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Rhodamine B (RhB) was covalently linked with SWNTs through different linkage and

modified on glassy carbon (GC) electrode to detected sodium sulfide with good

reproducibility and stability.
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Electrochemiluminescence (ECL) of Rhodamine B (RhB) at a single-wall carbon nanotube (SWNT)
modified glassy carbon (GC) electrode has been employed for the determination of sodium sulfide. A
linear response (R=0.99) over a sodium sulfide concentration range of 1.0x10%~1.0x107'"® mol/L and
detection limit of 1.0x10""*mol/L can be reached. Furthermore, RhB was covalently linked with SWNT
and then modified onto a GC electrode surface to detect sodium sulfide. It was found that the detection
limit can be further reduced to 1.0x107'® mol/L in the case of a RhB-hexamethylenediamine-SWNT
modified GC electrode. This is much lower than other detection methods. The proposed method was
applied to the determination of sodium sulfide added into deionized water; the recovery was quite

satisfactory with good reproducibility and stability. All these results provide the possibility of developing

anovel ECL detection method for sodium sulfide.

Introduction

Sulfide ions commonly exist in industrial waste, where they
pollute the environment and damage human health due to the
toxicity of hydrogen sulfide and the corresponding risks
associated with exposure in a number of occupational settings.'”
Thus, determination of sulfide ions has achieved significant
attention from the industrial, environmental, and biological point
of view. In order to monitor the level of sulfide ions, many
analytical methods such as titrimetric,** spectrophotometric,®’
amperometric,® polarographic,” ion chromatographic,'®"" kinetics
methods,'>" fluorescence method'® and chemiluminescence'®?!
etc. have been developed. However, most of them are
time-consuming and require some special training, so it has
remained a challenge to develop a simple but reliable detection
method for a rapid and sensitive determination of sulfide ions.

Rhodamine B (RhB, Scheme 1) is one of the xanthene dyes
with intense fluorescence in solution. In recent years, the
properties of RhB have been extensively studied®” and it is widely
used in a variety of fields such as cell stain, ™2 inorganic
analysis,”” active medium of dye lasers”™® bioanalytical
chemistrym’3 ' etc, where RhB has been used as a
chemiluminescent regents due to its unique photoluminescence
property. In particular, RhB has been applied to detect VBI
(Vitamin B1)*?, sodium sulfite** and sodium sulfide®* based on its
electrochemiluminescence (ECL) performance. For instance,
Huang® and co-workers detected sodium sulfide based on ECL
of RhB at a multi-wall carbon nanotube (MWNT) modified GC
(glassy carbon) electrode. The ECL intensity varied linearly with
sodium sulfide concentration from 6.0x107'°~1.0x10® mol/L. The
detection limit (S/N=3) was 2.0x10"° mol/L, and this is the
lowest one till now.

Since its discovery by Lijima in 1991, CNTs (carbon

nanotubes) have attracted more and more attention in chemical
sensors and nanoscale electronic devices, owing to their ability to
promote electron-transfer reactions.**** Compared with MWNTs,
SWNTs have better properties due to their larger superficial
area.’>* In our previous works,*! SWNT modified GC electrodes
were used to study the ECL response of Ru(bpy)s>" for melamine,
and the melamine detection limit was lowered to 1.0x10™"> mol/L.
All these provide evidence that SWNTs are better electrode

modification material.
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Scheme 1 The structure of RhB and the synthetic routes of RhB
chemically modified SWNTs
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To continue research on this track and find a further application
of SWNTs, sodium sulfide was detected using ECL of RhB at a
SWNTs modified GC electrode. A linear response over a sodium
sulfide concentration range of 1.0x107%~1.0x10""® mol/L and
detection limit of 1.0x10* mol/L was observed, which is 5 orders
of magnitude lower than that of the aforementioned MWNT
modified GC electrodes.™* To explore yet another application of
the proposed method, RhB was covalently linked with SWNTs
(Scheme 1) through a different linkage, and then modified onto a
GC electrode surface to detect sodium sulfide. It was found that
the detection limit can be further reduced to 1.0x107'® mol/L in
the case of a RhB-hexamethylenediamine-SWNT (3) modified
GC electrode. This is 6 orders of magnitude lower than that ofthe
aforementioned MWNT modified GC electrodes.

Experimental
Chemicals and reagents

Standard samples of RhB (99%), PVA (Polyvinyl alcohol,
average M,, 17000, 99% hydrolyzed), HTAB (Hexadecyl
trimethyl ammonium bromide) and thionyl choride were
purchased from Sinopharm Chemical Reagent Co., Ltd. Shanghai,
China. SWNTs samples were purchased from Shenzhen Nanotech
Port Co. Ltd., China. Other chemicals and solvents were all of
reagent grade and used as received.

The Acyl chlorination of SWNTs

The SWNTs were -COOH activated following the literatures
procedure.*'*> Typically, commercial SWNTs (250 mg) were
refluxed in 500 ml of 2 M HNO; for 2 days. Precipitation of
SWNTs as solid was allowed to proceed overnight, and the clear
solution above the suspension was then removed. The purified
SWNTs were further oxidized by refluxing with 15 mL of 1:3
HNOs/H,SO,4 mixtures for 2 h at 120 °C. The suspension was
washed 10 times with water after removel of the clear solution
over the precipitates. Then the precipitates was filtrated and dried.
The product was analyzed by infrared spectrometer, and the
results are shown in Fig. S1

The acyl chloride of SWNTs were obtained by the reaction
between -COOH activated SWNTs and thinoly chloride. 100 mg
-COOH activated SWNTs was added into a two mouth flask, then
30 mL thionyl chloride was added. The mixture was dispersed
with the aid of ultrasonic agitation 3 mL pyridine was added into
the mixture as acid-binding agent. Then the mixture was heated
and stirred under 70 °C for 24 h. After the reaction, the black
powder was filtered and dried.

The Preparation of 1, 2 and 3

4, 5 and 6 were synthesized according to the literature method.*
The RhB covalent functionalized SWNTs (1, 2 and 3) were
obtained by the amidation reaction between 4/5/6 and acyl
chloride of SWNTs***’. To demonstrate the interaction between
RhB and SWNTs, 1, 2 and 3 were characterized by Infrared
spectra (Here 3 was taken as an example), thermogravimetric
analysis, and fluorescence detection. These results were presented
in Fig.S1-Fig.S3.

Modified electrode preparation

GC working electrodes (3.0 mm in diameter) were first polished

with a slurry of 0.05 mm alumina, then sonicated, and rinsed with
deionized water. Then the electrode was successively sonicated in
1:1 nitric acid and doubly distilled water, and allowed to dry at
room temperature. An amount of 0.75 mg of the treated
SWNTs/1/2/3 was dispersed with the aid of ultrasonic agitation in
5 mL DMF, then 1 mL of the solution was taken to mix with 2
mL of 5% PVA aqueous solution, to obtain a homogeneous,
well-distributed suspension, then 10 pL of this suspension was
dropped onto the surface of the pretreated GC electrode, and the
solvent was allowed to evaporate at room temperature in the air.

Preparation of standard solution of sodium sulfide

The standard solution of sodium sulfide was prepared according
to literature procedure.*?' The 0.10 mol/L standard stock solution
of sodium sulfide was prepared by accurately weighting 0.088 g
of sodium sulfide, added into a 10 mL volumetric flask and
dissolved in 0.10 M NaOH solution. The stock solution was
diluted with 0.10 M NaOH solution to obtain six standard
solutions, 1.0x10™3, 1.0x107'%, 1.0x10!, 1.0x10°, 1.0x10?,
1.0x10®* mol/L respectively. Because the sodium sulfide solution
is instability, the standard solutions were prepared serially from
the solution of next highest concentration and analyzed
immediately.

ECL measurement

ECL measurements were performed on a MPI-B multifunctional
ECL system from Xi’an Remex Analyse Instrument CO., Ltd.,
and the detecting method has been described elsewhere.***6 All
experiments were carried out at room temperature. A commercial
cylindroid quartz cell was used as an ECL cell, which contained a
conventional three-electrode system consisting of modified
electrode as the working electrode, a KCl-saturated Ag/AgCl
electrode and a platinum wire electrode were used as the
reference and the auxiliary electrode, respectively.

The corresponding standard solution (5.0 pL) of sodium sulfide
was added into 5.0 mL of the aqueous solution containing
1.0x10” mol/L RhB, 0.30 M sodium hydroxide (NaOH), 0.60 M
potassium chloride (KCI) and 1.0x10° M hydrogen peroxide
(H,0,), and then the mixture was transferred to an ECL detection
cell. The same procedure was followed in the case of 3, the
chemically modified GC electrodes, except that 1.0x107° mol/L
RhB was not added due to RhB has been covalently linked to
SWNT. Cyclic potential sweep experiments were carried out in
the potential region from 0 to 1.5 V and then back to 0, the ECL
signals and CV vs. time were measured repeatedly for at least 5
times, and the average readings were used for the creation of
plots.

Results and discussion
Effect of sodium hydroxide concentration on ECL

Sodium hydroxide ( NaOH ) can provide an alkaline environment
for the ECL of RhB, and concentration of NaOH can affect the
intensity of RhB ECL as reported.””** The ECL performance of
1.0x10° mol/L RhB, 1.0 x 10 mol/L H,0, and 0.60 M KCl
under different concentrations of NaOH was investigated, the
result is shown in Fig. S4. It is noted that the ECL intensity
increased gradually along with the increasing concentration of
NaOH. Both the highest ECL signal and the highest signal to
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background noise ratio were reached at 0.30 M NaOH. The
measurements were repeated several times with a relative
standard deviation (RSD) of less than 5.0%, suggesting good
stability and reproducibility under these conditions. Hence the
corresponding 0.30 M NaOH was chosen for the ECL
measurement in the following experiments

Effect of potassium chloride concentration on ECL

The ECL performance of 1.0x10 mol/L RhB, 1.0x10™ mol/L
H,0, and 0.30 M NaOH under different concentrations of KCl
was investigated because the concentration of KCI is known to
play an important role in RhB aqueous ECL reactions.*’ The
result is shown in Fig. S5. It is noted that the KCI concentration
affected the ECL intensity of RhB dramatically at the SWNT
modified GC electrode. Both the highest ECL signal and the
highest signal to background noise ratio were reached at 0.60 M
KCl. The measurements were repeated several times with a
relative standard deviation (RSD) less than 5.0%, suggesting
good stability and reproducibility under these condition, hence
0.60 M KCIl was chosen for the ECL measurement in the
following experiments.

Effect of hydrogen peroxide concentration on ECL

The ECL performance of 1.0x10° mol/L RhB, 0.30 M NaOH and
0.60 M KCI under different concentrations of H,O, at a SWNT
modified GC electrode was also investigated (Fig. S6). It was
noted that the H,O, concentration affected the RhB ECL over a
wide range, which is in agreement with the literature.>* Both the
highest ECL signal, best reproducibility and stability were shown
for 1.0x10° mol/L H,0,. Therefore, 1.0x10°® mol/L H,O, was
employed for all the detections below.

Effect of RhB concentration on ECL

Considering RhB was used as luminescent reagent, its
concentration could affect ECL measurement directly. The ECL
performance at different concentrations of RhB was investigated
in aqueous solution containing 0.30 M NaOH, 0.60 M KCl and
1.0x10" mol/L H,0, and the result is shown in Fig. S7. Tt is noted
that the highest ECL intensity can be achieved at 1.0x10” mol/L
RhB, while, the ECL intensity decreased along with the further
increased concentration of RhB. Therefore, 1.0x10”° mol-L"! RhB
was used for following ECL measurement.

Effect of scan rate on ECL

As indicated in the literature,*>*® the scan rate could affect the

ECL over a wide range, because the ECL efficiency significantly
depends on the rate of generation/annihilation of the excited state
"RhB. To investigate the effect of different scan rates on ECL
intensity, ECL performance of 1.0x10”° mol/L RhB, 1.0x10°
mol/L H,0,, 0.30 M NaOH and 0.60 M KCI under different scan
rates was also investigated. The results are shown in Fig. S8. It is
noted that the scan rate affected the ECL dramatically at the
SWNT modified GC electrode, and that the best reproducibility
and stability was reached when scan rate was 80 mV/s. Therefore,
80 mV/s was employed for all the detections below.

ECL performance

Cyclic voltammograms and the corresponding ECL performance
of 1.0x10° mol/L RhB in the solution containing 1.0x10™ mol/L

H,0,, 0.30 M NaOH and 0.60 M KCI at a bare GC electrode
(solid) and a SWNT modified GC electrode (dash) were
investigated. The results are shown in Fig. 1. When the electrode
potential was scanned positively close to 1.3 V, significant ECL
signals were observed for the bare GC electrode and the SWNT
modified GC electrode. Compared to the bare GC electrode, the
SWNT modified GC electrode had a remarkable ECL
enhancement, and this can be ascribed to the excellent electron
transfer ability of SWNT.?¢3#
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Fig. 1 ECL and cyclic voltammetric curves of 1.0x10™ mol/L RhB in
aqueous solution containing 1.0% 10" mol/L H,05, 0.30 M NaOH and 0.60
M KCl at bare GC electrode (solid); SWNT modified GC electrode (dash);
2 chemically modified GC electrode ( dash dot); 3 chemically modified
GC electrode (dash dot dot). Scan rate = 80 mV/s

To make a comparison, experiments on 2 (dash dot) chemically
modified GC electrodes and 3 (dash dot dot) chemically modified
GC electrodes (Fig.1) were also studied, and good reproducibility
and stability was achieved when SWNT was 0.05 mg/mL and
PVA was 3.40%.

As illustrated in Fig. 1, the cyclic voltammograms and the
corresponding ECL performance of 2, the chemically modified
GC electrode, is similar to that of the bare GC electrode. Also, the
cyclic voltammograms and the corresponding ECL performance
of 3, the chemically modified GC electrode exhibited the best
results under the same conditions. In particular, its ECL intensity
is 9.40 times higher than that of the bare GC electrode, indicating
that the carbon chain linkage can affect the ECL performance of
the chemically modified GC electrode to some extent. All these
results can perhaps be explained by the carbon chain linkage can
affect the electron transfer between SWNT and RhB to some
extent,” the reason is still under investigation.

Linearity

In order to investigate the response of 3, the chemically modified
GC electrode for sodium sulfide, the aqueous solution containing
1.0x10° mol/L H,0,, 0.30 M NaOH and 0.60 M KCl was titrated
with different concentrations sodium sulfide. As shown in Fig. 2,
upon addition of sodium sulfide into the solution, the ECL
intensity increased gradually.

A good linear calibration curve (Fig. 3) between the logarithm
of AECL (AECL= ECLager addition sodium sulfide"ECLbefore addition sodium
sulfice) 1ntensity and the logarithm concentration of Na,S
(log[Na,S]) can be established over the concentration range
1.0x10"°-1.0x10™"" mol/L for Na;S.
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Fig. 2 ECL and cyclic voltammetric response of 3 chemically modified
GC electrode for 0 (solid), 1.0x10"® mol/L (dash), 1.0x10"> mol/L (dot),
1.0x10™ mol/L (dash dot), 1.0x10™"? mol/L (dash dot dot) and 1.0x10™"
mol/L (short dash) sodium sulfide in the aqueous solution containing
1.0x10° mol/L H,0,, 0.30 M NaOH and 0.60 M KCI.

4.6
4.4
4.2
4.0 4

3.8

logA ECL(a.u.)

3.6

3.4

46 45 a4 43 42 11
logCRrhB/(mol/L)

Fig. 3 Dependence of the logarithmic AECL increase versus the
logarithmic concentration of sodium sulfide in the aqueous solution
containing 0.30 mol/L NaOH, 0.60 mol/L KCl and 1.0x 10 mol/L H,0; at
3 chemically modified GC electrode. Scan rate=80 mV/s.

The regression equation was logAECL= 6.46 + 0.18 log[Na,S]
(equation 1) with a linear coefficient R=0.99, the detection limit
was down to 1.0x107'®mol/L, this is 6 orders of magnitude lower
than that of the reported lowest detection limit (2.0x10™°
mol/L),*?" suggesting that 3, the chemically modified GC
electrode, can be suitable to detect Na,S in aqueous solution.

Fig. S9 shows the ECL performance by immersing the 3, the
chemically modified GC electrode, in aqueous solution
containing 0.30 mol/L NaOH, 0.60 mol/L potassium chloride and
1.0x10® mol/L hydrogen peroxide with 1.0x10™" mol/L sodium
sulfide, then continuously cyclic potential scanning for ten times
at the scan rate of 80 mV/s. No significant change of the ECL
intensity was observed in the detection process, suggesting good
reproducibility and stability of the ECL measurement on the 3,
the chemically modified GC electrode.

Meanwhile, 1.0x10° mol/L RhB was titrated with different
concentrations of sodium sulfide in the aqueous solution
containing 0.30 mol/L NaOH, 0.60 mol/L KCI and 1.0x10°
mol/L H,0, at a SWNT modified GC electrode (Fig. S10). There
also existed a good linearity between the logarithm of AECL

(AECL: ECLaﬂer addition sodium sulﬁde'ECLbefore addition sodium sulﬁde)
intensity and the logarithm concentration of Na,S (log[Na,S]).
The regression equation was logAECL= 5.34 + 0.18 log[Na,S]
(equation 2) with a linear conefficient R=0.99. The detection limit
was 1.0x10"* mol/L for Na,S, which is also lower than other
detection methods.**' Although covalent linkage might affect the
sp® structure of the SWNTs, and therefore their electronic
properties, 2 order lower detection limit can be reached in
comparison with noncovalent approaches.

For the bare GC electrode (Fig. S11), a linear calibration curve
between the logarithm of AECL (AECL= ECL,ge; agdition sodium
sulﬁde'ECLbefore addition sodium sulﬁde) intenSitY and the IOgarithm
concentration of Na,S (log[Na,S]) can be established over the
concentration range 1.0x10° — 1.0x10 > mol/L, and the detection
limit is 1.0x10" mol/L. At least 7 orders of magnitude difference
existed compared with that of 3, the chemically modified GC
electrode. All these demonstrated the advantage of 3, the
chemically modified GC electrode.

Determination of the recoveries.

Table 1 The recoveries of sodium sulfide added into a deionized water
samples were detected by 3, the chemically modified GC electrode (No. 1,
2, 3) and the SWNT modified GC electrode (No. 4, 5, 6) in aqueous
solution containing 0.30 mol/L NaOH, 0.60 mol/L KCI and 1.0x10
mol/L H,0,.¢

No. Added Detected Average Recovery RSD
(mol/L) (mol/L) (mol/L) (%) (%)
5.0x1016 4.95x107"

1 5.0x10"6 4.95x107" 4.97x1071 99.40%  0.80%
5.0x10"6 5.02x107'
1.0x10™" 1.00x10°"

2 1.0x10™" 1.10x10" 1.07x10™" 107.00%  5.20%
1.0x10™" 1.10x10"
1.0x10™ 1.08x10™"

3 1.0x10™ 1.07x10™" 1.10x10™" 110.00%  1.40%
1.0x10™ 1.10x10™"
1.0x10™ 1.00x107™

4 1.0x10™ 1.10x10™ 1.00x10™" 103.00%  5.80%
1.0x10™ 1.00x107™
1.0x10™"? 1.00x107"

5 1.0x10"? 1.10x10™" 1.03x10™" 103.00%  6.10%
1.0x10"? 0.99x107"*
1.0x10™° 1.10x107

6 1.0x10™° 1.20x107° 1.16x10™° 116.00%  5.80%
1.0x10™° 1.20x107

“ Average of three samples, each sample was measured repeatedly for at
least 7 times, and the averaged readings were used
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In order to assess the accuracy of the proposed method, it was
applied to the determination of sodium sulfide added into
deionized water. Three deionized water samples with different
concentrations of sodium sulfide were studied for 3, the
chemically modified GC electrode and the SWNT modified GC
electrode. 5.0 pL of the sample was added into 5.0 mL of the the
aqueous solution containing 1.0x10° mol/L RhB, 0.30 mol/L
sodium hydroxide, 0.60 mol/L potassium chloride and 1.0x10°¢
mol/L hydrogen peroxide. The same procedure was followed in
the case of 3, the chemically modified GC electrodes, except that
1.0x10° mol/L RhB was not added due to RhB has been
covalently linked to SWNT. The ECL intensity was checked and
the concentration of sodium sulfide was calculated according to
the established regression equations (The regression equation 1
for 3, the chemically modified GC electrodes, the regression
equation 2 for SWNT modified GC electrodes). The analytical
results are shown in Table 1.

It is noted that the recovery is quite satisfied for both 3, the
chemically modified GC electrode (No. 1, 2, 3) and the SWNT
modified GC electrode (No. 4, 5, 6). The relative deviations of
less than 6.10% showed the fine accuracy.

It takes no more than 90 min to get a result for a deionized
water sample (from sample preparation to get an analytical data)
and the operator only need to follow a scheduled procedure after
the method was built up (all the detecting condition and linearity
and calibration curves have been settled down).

Interference study

To further assess the application ability of the proposed method
for the analysis of sodium sulfide in real samples, the interference
effects of coexistence substances, which were expected to be
present in the samples, were also examined. The solution used for
this purpose contain 0.30 mol/L sodium hydroxide, 0.60 mol/L
potassium chloride, 1.0x10 mol/L hydrogen peroxide, 5.0x10™"*
mol/L sodium sulfide and interfering ion. To eliminate
interference from some metal ions under a basic environment,
EDTA (Ethylene diamine tetraacetic acid), EGTA (Ethylene
glycol tetraacetic acid) or citrate can be added into the detection
system, if necessary.** A species was not considered to make
much interference if it caused a relative error of no more than
£5.0% in the measurement of 5.0x10™* mol/L sodium sulfide.*
The tolerable concentration for detecting 5.0x10™"* mol/L sodium
sulfide were determined as follows: 5.0x10™ mol/L for K*, SO,*,
S0;*, CI, PO, CO;™, C,04%, CH;COO, T, NO,, F, EDTA,
EGTA; 5.0x10”° mol/L for citrate, glucose; 4.0x10'° mol/L for
ascorbic acid.

Precision studies

In order to access the experimental precision, we employed
1.0x10° mol/L RhB and 3, the chemically modified GC
electrodes to analyze the sample containing 1.0x10"2 mol/L
sodium sulfide according to the method mentioned in
experimental section in the aqueous solution containing 0.30 M
sodium hydroxide, 0.60 M potassium chloride and 1.0x10° M
H,0,. The values of relative standard deviation for intra and
inter-day variation are given in Table S1 (The precision studies
results of 3, the chemically modified GC electrode detection
method) and Table S2 (The precision studies results of SWNT
modified GC electrode detection method).

It is noted that the precision was quite satisfied for SWNT
modified GC electrode and 3, the chemically modified GC
electrodes. The relative standard deviations less than 3.10 % for
sodium hydroxide showed the fine precision.

Conclusions

In conclusion, ECL of RhB at a SWNT modified GC electrode
has been successfully employed for the determination of sodium
sulfide, the sodium sulfide detection limit is 1.0x10™** mol/L.
Meanwhile, RhB was covalently linked with SWNT and then
modified onto GC electrode to detect sodium sulfide, the
detection limit can be further down to 1.0x107'® mol/L. The
recovery was quite satisfactory with good reproducibility and
stability. All these results provide the possibility of developing a
novel ECL detection method for sodium sulfide.
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