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g r a p h i c a l a b s t r a c t
� Hematoporphyrin modified graphene
oxide (HP-GO) was synthesized as an
efficient optical fluorescence sensor.

� The HP-GO was used as a very effec-
tive fluorescent probe for sensitive
and selective detection of Cu2+.

� The HP-GO sensor displayed attrac-
tive long term fluorescence stability (
> 21 days ) in water.

� The HP-GO sensor has been applied
successfully for real water sample
analysis.
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Here, a highly sensitive and selective copper ion (Cu2þ) fluorescence sensor is reported. The Hemato-
porphyrin functionalized Graphene Oxide (HP-GO) fluorescence sensor were synthesized via esterifi-
cation reaction between Graphene Oxide and Hematoporphyrin (HP). The HP-GO sensor was fully
characterized by Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), Scanning
Electrom Microscopy (SEM), UVeVis spectroscopy, Transmission Electron Microscopy (TEM), Fluor meter
spectroscopy, X-Ray photoelectron spectroscopy(XPS), and Raman spectroscopy measurements. The HP-
GO sensor advertised two linear regions over the range of 0e1.18 � 103 nM and 3.93 � 103 to 47.27 nM of
copper (II) with detection limit of 54 nM in the aqueous solution. The selectivity of HP-GO for Cu2þ is
much higher than that of other metal ions due to the presence of aza macrocyclic ring on the surface of
HP-GO which has a high binding affinity with Cu2þ. Additionally, the HP-GO shows wide pH viable range
(pH 6e10). The effect of other metal ions on the fluorescence intensity of the HP-GO was also studied and
other metal ions show a low interference response in the detection of Cu2þ. HP-GO sensor manifests
advantages of high reproducibility (The quenched fluorescence of HP/GO-Cu can be recovered by EDTA),
attractive long term fluorescence stability (>21 days) in water, also remarkable selectivity regarding
number of metal ions (Naþ, Kþ, Ca2þ, Fe3þ, Fe2þ, Al3þ, Pb2þ, Mn2þ, Mg2þ, Co2þ, Ni2þ, Cr6þ, Cd2þ, Hg2þ, and
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Zn2þ), low toxicity and can detect Cu2þ in real water samples which acquire well for its promising in
environmental applications.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The research on copper (II) (Cu2þ) has gained a great consider-
ation in recent years because of its vital role in various metabolism
and biological processes for all organisms [1e3]. Copper is
considered one of the most abundant transition metal in life after
iron and zinc [4,5], Cu2þ is also extremely important for the elec-
tron transfer processes of different biological processes in the hu-
man body [6e8]. The enzyme activity can be effected by the
shortage of Cu2þ leading to several neurological problems in the
body, whereas the increase of copper ions is associated to the
deterioration of livers, kidneys, lethargy, increased blood pressure,
vomiting, neurotoxicity, acute hemolytic anemia, respiratory rates,
and neurodegenerative diseases such as Alzheimer’s, Parkinson’s,
and prion diseases [3,9e13]. According to WHO (World Health
Organization) the maximum permissible level of Cu2þ ion con-
centration in drinking water is 2 mg L�1 while allowable levels of
Cu2þ according to US EPA (Environmental Protection Agency) is
1.3 mg L�1 [14,15]. Thus, developing efficient methods having
highly selective and sensitive determination of Copper (II) are of
considerable interest to the environmental and scientific commu-
nities [3]. Many analytical methods have been applied for the ac-
curate determination of Cu2þ ions, Chemiluminescence [16],
Inductively-Coupled Plasma Mass Spectrometry (ICPMS) [17],
Atomic Absorption/Emission Spectroscopy (AAS/AES) [18,19],
Electrochemical methods [20,21] and Colorimetric methods [22].
Among these, Fluorescence spectrometry has gained great concern,
due to its advantages of high sensitivity and rapid response [23,24].
Fluorescent chemo sensors are extensively used to detect ions in
solution, owing to their advantages of high sensitivity, simplicity
and selectivity. Several new fluorescent chemo sensors have been
synthesized for detection of Cu2þ such as fluorescent carbon dots
[25], amidine/Schiff base modified polyacrylonitrile [11], graphitic
carbon nitride [26], and cyclam-functionalized carbon dots [27].

Porphyrins are heterocyclic macro cycles and as highly conju-
gated planar systems demonstrate the intense absorption and
emission of light, which can bemodulated by peripheral substitutes
[28,29]. Porphyrins are considered as strong macro cyclic ligands
and have been utilized as highly sensitive probe molecules in
several chemical sensors for the accurate detection of metal ions
[28,30,31]. The high sensitivity of porphyrins can be attributed to
the pairs of electrons of nitrogen atoms in the porphyrin ring which
have high affinity to coordinate with the metal ions and therefore
highly stable complexes are formed [32,33]. The UVevis spectra of
porphyrins shows a characteristic weak absorption peaks in the
range of 500e700 nm and a strong absorption peak in the range of
400e420 nm. These peaks are due to p�p * electron transition of
porphyrin unsaturated ligands [28]. Subsequently, porphyrins are a
good choice to use as a receptor in the optical sensors. A proper
substrate should have proper functional groups to chemically
bonded to the receptor.

Graphene oxide (GO) is the oxidized form of graphene (a two-
dimensional sheet of sp2 hybridized carbon atoms), which has
recently attracted significant attention due to many outstanding
properties (e.g. large surface area, high flexibility, inexpensive and
readily obtained, high mechanical strength, excellent physico-
chemical stability, and unique layered structure) [34e37]. Most
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importantly, graphene oxide nanosheets with hydroxyl, carboxyl,
and epoxy functional groups are able to chemically bond to por-
phyrins. Although graphene has huge potential for sensor appli-
cations, there are only a few reports published on using modified
graphene as sensors for chemical detection of metal ions in the
aqueous media.

Here, we describe a simple and efficient fluorescence sensor for
detecting Cu2þ. For this sensor, Hematoporphyrin (an effective
ligand for Cu2þ) is used for the chemical modification of the gra-
phene oxide sheets. The Hematoporphyrin/Graphene oxide (HP-
GO) sensor was prepared by esterification reaction between gra-
phene oxide nanosheets (GO) and Hematoporphyrin (HP) in the
presence of sulfuric acid. Because Cu2þis hard acid and Hemato-
porphyrin is aza macrocyclic ligand (hard base) leads to the for-
mation of stable complex so HP-GO is highly effective to detect
Cu2þ ions [38]. The structure and morphology of HP-GO was
confirmed by Raman spectra measurements, Fourier transform
infrared spectroscopy (FT-IR), Scanning ElectronMicroscopy (SEM),
X-ray diffraction analysis (XRD), UVeVis spectra, X-ray photoelec-
tron spectroscopy (XPS), TEM using the Jeol JEM-1230 microscope,
and Fluorescence Spectroscopy. To improve the sensor response,
various experimental parameters such as contact time, pH, selec-
tivity and effect of other metal ions on the fluorescence quenching
of HP-GO. In addition, it’s practical application in detecting Cu2þ in
real water samples (tap, and river water). The recovery of fluores-
cence intensity of HP-GO was also studied.

2. Experimental section

2.1. Materials

Graphite powder of high purity 99.9999%was used. The oxidizing
mixture was concentrated H2SO4 98%, andKMnO499%. Sodium Ni-
trate used was 99%. Ethylenediaminetetraacetic acid (EDTA) � 98%.
The H2O2 used was of 30% concentration. Hematoporphyrin �45%.
All reagents were purchased from sigma Aldrich and used without
further purification. Stock solutions of ions at various concentrations
were prepared from CuCl2$2H2O, Cd(NO3)2, HgCl2, Ni(NO3)2$6H2O,
Pb(NO3)2, Mn(NO3)2, K2Cr2O7, KH2AsO4, Zn(NO3)2$6H2O, NaCl, KCl,
CaCl2, and Al(NO3)2 were used as sources for Cu2þ, Cd2þ, Hg2þ, Ni2þ,
Pb2þ, Mn2þ, Cr6þ, As5þ, Zn2þ, Naþ, Kþ, Ca2þ, and Al3þ respectively.
Metal ions of lower concentrationswere prepared by further dilution
using phosphate buffer, pH 8. Phosphate buffer solution (0.01 M)
were prepared from sodium NaH2PO4/NaOH. Deionized (DI) water
was used throughout these experiments.

2.2. Instruments

Fourier transform infrared (FT-IR) spectrum were recorded on a
Nicolet-Nexus670FTIRSpectrometer (4 cm�1 resolutionand32scan)
DiamondAttenuatedTotal Reflectance (DATR) and ameasuring range
400e4000 cm�1, X-ray diffraction patterns were recorded in the 2q
range of 5e40 with a scanning speed of 2� in 2q/min using an X’Pert
Philips Materials Research Diffractometer. UV-2450 UVeVisible
Spectrophotometer reequipped witha10-mmquartzcell, where the
light path length was 1 cm. X-ray Photoelectron Spectroscopy (XPS)
was performed on an XPS system (Thermo Fisher ESCAlab 250). The
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morphology and structure of GO andmodified GOwere investigated
by SEM (Hitachi SU-70 FE-SEM). Raman Spectra were obtained from
ThermoScientificDXRSmart Raman (532nm) forGObefore andafter
laser irradiation. Varian-Cary Eclipse Fluorescence Spectrometer.
2.3. Preparations of hematoporphyrin functionalized GO (HP-GO)

GOwas prepared via the improved Hummermethod [39,40] the
improved Hummer method a mixture of graphite flakes (4.5 g) and
potassium permanganate (27.0 g) was added to a mixture of
concentrated H3PO4/H2SO4 (60:540 mL) producing a slight exo-
therm to 35e40 �C and maintained below 30 �C using ice bath. The
reaction was then stirred and heated for 12 h at 50 �C. The mixture
was cooled to room temperature and poured onto ice (600 mL)
with 30% H2O2 (4.5 mL).The mixture was then filtered, and washed
in succession with 30% HNO3 (200 mL),H2O (200 mL), and (2%)
ethanol (200 mL); for each wash. The final product was vacuum
dried at 60 �C for 12 h, obtaining 7.5 g of GO. To preapare HP-GO,
100 mg of GO, was dispersed well in 100 mL DI water, and the
mixture was ultra-sounded for 1 h to give a clear solution. Next,
30 mg of Hematoporphyrin dissolved well in 100 mL acidified DI
water was added to the GO solution followed by adding 1 mL
concentrated Sulfuric acid to adjust pH to 1.5 and refluxed at 80�C for 7 h.

The product was separated by centrifugation, washed with DI water
several times until the pH of the supernatant become steady at
about (pH¼ 6) and dried in oven at 70 �C for 10 h. The general steps
for the preparation of hematoporphyrinmodified graphene oxide is
shown in Scheme 1.
Scheme 1. General procedure for the preparation o
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2.4. Fluorescence sensing experiments

The effect of pH on the fluorescence intensity of HP-GO was
recorded by varying solution pH (2e10) by adding few drops of
0.01 M HCl and 0.01 MNaOH solution. The intensity of fluorescence
spectra was recorded using Varian-Cary Eclipse Fluorescence
Spectrometer using an excitation wavelength of 390 nm and exci-
tation and emission slit widths of 10 nm at room temperature.

2.5. Fluorescence detection of Cu2þ

The fluorescence sensing of Cu2þ was conducted in phosphate
buffer solution (0.01 M, pH 8) at room temperature. In a typical run,
0.25 mL of HP-GO (10 mg L�1) was added into 0.75 mL phosphate
buffer, followed by the addition of a calculated amount of Cu2þ ions.
The mixed solution was diluted to 2 mL by distilled water. The
fluorescence quenching spectra were measured at room tempera-
ture at different times (1, 2, 3, 4, 5, 6, 7, 8, 13, 15, 18, 20, 27, 30, 35, 40,
45, 50, 55, and 60 min) using Varian-Cary Eclipse Fluorescence
Spectrometer, using an excitation wavelength of 390 nm and
excitation and emission slit widths of 10 nm.

2.6. Selectivity measurements of metal ions

As described before in the detection of copper, 0.25mL of HP-GO
(10 mg L�1) was added into 0.75 mL phosphate buffer, followed by
the addition of 0.6 mL (10 mg L�1) of different metal ions Naþ, Kþ,
Ca2þ, Mn2þ, Co2þ, Fe2þ, Fe3þ, Zn2þ, Al3þ, Cr6þ, As5þ, Cd2þ, Zn2þ,
Pb2þ, Hg2þ and Cu2þ solution. The mixed solution was diluted to
f hematoporphyrin modified Graphene oxide.
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2 mL by distilled water. The fluorescence quenching spectra of the
mixture solution was recorded.

2.7. Detection of Cu2þ ions in real water samples

In order to evaluate the HP-GO as sensor for Cu2þ in real sample,
tap water and James River water were chosen as real sample. The
river water, which was obtained from James river in Richmond,
Virginia, USA., were centrifuged at 90,000 rpm for 10 min to
remove solid impurities followed by filtration using filter paper.
Then, the water sample was used in preparation of Cu2þ ion solu-
tion that will be added to the sensing system and the fluorescence
spectra were recorded.

2.8. Detection limit

Is the lowest concentration of copper that can be detected using
HP-GO sensor and can be determined by the fluorescence titration.
The intensity of HP-GO emission without any Cu2þ and with Cu2þ

was measured 5 times to measure the S/N ratio. The detection limit
can be calculated by the following equation: detection limit¼ 3s/S,
where S is the slope between fluorescence intensity against Cu2þ
concentration, and s is the standard deviation of the blank
measurements.

3. Results and DISCUSSION

3.1. Characterization of Graphene Oxide and Hematoporphyrin
functionalized graphene oxide

The GO and HP-GO that were prepared were characterized by
FTIR, XRD and Raman spectra analysis as shown in Fig. 1. These
results confirmed that GO and HP-GO were synthesized
successfully.

Fig. 1(A) shows the FTIR spectra of GO, and HP-GO. The broad
absorption peak at 3350 cm�1 was attributed to OeH stretching
vibrations. The peak at 1735 cm�1 was attributed to C]O stretch
vibrations in the carboxylic groups of GO [41]. The FTIR spectra of
HP-GO showed a characteristic new band at 1693 cm�1 which can
be related to the bending vibrations of C]N, or the C]O stretching
vibration of COO ester. New peak at 1577 cm�1 attributed to the C]
C vibrations of porphyrins [28]. This indicated that the free OH
groups in GO reacted with COOH groups in Hematoporphyrin to
form ester bonds in presence of sulfuric acid. The peaks at
1420 cm�1 corresponds to the CeN bond, and the peak sat 1250,
Fig. 1. (A) FTIR spectra of GO and HP-GO. (B) XRD patterns o
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1050, and 830 cm�1 refer to the CeOH stretching, symmetric, and a
symmetric stretching vibration in epoxy groups, respectively.

The XRD pattern of GO and HP-GO are shown in Fig. 1B.The XRD
pattern of GO displayed a sharp peak at about 10.55� with interlayer
distance of 0.8 nm which was attributed to the oxygen-containing
groups on the graphene sheets introduced due to oxidation of
graphite. This makes the individual GO sheets thicker [34]. The XRD
pattern of HP-GO displayed a new broad peak at 2q ¼ 7.1

�
with a

longer inter layer spacing of graphene due to the chemical grafting
of hematoporphyrin onto the GO sheets which could result in larger
spacing between the exfoliated layers due to the bulky size of the
porphyrin ring.

Fig. 1C shows the Raman spectra of GO, and HP-GO. It exhibited
two characteristic peaks of D-band and G-band at around 1356, and
1605 cm�1. The D band is due to the disorder in the graphitic
structure. The intensity ratio of the D and G band (ID/IG) corre-
sponds to the number and size of the sp2 clusters of the material.
The ID/IG of HP-GO shows (1.03) slightly enhanced after modifi-
cation with Hematoporphyrin with that of GO (0.95) representing
the improvement of disordered graphene sheets and increase in sp2

clusters and confirming that the Hematoporphyrin are covalently
attached to the graphene oxide sheets [42].

Fig. 2 displays SEM images of GO (A) and HP-GO (B), and the
corresponding TEM images are presented in Fig. 2 (C) and 2(D),
respectively. As compared to that of GO, SEM and TEM images of
HP-GO reveals that the GO sheets become more thick and rough
surfaces, as well as a lower transparence, this may be attributed to
the reaction between the oxygen containing functional groups of
GO and Hematoporphyrin molecules. This gives a good indication
of the successful incorporation and grafting of HP molecules on the
graphene sheets which guarantees the subsequent satisfactory
fluorescence sensing application.

The grafting of HP molecules onto the surface of graphene oxide
nanosheets was confirmed by x-ray photon spectroscopy shown in
Fig. 3. In the wide scan XPS spectra shown in Fig. 3(A) and 3(B), The
intensity of the peak corresponding to C 1s and O 1s decreased
significantly from GO and HP-GO. Additionally, The HP-GO sample
also clearly shows high intense N 1s peak. These observations
confirmed that HP-GO was successfully formed, and HP molecules
was simultaneously grafted on the surface of GO through esterifi-
cation reaction between the free OH groups of GO and the COOH
groups of HP in covalently hybrid structured (HP-GO). The C 1s high
resolution (Fig. 3A) related to the GO was deconvoluted to three
peaks with binding energies about 284.7 (C in CeH, C]C), 288.3 (C
in C]O), and 286.2(C in CeO) [43]. The high resolution spectra of C
f GO, and HP-GO. (C) Raman spectra of GO, and HP-GO.



Fig. 2. TEM and SEM images of GO (A, C), and HP-GO (B, D).
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1s (Fig. 4C) related to HP-GO was deconvoluted to four peaks with
bending energies about 284.8 (C in C]C, CeH, CeC), 287.6 (C in
CeN, C]N), 286.6 (C in C]N, CeO), and 288.8 (C in OeC]O). So
the chemical modification with HP was confirmed by the peaks at
286.6, and 287.6 for C]N, and CeN) [44]. The high resolution of N
1s peak (Fig. 4F) related to HP-GO can be deconvoluted into two
peaks 399.9 (N in pyrrole NH-, CeN) and 397.7 (N in pyrrole N, C]
N). The high-resolution oxygen O 1s peak related to HP-GO can be
deconvoluted to three peaks at 533, 529.6, and 531.8 related to O in
O]CeO, OeH, and C]O, respectively).

Fig. 4 presents the UVeVis absorption spectra of Hematopor-
phyrin ligand, GO, and HP-GO. For Hematoporphyrin Ligand, The
porphyrins shows two characteristic bands in UVeVis spectrum
named Q band in the range 550e593 nm and Soret band in the
range of 380e450 nm, which related to the p-p* electron transfer
[28]. Fig. 4 shows two absorption peaks at 552 and 594 nm and a
strong peak at 391 nm. For GO, The UVeVis spectrum showed two
bands: a shoulder at 304 nm assigned to n-p* transition of C]O,
and CeO and a maximum between 233 nm, which can be related to
the p-p* absorption of aromatic C]C bonds [45]. For HP-GO, Fig. 4
shows the presence of GO peak around 233 nm and the charac-
teristic peaks of Hematoporphyrinwith a red shift of the p-p* Soret
band from (345e414) to (351e445).This shift suggests that the
energy gap between the ground and excited orbitals of
Fig. 3. XPS survey spectra of GO (A) and HP-GO (B), and XPS high resolution spectr
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Hematoporphyrin in HP-GO is decreased due to the interaction
between GO and HP [46]. In addition, the appearance of the peaks
at 391 and 552 nm confirmed the presences of HP and GO in HP-GO.

3.1.1. Absorbance and emission spectra of HP-GO
The absorption spectrum of HP-GO inwater solution is shown in

Fig. 4. There is absorption peak existed at 390 nm represented a p-
p* transition of the C]N group in the porphyrin ring. The fluo-
rescence emission spectra and excitation of HP-GO are shown Fig. 5.
We further analyzed the excitation dependent emission of the HP-
GO by changing the excitation wavelength from (370e420 nm)
(Fig. S2 (Supporting Information)). The maximum emission in-
tensity of HP-GOwas achieved at 614, and 676 nm (lmax ¼ 390 nm),
which is the optimal excitation wavelength for the sensing
experiments.

3.2. Fluorescence sensing of Cu2þ using HP-GO

Investigation of pH dependence and long-term photo sta-
bility of HP-GO sensor. It is known that the wide pH viable range is
important for sensors in biological and environmental applications.
The effect of pH on the HP-GO sensor is shown in Fig. 6. It can be
noted that pH value from pH 6 to pH 10 have a negligible influence
on the fluorescence intensity of HP-GO sensor but decreased in the
a of C1s in GO (C), C1s in HP-GO (D), O 1s in HP-GO (E) and N 1s in HP-GO (F).



Fig. 4. UVeVis spectra of GO and HP-GO.

Fig. 5. Fluorescence spectra of HP-GO.
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pH range of 2e5, so HP-GO can be used as sensor in a wide pH
range. Also, the long-term stability of the HP-GO sensor was
116
investigated. The HP-GO dispersion was stored in a glass vial and
kept in dark under room temperature. Although it stored for more



Fig. 6. The fluorescence emission spectra of HP-GO at different pH values, HP-GO ¼ (10 mg L�1), reaction time ¼ (60 min), and excitation at 390 nm).
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than 21 days, the intensity of HP-GO has a little bit change not more
than 5%.

To identify the ability of HP-GO as sensor for Cu2þ detection.
Figures (7) and (S3 (Supporting Information)) show that the fluo-
rescence intensity of HP-GO decreased clearly on the introduction
of Cu2þ ion in pH 8 using phosphate buffer, suggesting that Cu2þ

can effectively quench the fluorescence of HP-GO nanosheets.
Because Cu2þ is a hard acid and porphyrin is aza macrocyclic ligand
(hard base) leads to the formation of stable complex and leads to
electron transfer from HP-GO to the complexed Cu2þ leading to
fluorescence quenching [38]. For sensitivity study, various con-
centrations of Cu2þ in the range of 0e3.5 ppm were carried out.
Fig. 7 revealed that the fluorescence intensity of HP-GO at 614, and
676 nm (lmax 390 nm) gradually decreased with increased Cu2þ till
complete quenching at 3 ppm Cu2þ indicating that all co-ordination
points on HP-GO nanosheets reacted with Cu2þ. Fig. 7 inset reveals
the dependence of I/I0 on the concentration of Cu2þ ions and a
linear relationship between the concentration of copper ions and
the emission intensities (R2 ¼ 0.998), where I and I0 are the fluo-
rescence intensities in the presence and absence of Cu2þ, respec-
tively. The detection limit is evaluated to be 54 nM, suggesting that
the HP-GO is suitable as sensitive detection probe for copper ions. It
should be noted that this detection limit is sigficantly lower than
the maximum allowable concentration of Cu2þ in drinking water
(2 mg L�1 or 1.3 mg/L corresponding to 31.5 mM or 20.5 mM,
respectively [14,15]. Compared with reported sensor in literature,
the prepared HP-GO sensor has a wider linear range and good
linear relation, which indicating that it is considered as a promising
sensor for detection of Cu2þ in water samples. Recovery of Fluo-
rescence intensity of HP-GO, Ethylenediaminetetraacetic acid was
introduced into the solution containing Cu2þ ions and HP-GO as
shown in Fig. S4 (Supporting Information). EDTA can coordinate
with Cu2þ ions and the solution becomes free frommetal ions [47].
The quenched fluorescence of HP-GO was recovered into strong
fluorescence by EDTA treatment.

The effect of time on the fluorescence quenching of a HP-GO-
Cu2þ solution was investigated. Figs. S5 and S6 (Supporting
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Information) showed that the fluorescence quenching enhanced
with increased reaction time between Cu2þ and HP-GO. This is
mainly due to the driving force making transfer of metal ions to the
surface of HP-GO sheets and the availability of the co ordination
points on the surface of HP-GO. Figs. S5 and S6 (Supporting Infor-
mation) revealed that after 60 min, there is no significant change in
the fluorescence intensity indicating that all co ordination points on
HP-GO reacted with Cu2þ ions.

Selectivity is a very important parameter to estimate the capa-
bility of HP-GO as sensor for Cu2þ ions. To investigate the selectivity
of this sensor, we recorded the change in the fluorescence intensity
in the presence of representative metal ions under the same con-
dition. As shown in Figs. 8 and S7 (Supporting Information), and the
fluorescence of HP-GO was only quenched by the addition of cop-
per ions (about 100% quenching up on addition 47 mM Cu2þ in
phosphate buffer pH 8), while no significant quenching effect was
observed with other metal ions (Hg2þ, As5þ, Cr6þ, Naþ, Ca2þ, Kþ,
Mg2þ, Fe2þ, Fe3þ, Pb2þ, Co2þ, Zn2þ, Al3þ, Mn2þand Cd2þ). In general,
copper ions have high tendency to coordinate with the porphyrin
ring on HP-GO due to the unshared electrons of the nitrogen atoms
in the porphyrin ring. Because of its paramagnetic property and
unfilled d shell, only copper ion could strongly quench the fluo-
rescence intensity of HP-GO through electron transfer processes
[47e49].

The effect of interfering metal ions on the fluorescence intensity
in copper ion detection using HP-GOwas investigated Fig. 9, andwe
found that the emission intensity of the HP-GO to copper ions was
almost unchanged in the presence of other metal ions, which
indicate that copper ions have higher binding ability with
porphyrin ring on the surface of HP-GO than other metal ions. The
binding ability of HP-GO with various metal ions (Hg2þ, As5þ, Cr6þ,
Naþ, Ca2þ, Kþ, Mg2þ, Fe2þ, Fe3þ, Pb2þ, Co2þ, Zn2þ, Al3þ, Mn2þ and
Cd2þ) showed a selective response toward Cu2þ ions. As shown in
Fig. 9, the addition of Cu2þ resulted in a significant change indi-
cating that the HP-GO has higher binding affinity towards Cu2þ

than othermetal ions. All these results demonstrate that the HP-GO
is highly selective for copper ion detection.



Fig. 7. Fluorescence emission spectra of HP-GO in the presence of Cu2þ at different concentrations (0e3.5 ppm), in 0.01 M phosphate buffer (pH ¼ 8.2), HP-GO ¼ (10 mg L�1),
reaction time ¼ (60 min), and excitation at 390 nm).

Fig. 8. Selectivity of HP-GO (10 mg L�1) for different metal ions (47 m M, I and I0 are HP-GO fluorescence intensities in the presence and absence of Metal ions, respectively).
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3.2.1. Detection of Cu2þ ions in real water samples using the HP-GO
sensor

To evaluate the HP-GO as a sensor for Cu2þ in real water sam-
ples, the performance of the present sensor was determined for
118
samples from tapwater and James River water (Richmond, VA). The
James River water samples were centrifuged at 9000 r.p.m for
10 min and then filtered. The resultant water samples were spiked
with standard solutions containing different concentrations of



Fig. 9. Fluorescence responses of HP-GO to competing metal ions (47 m M) redbars to Cu2þ ions (47 m M, black bars), in 0.01 M phosphate buffer (pH ¼ 8.2),
HP-GO ¼(10 mg L�1), excitation at 390 nm).
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Cu2þ. The Cu2þ concentrations were measured using the fluores-
cence emission spectra and the linear relationship shown in Fig. 7. A
shown in Table S1 (Supporting Information), the RSD for all assays
are less than 0.45% and recoveries are in the range of 82.5e98.6 in
spite of the interferences from various organics and minerals pre-
sent in the river and tap water smaples. The HP-GO sensor still can
differentiate between fresh tap or river water and that spiked with
1.5, 4.7, 6.3 m M Cu2þ. These results imply that the prepared HP-GO
can be used as a Cu2þ sensor in real environmental samples.
Table 1
Comparison of the performance of the prepared HP-GO sensor towards Cu2þ.

Fluorescent sensors Performance

Detection limit

Ultrathin g-C3N4 nanosheets 0.5
Peptide-coated ZnS QDS 500.0
c-mpg-C3N4 12.3
PPNDS 1.0
CdS QDS 100.0
16-MHA capped Cds QDS 5.0
Ligand-conjugated inorganic NPS 380.0
calix [4]resorcinarene modified gold nanoparticles 100.0
DNA-AgNCS 500.0
Amidine/Schiff base modified polyacrylonitrile 10.0
Cyclam-Functionalized carbon dots 100.0
quinoline-based fluorescent sensor 135.0
N doped carbon dots 47.0
CdTe@SiO2 QDs 8.4
Novel imidazoazine framework 100.0
Graphitic carbon nitride solid nanofilms 20.0
HP/GO nanosheets 54.0
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3.2.2. Comparison of the detection limit of the prepared HP-GO
sensor towards Cu2þ

Table 1 lists the comparison of the detection limit of HP-GO
prepared in this study with various sensors previously used for
the detection of Cu2þ. It can be seen that the prepared HP-GO
sensor have a wider linear range and good linear relation than
that of the most other sensor reported in the literature, suggesting
that it is considered as a promising sensor for detection of Cu2þ in
water samples.
(n M) Linear range (n M) Ref.

0 - 1 � 104 [50]
0 - 2.6 � 104

10e100
0 - 5 � 105

–

5 - 1 � 105

–

— [51]
0 - 3 � 103 [50]
0e100 [11]
– [27]
– [5]
0 - 15 � 103 [25]
– [52]
– [53]
– [26]
0 - 1.18 � 103

3.91 � 103e47.27 � 103
This study
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4. Conclusions

In summary, hematoporphyrin modified graphene oxide (HP-
GO) nanosheets were prepared for highly sensitive, and selective
determination of copper (II) in aqueous solution and environmental
water samples. The preparation method is low cost, facile, and
environmental friendly. In this method, the surface of graphene
oxide is easily modified with hematoporphyrin by sulfuric acid
catalyzed esterification reaction. The surface structure and
morphology of the HP-GO was investigated by FTIR, XRD, UVeVis,
Raman Spectra, XPS, TEM, and Fluorescence spectra. The HP-GO
exhibited excellent sensitivity for copper ions in aqueous solu-
tion, based quenching effect. Moreover, the detection limit of the
HP-GO is 54 n M which is better than others reported in literature.
Meanwhile, the prepared HP-GO sensor also exhibited an
outstanding long-term fluorescence stability (>21days), a wide pH
viable range, as well as excellent photo stability. Moreover, the
prepared HP-GO sensor can also be used for detection of Cu2þ ions
in real water samples. On the other hand, the prepared HP-GO
sensor shows high anti-interference performance against 15
kinds of coexisting cations.

Associated content

Supporting Information

XPS high resolution spectra of O 1s in GO (Fig. S1). Fluorescence
spectra of HP-GO under different excitation wavelength (Fig. S2).
Fluorescence emission spectra of HP-GO in the presence of Cu2þ at
different concentrations (0e3.5 ppm) (Fig. S3). Recovery of fluo-
rescence intensity of HP-GO-Cu2þ using EDTA (Fig. S4). Effect of
time on fluorescence quenching of HP-GO-Cu2þ (Figs. S5 and S6)
and Selectivity of HP-GO for different metal ions (Fig. S7). Detection
of Cu2þ ions in tap water and James river water (Table S1).
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