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In order to provide a method for accurately detecting the concentration and types of heavy metal ions in water, a fluid 
ion detection system is designed. It consists of a side-polished fiber-assisted fluid structure and a long-period fiber 
grating (LPFG) coated with a metal chelating agent membrane. In this study, both theoretical and experimental inves-
tigations are conducted to examine the sensing characteristics of the system towards copper ion and iron ion solutions. 
The results demonstrate that under the premise of ensuring solution flow, the system can achieve specific identification 
of different types of heavy metal ions. Furthermore, it exhibits concentration sensing sensitivities of 
9.23×104 mL·nm/mol and 7.13×104 mL·nm/mol for copper sulfate (CuSO4) and ferric chloride (FeCl3) solutions, re-
spectively. Therefore, this sensing system offers the potential for real-time detection of metal ions.  
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Heavy metal water pollution has become a prominent 
environmental problem today and must be addressed as a 
matter of priority. Atomic absorption spectrometry[1], 
electrochemical analysis[2], fluorescence colorimetry[3,4], 
fiber optic sensing method[5-7], etc are frequently used to 
identify metal contamination in solutions. Among them, 
fiber-optic-based ion detection sensors are compact, ex-
tremely interference-resistant and extremely sensi-
tive[8-10]. However, current fiber optic ion sensing is still 
difficult to achieve high sensitivity sensing of ions in 
fluids. Therefore, the study of a new fiber optic sensor 
with stable performance and real-time detection of heavy 
metal ion characteristics in fluids has important social 
significance and application value. 

Recently, numerous fiber optic sensing techniques for 
metal ion detection have been reported. In 2019, 
SHUKLA et al[11] proposed a U-shaped fiber optic probe 
modified with glucose-coated silver nanoparticles for the 
detection of mercury ions in water. A concentration de-
tection limit as low as 2 ppb was achieved using the sur-
face plasma principle and the reaction of glucose-coated 
silver nanoparticles with mercury ions. In 2020, a mi-
cro-tapered long-period fiber grating (LPFG) with gra-
phene oxide coated on the surface was reported by 
WANG et al[12] for the purpose of detecting Ni2+ concen-
tration. The sensitivity of the resonant wavelength varia-

tion and intensity variation of micro-tapered LPFG to its 
concentration sensing is 5.12×10-4 nm/ppb and 
3.07×10-4 dB/ppb, respectively[12]. In 2022, LI et al[13] 
designed a coreless fiber-less-mode fiber-coreless fiber 
structure by coating smart hydrogel on less-mode fiber. 
Sensitivity of 8.155×105 nm·L/mol for the detection of 
Pb2+ in water was achieved by using the Mach-Zehnder 
interferometer (MZI) principle and the specific binding 
of hydrogel. It can be seen that a fluid ion sensor with 
high response sensitivity and straightforward construc-
tion can be created by combining a fiber optic sensor 
with the physicochemical characteristics of the material 
to be measured. However, it is difficult for the fiber optic 
metal ion sensors studied so far to provide high sensitiv-
ity sensing of ion concentration and species while main-
taining fluid flow. 

In this work, a metal ion fiber optic sensor based on 
D-type fiber (SPF) and coated LPFG is studied. Simula-
tions have shown that the metal ion species can be iden-
tified by observing changes in the amplitude of the coat-
ed grating, while the refractive index sensitivity of the 
system is 7 550 nm/RIU. The results of sensing experi-
ments on copper sulphate and iron chloride solutions 
show that the system not only specifically identifies 
heavy metal ions in fluids, but also achieves concentra-
tion sensing sensitivity on the order of 104 nm·mL/mol. 
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The metal ion optofluidic sensing system designed in 
this study is depicted in Fig.1. The experimental setup 
includes a light source, a spectrometer, a coupler, a po-
larization controller, and a fiber grating cascade filled 
photonic crystal fiber (PCF). The SPF-PCF-SPF struc-
ture enables solution filling and replacement. The film 
layer material of LPFG contains chelating agent of metal 
ion to be measured, and the metal ion will change the 
refractive index of the film layer by chelation reaction 
with it. 

 
Fig.1 Diagram of system  

 
For the detection of fluid ion concentration, this paper 

adopts SPF and PCF to form SPF-PCF-SPF fluid sensor. 
The SPF is processed from a single-mode fiber with 
cladding diameter, core diameter and polishing depth of 
125 μm, 9 μm and 57 μm, respectively. The mi-
cro-structured fiber is PM-PCF-125-01 from Wuhan 
Changfei. It’s mainly composed of two different sizes of 
circular air holes with apertures of 1.05 nm and 2.8 nm. 
According to Fig.2, when this PCF is fused to an SPF 
fiber with a 57 μm polishing depth, it reveals precisely 5 
layers of air holes that operate as fluid channels. 

 

Fig.2 Diagram of fiber cross section 
 

The SPF-PCF-SPF structure introduces significant 
asymmetry by filling some air holes in the mi-
cro-structured optical fiber. This allows for the detection 
of the refractive index of the filled fluid through bire-
fringence principles. The concentration-refractive index 
relationship at a fixed wavelength can be approximated 
as c=An+B. That is, the fluid sensing structure can mon-
itor fluid material concentration in real time. However, 
this structure alone cannot identify the ion species. 

This work adopts the way of adding metal ion chelator 
to the film layer of coated LPFG. Each metal has its own 
corresponding chelating agent and chelation reactions 
occur to obtain chelates with special colors[14]. This pa-
per takes copper ions as an example, ammonium pyr-
rolidine dithiocarbonate (C5H15N3S2) is selected as the 
chelating agent for copper ions. In acidic or neutral solu-
tions, C5H15N3S2 can react with divalent copper ions to 
form dark brown cuprous sulfide. In the preparation of 
the film material, the chitosan powder is first dissolved 

in acetic acid solution and then the chitosan is modified 
by adding glutaraldehyde solution to obtain the chro-
mogenic solution. The copper ion indicator solution is 
obtained by dissolving C5H15N3S2 in deionized water. 
Finally, the two solutions are stirred thoroughly to obtain 
the coating solution required for the experiment. As 
shown in Fig.3, the LPFG is coated using the above 
coating solution to obtain a thin and uniform film. 

 

 
Fig.3 Structure of the coated LPFG 

 
According to the Sagnac interferometer transmission 

principle[15], the transmission spectrum expression can be 
given as Eq.(1), where  is the resonant wavelength, l is 
the length of PCF, and B() is the birefringence. 
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Therefore, the combination of SPF-PCF-SPF and 
Sagnac interferometer gives a higher refractive index 
sensing sensitivity. To investigate the feasibility of this 
system for refractive index sensing, Fig.4(a) displays the 
transmission spectra of a Sagnac interferometer filled 
with liquids of various refractive indices. The wave-
length of the resonance peak is red-shifted with the in-
crease of refractive index of the solution. The lowest 
resonance peak near 1 120 nm is selected as the observa-
tion point. The linearity fit is 99.97%, and the refractive 
index sensing sensitivity is about 7 550 nm/RIU. Thus, 
the drift of the resonance peak wavelength can be ob-
served to obtain the refractive index of the solution. 
Based on the above theoretical analysis, the sensing sys-
tem can realize the sensing of fluid metal ion concentra-
tion. 

To achieve the identification of ion species, the effect 
of refractive index of the coated LPFG film layer on the 
transmission spectrum is investigated theoretically. The 
phase-matching condition of LPFG can be represented as 
Eq.(2), where res is the resonant wavelength, nco 

eff is the 
effective refractive index of the core, ncl 

eff is the effective 
refractive index of the cladding mode, and  is the pe-
riod of the fiber grating. 

co cl
res eff eff=( )n n Λ.                           (2) 

The grating transmission spectrum is analyzed nu-
merically in the commercial software MATLAB based 
on the three-cladding model of coated LPFG and mode 
coupling theory. The variation of the resonant peak 
waveform of the coated fiber grating with only changing 
the refractive index of the film layer is shown in 
Fig.4(b). The wavelength of the resonant peak is 
blue-shifted slightly with an increase in the refractive 
index of the film layer, while the depth of resonant peak 
loss dramatically reduces. It can be seen that the change 
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of refractive index of the film layer has a significant ef-
fect on the amplitude of the loss peak. Thus, the ion spe-
cies can be distinguished by observing the change in the 
amplitude of the resonance peak of the coated LPFG. 

 

  

 

Fig.4 (a) Transmission spectra of Sagnac interfer-
ometer and refractive index fitting curve; (b) Coated 
LPFG resonance peak variation curves 

 
The relationship between copper ion concentration and 

refractive index is investigated. Six sets of copper sulfate 
(CuSO4) solutions are prepared. The refractive indices of 
each concentration are measured separately using an 
Abbe refractometer. The fitting results are shown in 
Fig.5(a), and the linear regression equation is obtained as 

41.327 53 0.002 68 10 .n c   Therefore, concentration 
sensing properties can be obtained by studying refractive 
index sensing.   

 

  
Fig.5 (a) Fitting curve of CuSO4 solution concentra-
tion and refractive index; (b) Transmission spectra of 
the coated LPFG at the same concentration of differ-
ent ionic solutions  

 
In order to verify the above theory, the LPFG is pro-

duced by using a CO2 laser pulse device. The coated 
LPFG is immersed in Cu2+, Al3+, Na+, and Mg2+ solu-
tions at a concentration of 1%, respectively, to verify the 
specific recognition of metal ions by the coated LPFG. 
The transmission spectra are shown in Fig.5(b). The res-
onant peak loss depth of the coated LPFG in Al3+, Na+, 
and Mg2+ solutions is reduced by about 1.6 dB due to the 
sensitivity of the fiber grating itself to changes in the 
external refractive index. In contrast, the depth of reso-
nant peak loss of the coated LPFG immersed in the Cu2+ 
solution changed significantly, with a total reduction of 
about 5 dB, indicating that the C5H15N3S2 in the film had 
changed the refractive index of the film by chelating with 
Cu2+. This coated LPFG specifically recognizes the 
presence of Cu2+ in solution. 

The capability of the overall system to recognize cop-
per ions is experimentally evaluated. The CuSO4 solution 
with a concentration of 1.312×10-5 mol/mL is introduced 
into the SPF-PCF-SPF fluid channel using a pressure 
device and dripped into the coated LPFG reaction cham-
ber, and the experimental results are shown in Fig.6(a). 
The resonant peak amplitude dropped by 3.37 dB with 
the addition of the CuSO4 solution. It proves that the 
system is capable of recognizing copper ions precisely. 

The transmission spectra are obtained after introduc-
ing six groups of CuSO4 solutions with different concen-
trations into the system. As the concentration of CuSO4 
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Fig.6 (a) Copper ion identification transmission spec-
trum of the fusion system; (b) Transmission spectra 
obtained after introducing six groups of CuSO4 solu-
tions with different concentrations into the system 

 
solution increases, the interference fringe is red-shifted 
and the amplitude of the resonance peak decreases sig-
nificantly. The interference fringe near 1 180 nm is mag-
nified as shown in Fig.6(b), and select the lowest point of 
the interference peak as the observation point. The 
wavelength of the observation point is red-shifted by 
12.4 nm from 1.312×10-5 mol/mL to 14.74×10-5 mol/mL. 
The linearity fit is calculated to be 99.95%, and the con-
centration sensing sensitivity is about 4 445.7 nm/RIU. 

To enhance the versatility of the system, experimental 
studies are also conducted for the detection of iron ion 
solution properties. The chelating agent in the film layer 
is replaced with sulfosalicylic acid, which will chelate 
with Fe3+ to produce a dark red chelate. The other struc-
tures of the system are kept unchanged, and the same 
color-developing film and coating method are used to 
obtain the coated LPFG sensitive to Fe3+. Fig.7(a) dem-
onstrates the changes in the transmission spectra before 
and after the introduction of Fe3+ solution in the system. 
The resonance peak amplitude dropped by 2.12 dB after 
the addition of the iron ions solution. The structure has 
the same recognition ability for iron ions. 

In order to investigate the effect of Fe3+ concentration 
on the wavelength of the interference peak, six groups of 
ferric chloride (FeCl3) solutions with different concentra-
tions are introduced into the fluid channel of 
SPF-PCF-SPF and the reaction cell of coated LPFG us-
ing a pressure device. The interference fringes near 
1 150 nm are magnified for analysis as shown inFig.7(b), 
and the interference peak is red-shifted as FeCl3 solution 
concentration rises. Select the lowest point of the inter-
ference peak as the observation point. The wavelength of 
the observation point is red-shifted by 12.76 nm from 
3.892×10-5 mol/mL to 21.8×10-5 mol/mL. The linearity 
fit is calculated to be 99.97%, and the concentration 
sensing sensitivity is about 7.13×104 mL·nm/mol. 

In summary, the system proposed in this work not on-
ly specifically identifies heavy metal pollution ions in 
water such as copper and iron ions, but also provides 
highly sensitive real-time sensing of their concentration 

characteristics. 
 

  
Fig.7 (a) Iron ion identification transmission spectrum 
of the fusion system; (b) Concentration response 
fitting characteristics of FeCl3 near 1 150 nm 

 
A metallic ion optofluidic sensing system based on 

coated LPFG and SPF-PCF-SPF structures is proposed. 
The relationship between solution concentration and re-
fractive index, as well as the relationship between the 
resonance peak variation of coated LPFG and the refrac-
tive index of the coating layer, is analyzed theoretically 
and experimentally. The sensitivity of the system for 
sensing the concentration of CuSO4 and FeCl3 solutions 
is 9.23×104 mL·nm/mol and 7.13×104 mL·nm/mol, re-
spectively. By observing the change in the amplitude of 
the resonance peak, the metal ion species can be specifi-
cally identified. The system enables the sensing of metal 
ion types and concentrations in fluids. And its high sen-
sitivity, compact structure is easy to further package and 
process for industrial wastewater treatment, water pollu-
tion detection and other applications. 
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