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Simultaneous Measurement of Multi-solute Concentrations in
Mixed Solution Using Fiber Fabry-Perot Resonator Interference
Transmission Wavelengths”
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Abstract; In order to simultaneously detect the multi-solute concentrations in mixed solution,
system for measuring the multi-solute concentrations in mixed solution using optical Fiber Fabry-
Perot Resonator (FFPR) is proposed. The relation between FFPR interference transmission
wavelength and concentrations of the mixed solution is analyzed theoretically. The measuring
system consists of an InGaAs LED, fiber coupler, FFPR sensor., opto-electrical convertor,
amplifier and spectrometer. The analytical equation between concentrations and interference
transmission wavelengths is standardized by measuring the samples contain ethanol and glycerin.
The action script 2. 0 is used as the programming language according to the mathematical
relation. The real-time variation of the concentration change is monitored by the PC.
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0 Introduction

The concentration by mass of the solution is a
key parameter of the physical property of the
solution. In the industrial field, the concentrations
must be monitored very precisely. Using the
relation between concentration and its refractive
index, the concentration can be measured by

[HJ . The rapid development of fiber

optical means
technique gives the fiber sensor a boom in many
application field®™, as well as the applications in
concentration measurements®',  The previous
reports are on mono-solute concentration
measurements, but the need for measuring the
multi-solute concentrations is required in many
chemical industries. In this paper a measurement
of multi-solute concentrations in mixed solution
using FFPR was proposed. The measuring system
consists of a InGaAs LED, fiber coupler, FFPR
sensor, Opto-electrical convertor, amplifier and
spectrometer. The analytical equation between

concentrations and interference transmission
wavelengths was standardized by measuring the
samples contain ethanol and glycerol. The degree of

accuracy can be within the magnitude of 0. 001%.
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1 Principle and measuring system

1.1 Principle

The refractive index of a solution can be
expressed as the function of the concentration ¢,
temperature T and wavelength A"V

n=NC(c,T,2) (D
Thus the variation of the refractive index in Eq.
(1) can be written as
An=(aN/2ac) Ac+(dN/T)AT+ (oN/a2)Ax (2)
The temperature usually has little influence on
refractive index, and the typical 9n/2T value is
approximately 1 X 107 C~", If the temperature
variation AT during concentration test is about
1 C~2 C, it can be ignored, thus Eq. (2) can be
approximated as

An=(dN/3c) Ac+ (dN/21) AA (3)
As we derive from the principle of the F-P
interferometer''?’, the interference transmission
wavelength satisfies

2nd ="k 4)
where n is the refractive index, d is the cavity
length of the F-P
interference order. According to Eq. (4), when d

resonator, and % is the

is invariant, the interference transmission
wavelength A is the variable of the solution
refractive index n, thus also is the variable of the
concentration c.

The relation between variations of refractive index
and of interference transmission wavelength is

An=(k/2d) AX (5
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Substitute Eq. (5) into Eq. (3), we get
Ac= (k/2d—0N/2A) (dN/ac) 'AX (6)
Integrate both sides of Eq. (6), we derive the

relation between concentration and wavelength

cO=1nc=1(k/2d—3N/33) (3N/3c) 'dx  (T)

: 2
Thus iof we L get the interference transmissions
wavelength of the FFPR, the concentrations of the
multi-solute solution can be calculated.
1.2 Measuring system setup

The measuring system is shown as Fig. 1. The
incident light is coupled to the FFPR, The sensor
of the FFPR is submerged in to the solution under
test, and the interference transmission light from

FFPR transmit to the spectrometer.

Fiber
LED = coupler = FFPR
Spectrum
Computer =] analyzer

Fig. 1 Schematic diagram of the measuring system

The spectrometer analyzes the interference
transmission light, the peak values in the spectrum
are obtained, and using Eq. (7), with a computer
installed  with Script 2.0, the

concentrations of the multi-solute solution can be

Action

calculated and monitored in real-time.

The schematic diagram of the FFPR sensor is
shown as Fig. 2. Two conventional multiple mode
fibers with diameter of 125 pm are cut and coated
with high reflective film, then inserted into a
capillary with diameter of 250 pm, and the end
facets of the fiber form a F-P resonator (cavity
long d=11.33=x0.01 um). The fiber and capillary
are sealed with CO; laser, and the liquid solution
passes through the capillary via two small holes, of
which the diameter about is 8. 0£0. 1 pm.

Silica capillary  Solution channel

Input light e Output light
—_— ]
Multimode fiber | d | Fusion splice

Fig. 2 FFPR structure diagram

The light source is an InGaAs LED with
spectrum width of 1 200 ~ 1 700 nm. The
resolution of the spectrometer (Advamtest Q8383)
is 0. 01 nm, and the interference transmissions
light of FFPR has is multiple wavelength peak
values. Take the light intensity maximum shorter

wavelength monitoring.

2 Standardization of the relation
between solution concentration and
transmission wavelength

Eq. (7) implies the relation between solution
concentration and FFPR interference transmission
wavelength. But 9N/oA. oN/oc, k and d are
necessary to be known to calculate the solution
which is impractical in real
Thus the standardization of the

concentration,
applications.
measuring system is needed to obtain a simple
analytical expression for the relation between
concentration and wavelength.

A solution including ethanol and glycerin is
used for standardization. The mixed solution is
prepared with the expressionc = [ m, / (my +m, ) | X
100%, in which m, and m, are the mass of the
solute and solvent respectively, With the ambient
temperature of (20 £1) C, and using electronic
balance weighing (Sartorius BS300S-WE1), the
instrumental error of the balance is 107" g,

corresponding to the maximum error in the
standard solution of #0.000 1%, which is far
beyond the measurement demand. The preparation
method of the solution: such as solution 1, first
using solute ethanol(m,) 10 g, and solvent water
90 g(m,) mixed. Then using 0.5 g glycerol(m)) as
solutes, and with the ethanol and water mixed
solution 99. 5 g (m,) as solvent mix again. Get
mixed solution 1. The rest mixed solution
preparation methods similar,

Nine mixed solution of ethanol and glycerin
transmission

are prepared, the measured

wavelengths of the solutions are shown in Table 1.

Table 1 Measuring concentration of mixed standard solution and regression data(T=207C )
Solution sequence 1 2 3 ! 5 6 7 8 9

Ethanol standard concentration/( %) 10.000 0 15.000 0 20.000 0 25.000 0 30.000 0 35.000 0 40.000 0 45.000 0 50,000 0
Glycerin standard concentration/(%) 0.500 0  1.0000  1.5000  2.0000  2,5000 3.0000 3.5000 4.0000 4.5000
Transmission wavelength/nm 1515.19 1517.63 1520.00 1522.31 1524.55 1526.72 1528.84 1530.91 1532.91
Regression concentration(E) /(%) 10.034 2 15.0124 19.9993 25.0125 30.0177 35.0017 39.9995 45,0018 49.9958
Regression absolute error(E) /(%)  0.0342  0.0124 —0.0007 0.0125 0.0177 0.0017 —0.0005 0.0018 —0.004 2
Regression concentration(G) /(%)  0.480 5 0.982 0 1.4821 1.992 0 2.498 4 3.000 1 3.500 9 4.0001  4.4919
Regression absolute error(G)/(%) —0.0195 —0.0180 —0.017 9 —0.008 0 —0.0016 0.000 1 0.000 9 0.0001 —0.0081
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The

concentrations and transmission wavelengths are

fitting curve of the solution
plotted in Fig. 3. We can see that the curve is not
100
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(a) Regression curve of ethanol solute concentration
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(b) Regression curve of glycerin solute concentration
Fig. 3 Regression curve of mixture solution test data
linear, thus we use the quadratic as the fitting
equation

cQ)=ax* +ba+C, (8
where C (1) is the concentration by mass of the
solute in the mixed solution, a,b,C, are the fitting
coefficients, and A is the interference transmission
wavelength. The nine groups of solution are used
to fit the coefficients and the resultant coefficients
for ethanol are; «=0. 014 125 45,b=—40. 803 77,
C, =29 406. 29. andforglycerinare:a=0. 001170473,
b = —3.340 211, C, = 2 374. 342,
equation are shown in Eq. (9)

cp=0. 014 125 452> —40. 803 772+29 406. 29
c;=0.001 170 473\* —3. 340 211A-+2 374. 342
Eq. (9) implies the relationship between solute

the fitting

€D

concentrations and transmission wavelength of the
FFPR ¢ = C (A). The
wavelength is substituted into equation Eq. (9) for the

measured transmission

regressive calculation, and the results are shown in
Table 1. The average absolute error of the ethanol
solution is S = 0. 009 5%, while of the glycerin
solution is S=0. 008 2%. We can get the regressive
coefficient of R=0. 999 98, which certify the stability
of the standardization of Eq. (9)

3 Results and discussions

3.1 Measurement test

The real measurement was carried out for 7
groups of ethanol and glycerin mixed solutions,
the ambient temperature was also 20 C, and the

results are shown in Table 2.

Table 2 Measurement test data(T=20C)

Solution sequence 1 2 3 4 5 6 7
Ethanol solute/ (%) 6.970 0 12.100 0 21.500 0 26.450 0 33.2000 40.6000 50.2000
Glycerol solute/( %) 0.150 0 0.700 0 1.650 0 2.120 0 2.820 0 3.600 0 4.500 0
Transmission wavelength/nm 1513.64 1516.21 1520.66 1522.94 1525.99 1529.12 1533.01
Ethanol concentration measurements/(%)  6.9755 12.1007 21.416 2 26.4059 33.3103 40.669 0 50.200 3
Glycerol concentration measurements/( %) 0.142 8 0.672 6 1.626 5 2.133 2 2.830 1 3.567 9 4.516 7
The test results were monitored by the 80
computer, and the monitored concentration 70
.. . . ——=— Test monitoring curve
variations of the ethanol and glycerin are shown in 60} - - = Theoretical curve -
Fig. 4. Fig. 5 shows the average absolute error of § 50 24
the system, with the ethanol of S=0. 045% (or g 40
0.45 g/L) and glycerin of S=0.019%( or 0. 19 g/ % 30
L), and the measured results are stable and é 20 e
reliable under the consideration of the random //
error. -

0 1 2 3 4 5 6 7 8
Measuring order
(a) Ethanol concentration monitoring variations
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(b) Glycerol concentration monitoring variations
Fig. 4 The application results of monitoring system
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Fig. 5 Monitoring system application error distribution
3.2 Error analysis of the system

The intensity fluctuation of the light source
has no impact on the measured results since the
measured wavelengths are the parameter for
determining the results, while the light source we
used are quite stable.

Mainly, the system measurement error are
caused by the resolution limit of the spectrometer,
and the approximation made for the coefficients
among the equations. The resolution of the
spectrometer is 0. 01 nm, which would cause the
maximum error and minimum error to 0. 022 3%
and 0. 001 2% respectively according to the fit

concentration and interference

Such

randomly distributed and can be minimized with

equation  of

transmission  wavelength. errors  are
multiple measurement results. The error caused by
the coefficient approximation can be minimized by
increasing the coefficient digits.

Other methods can be implemented to further
improve the stability and accuracy of the system:
1) Using high accurate tunable power source to
stabilize the working voltage; 2) Improve the

algorithm to minimized the random error; 3)

Improve the fitting model, such as subsection
fitting, or increase the point number during

fitting.
4 Conclusion

Measurement of the multi-solute
concentrations of in mixed solution using FFPR
employs the advantages of conventional fiber
sensor system, while also have the merit of
insensitive to the LED output power, thus vast
kinds of light source can be used in this system.
As the concentration of ethanol varies between
10% to 50% and glycerin varies between 0. 5% to
4. 5%, the test shows that the
concentrations have the absolute deviations less
than 0. 009 5% and 0. 008 2%. The fitting

equations only involved arithmetic, thus suitable

measured

for processing via computers, and the merit of real-

time monitoring. The system only have to

standardize the specific environment when the

operation temperature changes, no other radical

changes are needed.
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