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ABSTRACT Considering the requirements of miniaturization, integration, digitization and high precision of
online detection instrument, a miniature spectrometer based on ultraviolet-visible spectroscopy is developed
for the on-line detection of copper and cobalt in the purification process of zinc hydrometallurgy. Firstly,
the serial port protocol of spectrometer is developed to realize remote online acquisition of spectral signal.
Then, a wavelet threshold denoising method is proposed to eliminate the noise interference caused by the
spectrometer and the circuit system. Next, based on the invariance of the dual-wavelength light intensity ratio
in the spectral detection, an error correction algorithm is proposed to dynamically eliminate the systematic
measurement error caused by light source fluctuations. Finally, the partial least squares method is used to
detect the concentration of copper and cobalt, and the detection performance of onlineminiature spectrometer
is compared with that of dual-beam spectrometer. The results show that the developed online analysis
instrument can detect polymetal ions in less than 5 min, the average relative error is less than 10%, and
the detection accuracy is higher than 94.74%, which is suitable for the online acquisition and analysis of
polymetal ions in high concentration zinc solution.

INDEX TERMS Ultraviolet-visible spectroscopy, zinc hydrometallurgy, miniature spectrometer, wavelet
threshold method, on-line detection, error correction algorithm.

I. INTRODUCTION
Ultraviolet-visible spectroscopy is a fast analytical method,
which has developed rapidly in recent years [1]–[5]. Because
of its advantages of many kinds of measurable substances,
wide range of measurable concentrations, fast detection
speed, good reproducibility, simple instrument and low anal-
ysis cost, it is widely used in qualitative and quantitative
analysis of substances [6]–[10]. At present, large-scale and
precise ultraviolet-visible spectrometers have been widely
used in the fields of industry, agriculture, medicine and biol-
ogy, and are the main analytical equipment in analytical and
testing laboratories [11]–[13]. However, these spectrometers
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use photomultiplier tube devices, which make the detection
time long, the equipment huge, the price expensive, and the
environment demanding. Therefore, it is only limited to the
laboratory and difficult to apply to the industrial site.

With the rapid development of science and technology
in the fields of microelectronics, optical technology, optical
fiber, computer hardware, and precision instrument manu-
facturing, the miniature optical fiber spectrometer that inte-
grates the optical splitting and detection functions, has made
a breakthrough progress [14]–[17]. At present, there are
some mature commercial products, such as Ocean Optical’s
USB4000, Ideaoptic’s PG2000, and optosky’s ATP2000,
which are widely used in the detection and analysis of ultra-
violet spectra, infrared spectra, Raman spectra and other
fields [18]–[21]. Theseminiature spectrometers all adopt new
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FIGURE 1. Dual beam spectrometer.

FIGURE 2. Single beam spectrometer.

photoelectric detector, precision optical device and integrated
technology, which greatly reduces the volume structure of
the instrument, improves the detection resolution and short-
ens the spectral detection time. The size of the traditional
large-scale spectrometer has been shortened by dozens of
times, and the price has also been reduced by more than
ten times [22]–[25]. Therefore, the miniature spectrometer
has the characteristics of miniaturization, integration and fast
detection speed, which can be used for on-line detection in
the industrial field.

The purification process is a key process of zinc hydromet-
allurgy, which is the precondition to ensure the normal
operation of zinc hydrometallurgy by accurately detecting
the concentration of impurity ions in the electrolyte and
then removing the impurity ions based on zinc powder
replacement method [26]–[30]. At present, the enterprise
production still uses manual offline analysis of the concen-
tration of impurity metal ions in the electrolyte. The pro-
cess is tedious, the detection is time-consuming, and the
feedback information is lagging, so it is unable to opti-
mize and adjust the process parameters of the purifica-
tion process of zinc hydrometallurgy in real time, which
leads to the problems of large fluctuation of impurity ion
concentration, large consumption of zinc powder and low
production efficiency [31]–[33]. Thus, it is very important
to realize the online detection and analysis of trace impu-
rity ions in the high-concentration zinc solution. However,
the miniature spectrometer is mainly used for on-line detec-
tion of multi-component substances with similar concentra-
tions. When detecting impurity ions during the purification
process, since the concentration ratio of matrix zinc ion to
impurity ions is as high as 105, the spectral signal of impurity

ions is seriously masked by zinc signal, and it is easy to
be interfered by instrument noise and reagent background,
resulting in the signal collected by the miniature spectrometer
having problems of overflow range and poor accuracy, so it is
difficult to detect the concentration of impurity ions online.

The purpose of this paper is to study the online acqui-
sition of spectral signal by a miniature spectrometer, and
then propose signal processing algorithms to solve the test
errors caused by light source fluctuations, instrument noise,
and reagent background interference, and finally use the
PLS method for quantitative analysis of impurity metal ions,
so as to realize the on-line simultaneous detection of poly-
metal ions in high concentration zinc solution, and lay the
foundation for the efficient and green production of zinc
hydrometallurgy.

II. THEORY
A. DETECTION PRINCIPLE
The large spectrophotometer uses a dual-beam structure,
as shown in Fig.1. The instrument mainly includes light
source, wavelength mechanical scanning structure, monochr-
omator, photomultiplier tube and other components. It has
the advantages of ultra-low noise, small stray light, and high
test accuracy. However, the disadvantages are large volume
and long detection time. Therefore it is mainly used in lab-
oratory off-line analysis. The miniature spectrometer uses a
single-beam structure, as shown in Fig.2. The instrument uses
a concave flat-field holographic grating full-spectrum beam
splitting and a multi-channel array CCD signal receiving
technology. Compared with large spectrophotometer, the dis-
advantage is that the accuracy is lower. However, it has the
advantages of small size, fast detection speed, and convenient
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carrying, which is suitable for real-time detection in industrial
sites.

A single-beam spectrometer can only collect and receive
one beam of monochromatic or polychromatic light at the
same time, and use two measurements of reference light
and measured sample light to perform spectral analysis. The
instrument is set to counting mode to detect the intensity of
transmitted light, the detection steps are as follows:

(1) Close or obscure the measuring light source, detect the
background spectra, and record it as Dλ, where λ represents
the wavelength.

(2) Place the reference reagent, turn on the measurement
light source, detect the light source spectra, and record it
as Rλ.
(3) Place the sample reagent, detect the light source

spectra, and record it as Sλ.
If the incident light intensity is I0, the true transmission

light intensity of the reference reagent is IC , and the true
transmission light intensity of the sample reagent is IP, the
following conditions are satisfied:

IC = Rλ − Dλ (1)

IP = Sλ − Dλ (2)

According to Beer-Lambert law, the final absorbance is
expressed as:

1A = AP − AC (3)

= lg
I0
IP
− lg

I0
IC

(4)

= −lg
IP
IC
= −lg

Sλ − Dλ
Rλ − Dλ

(5)

Eq. (1)- (5) is the detection principle of the miniature spec-
trometer. The overall structure diagram of on-line spectral
detection of polymetallic ions is shown in Fig. 3.

FIGURE 3. The overall structure diagram of on-line spectral detection.

The structure diagram is mainly composed of light source,
optical fiber, sample slot, micro spectrometer and ARM
microcontroller. The light source is mainly used to provide
the band and energy of spectral detection. Optical fiber is used
to transmit optical signal and reduce the loss of light in the
process of transmission. The sample slot is used to store the
substance to be detected. The miniature spectrometer is used
to collect spectral signals and convert them into digital sig-
nals. The function of ARM microcontroller is to control the
parameter setting and process the spectral data, and to interact

with the micro spectrometer through serial communication,
so as to realize the on-line detection of the spectral signal.

B. WAVELET THRESHOLD DENOISING
The wavelet transform can decompose the signal into an
approximation part and a detail part, the approximation part
describes the low frequency characteristics of the signal,
and the detail part describes the high frequency character-
istics of the signal [34]. In the detection of spectral signal,
the background interference changes slowly, which is gen-
erally concentrated in the low-frequency part of the signal;
while the noise changes rapidly, which is concentrated in
the high-frequency part of the signal. Therefore, using the
multi-resolution of wavelet transform can eliminate back-
ground interference and noise. If f(t) represents the original
signal, and use wavelet transform to decompose it into J
layers. The wavelet transformed signal x(t) satisfies:

x(t) = AJ (t)+
∑
j≤J

Dj(t) (6)

In Eq.(6), AJ (t) represents the approximate signal of the
J-th layer, Dj(t) represents the detail signal of the j-th layer
(1 ≤ j ≤ J). The approximate signal and the detail signal
satisfy the following relationship:

AJ−1(t) = AJ (t)+ DJ (t) (7)

Compared with the effective signal, the background inter-
ference has a lower frequency and the noise has a higher
frequency. Therefore, a threshold denoising method based
on wavelet transform is proposed to remove low-frequency
background and high-frequency noise of spectral signal. The
method includes the following three main aspects: wavelet
decomposition, wavelet reconstruction, and peak correction.
First, the signal is separated into different frequency com-
ponents by the discrete wavelet transform, and the back-
ground interference concentrated in the low-frequency is
removed. Then, inverse wavelet transform is performed to
obtain a reconstructed signal. Finally, peak reconstruction
is performed on the reconstructed signal to obtain a pure
spectral signal. Traditional threshold functions include hard
threshold and soft threshold functions. Both of these thresh-
old functions have disadvantages, the hard threshold function
is discontinuous at the threshold, while the soft threshold
function has a constant deviation between quantized wavelet
coefficient and decomposed wavelet coefficient. To over-
come the drawbacks of traditional threshold functions, a new
threshold function is defined as:

wj,k =

{
wj,k − sign(wj,k )T (1− α), |wj,k | ≥ T

αwj,k2−0.15(|wj,k |−T )
2
, |wj,k | < T

(8)

where α is in the range 0 to 1. Since the amplitude of the
noise in the spectral signal is random noise obeying Gaussian
distribution, the optimal value of α is set to 0.56.
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C. SPECTRAL ERROR CORRECTION
Based on the invariance of the dual-wavelength light intensity
ratio in the spectral detection, a correction method for the
spectral absorbance curve is studied to dynamically elimi-
nate the measurement error of the optical system. For any
measured solution’s spectral curve, take a wavelength with
a smaller absorbance as the reference wavelength to cor-
rect the absorption spectral curve. The specific idea is as
follows:

Ac(λ) = A(λ)− A(λR) (9)

where, A(λ) is the measured absorption spectral curve,
A(λR) is the absorbance value corresponding to the reference
wavelength λR, and Ac(λ) is the corrected spectral curve.
Eq. (8) can be expressed in the form of light intensity as
follows:

Ac(λ) = lg
I0(λ)
I (λ)
− lg

I0(λR)
I (λR)

(10)

where, I0(λ) and I0(λR) are the transmitted intensity of the ref-
erence reagent, I (λ) and I (λR) are the transmitted intensity of
the sample reagent. Through themathematical transformation
of Eq. (9), we can get:

Ac(λ) = lg
I (λR)
I (λ)

− lg
I0(λR)
I0(λ)

(11)

It can be seen from Eq. (11) that the correction spectral
curve Ac(λ) is the ratio operation of light intensity signal
at different wavelengths. According to the invariant char-
acteristic of the dual-wavelength light intensity ratio in the
spectral detection, the correction spectra will not change with
the disturbance or drift of the light source signal, thereby
dynamically correcting system measurement error caused by
the optical detection system. The spectral error correction
algorithm is shown in Fig. 4.

FIGURE 4. Spectral error correction algorithm.

FIGURE 5. The hardware device for online detection of polymetal ions.

III. EXPERIMENTAL
A. EXPERIMENTAL DEVICE
An experimental device is designed for online detection of
polymetal ions in high-concentration zinc solution, as shown
in Fig. 5. The device mainly consists of light source, opti-
cal fiber, cuvette holder, sample slot, micro spectrome-
ter, and ARM microcontroller. Each module of the device
has great independence, which is conducive to replace-
ment, maintenance and installation. The light source is a
halogen-deuterium mixed light source, which provides spec-
tral energy signals in the ultraviolet-visible band. The quartz
cuvette is used to store the test solution and is placed in the
sample tank, and the cuvette holder is used to fix the sample
tank. An Optosky ATP2000 micro spectrometer (Optosky
Technology Ltd., China) is used tomeasure ultraviolet-visible
spectra. The spectrometer can measure the spectral range
from 200nm to 1100nm, which meets the detection of spec-
tral energy signal in the ultraviolet-visible band. In addition,
the instrument manufacturer provides the serial interface,
which is conducive to the realization of the on-line spectral
analysis of the polymetallic ions. The ARM microproces-
sor uses a high-performance processor model STM32F407.
The processor adopts the multi-bus matrix AHB (Advanced
High-performance Bus), multi-channel DMA (Direct Mem-
ory Access), and 168MHz clock frequency, which can
effectively improve the program operation efficiency and
execution speed.

B. SAMPLES
All reagents were of analytical reagent grade. Deionized
water was used for all the dissolution and dilution in
the experiment. Using water as a solvent, stock solutions
of 50 g/L of zinc (Zn), and 12.5 mg/L of copper (Cu)
and cobalt (Co) were prepared by corresponding reagents.
Standard solutions were then prepared from the stock
standard by serial dilution as required. A series of mixed
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standard solutions containing various proportions of zinc and
trace ions, 5.00 ml nitroso-R salt solution, 7.5 ml acetic
acid-sodium acetate solution were placed in a 25-ml cali-
brated flask and diluted to the mark with the appropriate
volume of distilled water. A blank solution was prepared
in the same manner. The final concentration ranges were
0.3–3 mg/L for cobalt, and 0.5–5 mg/L for copper. Absorp-
tion spectra were measured by the Optosky ATP2000 spec-
trophotometer in the wavelength range of 200–1100 nm, with
respect to a reagent blank. All the spectra measured were the
average of 5 replicates, and they were used for subsequent
analysis.

FIGURE 6. Acquisition of spectral signal. (a) The background light
intensity. (b) The light intensity of the reference solution. (c) The light
intensity of the copper solution. (d) The absorbance spectra of copper.

IV. RESULTS AND DISCUSSION
A. ACQUISITION OF SPECTRAL SIGNAL
Based on the detection principle of the miniature spectrom-
eter, a group of 0.3 mg/L copper solution and a group of
reagent blank reference solution were prepared to collect
the spectral signal of copper. The ATP2000 spectrometer
is designed in a counting mode to collect the intensity of
transmitted light. The ARM processor controls the parameter
setting of the micro spectrometer through the serial port,
and analyzes and processes the spectral data collected by the
micro spectrometer to achieve online acquisition of spectral
signal. The light intensity of reference solution and copper
solution are measured by ATP2000 in the wavelength range
of 200-1100nm. as shown in Fig. 6. Fig.6 (a) shows the
background light intensity when the light source is turned off.
Fig.6 (b) shows the light intensity of the reference solution.
Fig.6 (c) shows the light intensity of the copper solution.
Obviously, the light intensity of the copper solution is lower
than that of the reference solution, because the copper com-
plex in the solution has a strong absorption effect on light,
which reduces the transmission intensity of light. According
to Eq. (5), the absorbance spectra of copper can be obtained,
as shown in Fig.6 (d).

FIGURE 7. Absorbance spectra of Cu and Co in the mixed zinc solution.
(a) Cu. (b) Co.

B. SPECTRAL CHARACTERISTICS
Fig.7 shows the ultraviolet-visible absorption spectra of cop-
per (Cu) and cobalt (Co) in high concentration zinc solution at
a wavelength range of 200-1100 nm, where the concentration
range of copper is 0.5-5.0 mg/L and the concentration range
of cobalt is 0.3-3.0mg/L.We can see fromFig. 7 that the spec-
tral signals of Cu and Co are interfered by noise, especially
the copper spectra is more severely affected. The wavelength
corresponding to the maximum absorbance of copper and
cobalt is 484.66 nm and 503.47 nm respectively. To evaluate
the linearity of Cu and Co, The calibration curves of Cu and
Co are constructed using the absorbance at their maximum
peak and the corresponding concentration, as shown in Fig. 8.
As can be seen from Fig.8(a) and Fig.8 (b), the Cu and Co
have poor linearity. Their linear equations and correlation
coefficients (R2) are: Abs. = 0.1698 CCu+ 0.0048 (R2

=

0.9914) and Abs. = 0.2501 CCo+ 0.5564 (R2
= 0.9937),

respectively. Therefore, it is necessary to preprocess the spec-
tral signal to improve the detection accuracy.

FIGURE 8. Calibration curves of copper and cobalt. (a) Copper calibration
curve. (b) Cobalt calibration curve.
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C. SPECTRAL PREPROCESSING
Theminiature spectrometer has the advantages of modularity,
miniaturization, intelligence, and fast detection speed, but
compared to large dual-beam spectrophotometer, miniature
spectrometer adopts single-beam structure and CCD detector.
The single-beam spectrometer can only collect and receive a
beam of monochromatic or polychromatic light at the same
time, and analyze and detect the spectral signal by measuring
the reference light and the sample light separately, which can
not offset the noise interference from the external environ-
ment (such as temperature, vibration), and the noise inter-
ference caused by the spectrometer and the circuit system,
resulting in the low photometric accuracy. CCD detector has
the advantage of fast detection speed, but the disadvantage
is that it enlarges the noise accordingly. Therefore, noise
has always been a difficult problem to solve, which directly
affects the detection performance of the spectrometer.

Due to the interference of noise on the spectral signal, if the
spectral data is modeled directly without denoising pretreat-
ment, it will seriously affect the accuracy of simultaneous
detection of copper and cobalt. A threshold denoising algo-
rithm based on wavelet transform is proposed to preprocess
the spectral signal to eliminate low-frequency background
and high-frequency noise. Fig. 9(a) and Fig. 9(b) show the
denoising signals for Cu and Co by the threshold denoising
algorithm, respectively. It can be seen from Fig.9 that the
noise is completely eliminated, the Cu and Co signals after
denoising are smooth, and the spectral shape is consistent
with the expected.

FIGURE 9. The denoising signals for Cu and Co by the proposed threshold
denoising method. (a) The denoising signal for Cu. (b) The denoising
signal for Co.

In order to evaluate the performance of the threshold
denoising algorithm, the original spectral signal of Cu and
Co and the spectral signal after pretreatment are linearly cor-
rected under different wavelengths, and the statistical results
of the linear correlation coefficient are shown in Table 1.
It can be seen that the linear correlation coefficients of Cu
and Co at different wavelengths after signal processing have
been significantly improved, and the maximum correlation
coefficients of Cu andCo are 0.9946 and 0.9958, respectively.

TABLE 1. Statistical results of Cu and Co before and after pretreatment.

The results show that the linearity of copper and cobalt has
been significantly improved. Therefore, the proposed wavelet
threshold denoising method can be used to preprocess spec-
tral data before modeling, and improve the accuracy of quan-
titative analysis of copper and cobalt.

D. SYSTEMATIC ERROR CORRECTION
Due to the spectrometer data shift caused by light source
disturbance, there is a large measurement system error
in the spectrometer detection system, and the results of
repeated detection of the same sample are inconsistent, which
affects the repeatability and accuracy of the detection results.
In order to solve this problem, this paper carried out a sys-
tematic experimental study and found that under the condi-
tion that the light source works stably (generally the light
source output is stable after half an hour of warm-up), the
dual-wavelength intensity ratio of the spectral signal has the
characteristic of not changing with time. Therefore, based
on this characteristic, the measurement error of the opti-
cal system can be eliminated dynamically by correcting the
detected absorption spectra, thereby effectively improving
the detection accuracy.

FIGURE 10. The ratio curve of dual wavelength intensity. (a) Ratio curve
at the wavelengths of 445nm and 525nm. (b) Ratio curve at the
wavelengths of 456nm and 492nm.

In order to test the ratio stability of the light source,
iDH2000-BSC light sourcewas used to continuouslymeasure
and record with 0.3mg/L copper solution as the test object.
Fig. 10 (a) shows the ratio curve of the light intensity with
time at the wavelengths of 445nm and 525nm. The test is
continued for 2 hours after the light source is turned on
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TABLE 2. The predicted concentrations of Cu and Co in high concentration zinc solution.

and stable, and the measurement and recording are performed
every 5 minutes. It can be seen that the fluctuation range of
the light intensity ratio is between 1.3710 and 1.3751, and the
maximum relative fluctuation range is 0.29%. Fig. 10 (b) is
the ratio curve of the light intensity with time at the wave-
lengths of 456nm and 492nm. The test is continued for
8 hours after the light source is stabilized, and the measure-
ment and recording are performed every 20 minutes. As can
be seen that the fluctuation range of the light intensity ratio
is between 0.8743 and 0.8776, and the maximum relative
fluctuation range is 0.38%. Obviously, this fluctuation range
is approximately constant in engineering. Therefore, it can be
concluded that the light intensity ratio at any twowavelengths
does not change with time at different test moments after the
light source is turned on stably.

FIGURE 11. Spectral signal correction curve. (a) The original spectral
curve. (b) The spectral correction curve. (c) The spectral reference
baseline.

The proposed spectral signal correction method is used to
process the original spectral signal of copper. The spectral
signals before and after correction are shown in Fig. 11.
Fig. 11 (a) is the original spectral curve, Fig. 11 (b) is the
spectral correction curve, and Fig. 11 (c) is the spectral refer-
ence baseline. It can be seen that the corrected spectral shape

is more standardized and more repeatable, which is beneficial
to eliminate system errors and improve detection accuracy.

E. ONLINE DETECTION OF COPPER AND COBALT
In order to evaluate the performance of the developed online
spectrometer, we prepared 10 groups of metal mixed solu-
tions containing Cu and Co in different proportions, and used
a 20 g/L zinc solution as a reference. The spectral signal
was sampled by ATP2000 spectrometer, and then processed
by optical system error correction, noise signal elimination
and background interference removal to obtain high-quality
signal. The partial least squares method (PLS) were used to
detect the concentration of Cu and Co simultaneously in high
concentration zinc solution. The predicted concentrations are
shown in Table 2, and the prediction accuracy curves are
shown in Fig. 12.

As can be seen from Table 2, the maximum relative
errors (RD) of Cu and Co are 6.24% and 5.91%, and the
average relative errors are 5.42% and 4.26%. the root mean
squared error of prediction (RMSEP) is 0.1693 for copper and
0.0684 for cobalt. The predicted and actual values of Cu and
Co are shown in Fig. 12(a) and Fig. 12(b). The prediction
relative errors of Cu and Co are shown in Fig. 12(c) and
Fig. 12(d). It can be seen from Fig. 12 that the predicted
values and the actual values of Cu and Co are basically the
same, the correlation coefficient (R2) is 0.9962 for copper
and 0.9976 for cobalt, and the relative errors of Cu and
Co at different concentrations has small fluctuations. The
obtained results display that the developed on-line spectrom-
eter has good detection performance. In order to further
compare the performance of the developed on-line spectrom-
eter and experimental dual-beam spectrometer, ATP2000 and
dual-beam spectrometer UV-2600 (Shimadzu, Japan)) are
used to perform 30 repeatability tests on the experimental
data, and the test results are shown in Table 3.

It can be seen from Table 3 that the detection accu-
racy of the on-line spectrometer is lower than that of the
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TABLE 3. Performance comparison of ATP2000 and UV-2600 spectrometers.

FIGURE 12. Prediction accuracy curves of Cu and Co. (a) Predicted and
actual values of Cu. (b) Predicted and actual values of Co. (c) Prediction
relative error of Cu. (d) Prediction relative error of Co.

experimental spectrometer, but the detection speed of the
on-line spectrometer is fast, the detection time is less than
5 min, the maximum relative errors of Cu and Co are less than
10%, and the detection accuracy of Cu and Co are higher than
94.74%, which meets the requirements of industrial produc-
tion indexes. The obtained results show that the developed
on-line spectrometer is suitable for simultaneous detection of
Cu and Co in high concentration zinc solution.

V. CONCLUSION
The large and precise dual-beam UV-visible spectropho-
tometers is only limited in the laboratory. In the process
of industrial production, the samples need to be analyzed
off-line in the artificial laboratory. The detection cycle is
long and the real-time adjustment is blind, which seriously
affects the product quality and production efficiency. The
miniature spectrometer can be used for the online detection of
metal ion in the industrial field because of its miniaturization,
integration, and fast detection speed. However, the miniature

spectrometer uses a single-beam structure and a CCD detec-
tor, due to the influence of light source fluctuation, instrument
circuit noise, reagent background interference and other fac-
tors, the measured spectral signal has the problem of overflow
range and poor accuracy. In this paper, an on-line detection
instrument for the spectral signal of polymetallic ions is
designed, and some signal processing algorithms are used
to solve the test errors caused by light source fluctuation,
instrument noise and reagent background interference tomeet
the needs of online simultaneous detection of polymetallic
ions. The results show that the developed on-line analysis
instrument can meet the on-line acquisition and simultane-
ous detection of polymetal ions in high concentration zinc
solution.
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