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A B S T R A C T

Carbonaceous materials have shown undisputable promise as adsorbents and catalysts in various applications.
The ability to tune key features such as specific surface area and functionality to improve the activity, represents
a key advantage. However, this requires the development of general and versatile synthetic methods to deliver
these multifunctional materials. This work reports a convenient general approach to prepare a series of graphene-
chromophore systems. Two photochemical methods involving a step-by-step procedure and a one-pot method
were compared. It was found that the two-step procedure is limited by the stability of the diazonium salts and
thus has a limited application. The one-pot method allows preparation of a wide range of different composites in
an easy and inexpensive manner. Synthesised samples were characterised by a range of methods including
electron microscopy, X-ray diffraction, infra-red spectroscopy and gas adsorption. Transmission electron mi-
croscopy analysis revealed an ordered array of chromophores on the surface of the graphene nanoplatelets. The
samples were tested as potential materials for dye removal; these studies revealed that most graphene-
chromophore materials can successfully remove organic pollutants such as methylene blue, rhodamine B and
methyl orange from aqueous media.

1. Introduction

Environmental pollution with organic compounds, known as
emerging contaminants, is one of leading causes for concern as con-
ventional water treatment plants do not remove these contaminants
efficiently [1]. Adsorption remains a promising process to remove these
pollutants since it provides low initial costs, a simple design and a choice
of adsorbents [1,2]. Moreover, the combination of adsorption and cat-
alytic oxidation by carbonaceous materials such as biochar [3,4],
reduced graphene oxide [5], carbon nanotubes [6], g-C3N4 [7] have
emerged as potential alternatives [2,8]. Their ability to remove pollut-
ants through (non–) radical pathways [3] is driven by the availability of
reactive groups. Graphene is well suited to remove emerging contami-
nants, which are present at low concentrations and generate a hazard to

the environment [9]. Graphene also has distinct advantages over com-
posites of transition metals because it is relatively inexpensive, envi-
ronmentally friendly, non-toxic and produces no secondary pollution
[10]. However, it is highly hydrophobic and has a tendency to aggre-
gate. Moreover, a lack of functionalities limits graphene’s adsorption
capability to pi-pi interactions, and irreversible trapping of pollutants is
difficult to achieve. Although graphene-based materials have emerged
as highly promising candidates for a variety of applications [11–17]
including strong potential in processes such as photoreduction of CO2
[18], Fischer-Tropsch synthesis [19], water splitting [20–22], and water
treatment [23–25], the materials involved in these transformations
normally contain metal-based active centres [26,27], whereby graphene
simply plays the role of a support material. This is partially due to
pristine graphene having a low density of (electronic) states (DOS) near
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the Fermi level, and therefore, the activity is driven by the intrinsic
characteristics of the non-graphene component of the system [28–30].
Consequently, in order to create truly metal-free systems based on gra-
phene this requires the manipulation of electronic properties through
the tuning of its band structure [31–34]. This can be readily achieved by
functionalisation of the graphene basal plane via chemisorption, phys-
isorption or doping with heteroatoms [10,35–37]. These approaches can
be used to create defects and active sites on the graphene surface
[10,36,37], significantly expanding its potential as a (photo)catalyst.
Moreover, its dispersibility in common organic solvents and water can
also be improved through a lowering of the surface energy [10]. Cova-
lent functionalisation is a more suitable pathway to fabricate materials
for environmental remediation, because it leads to more prominent
changes in the electronic properties due to the disruption of the crystal
lattice [38,39], this in turn helps to create active sites for catalysis and
efficient adsorption. Thus, significant efforts aimed at covalent func-
tionalisation of the graphene surface in order to tune the band gap and
modulate its doping level have been undertaken [40]. Due to the inert
nature of the sp2-hybridised lattice of the pristine graphene basal plane,
covalent modification involves reaction with reactive radicals or dien-
ophiles [36,37,41].

We have previously reported a two-step photochemical method
using radical grafting induced by white light to produce a graphene-
phenazine hybrid with improved solubility and a modified band gap
[42]. Here, we report, for the first time, a general photochemical
methodology that can be applied to a wide range of structurally different
molecules to fabricate a diverse family of graphene-chromophore sys-
tems in an easy and cost-effective manner. We have also evaluated their
ability as new materials for dye removal using a combined adsorption
and photocatalytic strategy.

2. Experimental section

2.1. Materials and methods

Graphene nanoplatelets (GP) were obtained from Sigma-Aldrich. All
reagents were obtained from Sigma-Aldrich and Acros Organics and
used as received. All reactions were stirred with a magnetic stirrer unless
otherwise stated. Infrared spectra (IR) were recorded from the solid
phases using a Bruker Alpha Platinum ATR FTIR spectrometer. The
electronic absorption spectra were recorded using a Cary 100 UV–Vis
scanning spectrophotometer. Spectrophotometric experiments to assess
the photocatalytic and adsorption abilities of the materials were carried
out using a Cary 50 UV–Vis spectrophotometer controlled at 20 ◦C by a
single cell Peltier accessory, while Mercury and Xenon lamps were
employed as the source of visible and UV lights, respectively. Ther-
mogravimetric analysis (TGA) of the samples was undertaken on an
SDT-Q600 Simultaneous TGA with heating rate 5 ◦C per minute. X-Ray
diffraction (XRD) of the materials were recorded on Bruker D2-Phaser
diffractometer using Cu Kα radiation, with a step size of θ = 0.01013◦;
Lorentzian fitting was used to measure the full width at half maxima
(FWHM) of the diffraction peaks. Brunauer-Emmett-Teller (BET) surface
area measurements were performed using a Micromeritics TriStar 3000
instrument; samples were degassed in N2 at 110 ◦C for 3 h before
analysis and N2 adsorption and desorption isotherms were measured at
77 K. Transmission electron microscopy (TEM) analysis was carried out
using the FEI Titan Themis Cubed operated at 80 kV; samples were
prepared by dispersing the powders in IPA, sonicating and then drop
casting onto holey carbon TEM grids and bright field TEM images were
collected on a Gatan Oneview 16Megapixel CMOS detector.

2.2. General procedure to fabricate graphene-dye systems

Amino compounds used to generate diazonium salts are 7-amino-2-
methylchromone, 9-aminoacridine, 2-amino-3-methyl-8-dimethylami-
nophenazine (Neutral Red), thionine, 4′-aminofluorescein.

Method A [42]. In brief, an appropriate amino compound (5.04
mmol) was dissolved in HBF4 (7 mL; 50 % w/w H2O) and stirred. Then,
sodium nitrite (5.04 mmol, 0.35 g) in 2 mL of H2O was added dropwise
and the reaction was left stirring for 2 h. A small volume of diethyl ether
(5 mL) was added and the diazonium salt was collected by vacuum
filtration. Graphene (50 mg) was suspended in EtOH (100 mL) and
sonicated for 30 min. A solution of the diazonium salt (0.262 mmol) was
added to the graphene suspension, and the mixture was illuminated with
white LED light (2,000 lm) for 2 h under stirring. The resulting dark
coloured solution was washed several times with distilled water and
ethanol, centrifuged at 6000 rpm until no colour was observed in the
supernatant. The materials were dried and collected as black powders.

Method B. Typically, 80 mg of an appropriate amino compound was
dissolved in 100 mL of ethanol in a 250 mL conical flask. 8 mL of 50 %
HBF4 was added to the solution, followed by 40 mg of NaNO2 at 0 ◦C and
stirred for 40 min to generate the diazonium salt. 100 mg of graphene
nanoplatelets suspended in EtOH were added to the in situ generated
diazonium salt. The resulting mixture was illuminated with white light
(LED > 2,000 lm) for two hours under stirring. The resultant dark col-
oured solution was washed several times with distilled water and
ethanol and centrifuged at 6000 rpm until no colour was observed in the
supernatant. The materials were dried and collected as black powders.

2.3. Adsorption studies for dye removal using spectrophotometric analysis

Optimal loading studies and standardisation curves for methyl
orange (MO), methylene blue (MB) and rhodamine B (RhB). All
adsorption studies were carried out without illumination. The extinction
coefficients of the dyes (adsorbates) were determined experimentally
(See Supporting Information Sec. 3) and were as follows: 0.2599 L(mg
cm)− 1 (MB), 0.1025 L(mg cm)− 1 (MO) and 0.2622 L(mg cm)− 1 (RhB). In
all experiments the light path length was 1 cm. The mass loading ex-
periments were carried out using the following range of concentrations
for graphene materials in g/L: 0.0164, 0.0244, 0.0323, 0.04, 0.0476,
0.0551 and 0.0625. The procedure follows one described in the section
below ‘The kinetics study of dye removal’, where optimal loading (0.0323
g/L) is replaced by relevant concentration of GP-material. The study is
done for one cycle of dye removal.

Adsorption capacity (qt) or loading of adsorbate (dye) on the
adsorbent (surface) was calculated as follows: q(t) = (C0 − Ct)/Cs, where
C0 is the initial adsorbate concentration (mg per L), Ct is the dye concen-
tration in the solution at any given time (t) (mg per L), and Cs is the con-
centration of adsorbent (g per L). Using the Lambert-Beer Law: q(t)= (A0
− At)/(ε|Cs), where A0 and At are absorbances of the dye in the cuvette at
t= 0 and nmin, respectively; ε is extinction coefficient of the dye and l is
the pathlength (1 cm). (SI Table S3).

The kinetics study of dye removal. 0.03 mL of a dye stock solution
of MB, RhB or MO was added into a quartz cuvette containing 3 mL of
distilled water to ensure that optical transmission falls within acceptable
range (Abs 0.7–1.0 a.u.) prior adding graphene materials. The solution
was stirred to achieve homogeneity, and a UV–vis absorption spectrum
was recorded and used as 0 min value (A0). To the quartz cuvettes
containing 0.0323 g/L of the appropriate GP-material (0.1 mL of the
stock sol. 1 mg/mL) in 3 mL of water, 0.03 mL of MB stock solution was
added and stirred for 1 min prior the first scan. A kinetics experiment
was carried out for 120 min, by recording UV–vis spectra at 1 min, 20
min, 40 min, 60 min, 80 min, 100 min and 120 min. Dye removal effi-
ciency was determined by plotting a graph of At/Ao against time
(minute) using the formula: %Dye Removal = [(A0-At)/A0] × 100 %;
where A0 and At are the absorbances at 664 nm at t0 = 0 min, and at
various time points t = 1 min, 20 min, 40 min, 60 min, 80 min, 100 min
and 120 min. The experiments were performed in triplicate and the
mean values are reported.

The non-linear fitting was carried out in OriginPro using the
following equations:
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Pseudo − first − order (PFO) : qt = qe*(1 − ek1*t) (1)

Pseudo − second − order (PSO) : qt = (qe2*k2*t)/(1+ qt*k2*t) (2)

3. Results and discussion

3.1. Materials fabrication

We have previously reported a method for graphene modification
with phenazine dye, which can be carried out on both quasi free-
standing (graphene/SiC(001)) [43] and multi-layer graphene (nano-
platelets, ca. 10 layers) [42]. This method (Fig. 1Method A) is a two-step
process and relies on the production of diazonium salt from the corre-
sponding amine of the organic compound. Firstly, a stable diazonium
salt is generated and isolated followed by a second step, which involves
the photochemical reaction between graphene and the diazonium salt.
However, this approach requires prior preparation and isolation of the
diazonium salt which may exhibit instability greatly limiting the
applicability of the method. Moreover, the tedious process of purifica-
tion of the diazonium salt prior to the second step limits its overall
efficiency.

To overcome these issues, we have developed an alternative syn-
thetic methodology (Fig. 1 Method B), which can be applied to a variety
of different amines and requires no prior isolation of the corresponding
diazonium salts. In Method B, the fabrication of graphene-chromophore
system is carried out as a one-pot procedure. Here, the diazonium salt is
generated in situ avoiding unnecessary isolation by stirring NaNO2 and
the corresponding amine for 40 min at low temperature. Then, graphene
nanoplatelets are added directly to the mixture; and illumination with
white light initiates the reaction between graphene and the diazonium
salt. Here, we demonstrate that this method provides access to a series of
graphene-chromophore systems containing chromone (GP-Chr), acri-
dine (GP-Acr), phenazine (GP-Pnz), fluorescein (GP-Fsc), 2-hydroxy
anthraquinone (GP-AnOH) and thionine (GP-Thio).

Importantly, both methods require illumination with white light for
modification of the graphene surface, including those chromophores
which have no absorption in the visible region. This observation further
confirms our suggestion that hot electrons in graphene are responsible
for the initial step of electron transfer from the occupied states of gra-
phene to unoccupied states of diazonium salt, releasing nitrogen gas and
generating a chromophore based radical.

3.2. Materials characterisation

Successful modification of the graphene nanoplatelets was verified
by FT-IR, XRD, BET and UV–vis analysis. In Fig. 2a, FTIR spectra for the
series shown between 1900 and 750 cm− 1, are notably different from
unmodified GP as the GP spectrum is almost featureless. All materials
have enhanced and new bands between 1900 and 1500 cm− 1 region
corresponding to C = C, C = O (conjugated), C = N stretches. The
fingerprint region (1500–750 cm− 1) shows a range of C-O (aromatic)
and C–N (aromatic) stretches, N-H and O-H bending modes and a range
of C = C and =C–H bending modes (out-of-plane), as well as the ring
torsion bending vibrations.

Optical properties of the modified graphene samples were substan-
tially altered compared to unmodified GP, which shows a typical ab-
sorption band at 270 nm. UV–vis spectra of the materials shown in
Fig. 2b, demonstrate that the modified materials containing a visible
light absorbing chromophore have additional bands in the visible region
e.g. GP-Pnz (λvis 461 nm), GP-Acr (λvis 403 nm, 428 nm), GP-Fsc (λvis
455 nm, 488 nm), GP-Thio (λvis 601 nm, 652 nm), which matches the
optical behaviour of the chromophore itself. Also, GP-Chr and GP-AnOH
demonstrate significant broadening of the UV-band between 300 and
400 nm due to efficient π-π* transitions in these chromophores, which
are strong UV-absorbers. In addition, the UV spectrum of GP-AnOH tails
off into visible region, although no well-resolved bands can be observed.

3.2.1. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was carried out for unmodified

GP, the GP-functionalised samples and the starting amines between 50
and 900 ◦C (Fig. S1, in SI) and Fig. 2c,d show normalised first de-
rivatives (DTGA). For all graphene samples, the initial mass loss due to
moisture and adsorbed air is observed below < 50 ◦C. A complete py-
rolysis of unmodified graphene is achieved by 710 ◦C, which corre-
sponds to 99.4 % of the total mass loss which can be used as a purity
check. The starting dyes have two key degradation regions between
170–370 ◦C and 370–620 ◦C, while the pyrolysis of the functionalised
materials occurs within 570–820 ◦C range. The total %mass loss and the
inflection temperatures (Ti) are summarised in Table 1. The total mass
loss varies between 97.5 % and 100 % indicating a high purity of the
materials in terms of their graphitic content. After the initial loss of
moisture and adsorbed air, DTGA of unmodified graphene shows only
one significant region with the inflection temperature of 637 ◦C.

Initial amines of chromone, acridine and anthraquinone show a fast
thermal degradation process between 269–315 ◦C followed by a slower

Fig. 1. General strategies for fabricating graphene-dye composites: Method A (two-step procedure) and Method B (in situ one-pot).
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process at a higher temperature (462–508 ◦C), while the fast process for
phenazine, fluorescein and thionine, occurs at a higher temperature
range (493–555 ◦C).

The inflection temperatures attained from DTG analysis show
distinct differences between starting materials and the modified gra-
phene samples. The degradation pattern of the modified graphene
samples prepared by radical method shows two key regions with in-
flection temperatures ranges of 590–632 ◦C and 670–764 ◦C, respec-
tively. These regions can be attributed two types of material: graphene
with sp3 defects due to radical reaction on the outer nanoplatelets’
sheets and non-modified graphene of higher crystallinity with preserved
sp2 hybridisation across basal plane (inner nanoplatelets’ sheets). Both
ranges show a comparable rate suggesting that the first range with the
lowest (Ti) is likely due to the degradation of the defected graphene (due
to the functionalisation). While the second stage with a higher temper-
ature of graphene pyrolysis can be explained by the thermal degradation
of aggregated graphene nanoplatelets which thermal stability is similar
to graphite.

3.2.2. XRD and BET analysis
XRD patterns were recorded for non-modified and modified samples

showing diffraction peaks at 26.6 (002), 44.6 (101) and 54.7 (004),
which are typical for graphene nanoplatelets. Lorentzian peak fitting of
the (002) peak provided FWHM (◦) and d002 (Å) data which are sum-
marized in Table 2 and SI Fig. S2. No significant changes to the structure
of the nano flakes were observed upon modification; the FWHM values
for the modified samples increased by 12–38 % as compared to the
unmodified GPs. This could be attributed to strain induced by the
modification, which can also lead to the reduction of graphene sheets in
individual nanoflakes. The d002-spacings do not show any significant
variation from the unmodified sample; this indicates that no residual
chemical species is present in the interlayer space as d002 = 3.32–3.33 Å
is too small to contain entities as large as an epoxy group (1.25 Å) or a
water molecule (2.75 Å) [44]. This confirms that the chemical signatures
observed in IR spectra are on the surface of the GP.

BET analysis revealed a stark reduction in the specific surface area
(SSA) of the modified GP samples as compared to original GP (430 m2/
g). The data summarised in Table 2, shows that the surface area was
reduced by 65 % for GP-Pnz closely followed by GP-Chr, GP-Thio and
GP-AnOH, when compared to unmodified GP. The apparent SSA
reduction along with TGA results indicates modification of the graphene
surface by chromophore moieties. Although, some of the change in SSA
could be attributed to an increased aggregation of the modified platelets
(compared to pure GP) partially restricting nitrogen access to the GP

Fig. 2. (a) Normalised FTIR spectra (absorbance mode) of the materials; (b) Normalised UV–vis absorption spectra of the materials in water. TGA first derivative
(DTGA) plots for (c) starting amines and (d) graphene and modified graphene samples.

Table 1
Total %mass loss and the inflection temperatures of (Ti) for the graphene
composites and their corresponding starting dyes. (f = fast; s = slow process).

GP-
sample

Ti, oC Total mass
loss, %

Starting
amine

Ti, oC Total mass
loss, %

graphene 637 99.4 − − −

GP-Chr 620, 744 99.4 Chr 269f, 462 s 92.3
GP-Acr 613, 670 100 Acr 315f, 413

s, 508 s
99.8

GP-Acn 590, 710 97.5 Acn 304f, 475 s 100
GP-Pnz 632, 764 97.6 Pnz 302 s,

533f, 809 s
97.3

GP-Fsc 595,721 99.7 Fsc 278 s, 493f 98.8
GP-Thio 620f,

737 s
97.8 Thio 268 s,

456f, 555 s
100

Table 2
Summary of XRD data of the (002) peak and BET data for GP and the modified
samples.

2θ (◦) FWHM, (◦) d002, (Å) SSA, (m2/g)

GP 26.77 0.615 3.33 430
GP-Chr 26.79 0.730 3.33 201
GP-Acr 26.78 0.745 3.33 301
GP-Pnz 26.75 0.694 3.33 152
GP-Fsc 26.78 0.729 3.33 271
GP-AnOH 26.79 0.790 3.33 246
GP-Thio 26.82 0.847 3.32 232
2θ, scattering angle of (002) plane; FWHM, as calculated from the (002) plane; d002,
lattice spacing; SSA, specific surface area, as obtained from BET measurements.
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surface populated by the chromophore units, such an increase in ag-
gregation would still reflect modification of the surface.

3.2.3. TEM analysis
TEM analysis of selected samples such as GP (see Supporting Infor-

mation (SI), Sec. 2), GP-Pnz, GP-Chr, GP-Fsc, and GP-Thio was per-
formed. Fig. 3 shows TEM bright field phase contrast images and their
corresponding Fast Fourier Transformation (FFT) power spectra for
graphene nanoplatelets modified with phenazine, chromone, fluores-
cein and thionine molecules, respectively. In all cases the TEM images
show a rather smooth surface (Fig. 3a-d), however the individual mol-
ecules cannot be resolved. Important findings emerge by analysing the
FFTs of the images, which are equivalent to electron diffraction patterns.
FFT for unmodified graphene samples displays a set of spots forming a
hexagonal pattern characteristic for the graphene’s honeycomb struc-
ture (SI, Sec. 2). In contrast, each FFT for modified graphene samples in
Fig. 3e-h shows discrete sets of symmetrical spots, which belong to two
separate types of patterns: hexagonal and quasi-rectangular. Since FFT
power spectra represent reciprocal space, larger distances from the
central spot correspond to smaller distances in real space. For the GP-
Pnz sample there are two sets of spots, denoted by blue and white cir-
cles, that form two hexagonal patterns each characteristic of the gra-
phene lattice viewed down the [001] direction and corresponding to the
{100} type lattice spacing (Fig. 3e).

These two patterns are slightly rotated relative to each other corre-
sponding to two different overlapping graphene nanoplatelets, which
are randomly oriented on the TEM support film. The other two sets of
spots, denoted by green and red circles, are much closer to the central
spot and form two rectangular patterns. These additional spots were
absent in the FFTs for the unmodified graphene (see SI, Sec. 2), sug-
gesting that their presence in GP-Pnz FFT image (Fig. 3e) is associated
with an ordered array of chromophores. Therefore, these spots corre-
spond to two different domains of a phenazine layer attached to gra-
phene surface. It is noted that the patterns for the phenazine domains are
rotated relative to each other by the same angle as for the graphene
patterns. Therefore, it is concluded that each graphene nanoplatelet is
covered by a single well-ordered phenazine domain. Comparing the
distances between individual spots from the phenazine domain and
considering the graphene lattice parameter, the rectangular unit cell
parameters of the phenazine layer are calculated to be 0.52 nm and 0.38
nm, in good agreement with a previous study of covalent modification of
surface-supported graphene grown on cubic-SiC(001) by phenazine

molecules [43]. The results therefore show that this modification
method works well for the covalent attachment of phenazine molecules
to graphene surfaces and the formation of ordered domains.

Similar results are observed for the FFT of the image of the GP-Chr
sample (Fig. 3f), where two rectangular patterns (denoted by green
and red circles respectively), rotated relative to each other by the same
angle as for the graphene patterns, represent two different domains of
the attached chromone layer. Therefore, it is concluded that each gra-
phene nanoplatelet is covered by a single well-ordered Chr-domain. The
unit cell parameters of the chromone layer are calculated to be 0.48 nm
and 0.30 nm. The similarity of the FFT patterns obtained for GP-Pnz and
GP-Chr samples is unsurprising since the molecules both attach to the
graphene surface via C-C bonding of the fused aromatic ring system
(Fig. 1, represented by a dashed line). Therefore, Pnz and Chr chromo-
phores are both standing up on the surface [43] resulting in a compa-
rable molecular layer pattern on graphene.

For the GP-Fsc and GP-Thio samples (Fig. 3g,h), there is one hex-
agonal pattern (spots denoted by white circles) that corresponds to a
single graphene nanoplatelet. For both samples, one set of spots
(denoted by red circles) forming an oblique unit cell, has been identified
for the layer created by attached chromophore units. Hence, it is
concluded that in each case graphene nanoplatelets are covered by a
single well-ordered domain of the corresponding chromophore moieties.
The calculated unit cell parameters are 0.63 nm and 0.32 nm for fluo-
rescein layer and 0.91 nm and 0.44 nm for thionine layer.

Overall, the TEM/FFT results for the samples presented in Fig. 3
provide strong evidence that the modification methods described in this
manuscript lead to formation of quite ordered domains of organic
molecules bonded to the graphene surface. However, we note that
disordered regions are also observed, presumably due to defects on the
graphene surface and non-uniform nature of nanoplatelets. These
disordered regions cannot be distinguished by TEM/FFT from non-
modified graphene regions.

3.3. Dye removal study

Due to the presence of the functional groups, these materials can
promote favourable electrostatic interactions and act as potential ad-
sorbers for environmental contaminants such as dyes. To study the
adsorption behaviour of graphene-based systems, the removal of
methylene blue (MB), methyl orange (MO) and rhodamine B (RhB) in
water was selected as a standard method [45–50]. Experiments were

Fig. 3. TEM images and their Fast Fourier Transformations (FFTs) for the samples: (a) GP-Pnz TEM image; (b) GP-Chr TEM image; (c) GP-Fsc TEM image; (d) GP-
Thio TEM image; (e) GP-Pnz FFT image; (f) GP-Chr FFT image; (g) GP-Fsc FFT image; (h) GP-Thio FFT image. The areas used to calculate FFT power spectra (e-g) are
indicated by a red square in the corresponding TEM images (a-d).
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conducted to identify the optimal loading range suitable for spectro-
photometric monitoring. The calculated adsorption capacity (q) for the
modified graphene materials (SI Table S3) varied between the samples
and the optimal range was in a range of 0.0244–0.0476 g/L. Based on
the accurate transmission window for the measurements, the concen-
tration of 0.032 g/L was deemed to be optimal for comparative analysis
of the removal of MB, MO and RhB. To determine the efficiency of dye
removal, kinetic studies were carried out under pH 7 (22 ◦C) in the dark
by recording UV–vis absorption spectra every 20 min during a 120 min
experiment. The tested concentration of the GP materials was 0.0323 g/
L and that of the dyes (adsorbents) were 3.0 mg/L for MB, 7.0 mg/L for
MO and 4.6 mg/L for RhB. As MB and RhB are cationic dyes, whilst MO
is a basic dye, it is expected that the trend in the adsorption capacity of
the individual GP materials towards MB and RhB may be similar. The
results of the adsorption studies and linear adjustment of pseudo-second
order kinetic model are shown in Fig. 4 and SI Sec. 3. Pseudo-first order
(PFO) (Eq. 1) and pseudo-second order (PSO) (Eq. 2) equations were
used to assess behaviour of the composites and the data from non-linear
fitting [51] is reported in Table 3 and Tables S4-S9. PSO Regression fit
model has better correlation coefficient values (R2) and the standard
deviation error (SDE) for experimental (qexp) and calculated (qe-cal)
values over PFO model.

Fig. 4 (right) shows the adsorption capacities of the modified GP
materials for MO removal revealing relatively low values. The best re-
sults were achieved with GP-Acr (33.39mg/g) and GP-Fsc (27.43 mg/g),
which were closely followed by GP-Chr (25.04 mg/g). Other materials
GP-AnOH, GP-Thio and GP-Pnz showed lower adsorption capacities
plateauing at 20.27 mg/g, 16.69 mg/g and 13.12 mg/g, respectively.
The structure of MO is not flat and therefore not favourable for efficient
electrostatic interactions such as π-π stacking. Our results are in the
middle of those adsorption capacities reported for GO (16.8 mg/g),
carbon nano tubes (12.5–52.9 mg/g) and 3D graphene networks
[52–55].

In contrast, MB adsorption was highest for GP-Fsc (49.6 mg/g), GP-

Acr (47.92 mg/g) and GP-Thio (43.48 mg/g). This was followed by GP-
Chr (38.31 mg/g), and then by GP-Pnz and GP-AnOH with a relatively
similar adsorption capacities of 32.58 mg/g and 30.04 mg/g, respec-
tively. The results for the first three materials are very encouraging;
especially when the loading could be improved by optimising the con-
centration of the materials. They are in line with other examples from
the literature for MB adsorption: zeolites (47.3, 22.0, and 5.6 mg/g),
mesoporous activated carbon/zeolite composites (15.49, 47.95 mg/g),
and activated carbon from biomass waste, chitosan-zeolites [56–59].
The lower adsorption capacity of GP-Chr is likely due to the only mild
electrostatic interactions of the OH and C=O groups of the Chr-unit with
N and S groups in MB, and a steric hindrance of the bulky Me groups.
Although the surface area of GP-Pnz is smaller than that of GP-AnOH, its
adsorption capacity is higher because of the preferential π-π stacking
between Pnz-units and MB. The higher adsorption capacity of GP-Acr
compared to others in the series is due to greater electrostatic attrac-
tion provided by π-π interactions.

Overall, the performance of the modified GP materials to remove
RhB was better than that observed for MO and MB. A similar adsorption
pattern to one observed for MB, was evident for GP-Fsc (63.35 mg/g)
and GP-Acr (63.00 mg/g), which was closely followed by GP-AnOH
(61.77 mg/g). Other materials also showed higher adsorption capac-
ities with GP-Chr, GP-Thio and GP-Pnz being 58.19 mg/g, 45.08 mg/g
and 33.15 mg/g, respectively.

Table 4 summarises the total amount of dye removed by the modified
GP materials for all three model dyes. Similar to the adsorption capacity
values, the removal of RhB was the most efficient (between 60–99 %),
followed by MB (41–99 %), with the least efficient being MO (25–47 %).
In this series, GP-Acr and GP-Fsc displayed the highest values for all
three dyes, closely followed by GP-AnOH and GP-Chr with oxygen
containing units, whilst GP-Thio and GP-Pnz were the least effective.

These results are influenced by multiple factors, with the mechanism
of removal involving electrostatic interactions between the surface units
and the dye molecules. The binding of molecules on surfaces is

Fig. 4. (right) Summary of adsorption capabilities of MO, RhB and MB dyes for GP modified samples (0.0323 g/L) studied by spectrophotometric method monitoring
absorbance decreases at 464 nm (MO), 664 nm (MB) and 553 nm (RhB) over 120 min; Pseudo-first order (PFO) and pseudo-second order (PSO) non-linear fitting
curves. (left) Linear adjustment of pseudo-second order kinetic model.
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influenced by the dipole moments of the surface and the adsorbant,
which can be permanent, induced or fluctuating [60]. It is likely that the
orientation of the dye on the surface of GP is influenced by π-π stacking
interactions; thus, a larger surface area should be a rate determining
factor. The surface area of the modified GP materials decreased in the
following order GP-Acr > GP-Fsc > GP-AnOH > GP-Thio > GP-Chr >
GP-Pnz, but this alone cannot account for the activity observed. The low
dye removal efficiencies of GP-Pnz and GP-Thio manifest from a lower
surface area, but also from the presence of similar functional groups
(− NR2), which can cause electrostatic repulsion. The presence of a
–CO2H group on GP-Fsc allows efficient binding of cationic MB and RhB
leading to the formation of GP-Fsc*Dye salt, which can explain the
excellent adsorption capacities. Although GP-AnOH and GP-Chr had
surface areas almost half that of unmodified GP, they are able to bind the
cationic dye through the presence of >C=O functional groups. GP-Acr
had the largest surface area, and the presence of an imine (− N=)
functional group allowed favourable dipole interactions with MB and
RhB.

4. Conclusions

In summary, two-component hybrid graphene nanoplatelet systems
have been fabricated and tested as potential materials for dye removal.
Although a two-step procedure can be applied to a range of amines, it is
limited by the stability of the corresponding diazonium salt and its
tedious purification. To address these issues, an alternative one-pot
synthetic methodology has been developed, which utilizes in situ gen-
eration of the diazonium salt, and is therefore applicable to a wide range
of organic chromophores. The procedure is versatile and can be per-
formed on a large scale, which offers an easy and cost-effective means of

graphene modification. Detailed materials characterisation has been
carried out to confirm the success of functionalization. All samples
demonstrated tangible enhancements in optical properties, which are
exclusively derived from the successful surface modification. XRD
analysis of the modified samples showed a slight widening of the (002)
graphitic peak relative to that of unmodified graphene, with no changes
in the d002 spacing. Dramatic changes in BET and FT-IR data were due to
chemical modifications on the surface and edges of the flakes. Although
disordered regions are also observed, TEM analysis of selected samples
GP-Chr, GP-Pnz, GP-Fsc and GP-Thio showed an ordered arrangement of
the chromophore on the graphene platelet in good agreement with STM
data previously reported for the GP-Pnz on Si(C) sample [43]. The
hybrid materials were excellent absorbers for the removal of MO, MB
and RhB dyes due to the diverse range of electrostatic interactions
provided by organic units.
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Table 3
Pseudo-first order (PFO) and pseudo-second order (PSO) kinetic model parameters for the adsorption of MO, MB and RhB.

Model Parameters GP-Chr GP-Acr GP-AnOH GP-Pnz GP-Fsc GP-Thio

PFO-MO qe-cal (mg g− 1) 22.78 32.00 19.25 12.54 25.98 16.31
k1 (min− 1) 0.081 0.092 0.094 0.063 0.096 0.101
SDE 1.13 0.695 0.51 0.29 0.725 0.19
R2 0.966 0.993 0.982 0.981 0.988 0.991

PFO-MB qe-cal (mg g− 1) 36.34 44.79 29.07 30.66 47.24 41.23
k1 (min− 1) 0.049 0.073 0.040 0.058 0.088 0.080
SDE 0.985 1.565 0.485 0.96 1.175 1.125
R2 0.974 0.981 0.982 0.973 0.989 0.986

PFO-RhB qe-cal (mg g− 1) 56.00 62.48 60.44 31.68 64.06 42.87
k1 (min− 1) 0.117 0.117 0.140 0.070 0.128 0.116
SDE 1.095 2.03 0.665 0.735 0.645 1.105
R2 0.995 0.990 0.997 0.989 0.997 0.990

PSO-MO qe-cal (mg g− 1) 24.94 34.15 20.65 14.01 27.72 17.25
k2 (g mg− 1min− 1) 0.0055 0.0056 0.0090 0.0069 0.0072 0.0134
SDE 0.05 0.38 0.19 0.445 0.145 0.28
R2 0.982 0.999 0.992 0.993 0.996 0.997

PSO-MB qe-cal (mg g− 1) 42.05 49.30 34.57 34.63 50.81 44.85
k2 (g mg− 1min− 1) 0.0015 0.0024 0.0014 0.0025 0.0034 0.0032
SDE 1.87 0.69 2.265 1.025 0.61 0.685
R2 0.991 0.994 0.995 0.991 0.997 0.996

PSO-RhB qe-cal (mg g− 1) 58.51 65.45 62.28 34.90 66.31 45.00
k2 (g mg− 1min− 1) 0.0053 0.0046 0.0077 0.0033 0.0060 0.0064
SDE 0.16 0.545 0.255 0.875 0.48 0.04
R2 0.998 0.9951 0.999 0.997 0.999 0.996

Table 4
Summary of dye removal studies for the modified GP samples.

MB removed, % RhB removed, % MO removed, %

GP-Chr 77 88 37
GP-Acr 94 99 47
GP-AnOH 85 86 32
GP-Pnz 41 60 25
GP-Fsc 99 90 41
GP-Thio 50 70 28
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