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amine (EA) mediated graphene oxide (GO) self-assembly. The synthesis route to GPM is
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simple and benign. GPM was composed of GO nanosheets as building blocks and the tri-
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polyphosphate as cross-linkers and chelators of cations in solutions. GPM showed higher
potency for adsorption of cationic dyes than anionic dyes, and the adsorption process
was through electrostatic and p–p interactions. Adsorption was spontaneous and exothermic, and the adsorption capacity of GPM for cationic dyes (>2540 mg g1) far exceeded those
reported in literature for GO materials.
Ó 2014 Elsevier Ltd. All rights reserved.

1.

Introduction

The magnitude of surface water pollution, especially from
industries, is enormous and remediation is seemingly intractable because of the diverse sources of pollution. The current
technologies used in industrial wastewater treatment systems are not effective enough. Hence, technologies that can
achieve high efficiency in wastewater treatment should be
considered with priority since treatment of industrial effluents before disposal into surface water bodies would be an
effective method to reduce surface water pollution [1].
Advances in graphene chemistry have triggered enormous
interests in the applied science fields [2]. The concept of the
synergistic combination of different molecules in one single
product has become a very successful approach in materials
science for achieving highly efficient and specific goals in
materials’ property. This includes the making of materials
with new structural and functional properties superior to
those of the individual pure components. Such focus on the
physical properties of graphene has resulted in the discovery
of plethora of new materials leading to the fabrication of
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prototype devices such as field-effect transistors [3] and
extraordinary high sensitivity chemical sensors [4]. However,
despite the intriguing properties anticipated for functionalized graphene, chemical modification of graphene for environmental application remains largely underexplored. In
this study, we reported the functionalization of graphene
oxide (GO) with tripolyphosphate (TPP) which has been used
for dye removal from water. TPP has been recognized as a very
potent chelating agent for cations in solution. Here it was
coupled to GO through the initiator ethanolamine (EA), in a
reaction similar to the GO amidation reaction of Yang et al.
[5]. The amine group of EA was attached to the GO sheet
through the carboxylic acid functional group following the
N-(3-dimethylaminopropyl)-N 0 -ethylcarbodiimide hydrochloride (EDC) chemistry: a similar reaction to that described by
Liu et al. [6]. The EDC was the coupling agent between the
amine of EA and the carboxylic group of GO. The coupled
amine group can become easily protonated, thus acquiring
a positive charge. The TPP assembly was formed by electrostatic interaction between the negatively charged TPP terminals and the positively protonated amine groups on GO
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sheet. Several GO sheets are cross-linked in this manner to
form the GO–TPP hybrid material (GPM). A schematic representation of the synthesis is shown in Fig. 1. This new graphene material (GPM) is amphiphilic containing uncharged and
aromatic graphene portions as well as the charged groups
such as the hydroxyl, phosphate, and carboxylic groups.
Due to the small size of the tripolyphosphate molecule the
assembly is believed to be somewhat packed together in a
sponge-like manner.
GPM adsorbent assembly was formed spontaneously at
the basal plane or edges of graphene or GO due to chemical
or physical interactions of molecules with the graphene or
GO sheets, without high-vacuum or high-temperature processing [2]. These interactions occur mainly on the oxygen
species through such groups as hydroxyl (AOH) or carboxyl
(ACOOH) which are necessary for the molecules to covalently
bond to the surface [7].
The synthesized GPM was used for the removal of two different categories of dyes from water: cationic (methyl blue –
MB, methyl violet – MV, and basic fuchsine – BF) and anionic
(methyl orange – MO, alizarin yellow – AY, amaranth – AM)
dyes. Cationic and anionic dyes are commonly used in the
textile industries; though currently the use of a single cationic
or anionic dye is limited, and the commonly used reactive
dyes are composed of both cationic and anionic functional
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moieties. These functional moieties make the reactive dyes
react covalently with the fabric as well as causing better
exhaustion, fixation, and fastness of these dyes. A major challenge of industries involved with reactive dyes is effluent disposal. Most effluents are discharged into water bodies, and
the major after-use challenges of these dyes are environmental. They are known carcinogens in biota, for example BF is a
known category 2 carcinogen, irritating to respiratory system
and eyes, and forms methemoglobin (an altered form of
hemoglobin that cannot bind oxygen) with the human hemoglobin, thus leading to suffocation.
The aim of this study was to synthesize and use GPM
adsorbent for cleanup of simulated cationic and anionic dyes
polluted water. Since reactive dyes and their intermediates
contain both moieties, data from the study was used to
understand which functional moieties were involved in the
adsorption process as well as explain the dynamics of the
adsorption process.

2.

Experimental

2.1.

Preparation of GO and GPM

The chemical exfoliation of natural flake graphite was carried
out by modified Hummers’ method in which a very long oxi-

Fig. 1 – Schematics for the modification of GO with TPP using the EA initiator. (A color version of this figure can be viewed
online.)
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dation period was combined with a multi-cycle purification
process [8–10]. For the GPM synthesis, aqueous exfoliated
GO suspension (10.0 g, 13.26 mg mL–1) and ultra-pure water
(40 mL) were loaded into a 300 mL conical flask. This was sonicated at 40 °C for 0.5 h. Then 100 mg of EDC and 2 mL EA were
added into the conical flask and stirred for 0.5 h. Sodium NaTPP solution (0.25 M, 20 mL) was added and stirring continued
for 2 h. After stirring, the mixture was then kept quiescent for
5 h, and the graphene tripolyphosphate assembly was collected by centrifugation, washed thrice with ultra-pure water,
filtered and vacuum dried (Materials and methods in the Supplementary Materials).

2.2.

Instrumental characterization

GPM was characterized by Spectrum One Fourier transform
infrared (FTIR) spectrometer (PerkinElmer Instruments Co.
Ltd., USA); Renishaw inVia Raman spectrometer (Renishaw
plc, UK); scanning electron microscopy (SEM) images were
observed on a Hitachi S-4800 scanning electron microscope
at an accelerating voltage of 6 kV (Hitachi Ltd., Japan); Philips
X’Pert PRO X-ray diffraction instrument (PANalytical B.V.,
Netherlands); and Micromeritics ASAP 2020 M + C accelerated
surface area and porosimetry analyzer (Micromeritics
Instrument Corporation, USA). GPM was also subjected to
thermo-gravimetric analysis (TGA) using Pyris Diamond
Thermogravimetric/differential thermal analyzer (PerkinElmer
Instruments Co. Ltd., USA), while the dye adsorptions were
monitored using quartz cells with 1 cm path length on a
PerkinElmer Lambda 950 UV–vis–NIR spectrophotometer
(PerkinElmer Instruments Co. Ltd., USA) (details in the
Supplementary Materials).

2.3.

Dye adsorptions

Batch equilibrium adsorption experiments were done to
determine the dye adsorption characteristics of GPM. The
effects of time, pH, dye concentration, and temperature on
dye adsorption were ascertained using dye concentration of
2000 mg L–1 and 5.0 mg of GPM. Where necessary, working
solutions of lower concentrations were prepared from this
concentration and used as soon as possible. The adsorption
time ranged from 0 to 180 min; pH from 3 to 11; and temperatures used were 15, 25, and 40 °C. The dye–GPM mixtures
were shaken at the desired temperature in a temperature
controlled shaker during the course of the sorption experiments. The tubes were withdrawn from the shaker at the
appropriate time interval, centrifuged at 9000 rpm for
10 min and the concentrations of dye in the clear upper solutions were determined at 600, 465, 374, 521, 584, and 544 nm
for methyl blue, methyl orange, alizarin yellow, amaranth,
methyl violet, and basic fuchsine dyes, respectively.
The extents of dye adsorptions on GPM were calculated
using Eq. (1).
qe ¼

ðCo  Ce ÞV
m

ð1Þ

where qe , Co and Ce are the amount of dye adsorbed (mg g–1),
the initial and final dye concentrations in the solution
(mg L–1), respectively; and V (mL) and m (mg) are the volume

of dye solution used and mass of GPM used for each adsorption, respectively.The Lagergren pseudo-first-order (PFO) and
pseudo second-order (PSO) rate models as well as the Langmuir and Freundlich adsorption isotherms were used to
describe the adsorption data. The BF dye thermodynamic
adsorption parameters – enthalpy (DH ), entropy (DS ), Gibbs
free energy (DG ) and equilibrium constant (Kc ), were also
evaluated from the adsorption data at 288, 298, and 313 K
(Supplementary Materials).

3.

Results and discussion

GO was employed in this modification instead of graphene
because of the array of possible chemical reactions that are
associated with the different oxygenated species on its surface [11], thus making GO significantly more versatile than
graphene in this regard. This is an important advantage that
allows the exploration of new routes for the immobilization
of initiator molecules such as EA. Such initiator molecules
are necessary due to the fact that despite the huge dimensions of the GO, in principle, no steric hindrance is expected
as the polymer chains grow from the GO surface [12]. The
GPM synthesis can be explained as follows: GO possesses considerable amount of oxygen containing groups, such as carboxyl, hydroxyl, and epoxide, on its surfaces, impacting the
ability of even dispersion of GO in polar solutions because
of these associated charged groups. Reaction of the GO terminal carboxylic group with EA enhances the dispersion of GO
in water due to the large difference in size of the GO and
EA. However, addition of TPP initiates the hybrid of these
evenly dispersed GO sheets in solution due to the electrostatic
interaction of the positively charged ANHþ
3 of EA functionalized GO and the negatively charged phosphate group of TPP.
A synthesis pathway for this reaction showing GPM selfassembly obtained by reacting TPP with GO through the initiator molecule, EA, was proposed (Fig. 1). The positively
charged amine group in the assembly provides spontaneous
strong chemisorption point for TPP [13] resulting from charge
þ
transfer between the APO
3 and ANH3 . In this way, there are
intra- and inter-molecular linkages created between both
negatively charged ends of TPP and the positively charged
amine groups on two GO nanosheets.
Fourier transform infrared (FTIR) spectra (Fig. 2a) showed
the functional groups associated with the newly synthesized
material. The characteristic peaks of pristine GO were
observed at 3436, 1627, 1421, and 1068 cm–1: each suggestive
of stretching vibrations of hydroxyl functional groups associated with GO as well as free hydroxyl groups, AC@O of the
amide-I structure, carboxylate vibrations, and ACAO stretching vibrations of carboxylic acids, respectively. The IR spectra
analysis of GPM and the control reactions confirmed the
hybrid reactions predicted in Fig. 1 and showed that EDC
was effective in coupling EA to the GO sheets (Fig. S2, Supplementary Materials). Apart from the usual peaks of GO mentioned above, the intense peak at around 3400 cm–1
indicated the presence of additional free intermolecular
AOH groups on the GPM material as well as the presence of
ANH stretch. The intensity of this peak was however reduced
on hydrazine reduction in rGPM due to the removal of some of
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Fig. 2 – (a) IR spectra of GO, GO after reaction with EA (GO-EDC-EA), GPM, and rGPM. (b) TGA spectra of GO, GPM, and rGPM. (c)
Raman spectra of GO, GPM, and rGPM. (d) XRD patterns of GO, GPM, and rGPM. (A color version of this figure can be viewed
online.)

the AOH free groups. The appearance of the peak around
1210 cm–1 showed the presence of the ACAN bond on the
GPM materials: an indication of the successful reaction
between the amine group of EA and carboxylic group of GO.
The very strong peaks around 1640 cm–1 showed the presence
of ANH bond of amide group on the new materials. The
strong peaks of GPM and rGPM around 1152, 890, 730, and
560 cm–1 were all attributed to phosphate and phosphoramide groups.
TGA also confirmed the formation of the GPM. Fig. 2b
shows the weight loss for GO and GPM materials. Slight
weight losses were observed for both samples at the first
stage (at temperature <105 °C). These losses were assigned
to the residual water or absorbed solvent which were trapped
within the assembly. The next stage of weight loss for GO was
largely significant (35%), occurred between 105 and 220 °C,
and represents the pyrolysis and decomposition of the labile
oxygen-containing functional groups such as ACO, AOH and
ACOOH attached to GO resulting in the loss of CO, CO2 and
steam. GPM on the other hand did not record such huge
amount of weight loss (about 14%) because these functional
groups were involved in chemical reactions during the formation of the assembly. Further weight losses, especially for
GPM, occurred gradually up till 400 °C where the weight loss
was nearly constant. rGPM showed similar weight loss pattern as GPM but with less final weight loss (9%). Above
400 °C, the weight losses of GPM and rGPM were not
significant and this indicated the material remaining at this

temperature and beyond is stable. Thus, the GPM assembly
was thermally stable.
The Raman spectra of pristine GO, GPM, and rGPM (Fig. 2c)
showed that the GO structural skeleton remained intact after
the functionalization. All three materials displayed two prominent peaks at around 1356 and 1596 cm–1, which corresponded to the well-documented D-and G-bands. The D
peaks were attributed to the defects in the graphene backbone structure, while the G peaks were evidence of sp2
bonded carbon that is present in planar sheet configurations
which includes sp2 C@C stretch vibrations in the GPM adsorbent. The D/G-intensity ratios of GO, GPM, and rGPM (0.88,
0.91, and 0.93, respectively), as well as their D and G bands
linewidth were not significantly different from each other,
an indication that the C@C bonds were only slightly distorted
and not involved in GPM formation. The variety of the D-band
and G-band intensity ratio, reflecting the changes of the average size and number of the in-plane sp2 domains, and the
positional shifts were consistent with the reported results
for chemically converted graphene [14,15]. The XRD pattern
of the new GPM material confirmed the presence of TPP
because it was consistent with that reported in literature
[16]. The XRD peaks represent phosphate and phosphoramide
groups that has been attached to the GO sheets.
The SEM image of the pristine GO (Fig. 3a) is significantly
different from that of the GPM assembly (Fig. 3b). SEM image
of GPM showed much rougher and smaller sheets than the
pristine GO; and this was attributed to the presence of the
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Fig. 3 – SEM images of (a) pristine GO showing unbroken sheets and (b) GPM showing rough and reduced sheets after the
synthesis.

cross-linking groups such as TPP and EA on the surface of the
GO sheets. The presence of these groups also contributed to
the difference in the electrical density of the GPM assembly
as opposed to graphene oxide sheets.
GO nanosheets dispersion usually aggregate upon drying
due to stacking of the sheets. This led to the low BET surface
area recorded which was significantly lower than theoretically predicted 2600 m2 g–1 [11]. Modification of GO sheets
with rigid molecules usually reduce stacking of the sheets
leading to higher values of BET surface area; however, we
have used non-rigid and small molecules for the GO modification and cross-linking, and this has led to the reduced surface
area of the new material. The BET surface area values of the
freeze dried GO and GPM (Fig. S3, Supplementary Materials)
was 56.2 and 41.5 m2 g–1, respectively. In addition, the pore
diameter and pore volume of GPM also decreased from
4.9 nm and 0.06 cm3 g–1 to 4.6 nm and 0.04 cm3 g–1,
respectively.
Preliminary investigation of dye adsorptions on GO and
the various GO treatments (GPM and rGPM) showed that
GPM assembly has adsorption capacity far higher than that
of the pristine GO; Ramesha et al. [17] has also reported a similar low adsorption of cationic and anionic dyes by GO. In
order to understand the details of the adsorption characteristics of GPM, further adsorption experiments were carried out.

The effect of time on the adsorption of any adsorbate in aqueous solution is an important parameter that helps in determining the efficiency of the adsorbent to be used for water
treatment. Since industrial wastewater cannot be held in
treatment plants for long periods, it is imperative that maximum sorption occurs as soon as possible. The optimum time
for an adsorbent to be saturated by a sorbate can be determined by the time it takes 1.0 g of such adsorbent to reach
maximum sorption. The adsorption time curve for BF
obtained at pH 6.5 (Fig. 4a) shows that adsorption on GPM is
very fast, reaching maximum in approximately 60 min. This
is consistent with the result obtained by Ramesha et al. [17]
for dye adsorption by graphene based adsorbents. Thus, further experiments in this study have been incubated at
60 min. This rapid adsorption trend is due to the high affinity
of the cationic dyes on GPM because of electrostatic interaction between the positively charged amine group of BF and
the negatively charged terminals of the phosphate groups as
described in Figs. 1 and 6.
Fitting of the adsorption data to the two Lagergren kinetic
models (PFO and PSO) showed that the adsorption data fit the
PSO kinetics better than for PFO (Fig. S4, Supplementary
Materials). This was evident in the correlation coefficient (r2)
of the PSO (1.00) which was closer to unity than the
PFO (0.64). This is an indication that the rate controlling

Fig. 4 – (a) Effect of time on BF adsorption by GPM. Black line denotes quantity of dye adsorbed (Qe) and the blue line shows the
percentage (%) adsorption. (b). Effect of pH on BF adsorption by GPM. Black line denotes quantity of dye adsorbed (Qe) and the
blue line shows the percentage (%) adsorption. (A color version of this figure can be viewed online.)
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mechanism for adsorption involves valence forces through
sharing or exchange of electrons between the GPM surfaces
and the adsorbate – BF [1,18].
Another important parameter used for establishing the
adsorption behavior of a new adsorbent is the pH value of sorbate solution. This is imperative because the extent of
adsorption of any adsorbate differs depending on the degree
of charge density or electrostatic interaction surrounding
either the adsorbate or adsorbent, or both, which in turn
affects the degree of adsorption [1]. Hence, we have probed
the effect of pH variation on BF adsorption in the pH range
of 3 through 11 (Fig. 4b). The result showed that the adsorption from aqueous solution was pH dependent because as
pH of the sorbate solution increased, the removal efficiency
of GPM also increased until optimum pH for maximum
adsorption which was observed in this study at pH 10. This
trend may be explained thus: pH affects the ionization of
GPM functional groups (such as the phosphates) which are
mainly responsible for the adsorptions. At very low pH values,
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the extent of the ionization of the functional groups are very
low, and the few groups that may ionize under this condition
may not be available for adsorption because the stiff competition between the adsorbate and protons in solution. Hence,
lower BF removal efficiencies were observed at lower pH values. However, as pH increased, functional groups ionization
increased, and competitions from protons become less potent
and are reduced drastically at above pH 7. This leads to
increased negative charge density on the GPM which makes
for better electrostatic interaction between negatively
charged phosphate and the positively charged BF, leading to
enhanced adsorptions; and hence the increased adsorptions
observed which continued until optimum when virtually all
adsorption sites were occupied at pH 10. Olu-Owolabi et al.
[1] and Ramesha et al. [17] have reported similar results. Further experiments in this study were done at pH 10.
The dye adsorption capacities of GPM for six dyes (MB, MO,
BF, AM, AY, and MV) were investigated at different initial concentrations (250–2000 mg L–1) and three temperatures (288,

Fig. 5 – Adsorption trends of the various dyes at 288 (blue), 298 (red), and 313 K (black). (a) BF; (b) MB; (c) MO; (d) MV; (e) AY; and
(f) AM. (A color version of this figure can be viewed online.)
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298, and 313 K) (Fig. 5). The effect of temperature was not
obvious on the adsorption curve (Fig. 5) up to concentrations
of 1500 mg L–1 for adsorptions of the cationic dyes (BF, MB,
and MV) since over 98% of the dyes in solution were removed;
however, beyond this concentration, the effect became visible. Fig. S5 (Supplementary Materials) showed the color of
dye solutions (BF, MB, and MV) before and after adsorptions.
However, above this concentration and closer to GPM maximum adsorption capacity, lower temperatures favored the
adsorptions; adsorption at 288 K was higher than at 313 K.
The adsorption trend at higher temperatures is
288 > 298 > 313 K. The non-cationic dyes (MO, AY, and AM)
showed varying adsorptions at different temperatures and
different concentrations.
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Table 1 – BF adsorption thermodynamic parameters at 288,
298, and 313 K.
Temperature (K)
–1

DG° (kJ mol )
DH° (kJ mol–1)
DS° (kJ K–1 mol–1)

288

298

313

14.78
0.34
0.02

14.97
20.34
0.02

14.34
20.34
0.02

Table 2 – BF adsorption isotherm parameters at 288, 298,
and 313 K.
Parameter

288 K

298 K

313 K

Langmuir
Qo
r2

1012.11
0.261

989.12
0.653

1000.00
0.553

Freundlich
Kf
r2

571.48
0.942

493.17
0.960

295.80
0.704

*

*
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Qo (mg g–1) – theoretical maximum adsorption.

Olu-Owolabi et al. [20]. The non-cationic dyes on the other
hand cannot be removed by electrostatic interaction because
they lack a corresponding positively charged group in their
structure, and thus sieving and p–p interactions are main
driving forces responsible of anionic dyes’ removal from solution.
It is assumed that in an isolated system, energy cannot be
gained or lost and the entropy change is the only driving
force. However, in environmental application, both energy
and entropy must be considered in order to determine which
process(es) will occur spontaneously. Hence, using BF as a
representative cationic dye, the adsorption thermodynamic
parameters were calculated (Supplementary Materials) and
shown in Table 1. The adsorption on GPM was spontaneous
(negative DG ) and exothermic (negative DH ), with decrease
in the randomness at the adsorbent-solution interface during

the reaction (negative DS ). This is a reflection of the dye affinity to GPM surface at equilibrium. The exothermic nature of
the adsorption was buttressed by the reduction in the adsorption as the temperature increased.
Fitting of the adsorption data to the Langmuir and Freundlich adsorption isotherms (Table 2) showed that the adsorption was better described by the Freundlich isotherm at all
temperatures, with r2 values that were closer to unity than
the Langmuir isotherm. The Langmuir isotherm assumes that
the sorption sites on GPM possess equal affinity for the dye,
and forms a monolayer on GPM surface at saturation; but
the Freundlich isotherm assumes sorption on heterogeneous
surfaces [1]. The fit of the adsorption data to the Freundlich
isotherm implies that in addition to p–p interactions (between
the aromatic rings of GPM and those of the dyes), electrostatic
interactions (between the charged surfaces of GPM and the
dyes), and molecular sieving (of the dyes by the GPM),
multi-layer adsorptions (resulting from p–p interactions
between the aromatic rings of the surface adsorbed dyes
and dyes in solution) are also involved in these dyes removals
from solution. The poor fitting of the Freundlich adsorption
isotherm obtained at 313 K was attributed to inherent errors
associated with using the linear model calculations of the Freundlich adsorption isotherm parameters which become significant when dealing with low energy adsorption surfaces
like the GPM.
Comparison of the GPM adsorption capacity with some of
those reported in literature (Table 3) showed that GPM is a
very potent adsorbent for cationic dyes.

4.

Conclusions

This study illustrated the simple synthesis of graphene oxide
tripolyphosphate material under benign conditions. The tripolyphosphate group conferred a very environmentally useful
property to the graphene – superchelating capacity. IR, TGA,
Raman shift, SEM, XRD, and surface area confirmed the formation of the assembly. Graphene oxide tripolyphosphate

Table 3 – Review of maximum sorption capacities (Qo) of some sorbents for some similar dyes.
Adsorbent

Adsorbate

Qo (mg g–1)

Refs.

Thermal power plant fly ash
Bottom ash (power plant waste)
Jalshakti
De-oiled soya
N-(2-aminoethyl) amino dexoxy b-cyclodextrin polymer
b-cyclodextrin polymer (b-CDP)
Hydroxyl-propyl b-cyclodextrin polymer (HP-b-CDP)
Carboxyl-methyl b-cyclodextrin polymer (CM-b-CDP)
Jute fiber carbon
GPM
GPM
Phosphoric acid modified rice straw
Fe nanoparticles/graphene composite (F1G1)
Fe nanoparticles/graphene composite (F5G1)
Graphene oxide
GPM
GPM
GPM
GPM

Crystal violet
BF
MB
BF
BF
BF
BF
BF
Malachite green
AY
MO
Basic blue 9
MB
MB

4.6
7.2
11.7
13.5
16.5
32.3
39.0
54.6
136.6
138.5
142.9
208.33
250.0
416.7
673.0
1165.6
2627.5
2722.7
2761.5

[21]
[22]
[23]
[22]
[24]
[24]
[24]
[24]
[25]
Present
Present
[26]
[27]
[27]
Present
Present
Present
Present
Present

AM
MV
BF
MB

study
study

study
study
study
study
study
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material shows a potent and fast cationic dye removal that
uses electrostatic, sieving, and p–p interactions to remove
dyes from solution. The removal is spontaneous and exothermic, and can be described by the pseudo-second order kinetics as well as Freundlich isotherm. The experimental
maximum adsorption capacity of the material for cationic
dyes (>2540 mg g1) far exceeds those reported in literature.
Hence, for GPM to be useful for cleanup of wastewater containing reactive dye, the reactive dye must have at least a cationic moiety.
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