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Abstract: Many developing countries are facing a growing crisis of heavy metal contamination in water resources, which exceeds the limits permitted by 
the World Health Organization (WHO), due to the increased discharges of heavily polluted industrial and domestic wastewater.  Among these, the 
toxicity of lead has been known to mankind for many centuries. Therefore, it is necessary to monitor the level of lead in environmental samples.  There 
are existing analytical methods for the detection and determination of Pb(II) ions concentration in various aqueous media; however, they are complicated 
and often require significant sample preparation and expensive instruments, which are not suitable for rapid analysis. In this work the feasibility of 
nitrogen-vacancy center Nanodiamonds (NV-ND) was examined as a potential fluorescent sensor for selective detection and determination of lead ions 
in aqueous solutions. The detection and determination of the presence of lead ions were evaluated through the change in the f luorescence intensity of 
(NV-ND) particles with two particle sizes (70 and 140 nm) and at pH values varied from 4 to 9. The results showed that the fluorescence intensity of NV-
ND particles was nearly constant in the absence of metal ions while the pH values varied from 4 to 9, suggesting that NV-ND particles were stable in 
acid and alkaline environments. On the other hand, the NV-ND of particle size 70 nm has a significant higher fluorescence intensity compared to 140 nm 
particle size of NV-ND. The sensor showed high sensitivity toward the lead ions among other metal ions in the water sample.  The detection limit for 
Pb(II) ion was recorded at 1.7 x 10-3 mM in the concentration range up to 0.2 mM. The proposed method was applied successfully for determination of 
lead ions in various water samples. 
 
Index Terms: Analytical method, Environmental samples, Heavy Metals, NV Center-Nanodiamond, Fluorescence measurements, Pollution,  
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1 INTRODUCTION                                                                    

eavy metals are toxic and carcinogenic; they accumulate in 
tissues and cause diseases and disorders. An estimated 4.9 
million deaths worldwide (8.3% of total mortality) were linked 
to environmental exposure from chemical mismanagement [1, 
2].  Many developing countries are facing a growing crisis of 
heavy metal contamination in waterways exceeding limits 
permitted by the World Health Organization (WHO), due to the 
increased discharges of heavily polluted industrial and 
domestic wastewater [3].  The toxicity of lead has been known 
to mankind for many centuries [4].  Metabolism of Pb and Ca 
are similar both in their deposition in and mobilization from 
bone.  Since Pb can remain immobilized for years, metabolic 
disturbance can remain undetected. Under normal conditions 
more than 90% of lead retained in the body is in the Skelton. 
Although lead is a nonessential element it is present in all 
tissues and organs of mammals.  The large affinity of Pb(II) ion 
for thiol and phosphate – containing compounds inhabits the 
biosynthesis of heme and thereby affects membrane 
permeability of kidney, liver, and brain cells.  Therefore, since 
lead is a cumulative poison, these results in either reduced 
functioning or complete breakdown of these tissues. WHO 
recommends limits of lead ions in drinking water and surface 
water of 0.05 and 0.5 mg/l, respectively.  
 
 
 

Therefore, it is important to monitor the concentration of lead 
ion in biological and environmental samples. There are 
existing analytical methods for the detection and determination 
of Pb(II) ions, including atomic absorption spectroscopy (AAS) 
[5, 6], inductively coupled plasma spectroscopy and 
electroanalytical techniques [7-9]. While these methods are 
well established, they are complicated and often require 
significant sample preparation and expensive laboratory-based 
instruments and not suitable for rapid, on-site analysis. 
Therefore, chemosensors have advantages over other 
methods in that they are easy to use, are portable, and do not 
require sophisticated instrumentation. Recent analytical 
interest in optical methods such as fluorescence spectroscopy 
could offer alternative rapid methods for metal sensing and 
determination in the field.    Carbonaceous nanomaterials 
incorporate the special features of sp

2
 with exceptional 

physical-chemical properties at the nanoscale. In many 
implementations, they have gained broader interest [10-12].  
The carbon nanomaterials are widely used in environmental 
application[13-19]. Nanodiamonds (ND) are carbon-based 
materials composed of spherical nanoparticles from 4 to 5 nm 
in diameter [20]. It can be produced from several processes 
such as hydrothermal [21-23], ion and laser bombardment [6, 
24, 25], microwave plasma chemical vapor deposition 
(MWPCVD) [26-28], Detonation[6, 10, 17, 29-32], ultrasound 
and electrochemical method [33, 34]. The negatively charged 
nitrogen-vacancy center (NV

-
) has an unpaired electronic spin, 

consisting of a substitutional nitrogen atom and a vacancy 
located on an adjacent lattice point of the diamond lattice. 
Owing to its optical properties. The NV center in 
nanocrystalline diamond was used as the source of individual 
photons [35]. Replacement defects (nitrogen, phosphorus, 
boron, silicon) discovered in nanocrystalline diamonds have a 
significant effect on their structures and their conjunction with 
vacancies creates additional band gap levels. Their extremely 
high photostability results from these defects [36]. To the best 
to our knowledge, no work has been carried out on the 
detection and determination of heavy metals by NV center 
nanodiamond (NV-ND) as fluorescent sensing probe. In this 
work we report on NV-ND as a potential fluorescent probe for 
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the selective detection and determination of lead ions in 
aqueous solution. The detection and content of lead ions were 
evaluated through the change in the fluorescence intensity of 
NV center nanodiamond with two particle size (70 and 140 
nm).  

 
2 MATERIALS AND METHODS 
 
Instrumentation 
Fluorescence measurements were done on spectra Max M2 
monochromator in spectrophotometer. The emission 
wavelength ranged from 650 to 750 nm and excitation 
wavelength 535 nm using Quartz cuvettes (45 mm Height, 3.5 
ml capacity). Buffer solutions measured by Accumet pH meter 
model AB200. 
 
Materials and Reagents 
All reagents for heavy metal ions detection were used as 
purchased. (NV-ND) was obtained from Adamas nano 
(1mg/mL). The metal salts (Co(NO3)2, NiSO4, CuSO4·6H2O, 
Zn(NO3)2, Pb(NO3)2, CdSO4) with purity greater than 99% 
were purchased from Sigma Aldrich (USA). Sodium hydroxide 
(NaOH) was purchased as solid pellets from Thomas 
scientific, Phosphate buffer saline (PBS Tablets) from Bioshop, 
Inc. All reagents prepared with deionized water (DI) prepared 
by (Corning Mega-Pure TM System D2). 
 
Metal ion solutions 
The stock solutions of metal ions (10 mM) were prepared by 
dissolving the accurately weighed amounts of their nitrate salts 
in deionized water. The stock solutions were serially diluted to 
achieve the desired corresponding metal ion solutions. 
 
Phosphate buffer solution 
Phosphate buffer solution was prepared by adding one tablet 
of PBS and completed to 100 ml with DI water and then drops 
of either hydrochloric acid (5.5 M) or sodium hydroxide 
solution (2.5 M) was added until the required pH was reached. 
 
Sample preparation of NV-ND 
NV-ND dispersion was prepared at different pH values (4, 6,7, 
8, 9) by adding 0.25 mL (1000 ppm) of NV-center 
Nanodiamond (70 or 140 nm particle size) and completed to 
10 mL in volumetric flask with phosphate buffer solution (PBS). 
 
Fluorescence Measurements  
For the fluorescence measurement of NV-ND in phosphate 
buffer solution, 3.00 ml the stock dispersion was transferred to 
a quartz cuvette, then the fluorescence spectrum was 
recorded by exciting the sample at wavelength 535 nm.  To 
study the metal enhancement or quenching or of NV-ND 
particles, 3.00 ml of the stock dispersion place in the cuvette, 
then a small amount (7.5 - 52.5 µl) of the metal solution (10 
mM) was added to the cuvette and the fluorescence spectrum 
was taken after each addition.  The volumes added 
corresponded to metal ion concentrations in the range 0.05 to 
0.35 mM.   
 
Water Samples 
The water samples were collected from Cleveland Division of 
Water.  The physical properties and levels of some selected 
metal ions in water samples as collected are shown in Table 1. 
The samples were digested using concentrated nitric acid to 

remove any dissolved organic matter that could interfere with 
the fluorescence measurements.   
 

TABLE 1 
  AVERAGE CHEMICAL VALUES FOR THE CLEVELAND 

DIVISION OF WATER 

 
3 RESULTS AND DISCUSSION 
Toward the purpose of using fluorescent sensing probe based 
on NV-ND for detection and determination of Pb(II) ions 
effectively in water, conditions including solution pH, particle 
size, and  Pb(II) ions concentration were optimized.    
 
3.1. Effect of pH on NV-ND fluorescence 
The fluorescence of NV center ND of two particle size (70 nm 
and 140 nm) in phosphate buffer solution were measured at 
different pH values with emission spectrum in the range from 
650 to 750 nm and excitation spectrum 535 nm. Fig. 1 showed 
that the fluorescence intensity of NV-ND particles was nearly 
constant in the absence of metal ions while the pH values 
varied from 4 to 9, suggesting that NV-ND particles were 
stable in acid and alkaline environments.  On the other hand, 
the NV-ND of particle size 70 nm has much higher 
fluorescence intensity comparing to 140 nm particle size of 
NV-ND, as shown in Fig.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. Fluorescent detection of metal ions 
The interaction of fluorophores with the metal ions may 
quench or enhance the intensity of fluorescence through the 
following mechanisms. First one is the transfer of the energy 
from the fluorophore to the surface of metal ion which will 
dampen the oscillating dipole which lead to quench the 
fluorescence intensity while in the second one focus on 
metallic structures function and the electromagnetic field 
where the fluorophore is located where the metallic structure 
concentrates the field and thus enhances the fluorescence 
[37].  Due to an improved field encountered by the 

 

 

Fig. 1. Emission spectrum of two particle size (70 and 140 nm) of NV 

center ND (25 ppm) without addition of metal ions. 

 
.  
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fluorophore, metal enhanced fluorescence (MEF) occurs from 
an increased excitation intensity and the electromagnetic 
relation of the fluorophore with the near-by fluorophore 
nanoparticle [10, 15]. The special spin-related luminescence 
properties of the of NV center ND affect the NV-center 
fluorescence. In certain cases, there are the so-called 
Chelation-Enhanced Fluorescence effect (CHEF) where the 
presence of heavy metal ions causes fluorescence 
enhancement. While, when the metal ions are absent, the 
fluorescence is quenched by the PET effect. Poor 
fluorescence is due to the presence of lone pair electrons of 
the fluorophore atoms or functional groups. The single pair 
electrons will partially fill the HOMO empty states after the 
optical excitation, thereby preventing the photo-excited 
electrons from returning to the HOMO state and resulting in a 
poor fluorescence efficiency (decrease in the intensity of the 
sample) [38]. Fluorescence change percentage of the NV-ND 
particles (70 nm) in the absence and presence of six different 
metal ions ((Cd(II), Co(II), Cu(II), Ni(II) and Pb(II)) Ni (0.05 mM 
each) were recorded separately and plotted on the same axes 
(Fig. 2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 showed that the addition of Pb(II) ions resulted in the 
greatest enhancement of the fluorescence of NV-ND particles 
(83 %) while the Co(II) and Ni(II) ions resulted in only slight 
quenching, except slight enhancement for Cd(II) (12%) and 
Cu(II) (9%).  On the other hand, quenching changes resulting 
from Co(II) and Ni(II) ions were insignificant (both < 8%) 
comparing to a 83% enhancement. Interference in the sensing 
of Pb(II) ions could therefore be slightly results from Cd(II) and 
Cu(II) when applying the proposed sensing probe.  It is 
therefore important to ensure that levels of these metal ions 
are low in water samples when used this sensing method for 
detection and determination of Pb(II) ions in water sample.  
 
3.3. Lead fluorescence measurements           
Addition of lead ions in concentration rang of 0.05 - 0.35 mM 
on the fluorescence intensity of NV-ND particles (70 nm) 
dispersion in phosphate buffer solution, significantly enhanced 
the fluorescence intensity.  A plot showing the wider range of 
Pb(II) ion concentrations on the enhancement ratio (F /Fₒ) is 
shown in Fig. 3.  F and Fₒ are the fluorescence intensity of NV-
ND particles dispersion at 680 nm in presence of Pb(II) ions.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As shown in Fig. 3, the fluorescence intensity increased 
steadily up to a Pb(II) ions concentration of 0.35 mM.  In the 
lower concentration range (up to 0.2 mM), there is a linear 
relationship between F/Fₒ ratio and the concentration with an 
R

2 
of 0.99. In phosphate buffer, NV-ND particles exhibits high 

enhancement in the presence of Pb(II) ions as measured by 
the large slope of the  F/Fₒ ratio versus Pb(II) ions 
concentration linear curve. This indicates that the lead-NV-ND 
reaction have a high sensitivity than the reaction of other metal 
ions with NV-ND. According to the IOPAC definition, the limit of 
detection (LOD) can be calculated using the relationship LOD 
= 3.3 x standard deviation / slope ((L. A. Currie, 1999). To 
calculate the standard deviation, As shown in Fig. 3, a linear 
regression curve was fitted to the normalized data to obtain 
the slope.  With this approach, the LOD was found to be 1.7 x 
10

-3 
mM.   

 
3.4. Analysis of real water samples 
The proposed sensing probe was tested to determine 
concentrations of Pb(II) ions in  two water samples obtained 
from Cleveland Division of Water.  The physical properties and 
concentrations of selected metal ions in the water samples as 
collected are shown in table 1.  A portion of water sample was 
spiked with a known amount of Pb(II) ions. The concentration 
of Pb(II) ion in water samples was determined from a 
calibration curve, plotting the F/Fₒ ratio versus Pb(II) ion 
concentration. The results obtained were confirmed by 
inductively coupled plasma optical emission spectrometry 
(ICP-OES) (table 2).  As listed in table 2, the recovery of Pb(II) 
ions in the examined samples was about 95%, indicting the 
efficiency of the proposed method for detection and 
determination of Pb(II) ions in water. 
 

TABLE 1 
DETERMINATIOM OF Pb(II) IONS CONCENTRATION IN 

REAL WATER SAMPLES 

Water sample Spike level (10-3 
mM) 

[Pb(II)] (10-3 mM) 
by proposed 

method 

[Pb(II)] (10-3 mM) 
by ICP-OES 

Unspiked Water 

sample 

------ ------ ------ 

Water sample 1 2.0 1.9 ± 0.04 1.95 ± 0.05 

Water sample 2 5.0 4.80 ± 0.05 4.85 ±0.06 

 

 

Fig. 1. Influence of adding various metal ions on fluorescence change 

percentage of the NV-ND particles (70 nm) (pH = 6 and [M
2+

] = 0.05 

mM 

 
.  

 

 

Fig. 3. Effect of Pb(II) ion concentrations on the fluorescence intensity 
(F /Fₒ) of NV-ND particles. Inset: the linear relationship between the 

F/Fₒ ratio and the concentration. 

 
.  
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4 CONCLUSION 
To the best of our knowledge, this is the first simple and 
effective study concerning using NV-ND as a fluorescent 
sensor for sensitive detection and determination of Pb(II) ions 
in aqueous solution.  The obtained results showed that NV-ND 
particles in phosphate buffer solution exhibits high 
fluorescence intensity enhancement in the presence of Pb(II) 
ions.  No significant interference effects of other metal ions 
commonly exist in water were observed in the response of NV-
ND sensor to Pb(II) ions. The detection limit of NV-ND sensor 
for Pb(II) ion (1.7 x 10

-3 
mM) can be useful for the detection of 

trace amounts of lead ions in aqueous samples. The proposed 
sensor was applied successfully for detection and 
determination of lead ions in real water samples. 
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