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Abstract We report that the presence of graphene quantum
dots (GQDs) causes an ~60-fold enhancement of the chemilu-
minescence (CL) caused by the reaction between rhodamine B
(RhB) and Ce(IV) ion. A possible CLmechanism is established
on the basis of fluorescence, CL and UV-vis spectra. It is sug-
gested that the GQDs facilitate the oxidation of RhB and accel-
erate the generation of the CL emitting species, thus leading to
stronger CL intensity. We further observed that 2,4-dichloro-
phenol at even trace levels exerts a diminishing effect on this
CL system. This finding was exploited to design a CL method
for determination of 2,4-dichlorophenol in the 0.1 to 5.0 μM
concentration range, with a detection limit of 25 nM. The
method was applied to the analysis of spiked real water and
wastewater samples and gave satisfactory results.
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Introduction

Graphene quantum dots (GQDs) are graphene fragments
smaller than 100 nm which exhibit numerous unique physi-
cochemical properties due to the pronounced quantum con-

finement and edge effects. They have low cytotoxicity, excel-
lent solubility, chemical inertia, stable photoluminescence and
appropriate surface grafting property [1–3]. GQDs can also be
used in chemiluminescence (CL) reactions. CL-based
methods have been widely applied in the environmental
analysis because of their high sensitivity, wide dynamic
ranges, low detection limits, simplicity of instrumentation
and short analysis time [4]. However, there are few reports
on the CL studies of GQDs [5–7], though the application of
other luminescent carbon nanomaterials in CL has been
reported frequently. These nanomaterials often participate in
a CL reaction as emitting species, after direct oxidation [8–15]
or CL energy transfer [14–19], but their participation as
catalysts has rarely been reported [7, 20, 21].

Chlorophenols are an important group of environmental
pollutants which are concerned due to their toxicity and wide-
spread uses. One of the most toxic chlorophenols listed in the
Priority Pollutant List of the US Environmental Protection
Agency, is 2,4-dichlorophenol (2,4-DCP). It is widely
used as pesticide, herbicide, fungicide, molluscide,
acaricide, bactericide, mold inhibitor and wood preser-
vative. Other sources of 2,4-DCP in the environment
include biodegradation of pesticides and herbicides such
as 2,4-dichlorophenoxyacetic acid which often used on
food crop and can be broken down to 2,4-DCP [22].
Therefore, monitoring of 2,4-DCP has appeared of great
importance in environmental analysis. Various analytical
methods including some CL-based methods have been report-
ed [23–26].

In this work, we examined the catalytic effect of GQDs on
the rhodamine B (RhB)-Ce(IV) CL reaction. It was found that
GQDs remarkably enhanced the CL emission of this reaction.
Furthermore, we found that the CL intensity of this
system diminished in the presence of trace amount of
2,4-DCP. Based on this effect, a sensitive CL method
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has been established for the determination of 2,4-DCP in
water and wastewater samples.

Experimental

Apparatus

The CL signals were monitored by LUMAT LB 9507
chemiluminometer (Berthold; www.berthold.com). The
luminometer was equipped with an automatic injector
working on the basis of JET injection technology® and
being used for injecting the oxidant. CL spectrum was
recorded by RF-540 spectrofluorimeter (Shimadzu, Japan,
www.shimadzu.com) using flow mode with the excitation
light source being turned off. The fluorescence spectra were
also recorded by the same instrument under normal
conditions. UV–vis spectra were recorded by an AvaSpec-
2048 Spectrophotometer (Avantes; www.avantes.com). The
size and shape of GQDs were characterized by transmission
electron microscopy (TEM, EM 900, Zeiss, Germany).

Reagents

All reagents were of analytical reagent grade. Doubly distilled
deionized water (obtained fromGhazi Serum Co. Tabriz, Iran)
was used throughout the experiment. Citric acid monohydrate,
sodium hydroxide, RhB, Cerium(IV) sulfate and sulfuric acid
were all obtained from Merck (Darmstadt, Germany,
www.merck-chemicals.com). Chlorophenols was
purchased from Sigma-Aldrich (www.sigmaaldrich.com).
Ce(IV) solution (0.01 M) was prepared in 0.2 M H2SO4.

Synthesis of GQDs

GQDs were synthesized by pyrolyzing citric acid according to
the literature [27]. Briefly, 2.0 g of citric acid was put into a
beaker and heated to 200 °C by a heatingmantle until the citric
acid changed to an orange liquid. Then, for preparing GQDs,
100 mL of 10 mg mL−1 NaOH solution was added into the
liquid dropwise with continuous, vigorous stirring. The ob-
tained GQD solution was purified by dialysis (MW = 2000)
against deionized water for 12 h and its concentration was
calculated according to the concentration of carbon atom in
the carbon source. The fluorescence spectra (Fig. S1,
Electronic Supplementary Material, ESM), recorded every
two weeks, confirmed that the prepared GQD solution was
stable for at least one month in the refrigerator.

General procedure for CL monitoring

CL assay was carried out in a 3mL tube, in the batch condition
with the automatic injection system, which provides high

speed and repeatable mixing of the reagents. An amount of
100 μL of RhB (1.0 × 10−4 M) and 150 μL of diluted prepared
GQDs (0.68 mg mL−1) were added into the cell. Then an
appropriate volume of sample or standard solution was added
and the final volume was reached to 900 μL with distilled
water. After injection of 100 μL of 0.01 M Ce(IV) by the
automatic injector, monitoring of CL signal versus time was
started automatically. Maximum CL intensity was used as the
analytical signal.

Fig. 1 a TEM image and b fluorescence spectra for GQDs excited at
375–425 nm wavelength range, with increments of 25 nm
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Preparation procedure for real samples

Well and river water samples were obtained from environs of
Tabriz (Iran). Wastewater sample was obtained from effluent
of a pesticide factory (Karaj, Iran). In order to remove partic-
ulate materials, the wastewater was filtered with a 0.45 μm
filter before analysis. No pretreatment was necessary for water
samples. An appropriate volume of real samples was taken for
analysis according to the general procedure.

Results and discussion

Characterization of GQDs

A simple carbonization was used for synthesis of GQDs.
This is a well-established method, which appeared in many
reports [27–31]. Citric acid is also used for preparation of
carbon dots but with a different method, usually a hydrother-
mal procedure using some capping agent. The TEM image
(Fig. 1a) shows that synthesized GQDs are nearly monodis-
perse nanoparticles with size distribution in the range of
20 ± 5 nm. As shown in Fig. 1b, the prepared GQDs revealed
an excitation-independent fluorescence feature. When the
excitation wavelength changes from 375 to 425 nm, the
fluorescence spectra are almost invariable. This could be ex-
plained by the uniformity both in the size and the surface state
of those sp2 clusters contained in GQDs (vide infra) which
was responsible for the fluorescence of GQDs [27]. The max-
imum emission of ∼470 nm was obtained with an excitation
wavelength of 400 nm.

In order to examine the functional groups of the prepared
GQDs, more characterization including FTIR, XPS and Raman
spectroscopy were carried out, and their results were given in
the supplementary file (Fig. S2-S4, ESM). As demonstrated by
FTIR and XPS spectra (Fig. S3, ESM), the prepared GQDs

contain C–O, C = C and C = O groups. XPS spectra showed
a C1s peak at 284.8 eV and O1 speak at 533.0 eV (Fig. S3a,
ESM). High-resolution XPS spectra of C1s (Fig. S3b, ESM)
and O1s (Fig. S3c, ESM) regions revealed the presence of
above mentioned functional groups on GQDs. Moreover, in
Raman spectrum (Fig. S4, ESM), two characteristic peaks
around 1370 and 1550 cm−1, corresponding to the D and G
band of graphene, respectively, were appeared.

Fig. 2 Kinetic curve for
a GQD-Ce(IV), b RhB-Ce(IV)
and c RhB-Ce(IV)-GQDs CL
reactions. Conditions: RhB,
1.0 × 10−5 M, Ce(IV),
1.0 × 10−3 M, H2SO4, 0.02 M,
GQDs, 0.10 mg mL−1

Fig. 3 a CL spectrum of RhB-Ce(IV)-GQDs system, obtained with
continuous flow of reagents: GQD solution and RhB (2 × 10−5 M) in
one line and Ce(IV) (2 × 10−3 M) and H2SO4 (0.04 M) in other line; b
fluorescence spectrum of RhB, at λex = 500 nm
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Enhancement of CL intensity by GQDs

The enhancement effect of GQDs on the RhB-Ce(IV) CL
reaction was investigated. Our studies indicated that a great
enhancement (about 60-fold) in CL occurred when a small
volume of GQD solution was added to this reaction (Fig. 2).
Although GQDs were purified by dialysis, a control experi-
ment with the reagents used for the preparation of GQDs (the
mixture of citric acid and NaOH) was carried out. It was found
that this solution had no contribution to the enhancement ef-
fect. Furthermore, direct reaction of Ce(IV) with GQDs was

examined. As can be seen from Fig. 2a, a weak CL is pro-
duced by this reaction but in the presence of both Ce(IV) and
RhB, the CL intensity is much more remarkable. The kinetic
profiles of CL reaction in the absence and presence of GQDs
(Fig. 2b,c) showed that the CL reaction was very fast and the
CL intensity reached a maximum value within 1 s after injec-
tion of the oxidant solution.

Possible CL reaction mechanism

GQDs can participate in a CL reaction as emitters or catalysts.
To determine their role in the present CL reaction, we recorded
the CL emission spectrum of RhB- Ce(IV)-GQDs system
using a spectrofluorometer in flow mode. The obtained CL
spectrum (Fig. 3a) exhibited an emission band in the range of
500–700 nm with a peak at ∼590 nm. This CL spectrum is
comparable with the RhB fluorescence spectrum (Fig. 3b).
This result indicates that in contrast to our previous works
[5, 6], GQDs do not act as emitting species in the present
system and the CL emission may be reasonably attributed to
the excited RhB.

Previously it has been reported that direct oxidation of RhB
by some oxidant such as Ce(IV) [32, 33] and KMnO4 [34, 35]
produces CL emission. It has been assumed that an interme-
diate is formed during the reaction process, which shows an
absorption peak at about 490 nm. This peak decreases rapidly
due to a subsequent redox reaction, involving production of
the excited radical emitters.

In order to investigate the enhancing mechanism of GQDs
on the CL reaction, we also recorded the fast-scan UV–Vis
spectra of RhB and RhB–GQDs at various time intervals after
addition of Ce(IV). According to the results (Fig 4a), instantly
after addition of Ce(IV) to RhB solution a new peak appeared
at around 490 nm. The intensity of this peak decreased with
time and disappeared after about 45 s. This peak can be attrib-
uted to the intermediate product of the RhB and Ce(IV) reac-
tion ([RhB-Ce]) which is previously introduced in the litera-
tures as a precursor of excited radical emitter (RhB-•*) [33, 34]
The UV–Vis spectra of Ce(IV)–RhB–GQDs (Fig 4b) exhibit-
ed a similar behavior. But, the intensity of intermediate peak at

Fig. 5 Effect of cholorophenols on the RhB-Ce(IV)-GQDs CL systems.
Conditions: RhB, 1.0 × 10−5 M, Ce(IV), 1.0 × 10−3 M, H2SO4, 0.02 M,
GQDs, 0.10 mg mL−1, Cholorophenols, 5 μM

Fig. 4 UV-Vis spectra of a RhB-Ce(IV) recorded at 2 s intervals and b
RhB- Ce(IV)-GQDs recorded at 0.25 s intervals after addition of Ce(IV).
RhB, 10−5 M, GQDs, 0.10 mg mL−1, Ce (IV), 10−3 M, H2SO4 0.02 M
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490 nm decreased much more rapidly with time and disap-
peared after about 3 s. These results indicate that in the pres-
ence of GQDs the rate of the reaction involving the
production of emitter (RhB-•*) from the mentioned in-
termediate ([RhB-Ce]) considerably increases. This is
probably due to an electrostatic interaction between
GQDs, which known to have the negative surface
charge [28, 29], and cationic RhB molecules. Such an
attractive interaction leads to an increase in the local
concentration of RhB, which in turn facilitates the elec-
tron transfer from RhB to the Ce(IV) and accelerates
the generation of emitter, leading to a higher CL inten-
sity. The CL spectrum of RhB-Ce(IV) in the absence of
GQDs could not be obtained due to its low intensity.
However, an emission wavelength of 425 nm (attributed to
RhB-•*) has been reported for this reaction [32]. By
accepting this value, an overlap between the absorption
band of RhB and the emission band of RhB-•* can be assumed.
Therefore, an energy transfer may occur from this anion
radical to RhB.

Based on the mentioned phenomena, the enhanced CL
mechanism can be summarized as follows:

RhB þ Ce IVð Þ→ RhB−Ce½ �
RhB−Ce½ � →

GQDs
RhB−⋅*

RhB−⋅* þ RhB→RhB* þ RhB−⋅

RhB* →RhB þ hυ 590 nmð Þ

Optimization of chemical conditions

In order to obtain the maximum sensitivity for the in-
troduced reaction, the effects of several variables such
as concentration of RhB, Ce(IV), H2SO4 and GQDs on the CL
intensity were investigated.

The effect of RhB concentration on the CL intensity
was examined in the range of 1.0 × 10−6 M to 2.0 × 10−4 M.
According to Fig. S5a (ESM), the CL response in-
creased by increasing RhB concentration up to 1.0 × 10−5 M
probably due to producing more exited-state RhB. So,
1.0 × 10−5 mol L−1 RhB was chosen as the optimum value
for subsequent experiments.

The effect of the concentration of GQD solution in the
range of 0.017–0.27 mg mL−1 on the CL intensity was also
examined (Fig. S5b, ESM). The CL intensity is increased by
increasing the GQD concentration until 0.10 mg mL−1.
However, at higher concentrations the excess GQDs may
compete with RhB for Ce(IV) and causes a decrease in the
CL intensity.

In order to study the effect of Ce(IV) concentration, solu-
tions with different concentration of Ce(SO4)2.4H2O were
prepared over the range of 2.5 × 10−4 to 2.5 × 10−3 M.
According to the results (Fig. S5c, ESM), maximum CL re-
sponse was obtained for 1.0 × 10−3 M Ce(IV). At lower con-
centrations the number of excited intermediates is decreased
and the response is diminished. Finally, the influence of sul-
furic acid concentration in Ce(IV) solution on the CL signal
was also investigated. As shown in Fig. S5d (ESM), the CL
signal reached a maximum value at 0.02 M sulfuric acid, so
this concentration was used for further work.

Analytical application of the CL system

In order to examine the analytical applicability of the RhB-
GQDs-Ce(IV) CL system, the effect of some important
chlorophenols including 2,4-DCP, 2,4,6-tricholorophenol (2,
4,6-TCP) and pentachlorophenol (PCP) on the CL reaction
was examined (Fig. 5). All of these compounds decreased

Table 2 Results for the determination of 2,4-DCP in real samples

Sample Added (μM) Found (μM) a Recovery (%) t-Statistic b

Wastewater 0.0 48.8 ± 1.0 - -

50 98.3 ± 2.2 98.9 ± 4.5 0.38

100 148.7 ± 3.1 99.8 ± 3.1 0.06

River water 0.0 ND c - -

5 5.1 ± 0.2 101.8 ± 3.9 0.78

10 9.5 ± 0.2 95.0 ± 2.4 4.04

Well water 0.0 ND c - -

5 4.8 ± 0.1 96.0 ± 3.0 2.33

10 9.7 ± 0.3 97.5 ± 3.0 1.48

aMean of three determinations ± standard deviation
b t-Critical = 4.3 for n = 2, P = 0.05
cNot detected

Table 1 Comparison of the
developed method for the
determination of 2,4-DCP
with some previously
published CL methods

CL system Linear range (μM) Detection limit (nM) Ref

Luminol-NaOH-AuNPs 0.6–122 80 [23]

CdTe phototransformed 2,4-DCP-NBCa 0.36–36 130 [24]

Fluorescein phototransformed 2,4-DCP-NBC - 150 [25]

Luminol-KMnO4 0.6–122 110 [26]

RhB-Ce(IV)-GQDs 0.1–5.0 25 This work

a N-bromosuccinimide
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the CL intensity but 2,4-DCP had much more remarkable
influence than others. 2,4-DCP has a reducing property and
can compete with RhB for Ce(IV) which leads to a decrease in
the CL emission intensity. Based on this effect, we have de-
signed a sensitive method for the determination of 2,4-DCP.
Under the optimum conditions mentioned above, the analyti-
cal figures of merit for determination of 2,4-DCP were obtain-
ed. The CL response was found to be linear in the concentra-
tion range from 0.1 to 5.0 μM with a detection limit (3 s) of
25 nM (Fig. S6a, ESM). The regression equation was ΔI
=70922C + 4958, R2 = 0.9958, where ΔI = I0-I is the differ-
ence between the CL intensity in the absence of 2,4-DCP (I0)
and in its presence (I), and C is concentration of 2,4-DCP in
μM (Fig. S6b, ESM). The relative standard deviation (RSD)
was obtained to be 2.6 % for five replicate determinations of
1.0 μM 2,4-DCP. The results indicate that this CL system has
a good linearity, relatively high sensitivity and suitable preci-
sion. Comparison between the developed method and some
other reported CL methods for the 2,4-DCP quantification is
shown in Table 1. As can be seen, the detection limit of the
developed method is much better than other CL methods.
Moreover, our method is much simpler and faster than the
methods involving phtotransformation [24, 25] and molecu-
larly imprinted polymer based-extraction [25].

Study of interferences

The interfering effect of some species commonly found in
environmental water samples, on the determination of
1.0 μM of 2,4-DCP was investigated. The tolerable concen-
tration ratios for interferences in relative error of <5 % were
over 15,000 for Na+, K+, NO3

− and Cl−, 4500 for Ba2+, 3700
for Ca2+, 1500 for Cu2+, 1300 for Mn2+, 1000 for Mg2 and
SO4

2−, 400 for Co2+, Fe2+ and Zn2+, 300 for Pb2+, 100 for
Cr3+, 25 for Hg2+, 10 for bisphenol A, 1-naphthol, hydroqui-
none and uric acid, 5 for pentachlorophenol, trichlorophenol
and 2-nitrophenol and 1 for resorcinol. Furthermore, humic
acid did not interfere up to 20 mg L−1. The corresponding data
for interferences were given in supplementary file (Table S1,
ESM). As can be seen, the most important interfering species
in this determination is resorcinol, but the possibility of its co-
occurrence with 2,4-DCP is low because of their different
application areas. Therefore, the developed method is appli-
cable for analysis of real water and wastewater samples.

Analysis of real samples

The method was applied for the determination of 2,4-DCP in
real water and wastewater samples. In order to confirm the
accuracy of the method, known quantities of 2,4-DCP were
added to the samples and then they were prepared and ana-
lyzed according to the general procedure. The obtained results
are shown in Table 2. Statistical analysis of these results using

Student t-test showed that there are no significant differences
between the added and found values.

Conclusion

We demonstrated here that GQDs can dramatically enhance
the CL intensity of RhB-Ce(IV) reaction. The RhB-Ce(IV)-
GQDs reaction was then introduced as a useful CL system and
the possible CLmechanism of this reactionwas studied. It was
suggested that GQDs may act as catalysts to facilitate the
oxidation of RhB leading to higher CL intensity. In addition,
it was found that even trace levels of 2,4-DCP reduce the CL
intensity of RhB-Ce(IV)-GQDs system. On the basis of this
fact, we established a sensitive CL method for the determina-
tion of 2,4-DCP. The designed method was exploited to the
detection of 2,4-DCP in water and wastewater samples with
satisfactory results.
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