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A B S T R A C T   

Due to the environmental damage caused by dye dumping, the scientific community has been researching into 
different adsorbents in order to mitigate this impact. In this respect, different graphene-based materials with a 
high adsorption capacity were studied (graphite and graphene oxide and two different types of reduced graphene 
oxide). In this work, four graphene-based materials with different properties and structures were evaluated. All 
materials were those obtained at each step in the pathway of oxidation, exfoliation, and reduction of graphite for 
conversion into reduced graphene. These four materials were characterized in depth by different methods 
(RAMAN, XRD, EDX, SEM, FTIR). Adsorption variables were researched to demonstrate their great adsorptive 
rate, which reached in some cases values of over 300 mg/g of adsorbed dye. Therefore, this study established a 
relationship between the physicochemical properties of the materials and their adsorption capacity. Further
more, the effect of different variables on the process was studied: temperature, contact time and amount of 
adsorbent.This study creates new adsorbent materials with a long lifespan, reducing the environmental impact of 
industry on nature.   

1. Introduction 

Nowadays, many substances are discharged by industries and fac
tories as liquid waste, or into the soil or atmosphere, which are harmful 
both to the environment and to human health. Discharge of these sub
stances causes great environmental damage which is currently unsus
tainable, being one of the most important pollution by liquid effluents. 
Daily, water resources are contaminated by polluted which are highly 
detrimental to the environment and wildlife habitats [3] and dyes are 
some of the most harmful of these environmental pollutants Dyes can be 
defined as chemical compounds capable of connecting themselves to 
surfaces or fabrics in order to change their color [61]. Typically, these 
materials are complex organic molecules with great chemical stability 
due to their end use that requires them to resist reactive chemical agents 
such as detergents or bleaches [61]. In addition, dyes are used by a large 
number of industries: paper [21], textiles [23], food processing, 
cosmetic companies or plastics manufacturing, etc. [11,59]. Currently, 
there are more than 10,000 different types of dyes and it is estimated 
that at least 100 million tons of these compounds are produced annually, 
of which at least 15% end up in the hydrosphere (2014) [13]. This is not 
only detrimental to the environment, but also to human health. Studies 
have reported that dyes can be mutagenic and carcinogenic and may 
cause severe damage such as dysfunction of the kidneys, reproductive 

system, liver, brain, and central nervous system [47] Wastewater is an 
additional problem as, on average, 200 L of water are used to produce 
one kg of dye[41]. 

For all these reasons, not only dumped dyes must be removed, but 
also nonfixed ones that remain in liquid effluents must be reused. 
Despite the existence of numerous alternatives for removing these 
compounds, adsorption is the most effective treatment for mitigating 
pollution and water waste Several dye adsorbents have been studied so 
far. i.e.: activated bamboo [17], unburned carbon [58], bentonite [18], 
carbon nanotube [64], apricot seed [24], alumina [1], Fe2O3 [36]. 

Numerous studies support graphene-based materials asideal adsor
bents for a large number of organic compounds [28,44,52,63]. In fact, 
the use of this material in water treatment is currently under investi
gation [8,36]. Studies suggest that the attractiveness of using graphene 
oxide for these molecules is mainly due to two important factors. First, 
the oxygenated groups on the structure generate electrostatic in
teractions and hydrogen bonds with the organic molecules. Second, the 
extensive surface area provides the material with many more active sites 
for adsorption of these compounds [62]. In addition, due to the high 
chemical stability and stable structure of graphene-based materials, it is 
possible to use them continuously in wastewater treatments by per
forming constant adsorption/desorption cycles without damaging the 
integrity of the material [60]. Another important factor in the use of 
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graphene-based materials as adsorbents is their high capacity of func
tionalization. This property enables complex molecules that produce 
more selective adsorption processes, or even chemical processes of 
adsorption and desorption of molecules, allowing to release substances 
while adsorbing pollutants [65]. All these properties make 
graphene-based materials a promising adsorbent for dye recovery. 

The aim of this article was to study the adsorption capacity of two 
different dyes by using four graphene-based materials (graphite oxide, 
graphene oxide, chemical and thermal reduced graphene oxide) as ad
sorbents. These four materials had different structures and functional 
groups that could discern the effect that these properties had on 
adsorption. All the materials were completely characterized by different 
methods and the effect of different variables on the adsorption process 
was studied. 

2. Experimental 

2.1. Materials 

Powder graphite (˂ 20 µm), hydrazine monohydrated (NH2-NH2) 
and acid red (C18H13N3Na2O8S2) were purchased from Sigma-Aldrich 
Chemistry®. Potassium permanganate (KMnO4; purity >99%), sulphu
ric acid (H2SO4; 96%), hydrogen peroxide (H2O2; 110 vol.), hydro
chloric acid (HCl; 5 N), ethanol (CH3-CH2OH; purity >99.5%) and 
methylene blue (C16H18ClN3S) were purchased from Panreac®. 

2.2. Synthesis of the adsorbents 

2.2.1. Graphite and graphene oxide 
Graphite was oxidized with an optimized Improved Hummers 

method [29] in which 15 g of graphite was mixed with 45 g of potassium 
permanganate and gradually added into 400 mL of sulphuric acid while 
the mixture was being vigorously stirred and kept at 50 ºC for 3 h. Af
terwards, 3 mL of hydrogen peroxide was added to prevent oxidative 
reactions. Then, to reduce the temperature, 400 g of ice was mixed with 
the hydrogen peroxide. Next, this mixture was vacuum filtered. The cake 
obtained was then washed with 200 mL of water, 200 mL of ethanol and 
200 mL of hydrochloric acid with filtering between each stage. The final 
mud was dried at 60ºC for 2 h in order to eliminate any residual ethanol. 
The product obtained was named GrO. 

Graphene oxide was obtained by using the force of sound as a me
chanical exfoliant. A water solution of 1 g per liter of graphite oxide was 
prepared and exfoliated with a sonicator. A sonotrode of stainless steel 
was placed in the liquid matrix during exfoliation with 1 cycle and 50% 
amplitude being the sonication parameters. The solution was sonicated 
for 2 h and the resulting solution was named GO. In order to characterize 
the material, the dry product had to be obtained by freeze-drying. 

2.2.2. Reduced graphene oxide 
Chemical reduction was carried out using hydrazine monohydrate as 

the reducing agent. In this reduction, 1 L of graphene oxide solution 
(1 g/L) was mixed with 1 mL of hydrazine monohydrated at 90 ºC for 
3 h. Afterward, the mixture was vacuum filtered and washed with 
distilled water until a neutral pH of 7 was reached. The cake obtained 
was dried at 100ºC for 3 h and sieved [39]. The powder obtained was 
named CrGO. 

Thermal reduction was carried out with a low-temperature stove in 
which the graphite oxide was reduced by heat, where there was a 
spontaneous reaction. The powder obtained was named TrGO. 

2.3. Materials characterization 

Infrared spectroscopy was measured with a SPECTRUM TWO spec
trometer (Perkin Elmer, Inc) in an ATP module. Elemental analysis of 
the material was developed by EDX software installed in the Phenom 
ProX equipment where the SEM images were also captured. Raman 

spectra were performed with a SENTERRA spectrometer with a coupled 
532 nm laser. X-ray spectra analysis were developed by the diffrac
tometer PHILIPS, PW-1711 with CuKα radiation (λ = 0.15404 nm). The 
following crystallographic parameters were studied: crystal stack height 
(LC), in-plane crystallite size or layer size (LA), interlaminar space (d): 

d =
λ

2⋅sen θ1
(1)  

Lc =
k1⋅λ

FWHM⋅cos θ1
(2)  

LA =
k2⋅λ

FWHM⋅cos θ2
(3)  

where: 
K is radiation wavelength ( λ = 0.15404 nm). 
θ1 is (0 0 2) diffraction peaks position (º). 
θ2 is (1 0 0) diffraction peaks position (º). 
k1 isform factor (k = 0.9). 
k2 isWarren form factor (k = 1.84). 
FWHM is Full Width at Half Maximum of the corresponding 

diffraction peak (rad). 

2.4. Methylene blue and acid red adsorption 

Two 100 mg/L stock solution of methylene blue (MB) and acid red 
(AR) were prepared and diluted several times until the concentrations 
required in the experiments were reached. The adsorption isotherms 
were performed in 150 mL flasks with dye concentrations of 20 mg/L for 
each one. The graphene-based material solutions were prepared by 
pouring 2 g of dry material into 1 L of distillated water. Different 
amounts of graphene-based adsorbent (from 5 to 50 mg) were added to 
the flask while stirring. After different selected times, the adsorbent was 
separated by filtration. The final dye concentration was measured with a 
Pharma Spec 1700 Shimazu spectrophotometer. The effect of contact 
time was studied by stirring the solution for at least 12 h, measuring 
concentration several times. Adsorption temperature was studied by 
controlling temperature at 20,30, 40, 50 and 60 ºC. The total amount of 
dye adsorbed was calculated using Eq. 4: 

qe =
(C0 − Ce)

m
⋅V (4)  

where qe is the adsorbed amount of dye (mg/g); C0 and Ce are the initial 
and equilibrium concentrations of dye (mg/L), m is the mass of the 
adsorbent (g) and V is the volume of the solution (L). 

Removal capacity of graphene-based material was calculated using 
the equation: 

removal (%) =
(C0 − Ce)

C0
⋅100 (5)  

3. Results 

3.1. Adsorbent characterization 

Table 1 shows the elemental analysis corresponding to the studied 

Table 1 
Elemental analysis of the graphene-based adsorbents.  

Material C (%) O (%) Other* (%) C/O 

Graphite  100  0 – – 
GrO  50  45 5 1.12 
GO  54  44 2 1.20 
CrGO  69  21 10 3.28 
TrGO  70  27 3 2.59  

* elements such as K, Mn, Cl, N or S. 
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samples. The effectiveness of the oxidation process was shown with the 
graphite oxide structure 45 wt% for the oxygen groups. This quantity 
was fairly similar to that for the graphene oxide because exfoliation by 
sonication did not involve any chemical process and the chemical 
composition remained stable. Effective reduction for both pathways was 
also observed. The chemical one produced more reduced material with 
only 21% of oxygen groups remaining in the structure, whereas the 
thermal route produced a material with a higher amount of oxygen 
groups (27%). 

Considering the C/O ratio, it is clear that although both reduced 
materials had similar percentages of oxygen, this ratio in the case of the 
chemically reduced material was higher than that for the thermally 
reduced one. This was not only due to the greater reduction in the ox
ygen functional groups, but also to the residual elements generated 
during chemical reduction (e.g. substituted nitrogen groups present in 
the structure) which were not present in the thermally reduced material. 

FTIR analysis for all the samples was carried out (Fig. 1) in order to 
study the nature of the functional groups introduced after oxidation and, 
subsequently, relate them to the adsorption results.First, the FTIR 
spectrum for graphite does not show any visible functional groups due to 
the purity of the material which solely consists of carbon atoms. How
ever, after oxidation and subsequent mechanical exfoliation, several 
oxygenated groups can be observed, which are the same in both oxides. 
The first observable peak between 3600 and 3000 cm− 1, was attributed 
to the O-H stretching vibrations of the hydroxyl groups [40]. Another 
related peak for the hydroxyl groups was located at 1450 cm− 1 and in 

this case, it was related to the bending vibration of carboxylic acid 
groups attached to the edge of the structure. Carboxylic acid could also 
be detected in the C––O band, related to the stretching modes of the 
COOH groups located at 1750 cm− 1 [6]. Another band was located at 
approximately 1630 cm− 1 and was assigned to the C––C skeletal vibra
tion of the graphene planes. The peak appearing at 1220–1230 cm− 1 

was attributed to the stretching vibration of the epoxy C-O-C group. The 
last band ranging from 1050 to 1100 cm− 1 was ascribed to the alkoxy 
C-O stretching vibration [49]. 

After both reduction processes, the removal of the oxygenated 
functional groups in the FTIR spectra of the samples is clearly observ
able. In both cases, the OH groups were completely removed, while 
other functional groups partially remained in the spectrum. 

Focusing on chemical reduction, it is clear how practically all func
tional groups disappeared to show a virtually flattened spectrum. Only 
one band, corresponding to the C-O groups, can be clearly observed. The 
hydrazine reduction pathway primarily attacked epoxy groups, thus 
enabling the epoxy rings at the graphite edges to open, and this oxygen 
to be substituted with nitrogen groups anchored to the structure [12]. 
Although numerous studies have shown that hydrazine is a poor reducer 
for OH groups and their derivatives, calculations made by Kim et al. 
showed that hydroxyl groups can also be reduced by hydrazine, albeit 
greater energy is required. Therefore, reduction with hydrazine was very 
effective in reducing almost all the oxygenated functional groups [26]. 

The basis for removal of the functional groups in thermal reduction 
was the evolution of oxygenated molecules to CO and CO2, by which 
empty spaces in the carbonaceous structure were generated. However, 
evolution to these molecules was thermally and kinetically limited by 
the amount and proximity of the oxygenated groups in the structure 
[51]. Recent studies have shown that temperatures above 1000 ◦C are 
needed for completely removing functional groups in the graphite oxide 
structure [27]. Low temperature elimination (< 200ºC) of a significant 
part of the oxygen functional groups in the GO structure, was aided by 
the high oxygen density of GrO [46]. However, by using this reduction 
method, the hydroxyl groups were largely removed and, other oxygen
ated functional groups such as C––O, C-O-C or C-O remained practically 
unaltered. 

Finally, the thermal reduction procedure was less aggressive, with 
the C––C band clearly visible in the spectrum in sample TrGO. Opposite 
to this, during the chemical reduction, this band disappeared due to the 
structural attack that took place. 

Raman is a characterization technique widely used for studying 
carbonaceous materials. Fig. 2 shows the Raman spectra for different 
adsorbents. It can be seen that in all cases, the Raman spectrum shows 
two peaks located at 1300 and 1500 cm− 1. The first one (~1350 cm− 1), 
called the D peak, corresponds with structural defects in the material. 
The second one (~1580 cm− 1), called the G peak, represents the 
graphical order of the carbonaceous samples. Finally, the 2D band, 
which appears around values of 2700 cm− 1, is defined as a second order 
band of the D-band and determine the number of layers of graphene in 
the samples [29]. 

In order to study these bands more exhaustively, the relationship 
between the intensities of the D and G peaks (ID/IG) was analyzed in 
detail. This ratio represents the amount of defects in the graphitic 
structure; the higher the ratio, more defects are present in the sample 
[45]. In this respect, it can be seen that graphite, being a crystalline 
material, has almost no structural defects (ID/IG = 0.15). Nevertheless, 
the trend after oxidation, exfoliation and reduction showed a rising 
number of defects due to the aggressiveness of the processes and after 
oxidation, in particular, the number of defects increased considerably 
(ID/IG = 0.81). Likewise, mechanical exfoliation using sound waves, 
despite not being a chemical treatment, slightly increased the number of 
defects (ID/IG = 0.88). This phenomenon might have been due to 
breakage of the graphene sheets and their separation after sonication. 
After chemical and thermal reduction, an increase in the ID/IG ratio 
with respect to the original material was observed as removing the 

Fig. 1. FTIR spectra for the graphene-based materials. a) oxidized graphene- 
based materials; b) reduced graphene-based materials. 
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functional groups creates holes and defects in the carbonaceous struc
ture and these were reflected in the Raman analysis. With chemical 
reduction this increase was even greater (ID/IG = 1.16) the increase 
observed in thermal reduction (ID/IG = 0.91) because it is a very 
aggressive chemical process with a high reduction capacity. 

Furthermore, an increase in the width of the D and G bands was also 
observed in all cases after oxidation, exfoliation and reduction. This, as 
well as the slight shift in the bands to lower Raman shift values, was also 
indicative of the presence of structural defects not seen in the raw ma
terial [35]. 

The crystallographic nature of the graphene-based materials was also 
studied by X-ray diffraction. Table 2 shows the peak positions and the 
characteristic crystallographic variables of the materials. The (0 0 2) 
peak, located at 2θ ≈ 25 – 26º, corresponded to the aromatic stacking 
structure of the carbon layers on the (0 0 2) plane [53] while the (1 0 0) 
peak, located at 2θ, had to be close to 42º, indicated the orientation of 
the (1 0 0) planes on the graphene materials [43]. As observed, after 
graphite oxidation, the (0 0 2) peak was displaced to lower 2θ values. 
This was due to introducing functional groups into the graphite structure 
which modified the diffraction angle of the X-rays on striking the 
graphite surface. Likewise, the reduction process had the opposite effect 
on the displacement of peak (0 0 2). By removing the functional groups, 
the lightning diffraction returned to its original values and the peak 
moved back to the 2θ values observed before oxidation. 

This displacement of the (002) peak lead to a change in the inter
laminar space (d) in the material. For 2θ values close to 26º, this space 
was approximately 0.32 nm, while lower 2θ values (~10º) could 
correspond to spacings between 0.9 and 1 nm as a result of introducing 
oxygenated groups which caused the graphene sheets to separate. 
Nevertheless, the reduction process had the opposite effect. Thus, after 
reduction, the functional groups were removed from the graphite sheets, 
which made the C – C bonds reorder, thereby generating new in
teractions between the layers. This phenomenon again decreased the 
interlaminar space in the material and moved the (002) peak to higher 
2θ values, thereby recovering values close to those in the original 

graphite. According to the crystalline size of the samples (LA which 
represents layer size and LC the stack height of the crystals) it can be seen 
that, as the physical-chemical processes of oxidation, exfoliation and 
reduction went underway, the value of both variables decreases. This 
was logical since in all the processes there was a great deal of destruc
tion, as corroborated by the Raman characterization. 

Fig. 3 shows SEM images of all samples. The SEM picture for graphite 
(Fig. 3a) shows perfectly ordered layers of material. After oxidation 
(Fig. 3b), morphological changes in the material are clearly observable. 
Oxidation produced a material with a more developed surface on which 
the oxidized graphene sheets formed reticulated graphite oxide amal
gams. Fig. 3c. shows the appearance of the material after graphite oxide 
exfoliation. As can be seen, the graphene oxide flakes are perfectly 
separated; the edge of individual layers and a multiple lamellar layer 
structure can also clearly be observed [5]. Reduction processes lead to 
materials which are very different in structure. With TrGO (Fig. 3d), the 
structure obtained was similar to that of the original GrO only more 
developed, which gave rise to a more cotton-like appearance and this 
was attributed to the violent expansion of the material during reduction. 
With CrGO, reduction removed the oxygenated functional groups from 
the graphene oxide sheets very efficiently. This led to the appearance of 
new π – π bonds between the now free carbon atoms, followed by 
restacking of the graphite structures. The material shown in Fig. 3e, 
concerns more the graphene oxide structure but it seems that the 
graphite oxide sheets crumpled and formed a less laminar structure after 
the material restacked. This phenomenon was attributed to Van der 
Waals forces generated between the layers after reduction [2]. 

3.2. Dye adsorption 

3.2.1. Influence of adsorbent dose on dye adsorption 
Different adsorption experiments were carried out by varying the 

amount of adsorbent and calculating dye removal for each one. In 
methylene blue, MB, adsorption (Fig. 4a), it can be seen that an increase 
in dosage of the adsorbent leads to an increase in MB removal due to a 
rise in the surface area in contact with the dye, and this, in turn, 
increased the number of active sites for adsorption [15]. Theoretically, 
the graphene-based adsorbent coordinates with the MB molecule 
through the oxygen terminations (which were detected by FTIR) and the 
positive behavior of the final nitrogen groups in the MB structure [32]. 
Removal of MB in all the materials except CrGO reached almost 100% of 
the total amount of dye. With CrGO there was less adsorption, and only 
30% of the MB in the solution was removed. This phenomenon may have 
been caused by the lower amount of oxygen groups and the more 

Fig. 2. Raman spectra of the graphene-based adsorbents. a) oxidized graphene-based materials; b) reduced graphene-based materials.  

Table 2 
XRD peak and crystallographic variables of the graphene-based adsorbents.  

Sample 0 0 2 (º) 1 0 0 (º) d (nm) LC (nm) LA (nm) 

Graphite  26.62 –  0.32  37.1 – 
GrO  9.91 42.48  0.89  5.08 10.38 
GO  9.15 42.56  0.97  4.35 8.90 
TrGO  23.24 42.88  0.38  2.18 4.46 
CrGO  24.30 42.96  0.37  1.02 2.04  
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stacked structure which was related to the lower surface area. 
With acid red adsorption (AR) (Fig. 4b), the adsorption trend was 

different to that seen with methylene blue. In this case, the best adsor
bent was sample TrGO since it combined a low amount of oxygenated 
functional groups with a high surface area. The anionic AR dye (unlike 
the cationic MB) as well as the oxygenated functional groups were 
negatively charged. For this reason, RA adsorption was not favored by 

the adsorbents used as either they had a large number of oxygenated 
functional groups (GO, GrO) or a low surface area (CrGO). With TrGO, 
adsorption results were similar for both dyes since, in this material, the 
lower amount of oxygenated functional groups was combined with a 
high surface area. Finally, it should be stressed that RA adsorption was 
independent of the amount of adsorbent used (dosage > 5 mg) for all 
cases except in the TrGO sample. This may be due to the fact that an 

Fig. 3. SEM images. a) Graphite; b) GrO; c) GO; d) TrGO; e) CrGO.  

Fig. 4. Dye adsorption vs. adsorbent dose. a) methylene blue; b) acid red. (Room temperature, t = 180 min, C0 = 30 ppm). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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increase in the amount of adsorbent produces, not only the appearance 
of aggregates, but also the sedimentation of adsorbent particles that 
reduces the active adsorption sites [16,38]. 

Based on the results obtained, a dose of 30 mg of adsorbent was 
selected as being the optimum one for adsorption. Lower doses did not 
enable complete adsorption in some cases. 

3.2.2. Influence of adsorbent-dye contact time on dye adsorption 
Fig. 5 shows total dye removal as a function of contact time. In 

almost all cases it can be observed that adsorption was immediate, with 
almost total adsorption reached during the first 10 min. However, with 
CrGO, for both dyes’ adsorption required a little more time to reach 
equilibrium. This might have been linked to CrGO hydrophobia. After 
reducing the functional groups, the interaction between them and the 
water molecules decreased and the dispersibility of the material greatly 
decreased [4]. This statement can be concluded due to the fact that in all 
the cases the adsorption time was the same that the time required for a 
complete dispersion of graphene-based material in water For this 
reason, the time selected as being optimal was 120 min. This time was 
selected as, although most adsorption was immediate, CrGO needed 
more time to reach equilibrium. Thus, for purposes of accuracy, this time 
was used in the study. 

3.2.3. Adsorption equilibrium study 
The adsorption isotherms indicate the relationship between the 

adsorbent and the dye adsorbed at equilibrium. A mathematical analysis 
was performed in order to further analyze these isotherms. When 
observing adsorptive properties, two models are most widely used to 
represent equilibrium isotherms for carbonaceous materials: the Lang
muir and Freundlich models. Langmuir (Eq. 6) is a model based on 
homogeneous monolayer adsorption on a homogeneous surface on 
which there are equivalent adsorption sites and energy throughout the 
surface [20]. 

Ce

qe
=

1
qmax

+
Ce

Qm
(6)  

where qmax is the maximum adsorption capacity of the adsorbent (mg/ 
g), and Ce and qe are MB concentration in the solution (mg/l) and the 
adsorption capacity of GO (mg/g), respectively, at equilibrium. 

In contrast, the Freundlich (Eq. 7) is an empirical model based on 
heterogeneous adsorption on a surface on which there are randomly 
located active sites producing non-homogeneous adsorption.[20]. 

lnqe = lnkf +
1
n

⋅lnCe (7)  

where kf is the Freundlich constant related to adsorption capacity (L/g) 
and n is an empirical parametre related to adsorption intensity. 

Figs. 6 and 7 show the adsorption isotherms for MB and AR, 
respectively, at room temperature for each material. Langmuir and 
Freundlich adjustments are also represented. 

A VBA-Excel application was developed to analyze the most impor
tant adsorption variables for each dye. The Marquardt–Levenberg al
gorithm was selected for the nonlinear regression procedure. The 
weighted sum of the squared differences between the observed and the 
calculated outlet flow rates was minimized [50] (Eq. 8). 

SSQ =
∑

I

(
qe,th − qe,exp

)2 (8)  

where SSQ was the sum of square differences; qe,th and qe, exp denoted 
experimental and theoretical adsorption capacity, respectively. 

An F-test is a statistical test in which the test statistic has an F-dis
tribution under the null hypothesis. It is used for comparing statistical 
models that have been fitted to a data set, in order to identify the model 
that best fits the population from which the data were sampled. 

The basis of the VBA-Excel application procedure was a comparison 
of the tabulated F value (F-test) and Fc, which is defined by Eq. 8. 

Fc =
regression sum of squares/degree of freedom
residual sum of squares / degrees of freedom

=

∑N
i=1

{
[f (x, β)]2i

/
p
}

∑N
i=1

{
[y − f (x, β)]2i

/
(N − p)

} (9) 

Note that if Fc > F(p, N − p, 1 − α) (assuming a value of α = 0.05, 
95% confidence level), the regression is considered to be meaningful, 
although this is no guarantee that the model is statistically suitable. To 
prevent this, the meaningfulness of the parameter in the model must also 
be evaluated by using the t-test, which verifies whether the estimation of 
βi(bfi) differs from a reference value (generally zero). Thus, a parameter 
will always be meaningful when inequation 10 is satisfied: 

tCi =

⃒
⃒bfi

⃒
⃒

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[V
(
bf
)
]ii

√ > t
(
N − p; 1 −

α
2

)
(10)  

where [V(bf)] ii represents the diagonal jth term of the covariance matrix. 
Finally, the confidence interval of parametre βii is defined by Eq. 11: 

Fig. 5. Dye adsorption vs. contact time.(room temperature, C0= 30 ppm, mads = 30 mg).  
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bfi − t
(
N − p; 1 −

α
2

) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
V
(
bf
) ]

ii

√

≤ βj

≤ bfi + t
(
N − p; 1 −

α
2

) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
V
(
bf
) ]

ii

√

(11)  

where FC is the function defined by Eq. 8; tc is the function defined by Eq. 
9; b is the estimate of β; V(b) is the covariance matrix; N is the total 
number of experiments; x is the set of independent variables in f(x,β) 
mode; y is the experimental dependent variable; f is the (x,β) mathe
matical model; and p is the number of parameters in a model. 

In order to select the best adsorption model, Pearsońs chi-squared 
test (χ2) was performed. This test establishes whether an observed fre
quency distribution differs from a theoretical one. The higher the χ2 
value (Eq. 12), the less plausible the null hypothesis is (which assumes 
equality in both distributions) [42]. Thus, the lower the values of χ2, the 
better fit the model is. Table 3 and Table 4 show the adsorption and 
statistical parametres for both dyes. 

χ2 =
∑

i

[(
qe,th − qe,exp

)
2(observedi − theoreticali)2

qe,ththeoreticali

]

i (12) 

Considering the results obtained, it may be inferred that, for all 
materials and dyes, the best fitting adsorption model was the Langmuir 
one. This model was based on the premise of single-cup adsorption that 
has homogenous, active sites throughout the entire surface [31]. 

However, there is one exception to this: with MB adsorption, graphene 
oxide fits somewhat better in Freundlich’s experimental model. This 
could be due to the fact that after exfoliation of the material, a greater 
number of functional groups could be exposed because as the surface 
area increased the mathematical model increasingly favored the 
experimental model to the theoretical one [28]. Focusing on MB 
adsorption, adsorption capacity was as follows: GO>GrO>TrGO>CrGO 
with graphene oxide being the material with highest adsorption ca
pacity, which reached 355 mg/g. As for AR, the trend for the materials 
was as follows: TrGO>CrGO>GO>GrO where TrGO was the material 
with the highest adsorption capacity, which reached 123 mg/g. 

For purposes of comparison, Table 5 shows the maximum adsorption 
capacity of the different adsorbent materials for both dyes. It can be seen 
that with methylene blue the capacity achieved in this study was clearly 
higher or closer to the value reported in the literature. However, with 
red acid, this was much lower than that found in the literature. This 
might have been because with acid red adsorption, follow-up treatment 
is necessary in order to introduce functional groups capable of gener
ating active sites for the adsorption of acid dyes. However, this was not 
necessary for methylene blue because the functional groups generated 
after oxidation could generate the active sites that enabled adsorption of 
basic dyes. 

3.2.4. Influence of temperature on dye adsorption 
The effect of temperature on adsorption was studied, while simul

taneously calculating some dependent variables. Due to the low 

Fig. 6. Experimental adsorption isotherms of MB. Langmuir and Freundlich models (dotted lines). a) GrO; b) GO; c) TrGO; d) CrGO.(room temperature, t = 120 min, 
mads = 30 mg). 
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adsorption capacity of the acid dye, only methylene blue was studied to 
avoid errors. In this study, different temperatures in the range 303–323 
ºC were used. Thermodynamic variables were calculated using the 
following equations [34]: 

lnK0 =
ΔS0

R
−

ΔH0

R⋅T
(13)  

where ΔS0 was change in entropy during the process (J/mol⋅K), ΔH0 was 
change in enthalpy during the process (J/mol), R was the universal gas 

constant (8.314 J/mol⋅K), T was current temperature (K) and K0 was the 
distribution coefficient which could be obtained from the slope of ln(qe/ 
Ce) versus qe [55]. In addition, ΔG0, the free Gibbs energy (J/mol) was 
calculated as follow [57]: 

lnK0 = −
ΔG0

R⋅T
(14) 

Table 6 shows the ΔS0, ΔH0, ΔG0 values obtained for the above 
equations. Looking at these, the positive entropy (ΔS0) values indicated 

Fig. 7. Experimental adsorption isotherms of AR at room temperature. Langmuir and Freundlich models (dotted lines). a) GrO; b) GO; c) TrGO; d) CrGO. (room 
temperature, t = 120 min, mads = 30 mg). 

Table 3 
Parameters and statistical values calculated by the Marquardt-Lavenberg algorithm for MB adsorption.  

SAMPLE MODEL PARAMETER VALUE tc ttest tc/ttest STATISTICAL SIGNIFICANCE χ2 

GrO Langmuir qmax (mg/g)  327.99  12.74  2.57 4.96 YES  5151 
Freundlich kf (L/g)  156.74  10.21  2.57 3.97 YES  9163 

N  3.51  5.05  2.57 1.96 YES 
GO Langmuir qmax (mg/g)  354.84  24.12  2.57 9.39 YES  2722 

Freundlich kf (L/g)  227.52  17.57  2.57 6.84 YES  2012 
N  6.4  6.38  2.57 2.48 YES 

TrGO Langmuir qmax (mg/g)  123.32  13.93  2.57 5.42 YES  746 
Freundlich kf (L/g)  60.72  5.76  2.57 2.24 YES  1661 

n  4.55  2.57  2.57 1.00 YES 
CrGO Langmuir qmax (mg/g)  62.68  7.81  2.57 3.04 YES  129 

Freundlich kf (l/g)  12.57  3.29  2.57 1.28 YES  201 
n  2.48  4.11  2.57 1.60 YES  
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good affinity of all materials for methylene blue, as well as an increase in 
the randomness of the solid-dissolution interface [57]. Similarly, nega
tive values for enthalpy (ΔH0) suggested that adsorption was exothermic 
[54]. In addition, the enthalpy values could determine the type of 
adsorption that was carried out: values under 20 kJ/mol showed a 
process dominated by physisorption, whereas between 20 and 
80 kJ/mol this was dominated by both physisorption and chemisorp
tion, and for values over 80 kJ/mol, chemisorption [31]. In this study, 
despite obtaining values very close to the border, all adsorption pro
cesses might have been dominated by physisorption of the dye in the 
adsorbent matrix. Negative ΔG0 values indicate spontaneous processes, 
which showed, in turn our methylene blue adsorption occurred without 
any external agent acting [9]. However, the trend for ΔG0 showing an 
increase in temperature proved to be different for each adsorbent. With 
oxidized and exfoliated materials (GO and GrO), the ΔG0 values were 
more negative, which might indicate that adsorption equilibrium in
creases with temperature. However, with the reduced materials (TrGO 
and CrGO) the inverse was true: the equilibrium of the reaction was 
higher, the lower the temperature in the experiment was [57]. 

4. Conclusions 

In this study, four different graphene-based materials (graphite, 
graphene and two different reduced graphene oxides) were studied as 
adsorbents for two types of dyes: methylene blue and acid red. 

Exhaustive characterization enabled us to study the effect different 
physicochemical treatments had on the materials and their adsorption 
capacities. In this study, the combination of surface area and functional 
group was seen to have a significant effect on dye adsorption. In all 
cases, this was immediate. According to the adsorption isotherms, 
almost all materials fit the Langmuir model, except for graphene oxide 
for methylene blue which fits the Freundlich experimental one. With 
methylene blue adsorption, graphene oxide was the material with the 
highest adsorption capacity (354.84 mg/g) while for acid red adsorp
tion, thermally reduced graphene oxide was that with the best capacity 
(155.28 mg/g). After this study, it was concluded that the optimal 
conditions to obtain these adsorption values were 30 mg of adsorbent 
and 120 min of contact time. The thermodynamic study showed that the 
methylene blue adsorption process was dominated by physisorption, 
was spontaneous and there was high adsorbent-dissolution affinity. In 
addition, this study showed that the adsorptive capacities of graphite 
and graphene oxide were higher when temperature increased, whereas 
in both reduced materials, these capacities were lower when this 
happened. 
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