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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Graphene oxides (GOs) of different flake 
sizes utilised in MB and MO dye 
adsorption. 

• Kinetic and equilibrium studies demon
strated differences between MB and MO 
sorption. 

• GO flake size, charge and surface 
chemistry all demonstrated to impact 
adsorption. 

• GO flakes aggregated in dye solutions, 
due to charge neutralisation. 

• Divalent salt cations reduced dye 
adsorption capacities of both GOs in 
MB.  
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A B S T R A C T   

Two graphene oxide (GO) materials were characterised and their performance as adsorbents for common ionic dyes 
was investigated. The GOs were demonstrated to possess significantly different flake sizes; here termed Smaller Flake 
GO (SFGO) and Larger Flake GO (LFGO). Kinetics and isotherm studies using both cationic Methylene Blue (MB) and 
anionic Methyl Orange (MO) showed adsorption behaviour followed second order kinetics and Langmuir monolayer 
isotherms in all cases. For MB, adsorption capacities were 526.3 mg/g (SFGO) and 384.6 mg/g (LFGO) with 
interaction attributed primarily to electrostatic attraction, where the smaller, higher surface area flake led to 
significantly greater adsorption. In comparison for MO, adsorption was lower at 113.6 mg/g (SFGO) and 149.3 mg/g 
(LFGO). Here, while electrostatically repulsive, adsorption occurred via π-π interactions and hydrogen bonding, with 
the LFGO having more favourable surface chemistry. Both GOs were observed to aggregate significantly when 
dispersed in the dyes, while the introduction of sodium (Na+) or magnesium (Mg2+) sulphates adversely affected 
adsorption. For SFGO, MB adsorption reduced by 5.1% (Na+) and 32.4% (Mg2+). Similarly, for LFGO, MB adsorption 
capacity reduced by 7% (Na+) and 17.3% (Mg2+). Adsorption of Mg2+ onto vacant binding sites and charge neu
tralisation were the principal antagonistic mechanisms. These findings demonstrate the potential usage of com
mercial GO for dye removal and separation and will be of significance to industrial effluent applications.  
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1. Introduction 

Textile industry dyes are a common source of pollution in surface and 
ground waters. Many textile industry dyes are known to have adverse 
effects on public health [1], are capable of causing harm to plant and 
aquatic species [2], and result in colouration of the water body and 
connected environment [3]. Examples of common textile dyes include 
cationic Methylene Blue (MB) and anionic Methyl Orange (MO), which 
are of comparable molecular weight, and both are known to cause sig
nificant health concerns, including heart palpitations and vomiting [4]. 
Dyes such as these tend to be highly soluble and stable in aqueous so
lution and are overall difficult to remove using conventional membrane 
bioreactor treatment systems [5]. These processes tend to have reason
able capacity to reduce chemical oxygen demand (COD) of dye- 
contaminated waters, however, they often require a subsequent mem
brane treatment stage to reduce the sludge content [6,7]. Accordingly, 
existing treatments suffer due to the complexity and necessity for multi- 
stage operation. Effluent from the textile industry typically comprises 
dissolved salts in addition to dyes, especially sodium and magnesium 
salts, which are used in textile processing as dyeing agents [8]. The 
presence of such salts presents a further complication regarding removal 
of dyes from contaminated waters, as these may in turn impact upon the 
treatment process, rendering treatment of textile effluents a challenging 
problem. 

A number of water purification techniques are currently attracting 
significant research attention in efforts to remove dye contaminants 
from water. These include adsorption [9], membrane-based separation 
[10], photochemical oxidation [11] and photocatalytic degradation 
[12]. Of these techniques, adsorption is a rapid and facile technique to 
implement, and is one which requires minimal capital investment. 
Amongst the multitude of existing adsorbent materials, many interesting 
carbon-based candidates have emerged, including those based on car
bon spheres [13] and activated carbon [14]. Two-dimensional (2D) 
carbonaceous materials [15,16] are promising owing to their high ca
pacity to adsorb dyes from a cocktail of other organic and inorganic 
micropollutants [17,18]. 

The emergence of 2D nano-adsorbent graphene oxide (GO) is 
particularly encouraging. Because of its attributes GO boasts a number 
of significant advantages as a nano-adsorbent; it has a very high surface 
area [19], useful mechanical [20] and thermal [21] properties, and 
favourable surface chemistry and electronic properties [22]. Given its 
chemistry, GO is by nature a highly functionalisable material. As such, 
this feature has been employed to generate a great number of modified 
GO adsorbents, including copper-decorated GO [23] and sulfanilic acid- 
functionalised magnetic GO [24]. 

GO may interact with dyes via mechanisms including π− π stacking 
[25], electrostatic interaction [26] and hydrogen bonding [27]. The 
nano-sized structure, sheet-like morphology and electronic properties 
ensure that interactions with charged species such as certain classes of 
dyes are plentiful. GO possesses an overall negative charge, owing to the 
decoration of the sheet edges with an array of oxygen-containing func
tional groups such as hydroxyl (− OH), carboxyl (− COOH) and epoxy 
(− COC− ) groups [28,29]. In solution, hydrogen atoms deprotonate 
from these groups, thus imparting an overall negative charge [30]. In 
terms of adsorption processes, such properties enable GO to yield a high 
dye adsorption capacity, but present a significant challenge associated 
with usage of the material as an adsorbent i.e. irreversible aggregation of 
GO layers [31]. Aggregation of GO layers is particularly prominent if 
cations or cationic dyes are introduced, as these species can neutralise 
the GO charge, therefore mitigating the effects of electrostatic repulsion 
[32]. This change may hinder the potential recyclability of the adsor
bent, thus necessitating the development of a means for cost-effective 
and facile regeneration [33]. Recycling has thus far proven a chal
lenging task, though an example of progress is the sponge-like GO ma
terial of Sun et al. [34], in which the adsorbed dye was removed by 
squeezing, and the recycled GO washed in sodium hydroxide prior to 

reuse. 
Despite these limitations, studies of unmodified GO, particularly in 

the adsorption of MB, have been widely reported. Early research by 
Sharma and Das [35] focussed on the utility of GO prepared from 
graphite powder by the Hummers’ Method [36]. Kinetics studies con
ducted in the temperature range 18–35 ◦C showed GO was able to 
adsorb MB with high capacity (1.4 mmol/g). Yan et al. [37] also studied 
GO produced from the Hummers’ Method, and reported that an inten
tional increase in the degree of oxygen functionalisation resulted in high 
MB adsorption capacity (598.8 mg/g). Arias Arias et al. [38] discussed 
adsorption of MB utilising eco-friendly GO from a graphite powder using 
an in-house synthesis and purification method, but the adsorption ca
pacity for MB appeared somewhat lower (68.8 mg/g), possibly due to 
the particulars of the experimental methods, including such factors as 
pH. 

A trend that appears consistent in the literature is the popularity of 
GO synthesis from graphite powder by laboratory methods such as the 
Hummers’ Method. The utility of commercial GO products, that require 
minimal or no additional synthesis or purification stages prior to use, 
appear comparatively under-reported. One example of commercial GO 
application in a dye adsorption system was reported by Zhang et al. 
[39], who employed a commercial GO for adsorption of MB, achieving a 
highly encouraging adsorption capacity (429 mg/g). It thus appears that 
commercial GO materials are promising candidates for the adsorption of 
dyes yet, despite this, they have been under-utilised in research. Com
mercial GO appears to have a number of advantages compared to lab
oratory prepared GO for dye adsorption applications. These include 
reliability of formulation, time-savings, experimental and performance 
reproducibility, and better potential for scaleup, all of which lend 
themselves to upscale industrial applications. For the aforementioned 
reasons, commercial organisations may therefore be expected to favour 
commercial GO sources over synthetically prepared ones. To the best of 
our knowledge, however, no published work exists comparing the effi
cacy of a number of commercially available GO products as dye adsor
bents. We consider such a need to be timely, as it enables commercial 
and industrial entities to expand their knowledge of GO nano-adsorbents 
tailored to specific applications as the research field starts to mature. It is 
anticipated that the scale-up potential of the GO adsorbents within the 
treatment of dye contaminations will lead to widespread adoption of the 
technologies as competitors for alternative methods such as those sug
gested above, including membrane treatments. 

In this article, we report a detailed investigation regarding the ca
pabilities of two commercially available GO dispersions as dye adsor
bents in the removal of anionic MO and cationic MB dyes in water. The 
opposite charges of the two dyes allowed for studies into the role of GO 
surface charge on adsorption affinity. We also extended our under
standing on binary GO–dye adsorption by dissolving sodium and mag
nesium sulphate salts into MB dye systems prior to injection of GO 
adsorbent, thus allowing exploration of the impact of external charged 
species on dye adsorption processes. Aggregation phenomena of GO in 
MB and MO was also investigated, as this remains a major scientific 
obstacle regarding the application of GO as an adsorbent in aqueous 
systems. 

2. Experimental 

2.1. Materials 

Graphene Oxides were obtained from two commercial suppliers as 
1.0 wt% dispersions in water. Due to commercial sensitivity, we are not 
able to disclose the source of the graphene oxide materials described in 
this study, or any details on supplying companies. Aqueous anionic 
Methyl Orange (MO, at a supplied solution concentration of 0.10 wt%) 
and cationic Methylene Blue (MB, at 0.50 wt%) dyes were obtained from 
Merck (Germany). Sodium sulphate (Na2SO4 • 10H2O) and magnesium 
sulphate (MgSO4 • 7H2O) were also obtained from Merck (Germany). All 
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chemical reagents and solvents were used without further purification or 
modification. 

2.2. Characterisation of GO materials 

Fourier Transform Infrared (FTIR) spectroscopic analysis was per
formed using a PerkinElmer (USA) spectrophotometer. The aqueous GO 
dispersions were oven dried overnight onto glass slides, and the 
powdered GO extracted by scraping the dried material from the slides 
and crushing using a mortar and pestle. 5 mg of GO powder was then 
mixed with 300 mg spectroscopic grade KBr and crushed into a fine, 
uniform powder using a mortar and pestle. The GO-KBr mixture was 
compacted into a thin disk using a hydraulic press, before FTIR analysis 
was performed in transmission mode and completed with 32 scans in 
wavenumber interval 4000–400 cm− 1. 

Raman Spectroscopy was carried out using a Horiba XploRA PLUS 
(Japan) fitted with a 100× objective lens. Aqueous dispersions of 1 wt% 
GO were dried overnight on glass slides in a sealed oven. The wave
length of the incident excitation laser was 532 nm, with power output 
1.2 mW. The intensity of the Raman Shift was recorded in the wave
number range 3000–500 cm− 1. One measurement site was chosen for 
each sample. 

X-Ray Diffraction (XRD) analysis was performed using a Bruker D8 
(USA) diffractometer, with CuKα radiation source (wavelength 0.154 
nm, 40 keV, 30 mA). For XRD analysis, powdered GO samples were 
prepared as per the method used for FTIR analysis (above). The 
powdered samples were placed inside a single silicon crystal holder for 
analysis. XRD instrumentation settings were: angular scan range 50 < 2θ 
< 500, incremental step size 0.016 degree/min, step interval 0.40 s/step. 
The total scan time required for analysis of each sample was 30 min. 

X-Ray Photoelectron Spectroscopy (XPS) survey and high resolution 
O 1s and C 1s analysis was carried out using a Thermo Fisher Scientific 
Escalab 250Xi (USA) ultrahigh vacuum XPS instrument (AlKα X-ray 
emission source). Photoelectron pass energy for survey spectra was 40 
eV and for high-resolution C 1s and O 1s spectra 20 eV. XPS data was 
processed using CASAXPS software with adventitious carbon (284.6 eV) 
as the reference peak. For high-resolution C 1s and O 1s scans, 
smoothing of raw experimental data was achieved using the software’s 
in-built quadratic smoothing tool. Background correction was achieved 
using a Shirley background function [40]. Deconvolution of spectra was 
performed using peak fitting with Gaussian-Lorentzian shapes [41]. 

Brauner-Emmett-Teller (BET) surface analysis was carried out using 
a Micrometrics Tristar 3000 (USA). The mass of powdered GO used for 
testing was recorded as 10 mg. Degassing of samples was achieved by 
transferring the powders into a round-bottomed flask and purging with 
Nitrogen in a Micrometrics FlowPrep (USA). The samples in flasks were 
then attached to the surface area analyser, and liquid nitrogen at 77 K 
was decanted into the Dewar flask prior to lowering of the samples. 

Dynamic light scattering (DLS) analysis, including particle sizing and 
analysis of zeta potential, was carried out using a Malvern Panalytical 
Zetasizer (UK). Analysis was conducted in folded capillary zeta cells. 
Aqueous 1 wt% GO samples were diluted to 0.01 mg/ml in distilled 
water. Adjustment of pH to the interval 3.5–10.0 was achieved using 
dilute 0.10 mol/dm3 NaOH. For zeta potential measurements of salt-in- 
GO colloids, sodium and magnesium sulphates were dispersed into 
dilute GO at the respective concentrations 0, 1, 2, 4, 6, 8, 10 g/l. 

Laser diffraction (LD) particle size analysis was carried out using a 
Malvern Panalytical Mastersizer 3000 (UK). Analogous to DLS analysis, 
aqueous 1 wt% GO samples were diluted to 0.01 mg/ml in distilled 
water prior to pouring approximately 20 ml of dilute sample into the wet 
sample chamber. 

2.3. Adsorption of dyes using GO adsorbents 

2.3.1. Kinetics of dye adsorption 
For adsorption of MB, 5 mg of GO from the original 1 wt% dispersion 

was transferred by pipette into 100 ml of prepared dye solution, such 
that the weight by volume ratio of GO to water was 0.00498 w/v%. The 
GO-MB mixture was constantly agitated during the adsorption proced
ure using a magnetic stirrer bar at speed setting 5 on the stirrer. The UV 
absorbance of the dye was measured at the beginning of the experiment 
using a Thermo Fisher Scientific Biomate 3 (USA). A total of three dye 
concentrations were used in these experiments (5, 10 and 15 mg/l). 5 ml 
aliquots of the GO-MB suspension were withdrawn at times of 10, 20, 30, 
40 and 50 min after transfer, and centrifuged at 4000 rpm using an 
Eppendorf Centrifuge 5810 (Germany) for ten minutes in order to 
separate the GO from the MB. The supernatant MB was filtered through a 
Sartorius Minisart Syringe Filter Plus (Germany) 0.45 μm cellulose ac
etate syringe filter, and UV absorbance was measured. It is noted that the 
UV calibration curves for both MB and MO dyes are given within the 
Electronic Supplementary Materials (ESM) for completeness (see 
Fig. S1). All dye experiments were all conducted at pH 7, in line with 
expected wastewater conditions. 

For adsorption of MO, the above method was adjusted owing to the 
more limited adsorption of MO by the GO’s. The dosage of GO was set at 
10 mg for each experiment, such that the volume ratio of GO to water 
was 0.00990 w/v%. The GO was observed to be slower at dropping out of 
the GO-MO suspension and, as such, the centrifugation time was 
increased from 10 min to 25 min. 

Dye adsorption at time t (minutes), denoted as qt (mg/g), and the 
equilibrium dye adsorption, qe (mg/g), are given by Eqs. (1) and (2), 
respectively: 

qt = (C0 − Ct)/(m*V) (1)  

qe = (C0 − Ce)/(m*V) (2)  

where C0, Ct and Ce are the concentrations of dye (mg/l) at initial stage 
(time zero), time t, and the equilibrium stage, respectively. Additionally, 
V is the total volume of solution (litres); and m is the mass of adsorbent 
(grams). It is assumed during the analysis that the volume of solution is 
unaltered by the adsorption of dye onto GO, thus the value of V is taken 
as constant throughout the adsorption process. 

The dye removal percentage was calculated according to Eq. (3): 

Removal (%) = ((C0 − Ce)/C0 )⋅100% (3) 

For experiments concerning the effects of salt addition upon dye 
adsorption kinetics, MB was selected as the probe dye. Sodium sulphate 
and magnesium sulphate were dispersed into 15 mg/l MB solutions of 
100 ml volume using the same mixing procedure as above. The salt 
loadings chosen for these experiments were 50, 100, 150 or 200 mg. GO 
loadings were 5 mg, consistent with above, such that the volume ratio of 
GO to water was 0.00498 w/v%. The kinetics of dye adsorption were 
monitored in an analogous fashion to the case for which there was no 
salt added to the dye. 

2.3.2. Kinetic models 
To analyse the data obtained in the kinetics of dye adsorption 

studies, two linearised models were used; pseudo-first order (PFO) and 
the pseudo-second order (PSO) rate models [42,43]. 

The PFO model is given by Eq. (4): 

ln
(
qe,exp − qt

)
= − k1⋅t+ ln

(
qe,cal1

)
(4)  

where k1 is the first order adsorption rate constant (min− 1), qe,cal1 and qe, 

exp are the respective values for first order calculated qe and experi
mental qe (units consistent with definition of qe, above). In PFO analysis, 
a plot of ln(qe,exp − qt) versus t therefore yields the values of k1 and qe,cal1 
from the gradient and vertical intercept, respectively. 

The PSO model is given by Eq. (5): 

t
/

qt = t
/

qe,cal2 + 1
/(

k2
*( qe,cal2

)2
)

(5) 
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where k2 is the second order adsorption rate constant (g/(min⋅mg)) and 
qe,cal2 is the second order calculated qe. A plot of t/qt versus t thus enables 
the values of qe,cal2 and k2 to be extracted from the gradient and vertical 
intercept, respectively. 

2.3.3. Equilibrium of dye adsorption 
Experiments to understand the equilibrium of dye adsorption were 

carried out using 20 mg GO adsorbent for MB studies and 30 mg GO for 
MO studies. The adsorbent was dispersed and agitated in 100 ml dye 
solution at an initial concentration range of 50, 75, 100, 125 and 150 
mg/l. The respective volume ratio of GO to water was 0.0196 w/v% for 
MB and 0.0291 w/v% for MO. 5 ml of the GO-dye suspension was 
extracted at a time 80 min after addition of adsorbent, centrifuged, and 
the filtered supernatant analysed by UV spectrophotometry as previ
ously described. 

2.3.4. Equilibrium isotherm models 
The adsorption of one species onto another is a dynamic process, and 

if the interaction proceeds for a sufficient length of time, an equilibrium 
will be established between the amount of adsorbate in solution and the 
amount adsorbed [44]. This relationship is quantifiable by means of an 
adsorption isotherm: a formal means of relating concentration of a 
species on the surface of an adsorbent to the concentration of that spe
cies in solution at equilibrium. Two equilibrium isotherms were 
considered in this study, those of Freundlich and Langmuir. 

The Freundlich isotherm model considers heterogeneous adsorption 
onto an adsorbent surface. The governing linearised equation is given by 
Eq. (6) [45]: 

ln(qe) = 1/n*ln(Ce)+ ln(KF) (6)  

where KF is the Freundlich constant ((mg⋅g)⋅(l⋅g))1/n, and n represents 
the deviation from linearity. A plot of ln(qe) versus ln(Ce) will be linear if 
the Freundlich model is obeyed, with slope equal to the reciprocal value 
of n and the intercept equal to ln(KF). The Langmuir isotherm model 
assumes monolayer coverage of an adsorbate over a homogeneous sur
face of adsorbent. According to Langmuir, the adsorbate may bind to all 
available sites on the adsorbent surface with equal probability, and each 
site can hold at most one molecule [46]. The linearised version of the 
Langmuir model is defined mathematically by Eq. (7) [47]. 

Ce/qe = 1/(KL
*qmax)+Ce/qmax (7)  

where KL is the Langmuir constant (l/g), and qmax (mg/g) is the 
maximum adsorption capacity. A plot of Ce/qe versus Ce ought to reveal a 
linear relationship with a gradient equal to 1/qmax and the vertical 
intercept 1/(KL*qmax) which enables qmax and KL to be extracted from 
the intercept and gradient, respectively. 

In Langmuir analysis, the dimensionless RL parameter is also used to 
indicate favourability of adsorption: if RL > 1 the process is unfav
ourable, if RL = 0 the process is irreversible and if 1 > RL > 0 then the 
process is favourable [38,46,48]. RL is defined by Eq. (8). 

RL = 1/(C0
*KL) (8)  

3. Results and discussion 

3.1. Characterisation of GO materials 

Particle size distributions (PSDs) obtained by LD and DLS are shown 
in Figs. S2a and S2b of the Electronic Supplementary Materials (ESM), 
respectively. A summary of the results of BET, LD and DLS analysis of the 
two GOs (denoted Type 1 and Type 2) are shown in Table 1: 

Cursory inspection of the Z-Mean and d(50) results reveals the Type 
1 GO is typically of the order of one magnitude smaller in size than Type 
2. Hence, throughout the article, they will henceforth be referred to as 
‘smaller flake’ GO (SFGO) and ‘larger flake’ GO (LFGO), respectively. 

Perhaps more notable is the large discrepancy in size values calculated 
by the two laser based techniques. In terms of particle size range suit
ability, DLS is limited to analysis of particles which are maximally 
100–101 μm in size, as it is a diffusion limited technique, whereas LD 
covers a range of up to 103 μm. Given that the d(50) and modal peak 
values of SFGO and LFGO were of the order 101 μm and 102 μm, 
respectively, it appears LD is the more suitable analytical technique. DLS 
and LD also differ in their approximations for large aspect ratio particles 
[49], such as those expected with GO flakes. DLS measurements are 
based on approximating diffusion to spherical equivalent hydrodynamic 
diameters, while scattering intensity from laser diffraction is more 
aligned to the maximum axis length (assuming random orientation in 
the measurement cell), thus accounting for the large discrepancies be
tween the respective LD and DLS sizes [50]. Additionally, BET analysis 
revealed SFGO has a far higher specific surface area than LFGO, corre
lating to the smaller flake sizes resulting in higher surface area:volume 
ratios of the sheets. Comparison of GO size results with those available in 
the literature suggests the sizes obtained by LD are consistent [51,52]. 

FTIR analysis enables identification of functional groups present 
within a material. The results of FTIR analysis for SFGO and LFGO 
powders are shown in Fig. 1a. The gross similarity of the spectra suggests 
that the functional groups present within the materials are similar. SFGO 
and LFGO both exhibit a peak at approximately 3430 cm− 1, which is 
attributed to an –OH hydroxylic stretch [53], while bands at 1730 cm− 1 

and 1630 cm− 1 are indicative of C––O (carboxylic acid) stretch, and 
C––C (carbon double bond) stretching, respectively [54]. Further peaks 
observed in the materials at 1100 cm− 1 and 1070 cm− 1 are indicative of 
vibrational stretching of C–O and C–C groups [55]. 

The XRD patterns of SFGO and LFGO are shown in Fig. 1b, with the 
samples having a characteristic peak located at 2θ = 11.340 and 11.090, 
respectively. By the Bragg Eq. [56], these peaks correspond to calculated 
(001) crystal plane interlayer spacing of 0.780 and 0.798 nm for SFGO 
and LFGO, respectively. The broad shape of the dominant (0 0 1) peaks 
indicate both materials have low crystallinity [57]. These peaks and d- 
spacings are consistent with those reported elsewhere in the literature 
for graphene oxide materials [53,58–60]. The interlayer spacings of GO 
materials measured by XRD are typically larger than those observed in 
alternative materials such as graphite, owing to the insertion of oxygen 
functionality at the edges of the sheets thus increasing interlayer elec
trostatic repulsion and contributing to the separation of layers [61]. The 
slightly larger d-spacing observed for LFGO compared to SFGO may be 
attributed to the particular arrangement of the oxygen containing 
functional groups present within the sheets [57]. Both SFGO and LFGO 
exhibit a secondary, relatively lower magnitude peak at 2θ = 42.50 and 
42.40, respectively. This is a common feature of GO materials, and it has 
been proposed that the occurrence of these secondary peaks is due to the 
presence of unexfoliated, stacked layers of GO [62]. 

Raman spectra of SFGO and LFGO are shown in Fig. 1c. Raman 
spectra of a graphitic material consists of two dominant peaks, 
commonly denoted D and G peaks, occurring at Raman Shift values of 
approximately 1350 and 1600 cm− 1, respectively. The presence of a G 
peak is indicative of first order scattering of the E2g phonon in carbon
–carbon bonds; as such is common to all graphene-based materials [63]. 
The D peak is rather more commonly associated with GO materials, as it 
has arisen from inherent structural defects within the material [64]. The 
introduction of oxygen containing groups in GO creates an abundance of 

Table 1 
BET, DLS and LD analysis of Type 1 and Type 2 GOs.   

SBET (m
2
/ 

g) 

DLS z-mean 
(μm) 

LD d(10) 
(μm) 

LD d(50) 
(μm) 

LD d(90) 
(μm) 

Type 1 
(SFGO) 

85.4 0.4 4.4 9.0 18.8 

Type 2 
(LFGO) 

23.2 1.6 3.5 13.6 29.7  
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defects in the structure due to imperfect oxidation of the material, and 
this enhances the Raman scattering effects, resulting in the emergence of 
the D peak [65]. Magnitude ratios of the D and G peaks, denoted ID:IG, is 
a commonly used indicator of the level of disorder within a graphitic 
material structure. Calculated ID:IG ratios for SFGO and LFGO were 
markedly similar at 1.08 and 1.10, respectively. Such values are typical 
of GO [66,67]. For GO materials, it is common for the ID:IG ratio to be 
approximately or even exceeding unity; a feature resulting from the 
breakage of sp2 carbon–carbon bonds and formation of new sp3 bonds 
upon the insertion of oxygen and carbon–oxygen bonding [68–70]. 

The zeta potential, measured as a function of dispersion pH, for 0.01 
mg/ml SFGO and LFGO are shown in Fig. 1d. The zeta potential is an 
electro-kinetic phenomenon, defined as the electric potential difference 
between the slipping plane around a suspended particle and an arbitrary 
point in the bulk phase of the medium [71]. It is often used to qualita
tively indicate the colloidal stability of a dispersion. The SFGO and LFGO 
are shown to exhibit increasing stability (decreasing zeta potential) 
subject to increasing pH in the range 3.5–10.0. The SFGO exhibits, on 
average, the largest peak zeta potential across the complete pH range, 
and has the highest potential value of − 44.7 mV at pH 10.0, compared to 
that of LFGO, which exhibits its greatest magnitude value of − 34.9 mV 
at pH 10.0. The high negative zeta potential magnitudes of both GOs 
suggest they will be relatively electrostatically stable in water, thus 
resisting aggregation. These findings correspond to similar observations 
in previous research [72,73]. In addition, and owing to the electroneg
ative charges, both GOs will be more likely to adsorb the cationic MB 
dye as a result of electrostatic attraction. The greater magnitude of the 
SFGO may suggest stronger electrostatic attraction with MB will occur, 
potentially leading to differences in adsorbed amounts. 

XPS analysis is used for qualitative and quantitative identification 
and analysis of atomic species and functional groups present within the 
outer 10 nm of a material [74]. Survey spectra were used to detect the 
presence and quantity of atomic species; these are given in Fig. S3 of the 
ESM. The survey scans indicated the presence of two peaks, present at 
photoelectron binding energies of 532.0 eV and 286.0 eV, confirming 
the presence of oxygen and carbon, respectively. Atomic percentages of 
the SFGO and LFGO samples were as follows: SFGO – 74.4% carbon, 
25.6% oxygen, LFGO – 71.9% carbon, 28.1% oxygen. The slightly higher 
oxygen content of the LFGO sample is consistent with the larger d- 
spacing, obtained during XRD, as the overall greater percentage of ox
ygen results in a greater degree of electrostatic repulsion of the sheets 
[75]. 

High resolution C 1 s spectra for SFGO and LFGO are shown in Fig. 2a 
and b, respectively. Both spectra were deconvoluted to five peaks in 
total, with the identity of the peaks provided by [76–78]. Both GOs 
possessed peaks associated with a number of functional groups which 
were also observed in our FTIR analyses, these include –C–O– (286.5 
eV), –C–C– (285.5 eV), –COOH (289.3 eV), –C=O (287.5 eV) and C–C 
(284.6 eV). Deconvolution of the high resolution O1s spectra for SFGO 
(Fig. 2c) and LFGO (Fig. 2d) yielded four peaks for both materials, with 
the identities referring to [79–81]. Again, a number of these deconvo
luted peaks may be associated with functional groups which were 
observed in the FTIR spectra, for example –C–O– (533.3 eV) and –C=O 
(530.5 eV). Both materials were also found to possess a peak at 532.0 eV 
corresponding to –C–O–C– groups. The spectra also revealed the pres
ence of a trace peak at 535.5 eV, associated with residual moisture due 
to incomplete drying of the materials prior to analysis. 

Using XPS in conjunction with FTIR analyses has provided a means to 

Fig. 1. Analysis of SFGO and LFGO by a) FTIR, b) XRD, c) Raman Spectroscopy and d) Zeta Potential measurement.  
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evaluate the chemical nature of the commercial GO materials. There 
were evidently a plethora of functionalised carbon- and oxygen- 
containing groups present on the surfaces. Additionally, our analyses 
revealed both SFGO and LFGO possess a particular number of functional 
groups which enable chemical interactions with MB in dye adsorption 
processes, such as the oxygen-rich –C–O–, –COOH and –C=O groups 
[82]. Recent molecular dynamics simulations by Dhar et al. [83] have 
demonstrated that the interaction between MB and GO is dominated by 
the surface chemistry of the GO and, in particular, the oxygen- 
containing groups on the GO adsorbent surface. The presence of these 
groups in the outermost layers, as confirmed by XPS, promotes inter
action and leads to favourable outcomes in dye adsorption. Perhaps the 
most significant overall difference in chemistry between the two sam
ples is the slight difference in oxygen content, as discussed above, the 
LFGO sample has a higher degree of oxygenation relative to SFGO. A 
higher oxygen content of GO materials has been correlated to greater 
adsorption capacity for cationic dyes [84]. In the subsequent chapters, 
however, will demonstrate that this is not observed in our systems, 
implying that other features may also be responsible for the behaviour. 
XPS has also been utilised to confirm the adsorption of MB on 
Fe3O4@SiO2@CS-TETA-GO nanoadsorbents, in research by Wang et al. 
[85] (and in their earlier work [86]) in which a new peak, corresponding 
to S 2p presence, was identified post-adsorption of the dye. In addition, 
quantitative analysis of the O 1 s and N 1 s bonding in high resolution 

spectra revealed that the quantities of functional groups changed due to 
the adsorption of MB. 

3.2. Dye adsorption 

3.2.1. Kinetics of dye adsorption 
Understanding dye adsorption kinetics is an important step in the 

analysis of adsorbent-adsorbate systems. Calculated values of qt as a 
function of time for the SFGO and LFGO are presented for MB adsorption 
(Fig. 3a) and MO adsorption (Fig. 3b), with fitted pseudo-second order 
(PSO) kinetics profiles for each. The linear pseudo first order (PFO) and 
PSO plots are shown in Figs. S4 and S5, within the ESM. The standard 
deviational error in value of qt calculated across three experimental runs 
is tabulated in Table S1 within the ESM, for dye concentrations 5, 10 and 
15 mg/l. 

Example images of the GO-dye dispersions are given in Fig. 3c and 3d 
for MB and MO dyes respectively, over the 50 min adsorption period 
(prior to centrifugation of the GO-dye dispersions). By inspection, these 
images reveal that the respective blue and orange colouration of MB and 
MO decreases subject to an increase in contact time. Additionally, in the 
case of MB in particular, it is evident that aggregation of GO in the dye is 
taking place, as large, clustered sections of flake-like matter are clearly 
visible. Aggregation of GO with dye will be considered in more detail 
within Section 3.2.3. 

Fig. 2. XPS analysis of SFGO and LFGO, showing high resolution C 1 s spectra of a) SFGO and b) LFGO; and high resolution O 1 s spectra of c) SFGO and d) LFGO. Spectra 
were collected at a single point per sample. 
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The adsorption of MB appears to take place rapidly, with qt values 
reaching equilibrium by the time of the first measurement (i.e., < 10 
min) for both SFGO and LFGO systems. The final qt values were, pro
portionally slightly higher for the larger surface area (and greater zeta 
potential) SFGO system (especially noticeable at the highest dye con
centration). Unfortunately, due to the time required to transfer and 
centrifuge the samples, it was not possible to gain measurements over a 
smaller time-step to completely confirm the kinetic trends. The rapid 
uptake of MB is consistent with previous work investigating charged dye 
adsorption on oppositely charged fine mineral surfaces [87], albeit with 
a likely faster rate achieved by the GO due to its increased specific 
surface area. Increasing initial dye concentration from 5 to 15 mg/l had 
the effect of significantly increasing the values of qt for both GO-dye 
pairings, as would be expected for conditions under maximum adsorp
tion, in which the effect of higher initial dye concentrations is to over
come the inherent resistance to mass transfer between liquid:solid phase 
equilibrium [88,89]. The difference between the two GO types was also 
more significant for the higher dye concentration. By comparison, 
adsorption of MO was considerably less favourable with overall qt values 
less than one fifth of those for MB for both GO materials. Additionally, 
equilibration appears to occur after a longer time of approximately 30 
min. Despite its high capacity to adsorb MB, the SFGO was not observed 
to have increased MO adsorption (in fact, its performance was slightly 
below that of the LFGO). The mechanism of dye adsorption, including 
analysis of the adsorption process for GO, will be discussed later (see 
Section 3.2.5). 

Percentage dye removals were also calculated for each GO-dye 
pairing after 50 min contact time for initial dye loadings of 5, 10 and 
15 mg/l, as shown in Fig. 4, with standard deviational error, calculated 
across three runs, tabulated in Table S2 within the ESM. These data 
again demonstrate the disparity in adsorption efficiency between 
cationic MB and anionic MO, but also that while the total adsorption 
capacity (qt) increases with dye concentration (Fig. 3a and b), there is a 
slight reduction in the percentage removal as dye concentration is 
increased. Such differences would be expected for ion and small mole
cule surface adsorption, due to greater competition between adsorbate 
groups [90], although it is interesting that similar reductions are evident 
with both MB and MO despite the interaction mechanism being 
different. 

Analysis of the various GO-dye systems by PFO and PSO modelling 
revealed the PSO model was better suited to predicting the kinetics (at 
least in terms of achieving higher R2 values). A comparison of PFO and 
PSO model analysis, including all calculated and experimental param
eters and linear regression coefficients, is shown in Table 2. The qe,exp 
parameter reported in the table is taken as the maximum value of qt 
recorded in the experimental kinetics studies. 

For the PFO model, R2 values remained high for each GO-dye com
bination but were lower overall than the PSO model, indicating that the 
PFO model may still be appropriate in some cases. Further inspection, 
however, revealed there to be a significant disparity for all cases in the 
comparison of qe,cal1 and experimental qe,exp. Values in PFO cases, 
indicated relatively poor correlation to the longer time experimental 

Fig. 3. Kinetic qt versus contact time for a) MB adsorption, and b) MO adsorption, with both dyes at initial concentration 5, 10 or 15 mg/l. For MB samples, GO 
loading was 5 mg. Standard deviation in qt is given in Table S1 of the ESM. Images showing adsorption of c) MB by SFGO and LFGO at t = 0–50 min., and d) MO by 
SFGO and LFGO, at t = 0–50 min. The samples of dye chosen for these images were at initial concentration 10 mg/l. 
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data, as such, the PSO model was considered a more appropriate rep
resentation of the dye adsorption kinetics. The values of k2, as computed 
from the gradients of the second order SFGO and LFGO plots, suggested 
that, in general, the kinetics of adsorption of MB was faster compared to 
the adsorption of MO, as evidenced by the larger respective PSO rate 
constants. Interestingly, the values of k2 for adsorption of MB with SFGO 
and LFGO appeared to be slightly counter intuitive, as the values 
calculated for LFGO were in fact higher than the SFGO counterparts, 
albeit that they were the same order of magnitude and similar. This 
would suggest that the greater zeta potential of the SFGO is not leading 
to an enhanced kinetic rate of adsorption, although the final adsorbed 
amounts were greater (a feature consistent with the larger specific sur
face area). Trends in the literature regarding the impact of flake size 
upon adsorption efficacy have generally indicated that smaller flake size 

adsorbents tend to also have higher rate constants for adsorption 
[44,91], although, it may be other surface chemical changes are critical. 
Given the similar chemistry of the LFGO and SFGO, it highlights that 
adsorption rates are not entirely based on electrostatic attraction (as is 
evident from the adsorption on anionic MO systems). Additionally, as 
discussed, the fact that adsorption on MB occurred within the first time- 
step, means there is a greater degree of uncertainty on the measured k2 
values. 

3.2.2. Equilibrium of dye adsorption 
Analysis of equilibrium isotherms and establishing the most appro

priate equilibrium model is also an important step in explaining the 
behaviour of adsorbent-adsorbate systems. Equilibrium studies were 
carried out using higher concentrations of dye (50–150 mg/l) compared 
to the kinetics experiments (5–15 mg/l), and higher loadings of GO (20 
mg for MB experiments and 30 mg for MO experiments) to ensure suf
ficient adsorbent mass:liquid ratio for the higher dye concentrations. 
The contact time for equilibrium studies was chosen such that the GO 
and dye concentrations achieved equilibration based on observations 
from the kinetics studies. The time chosen was 80 min, which far exceeds 
the amount of time required for equilibration, as established for our 
systems (Fig. 3). 

Langmuir (homogeneous) and Freundlich (heterogeneous) adsorp
tion isotherms were selected to analyse equilibrium data. Linearised 
Langmuir isotherm plots for MB and MO systems are shown in Fig. 5a 
and b respectively, with equilibrium lines for SFGO and LFGO included 
on each plot. Linearised Freundlich isotherm plots of each GO-dye sys
tem are shown in the ESM (Fig. S6). From the Langmuir analysis of 
equilibrium adsorption, parameters qmax and KL were calculated for each 
GO-dye system and are presented in Table 3. 

In the Freundlich isotherm, the parameter n is equal to the inverse of 
the isotherm gradient and is related to the intensity of adsorption. It is 
considered that a small value of n indicates greater intensity of 
adsorption, provided that the value of n exceeds unity [92]. Inspection 
of Table 3 reveals the values of n are lower in each GO system for MB 
adsorption compared to MO, highlighting that adsorption of MB by both 
GO systems is more intense, as may be expected. In turn, the lowest n 
was achieved for SFGO–MB adsorption suggesting this was the most 
intense and favourable adsorption process. Meanwhile, for SFGO–MO, 
with the highest corresponding n, was the least intense, owing in this 
case to the strong electrostatic repulsion. McKay et al. [93] reported that 
a value of n between 1 and 10 is representative of a favourable 
adsorption system, and as such the reported n values are all of appro
priate magnitude to suggest favourability of adsorption, despite elec
trostatic repulsion in MO cases. 

For the Langmuir isotherm, the parameter qmax is the maximum 
adsorption capacity assuming monolayer adsorption. The ordering of 
qmax values was SFGO–MB > LFGO–MB > LFGO–MO > SFGO–MO. 
Accordingly, the values of qmax reflected the expected trends based on 
experimental observation. The Langmuir constant, KL, reflects the af
finity of adsorption between an adsorbent and adsorbate and is corre
lated to the surface area and availability of surface pores [94,95]. These 
values suggested that the larger KL values resulted from the adsorption 
of MB, thus inferring greater affinity for MB adsorption than MO. 

Both Langmuir and Freundlich isotherms appear to be suitable 
models for our systems based on their high statistical regression co
efficients. Comparison of R2 values for Freundlich versus Langmuir 
models suggests the Langmuir model is more appropriate, as respective 
R2 values are higher. Accordingly, the adsorption of dyes onto GO sur
faces assumes a monolayer coverage, and that interaction is governed by 
dyes binding to a single available adsorbent site on the GO [96]. Suit
ability of Langmuir over Freundlich is perhaps to be expected within 
such a system since the Freundlich isotherm is mainly suited to experi
mental systems having low concentrations of contaminant (dye), pro
vided also that the concentration range of dyes tested is limited to a strict 
range [97]. 

Fig. 4. Percentage dye removal as a function of initial dye concentration, for 
adsorption of 5, 10 and 15 mg/l MB and MO by SFGO and LFGO. The data for 
this figure is obtained from the previously discussed dye adsorption studies. 
Standard deviation in Dye Removal %, across three runs, is tabulated in 
Table S2 within the ESM. 

Table 2 
PFO and PSO dye adsorption kinetics for MB and MO dyes using SFGO and 
LFGO.  

Kinetics Model: (GO) Initial MB Concentration 
(mg/l) 

Initial MO Concentration 
(mg/l) 

5 10 15 5 10 15 

qe,exp (mg/g) - SFGO 96.0 182.4 265.2 27.9 45.2 58.8 
qe,exp (mg/g) - LFGO 90.0 171.8 230 28.9 48.2 61.9  

PFO: (SFGO)  
qe,cal1 (mg/g) 50.6 82.4 102.6 20.6 45.4 55.7 
k1 (min− 1) 0.137 0.132 0.158 0.092 0.134 0.138 
R2 0.939 0.899 0.908 0.951 0.955 0.999  

PFO: (LFGO)  
qe,cal1 (mg/g) 51.1 71.0 82.6 19.3 47.8 50.5 
k1 (min− 1) 0.140 0.144 0.152 0.092 0.109 0.119 
R2 0.926 0.907 0.891 0.944 0.972 0.990  

PSO: (SFGO)  
qe,cal2 (mg/g) 98.0 185.2 270.3 29.9 48.3 63.3 
k2 (g/(min⋅mg)) 0.011 0.008 0.011 0.009 0.007 0.005 
R2 0.999 0.999 1.000 0.999 1.000 0.999  

PSO: (LFGO)  
qe, cal.2 (mg/g) 91.7 172.4 232.6 30.5 53.2 65.8 
k2 (g/(min⋅mg)) 0.012 0.011 0.012 0.011 0.004 0.005 
R2 1.000 1.000 1.000 0.996 0.996 0.997  
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In addition to the Langmuir and Freundlich isotherms, there are a 
number of alternatives in existence, including those proposed by Sips 
[98], Tempkin [99], Redlich–Peterson [100] and Dubi
nin–Radushkevich [101]. For dye adsorption studies involving GO, 
however, a significant number of articles have concluded that either the 
Langmuir [94,102–106] or Freundlich [107,108] isotherms are the most 
suitable, with a majority suggesting preference for the Langmuir fit (see 
Table 4). This may be a feature of the 2D nature of GO, which enables 
dye molecules to adsorb homogenously as a monolayer, despite the 
more complex microscopic aggregate structure of the GO. This feature 
would suggest that exposure to the 2D GO planes by the dye is relatively 
unimpeded, or a more heterogeneous adsorption may have been 
expected. 

For each GO-dye combination, parameter RL was plotted as a func
tion of initial dye concentration as shown in the ESM (Fig. S7). Calcu
lated values of RL all lie in the range 0–1, indicating that the process of 
adsorption was favourable for each GO–dye system across the range of 
initial dye concentrations [96,109,110]. In all cases, the RL values tend 
towards zero as dye concentration increased in the range 50–150 mg/l 
(given that RL α 1/C0, as per Eq. (8)), implying that an increase in dye 
concentration was correlated to an increase in favourability of adsor
bate–adsorbent interaction [111,112]. 

Carbon-based adsorbents are increasingly utilised in the adsorption 
of dyes, amongst a host of other species including heavy metal ions. 
Table 4 provides a literature sample of the performance of several 
carbon-based adsorbents, in particular GO materials, in terms of their 
MB and/or MO adsorption. The results obtained in our study are like
wise provided in the table. From the table, it is facile to observe the 
preference for the Langmuir isotherm and PSO kinetics model. It appears 
that the results obtained in our studies regarding the adsorption of MB 
and MO are consistent with examples from the literature and that the 
model parameters obtained by our analysis suggest that our GO partic
ular materials are able to sorb dyes with high efficacy, in comparison 
with competitors. 

The issue of reusability of GO-based adsorbents has featured in a 
number of dye adsorption studies [116–118]. The ability to regenerate 
adsorbent species downstream may offer advantages in terms of cost- 
effectiveness and ultimately, reduction in energy and water consump
tion during the processing of the adsorbent. Although we do not report 
on the reusability of our commercial GO systems in dye adsorption, it is 
acknowledged that this is also a salient step in the developmental 
timeline of commercial GOs, and a number of existing studies have been 
provided here to highlight progress in adsorbent recycling techniques. 
Existing regeneration methods have predominantly focussed on chemi
cal techniques, in which the adsorbed dye molecules are stripped from 
GO using acid [119] or alkali [120], with the adsorbent subsequently 
washed in water. In one study [121], GO was recycled over five 
adsorption cycles with less than 10% drop in adsorption capacity 
compared to the first cycle. An alternative promising technique involves 
separation of GO from dye by application of microwave heating [122], 

Fig. 5. Linearised Langmuir isotherm plots of a) MB adsorption and b) MO adsorption, for SFGO and LFGO systems. Initial dye concentrations were varied in the 
range 50–150 mg/l, while for MB experiments the GO loading was 20 mg and for MO experiments it was 30 mg. 

Table 3 
Langmuir and Freundlich isotherms for MB and MO adsorption by SFGO and 
LFGO.   

Dye 

Adsorption Isotherm: (GO) MB MO 

Langmuir: (SFGO)  
qmax (mg/g) 526.3 113.6 
KL (l/g) 0.048 0.035 
R2 0.999 0.961  

Langmuir: (LFGO) 
qmax (mg/g) 384.6 149.3 
KL (l/g) 0.041 0.027 
R2 0.999 0.984  

Freundlich: (SFGO)  
KF ((mg⋅g)⋅(l⋅g))1/n 69.2 21.2 
n 2.34 3.23 
R2 0.974 0.881  

Freundlich: (LFGO)  
KF ((mg⋅g)⋅(l⋅g))1/n 55.5 19.4 
n 2.60 2.67 
R2 0.976 0.978  

Table 4 
Literature sample of carbon-based adsorbents used in adsorption studies of MB 
and MO dyes.  

Adsorbent [Ref.] Dye Equilibrium 
isotherm 

qmax 

(mg/g) 
Kinetics 
Model 

qe,cal. 

(mg/g) 

SFGO (This 
Study) 

MB, 
MO 

Langmuir 526.3, 
113.6 

PSO 270.27, 
63.29 

LFGO (This 
Study) 

MB, 
MO 

Langmuir 386.4, 
149.3 

PSO 232.56, 
65.79 

Reduced GO [38] MB Langmuir 121.95 PSO 70.72 
Graphene 

nanoplatelets 
[113] 

MB Langmuir 245.5 PFO 140.95 

GO [37] MB Langmuir 598 PFO 599.8 
GO [102] MB Langmuir 243.9 PFO 243.9 
GO [114] MO Langmuir 16.83 PSO 0.096 
GO [103] MB Langmuir 1939 – – 
Activated Carbon 

[115] 
MO Freundlich 336.12 PSO 200.34  
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which is attractive due to the limited space required for its 
implementation. 

3.2.3. Aggregation of GO in dye 
In Section 3.2.1, the aggregation of GO in dye was briefly described 

by inspection of the images regarding the effect of contact time on ki
netics of adsorption (Fig. 3c and 3d). Aggregation of GO in dye is typi
cally an undesirable phenomenon in an adsorption process, as effective 
adsorption is reliant upon the existence of GO sheets in exfoliated, ho
mogeneous state, thus promoting the adsorption of dye onto binding 
sites by maximising the contact area availability of GO [123,124]. 
However, such aggregation post-adsorption, may lead to easier separa
tion in downstream processes, thus offering potential for development of 
selective adsorption systems, in which individual dyes may be regen
erated from a mixture [125]. GO flakes were demonstrated by mea
surement of zeta potential (Fig. 1d) to possess highly negative surface 
charges across pH 3.5–10.0, enabling them to resist aggregation. How
ever, contacting the GO with a charged species, such as salt or dye, 
which is capable of screening the electronegativity of the GO has been 
demonstrated to overcome this resistance resulting in aggregation 
[31,126,127]. In Fig. S8, images of GO-dye dispersions are provided, 
showing GO dispersed in (a) MB and (b) MO. While in the case of MO, 
aggregation of GO was not observable by the naked eye, for MB large 
particulates were clearly generated which then sedimented to the base 
of the sample vials over extended contact times. It appears for MB in 
particular, neutralisation of the electrostatic charge of the GO resulted in 
high levels of flake aggregation. Such physical changes may limit the 
recyclability of GO to remove these types of dyes, in which the charge of 
the dye is having a discernible impact on the stability of the GO [128]. 

In order to investigate the aggregation of GO in our selected dyes, 
laser diffraction (LD) was utilised to measure changes in particle size 
distribution. Fig. 6a and b show the PSDs for SFGO and LFGO, respec
tively, dispersed in 15 mg/l MB and MO. The PSDs obtained for SFGO 
and LFGO in distilled water (i.e., as presented in Fig. S2 in the ESM) are 
also shown on these plots to allow comparison. The corresponding d 
(10), d(50) and d(90) values obtained in LD analysis of the aggregates 
are provided in Table S3. 

Measurement of zeta potential was used to confirm the electrokinetic 
changes to the GO surface charge upon dye adsorption. Fig. 6c and 
d show the zeta potential of SFGO and LFGO dispersed in 5, 10 and 15 
mg/l of (c) MB and (d) MO solutions. For reference, the corresponding 
potential of the GO in distilled water is provided in each plot, at 
respective dye concentrations of zero. 

Inspection of the PSDs and associated parameters in Table S3 of the 
ESM for SFGO and LFGO reveals that SFGO (Fig. 6a) and LFGO (Fig. 6b) 
tend to aggregate with both MB and MO dyes, albeit to much larger 
degrees with the MB. Consistent with the nominal flake sizes, the LFGO 
aggregates are also larger than the SFGO with both dyes. 

Measurement of zeta potential confirmed that the interaction of GO 
with dye had a marked effect upon the electrokinetic properties of the 
GO. Neutralisation and reversal of the negative GO surface charge by MB 
was evident across the range of MB concentrations (Fig. 6c), with the 
zeta potential actually becoming slightly positive, in both cases. As such, 
neutralisation of charge has been demonstrated to be a salient feature 
relating to the aggregation of GO flakes in cationic dyes. Aggregation 
could lead, therefore, both through the lack of electrostatic stability and 
secondary attractive interactions between the adsorbed MB dye itself. It 
appears the overall interactions for the LFGO and SFGO are similar, with 

Fig. 6. Sizing of (a) SFGO and (b) LFGO aggregates in MB and MO using LD technique and Zeta Potential of (c) GO-MB and (d) GO-MO aggregates. Vertical error bars 
in (c) and (d) represent standard deviation across three separate runs. 
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the larger aggregates in the case of LFGO likely being resultant from the 
larger sized (yet lower surface area) individual starting units. 

Aggregation of GO in anionic dyes is not as well described in the 
literature. In the case of GO dispersion in MO solutions (Fig. 6d) charge 
neutralisation did not occur, as expected, and electronegativity was 
maintained across the concentration range of dyes. Interestingly, the 
zeta potential did reduce in magnitude as a result of dispersing GO in 
MO, which is likely an effect of double layer suppression from the 
effective electrolyte addition in the dye solution [107]. However, this 
suppression is relatively small in magnitude, and not the dominant 
factor in aggregation, which is more likely driven through attractive 
groups on the adsorbed MO. For example, hydrogen bonding or π–π 
stacking between aromatic groups on adsorbent and adsorbate mole
cules can lead to strong association [129]. 

3.2.4. The impact of salt addition on adsorption of MB 
Thus far, we have considered dye removal from water by adsorption 

of dye molecules onto GO adsorbent surfaces in a somewhat idealised 
system consisting of dye and adsorbent only. Here, we have extended 
our study to consider the effect of adding sodium sulphate and magne
sium sulphate to MB solutions. MB was selected as the dye of choice, 
owing to its electrostatic attraction to GO. The simulated “dye-salt” so
lution may be considered a step closer to a real textile effluent, which in 
practice comprises a complex mixture of components. We have seen that 
both SFGO and LFGO have a high proclivity for adsorption of MB, which 
is reflected in the high adsorption capacities of both materials. Adding 
charged electrolytes to the dye mix enables us to explore the impact of 
foreign ions on dye adsorption capacity. 

Values of qt as a function of time for adsorption of a 15 mg/l loading 
of MB by SFGO and LFGO with dispersed sodium sulphate or magnesium 
sulphate salt are shown in Fig. 7a and b, with associated standard 
deviational error in qt for salt concentrations 0.50–2.00 g/l across three 
runs provided in Table S4, in the ESM. The error for the case of “No Salt” 
may be obtained from the relevant SFGO or LFGO line of the 15 mg/l dye 
concentration, in Table S1 of the ESM. For brevity, sodium sulphate is 
indicated in the plots by Na+, and magnesium sulphate as Mg2+. We 
observed that increasing salt concentration from 0 to 2.0 g/l had the 
effect of markedly reducing the overall qt in comparison to the cases in 
which there was no electrolyte present. This effect was much more 
pronounced for both GOs in the presence of the divalent Mg2+ versus 
monovalent Na+. 

The linear PSO kinetic model was fitted to the experimental data in 
an analogous fashion to the case in which no salt was added, and values 
of qe,cal2 were extracted from the plots. The variation in calculated qe,cal2 

versus salt concentration, with fitted linear trend line and corresponding 
statistical R2, are shown in Fig. 8a. It is apparent that adding Mg2+ ions 
caused a more significant reduction in qe,cal2 as electrolyte concentration 
increased. 

For SFGO, qe,cal2 decreased from 270.27 mg/g when no salt was 
added to 256.41 mg/g (5.13% reduction) for Na+ addition, and to 
204.08 mg/g (32.43% reduction) for Mg2+ addition when the salt con
centration was 2.0 g/l. Similarly, for the LFGO the effect on qe,cal.2 
decreased from 232.56 mg/g when no salt was added to 217.39 mg/g 
(6.98% reduction) for 2.0 g/l Na+ addition, and 192.31 mg/g (17.31% 
reduction) for 2.0 g/l Mg2+ addition (importantly noting the effective 
reduction with Mg2+ with LFGO was around half that of the SFGO 
reduction). 

One important consideration was to understand why the influence of 
Mg2+ was more significant for the SFGO than the LFGO system. To 
investigate the role of salt addition upon electrokinetic stability, the zeta 
potential of the GO-in-water colloid was measured across a range of salt 
concentrations, in a similar fashion to Baskoro et al. [72], as shown in 
Fig. 8b. It is apparent that the addition of Mg2+ had a much greater 
charge screening effect upon the negatively charged GO sheets 
compared to the addition of Na+. In fact, at sufficient ionic concentra
tion, addition of Mg2+ resulted in charge reversal as indicated by the 
shift to positivity of the potential, as adsorbed Mg2+ ions fully occupied 
the binding sites on the GO surface and excess cations remaining in 
solution resulted in the positive charge [31]. For SFGO, it appeared that 
the point of charge reversal is lower (i.e., requiring the addition of less 
Mg2+), compared to LFGO, probably as the initial electrostatic attraction 
is larger. This feature correlates to the more severe decline in values of 
qe,cal2 for the SFGO systems with Mg2+ addition, as evident in Fig. 8a. 
Further discussion regarding the mechanism of dye adsorption subject to 
the presence of electrolytes is provided in the mechanistic discussion 
section (Section 3.2.5). 

3.2.5. Discussion: mechanism of dye adsorption 
In this paper, we have reported on the kinetics and equilibria of dye 

adsorption onto GO adsorbent surfaces. Experimental data has been 
analysed using widely utilised PFO and PSO kinetics models and Lang
muir and Freundlich adsorption isotherms. Adsorption of dyes onto both 
SFGO and LFGO was governed according to a PSO kinetics model and 
the Langmuir adsorption isotherm. 

Electrostatic interactions are considered to be a significant factor in 
the adsorption mechanism of cationic MB. Measurement of zeta poten
tial for both SFGO and LFGO (Fig. 1d) revealed that both materials 
possess significant negative potentials, and that across the pH range the 

Fig. 7. Calculated values of qt as a function of time for 15 mg/l initial dye concentrations in a) MB-SFGO and b) MB-LFGO systems. For these experiments, salt 
concentration was varied between 0 and 2.0 g/l, using 5 mg GO and the values of qt generated as before. Standard deviational errors in qt values is provided in 
Table S4 of the ESM. 
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magnitude was greater for SFGO than LFGO. Peng et al. [130] explained 
this has the bifold effect of enhancing the dispersion of GO in water, but 
also promoting the electrostatic attraction between negatively charged 
GO and positively charged MB. The mechanism of interaction is gov
erned by strong electrostatic interaction between GO and MB, mean
while, π–π interactions between the cationic dye and the conjugated π 
system in the GO are also a feature [25]. Sharma and Das [35] postulated 
that cationic methyl green is attracted in particular to deprotonated 
–COOH groups present on the GO, suggesting that adsorption of cationic 
dyes takes place at the edges of the GO sheets. 

In our studies, both GOs were found to be poorer adsorbents of 
anionic MO compared to cationic MB, as reflected by both kinetics and 
equilibria findings, although significant adsorption was still evident, 
despite the electrostatic repulsion. MO is also able to interact with ad
sorbents via π–π interactions and hydrogen bonding, accounting for the 
adsorption we did observe [25,131]. In the case of GO–MO systems, 
however, electrostatic repulsion is clearly a dominating feature, as 
repulsion significantly inhibits these interactions from taking place 
[132]. Kinetics and equilibrium studies for MO adsorption demonstrated 
that, unlike with the MB, the higher specific surface area of the SFGO did 
not lead to any increase in adsorption (and in fact, adsorption was 
weaker with the SFGO). This is again, likely mostly due to the electro
static interactions, as the SFGO had greater charge, making it more 
electrostatically repulsive. Chemical analyses did not indicate consid
erable differences in surface chemistry of the two GOs, with exception 
that XPS demonstrated a slightly higher oxygen content in the LFGO 
sample. 

The effects of electrolyte ions on the adsorption of MB by SFGO and 
LFGO was also investigated. In the binary GO adsorbent–MB system, 
adsorption of MB by GO was unhindered since it wasn’t impeded by the 
presence of other charged species. Dissolution of electrolyte ions into the 
dye resulted in Na+ and Mg2+ cations altering the electrostatic double 
layer, and competing with MB for adsorbent occupancy sites on the GO 
surface and, as a result, the PSO dye adsorption capacities (qe,cal2 values) 
declined (Fig. 8a). This effect was particularly stark for divalent Mg2+

addition, where due to its multivalency, it facilitates adsorption onto GO 
directly (while the effects of Na+ are thought to be mostly from asso
ciated changes to the double layer) [31,72,133]. The binding of Mg2+ is 
postulated to be particularly strong for bidentate ligands on GO, such as 
deprotonated –COOH. The effect of adding Mg2+ to GO was highlighted 
by consideration of the zeta potential, in which it was observed that 
sufficient concentration of Mg2+ causes complete charge neutralisation 
of the GO sheets. This resulted in a significant reduction in values of qe, 

cal2, owing to the occupancy of binding sites by metal cations. In the case 
of Na+ addition, the impact upon qe,cal.2 values were evidently more 
minimal; it is proposed that this is due to the limited adsorption of Na+

cations onto GO. Na+ cations were also revealed to have a small impact 
upon the zeta potential of the GO, although high ionic concentrations 
did lower the magnitude. As the Na+ cations are electrically attracted to 
negative GO, they can accumulate in the electrical double layer of the 
GO sheets as counterions, causing compression of the double layer and 
impacting the measured zeta potential (although the true surface po
tential is not altered) [134,135]. 

4. Conclusions 

In this study, two commercially available GO materials, of different 
flake sizes, have been characterised and tested for their adsorption 
performance of anionic MO and cationic MB dyes. Dye adsorption 
studies, including kinetics and equilibrium modelling, demonstrated 
that the GOs were excellent adsorbents of cationic MB, whereas they 
were less effective for anionic MO. Furthermore, the introduction of 
cations into MB solutions, in the form of sodium and magnesium sul
phate salts, was demonstrated to have the effect of reducing dye 
adsorption capacity, particularly in the case of the latter. Critically, 
complete charge reversal was observed with Mg2+ solutions, due to the 
direct electrostatic adsorption of these divalent cations. Monovalent Na+

cations are incapable of such adsorption, as such, their impact upon MB 
adsorption was significantly lower, overall. The main mechanism for 
dye adsorption with MB was attributed to electrostatic attraction be
tween GO and the dye. The smaller flake size SFGO was considered 
important in promoting adsorption of MB, due to higher specific surface 
area and associated availability of adsorption sites, while it also had a 
greater magnitude of zeta potential. Interestingly, while adsorption with 
anionic MO was reduced, it was still considerable at >100 mg/g for both 
flake sizes. 

This research has provided a detailed investigation into the potential 
application of commercially available GOs as a material adsorbent in 
industrial wastewater treatment, presenting insights which may assist 
practitioners in specifying or selecting materials. It is hoped that our 
studies will provide understanding into the benefits of commercial GO 
technologies, and act as a stepping stone from which existing GO ma
terials may be developed for the provision of scalable technology, which 
is economically and contextually attractive for industrial use. 

Fig. 8. a) Calculated values of qe, cal.2 from the PSO kinetics model for adsorption of MB by SFGO and LFGO in MB-Na2SO4 and MB-MgSO4 systems, and b) Zeta 
potential of GO-salt colloids, for salt concentrations ranging from 0 to 10 g/l in 0.01 mg/ml GO. 
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