 mg.L-1. 

 

 

 

 

 

 

 

 

 

Figure 12 Separation factor (RL) as a function of the initial concentration of MB for its 

adsorption on fGNP1 at 30, 45 and 60 °C. 
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Table 3 summarizes all the three isotherm model constants and correlation coefficients for MB 

adsorption onto fGNP1 adsorbent. For all the temperatures, R2 being higher for Langmuir than 

for Freundlich and Temkin models (Langmuir > Freundlich > Temkin), Langmuir adsorption 

better describes MB adsorption isotherms. MB monolayer coverage mainly occurs on the outer 

surface of the functionalized GNPs. In addition, this result also compliments to the error 

function analysis where the calculated value of χ2 gained is between 0.030 and 0.045, which is 

the lowest among the three isotherm models. Freundlich 1/n constant is found to be above 1 

indicating also a favorable adsorption for our MB/GNP1 system. Moreover, in agreement with 

MB adsorption evolution with temperature (Fig. 10), the adsorption reaction is endothermic 

since B value from Temkin analysis is positive. 

 

Table 3 Langmuir, Freundlich and Temkin isotherm model constants and correlation 

coefficients. 

Isotherms 

Solution 

temperature 

(°C) 

Constants 

R2 Qm 

(mg. g-1) 

KL 

(L.mg-1) 
RL χ2 

Langmuir 

30 245.5 0.024 0.62 0.0453 0.9943 

45 239.0 0.030 0.57 0.0039 0.9996 

60 244.0 0.033 0.55 0.0431 0.9955 

 Constants  

Isotherms 

Solution 

temperature 

(°C) 

KF 

(mg. g-1 (L.mg-1)1/n) 
1/n - χ2 R2 

Freundlich 

30 8.60 1.40 - 0.5604 0.9875 

45 10.5 1.46 - 0.5294 0.9874 

60 11.3 1.46 - 0.5902 0.9155 
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Isotherms 

Solution 

temperature 

(°C) 

Constants  

AT 

(L.mg-1) 
B - χ2 R2 

Temkin 

30 0.34 45.50 - 18.3941 0.8777 

45 0.34 45.50 - 19.2134 0.9104 

60 0.45 46.55 - 19.9450 0.9155 

 

3.6 Kinetic analysis of MB adsorption on the chemically modified graphene nanoplatelets 

Adsorption kinetic study is important for water treatment since it provides valuable information 

on reaction pathways and the adsorption mechanisms. It determines how the adsorption rates 

depends on the initial concentration of the adsorbate in solution and how the rates are affected 

by the adsorption capacity or the adsorbent characteristics.  

 

Tables 4 lists the results of the rate constants from analysis by the pseudo first order and 

pseudo second order model for different initial MB concentrations at temperature 30, 45, and 

60 °C. MB adsorption on the carboxylated GNPs is then better represented by the pseudo-first-

order kinetic model since the calculated qe value is found to be closer to the experimental qe in 

agreement with the high correlation number found (R2 of around 0.98). This study indicates 

that the MB-fGNP1 adsoprtion is more inclined towards physisorption, as expected. 

 

Table 4 Kinetic parameters and coefficients for the pseudo-first-order and pseudo-second-order 

model applied to MB adsorption on the functionalized GNP surface. 

Temperature 
(˚C) 

Kinetic Model 

Kinetic 
parameter 

Initial dye concentration (mg/L) 

25 50 100 200 

qe exp (mg/g) 21.1666 41.1342 80.5659 142.2466 

30 qe cal 20.5315 40.1082 78.1925 140.9537 
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3.7 MB-fGNP interaction forces and adsorption capacity  

Parametric, thermodynamic and kinetic investigations have shown that adsorption of MB on 

the chemically modified GNPs is remarkably favorable. To develop interesting materials for 

pollutant removal, the adsorption capacity is one of the major parameters to assess the removal 

efficiency. As mentioned, a lot of adsorbent-adsorbate systems can be found in literature. They 

can be very different in nature and their adsorption capacity are difficult to compare. Among 

the reported results, MB is often used as a standard to study development of decontaminating 

Pseudo-first 
order 

k1 2.9402 3.0791 2.9570 2.6095 

R2 
0.9797 0.9758 0.9790 0.9739 

Pseudo-second 
order 

qe cal 15.1411 37.3081 70.1280 126.3690 

k2 0.0384 0.0157 0.0043 0.0013 

R2 
0.8726 0.8979 0.7642 0.5612 

 

order 

qe cal 19.5315 40.1082 81.1925 143.9537 

k1 3.2022 3.0229 2.8384 3.4852 

R2 
0.9163 0.9264 0.9781 0.8767 

Pseudo-second 
order 

qe cal 17.5633 38.4097 78.7495 130.6191 

k2 0.0675 0.0277 0.0085 0.0026 

R2 
0.8891 0.8631 0.9359 0.6822 

60 

Pseudo-first 
order 

qe cal 19.0929 40.6385 82.3589 146.6760 

k1 
3.0246 3.1292 3.1007 3.8599 

R2 
0.9484 0.9433 0.9677 0.8634 

Pseudo-second 
order 

qe cal 
17.6706 37.8400 76.3371 130.6016 

k2 
2.5943 1.0850 0.2666 0.0972 

R2 
0.7939 0.7518 0.7031 0.6291 
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systems of water. Table 5 gathers findings reported for nanocarbon-based adsorbents developed 

for MB removal and for which adsorption isotherms can be well fitted with the Langmuir 

model. 

 

Table 5 Adsorption capacity (qm calculated from Langmuir model) of MB adsorbed by various 

nanomaterials and the used parameters, SSA and qm/SSA  

 

Adsor- 

bent 

Experimental conditions 

SSA 

(m2.
g-1) 

qm/SS
A 

(mg of 
MB.c
m-2) 

Ref. 
Concentrati
on (mg.L-1) 

Temperatu
re (˚C) 

Tim
e 

(min
) 

pH 

qm  

(mg.g-

1) 

MWCN
T 

20-60 50 60 10 95.2 119 0.8 
(Selen et 
al. 2016) 

MWCN
T 

15-50 60 
any 
time 

7 64.7 N.A. - 
(Yao et 

al. 2010) 

MWCN
T 

5-300 22 480 
6.9-
7.9 

400 358 1.1 

(Szlachta 
and 

Wójtowi
cz 2013) 

MWCN
T 

8-25 50 180 
6.4-
9.4 

N.A. N.A. - 
(Zhao et 
al. 2013) 

GO 20-70 25 500 5.4 181.81 N.A. - 
(Li et al. 
2013b) 

GO 45 60 600 9-10 306.5 N.A. - 
(Guo et 

al. 2016) 

rGO 10-50 10 180 7 339 270 1.3 
(Chen et 
al. 2013) 

rGO 20-100 60 1300 10 204.08 296 0.7 
(Liu et al. 

2012) 

fGNP1 25-200 60 55 4 224.62 140 1.6 this work 
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The maximum adsorption capacity (qm) of our modified GNP is rather good but it is lower than 

most of the GO or rGO reported. As already discussed, our fGNP1 is composed of relatively 

thick platelets compared to GO or rGO, for example and its SSA can be quite low compared to 

that reported for MWCNTs, GO and rGO depending on the sample source. The adsorption 

process is mainly governed by interactions between the adsorbate and the surface of the 

adsorbent. This is the reason why it is interesting to compare the adsorption capacity related to 

the SSA of the adsorbent. This value can be simply calculated by dividing the adsorption 

capacity (qm) by the corresponding SSA for each carbon nanomaterial (Table 5). qm/SSA 

corresponds therefore to the amount of MB adsorbed per cm2 of the used nanomaterials. MB 

removal efficiency per surface unit for our modified GNP is significantly higher meaning that 

the involved interactions between MB and the functionalized GNP are strongly favorable 

leading to an effective adsorption, in agreement with the thermodynamic and kinetic studies. 

From the literature, there is no agreement regarding which type of interaction (electrostatic, π-

π stacking, van der Waals, hydrophobic, hydrogen bonding) is favorable for each kind of 

adsorbent. GO for example bears a lot of functional groups such as carboxylic acids that can 

easily release protons in water leading to an adsorbent surface charged (Dimiev et al. 2012). In 

that case, adsorption is likely to be governed by electrostatic interactions. For the prepared 

modified GNPs, we have shown that at low pH, hydrophobic forces could be rather involved in 

the adsorption process (Hu et al. 2013). Hydrophobic interactions are shown here to play a 

significant role in the observed favorable interactions between MB and fGNP1. 

Based on the possible functional groups present at the surface of fGNP1, MB adsorption 

could follow three mechanisms depending on the adsorption site (Figure 13) (Pérez-Ramírez et 

al. 2016). First, interaction between the carboxyl groups of fGNP1 and MB could be 

electrostatic (Figure 13 (a)). The positively charged MB molecules could strongly react on the 

surface of fGNP1 with the negative charge of the dissociated form of carboxyl groups (Nassar 
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et al. 2015; Yusuf et al. 2015).  Second, adsorption by hydrogen bonding could occur between 

the hydrogen or oxygen of the possible epoxide, carboxyl, hydroxyl, carbonyl, etc… groups 

introduced at fGNP1 surface and oxygen/nitrogen or hydrogen of the MB molecule, 

respectively (Figure 13 (b)). Thirdly, π-π interactions are possible between the preserved parts 

of the GNP surface and the aromatic ring of the dye molecules (Figure 13 (c)). Adsorption was 

here also probably enhanced by the combination of synergetic effects of all adsorption 

mechanisms leading to high efficiency of MB dye removal by the chemically functionalized 

GNP (Lan Huong et al. 2018).  

 

 

Figure 13 Schematic representation of MB adsorption on the fGNP1 surface: (red: oxygen); 

(purple: hydrogen) ;(blue: nitrogen);(yellow: sulfur). 
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4. Conclusion 

This work investigates graphene nanoplatelets of high structural quality; this carbon 

nanomaterial is seldom studied for its ability to adsorb pollutants. A challenge resides in the 

success of functionalization for their facile dispersion in aqueous medium. The occurrence of 

functionalization at the external layers of our graphene nanoplatelets was evidenced by means 

of several complementary characterization methods. The applied chemical method which 

allows grafting oxygen-containing functional groups at the graphene surface is quite simple. 

Their facile dispersion in water offers favorable conditions for an efficient adsorption of 

methylene blue. The complete parametric study has allowed to better understand the MB/GNP 

interactions. Adsorption isotherms could be well fitted with the Langmuir model. Also, the best 

fit was obtained with a pseudo-first-order kinetic model. Interestingly, compared to other 

carbon nanomaterials, the adsorption capacity related to the respective surface area of these 

graphene nanoplatelets is significantly higher. Our findings highlight the importance of 

hydrophobic interactions for dye adsorption already reported in literature. These results suggest 

that such nanomaterials have a great potential to be used as contaminant adsorbents in 

wastewater treatment. 
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