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The leakage detection systemof vials based on two-linewater-vapor tunable diode laser absorption spectroscopy
(TDLAS) developed in our previous work was first employed to investigate the instantaneous leakage processes
of sealed vials. It showed that the leakage states of the vials withmedicines cannot be accurately determined in a
short time after the opening. Therefore, an optimized system was developed with two-line oxygen TDLAS
method by the measurement of defined oxygen leakage coefficient, and it was then utilized to study the instan-
taneous leakage processes of sealed vials. It revealed that when the stoppers of the sealed vials were opened, the
oxygen leakage coefficients increased immediately and then reach stable. It indicated that the optimized system
was not affected by the water absorption of medicines. Furthermore, 15 vials with known leakage states were
measured. It showed that the oxygen leakage coefficients of fully-open vials were obviously larger than that of
sealed vials, and themaximum standard deviation of oxygen leakage coefficients for ten measurements of a sin-
gle vial was 0.03%. The sealed vialswith different leakage degreeswere then investigated by inserting the needles
with different sizes (0.5/1/2/3.5 mm) into the vials. It revealed that the time required for the oxygen leakage co-
efficients to reach stable was shorter for the vials with larger leakage degree, i.e., larger needle size inserted. It
showed that non-invasive, fast response and high-accuracy leakage detection of vials can be realized by the op-
timized system.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

As shown in the analysis on the current situation and development
of Chinese market, the number of vials required for the pharmaceutical
industry reached about 50 billion in 2018. At present, vacuummethod
or nitrogen filled method are often applied in the pharmaceutical pro-
cess to isolate the medicines in the vials from the ambient air, and the
stability of medicines can be ensured. However, due to the cracks or
untight assembly of the stoppers during the manufacturing and trans-
portation process, the water vapor in the air easily enters into the vial,
the medicines are deteriorated, the pesticide effects are reduced and
the patients' lives can be endangered [1,2]. Therefore, the leakage detec-
tion of the vials is significant in pharmaceutical quality management
and clinical medication safety.

The conventional leakage detection methods of vials (such as dye
ingress method [3], microbial ingress method [4]) require visual ob-
servation of the color change, they are invasive and highly depended
on artificial judgment. In recent years, the leakage states of vials have
been investigated by many researchers based on laser absorption
spectroscopy that is widely applied in the measurement of trace
gases [5–12]. Jenkin et al. [13] measured the oxygen concentration
in sealed vials based on tunable diode laser absorption spectroscopy
(TDLAS). However, the measurement accuracy was affected by the
etalon effect since the incident light was vertically transmitted into
vials. Zhu et al. [14] effectively eliminated the etalon effect by
adjusting the incident angle of the laser beam, and high-precision
detection of the oxygen concentration in the vial can be achieved
based on wavenumber modulation spectroscopy (WMS), but the
system cannot meet the needs of industry due to relative slow detec-
tion speed (~5 s/vial). LIGHTHOUSE [15] provided benchtop head-
space analyzers for leakage detection of the vials e.g., frequency
modulation spectroscopy (FMS)-Oxygen headspace analyzer (FMS-
760), FMS-Pressure/Moisture headspace analyzer (FMS-1400).
With these products, the concentrations of corresponding gases
(O2, H2O, etc.) inside the headspace of sealed vials can be deter-
mined, and the leakage states of the vials can be obtained. However,
the measurement times required for each vial with these products
are from 1 to 5 s. In our previous work, Wang et al. [16] proposed a
three-lightpath water-vapor TDLAS method to realize leakage detec-
tion of vials. Chen et al. [17] developed a leakage detection system by
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defining a leakage coefficient based on two-line water-vapor TDLAS
method.

In this paper, the previous developed system [17] was first
employed to measure the instantaneous leakage processes of sealed
vials. However, it was found that the leakage states of the vials can-
not be accurately determined. Therefore, an optimized system with
two-line oxygen TDLAS method was developed. It revealed that the
influence of water absorption of medicines on the measurement ac-
curacy can be avoided, and the whole leakage processes can be
tracked. The optimized system was then utilized to investigate 15
vials with known leakage states and vials with different leakage
degrees.
Fig. 2. Absorption spectrum of oxygen, water vapor and carbon dioxide around
13,146.58 cm−1.
2. Theory

For the optimized system, the two-line water-vapor TDLAS
method [17] proposed in the previous work was improved. Fig. 1 is
the measured signal as a function of time for a specific absorption
line based on scanned-wavelength direct absorption spectroscopy.
A third-order polynomial is fitted to the baseline region of the signal
as shown by the dotted line, while the absorption spectrum can be
obtained by subtracting the baseline. Two wavenumber positions
(v1 and v2) are chosen, i.e., v1 corresponds to strong absorbance
and v2 corresponds to no absorbance, and the leakage coefficient k
can be then determined with the transmitted light intensities at v1
and v2.

As shown in Fig. 2, the absorption spectrum of oxygen, water vapor
and carbon dioxide around 13,146.58 cm−1 were simulated under spe-
cific conditions (xO2 = 0.2, xH2O = 0.01, xCO2 = 0.0035, T= 298 K, P=
1 atm, L = 100 cm) based on the high-resolution transmission
(HITRAN) molecular absorption database 2016. It showed that there
was strong absorption for oxygen, while there were almost no absorp-
tion for water vapor and carbon dioxide in this spectral region. It re-
vealed that there was strong absorption of oxygen at 13,146.58 cm−1

and almost no absorption at 13,145.5 cm−1, since the line strengths of
oxygen at 13,146.58 cm−1 and 13,145.50 cm−2 were 7.137e−4 cm−2/
atm and 5.103e−8 cm−2/atm, respectively. Therefore, these two wave-
number positions were chosen. The calculated absorbance of oxygen
around 13,146.58 cm−1 at different pressures (0.1/0.2/0.3/0.4/0.5/0.6/
0.7/0.8/0.9/1 atm) was shown in the Fig. 3. It was found that the absor-
bance almost kept constant when the pressure was larger than 0.3 atm,
and it should be noted that the pressure in the sealed vials employed in
the work provided by Zhejiang Medicine Company Limited were at
~0.45 atm. Therefore, the influence of pressure on the determination
of leakage states is not considered here.
Fig. 1. Raw data and fit with scanned-wavelength direct absorption spectroscopy.
3. Results and discussion

3.1. Measurement of the instantaneous leakage processes of sealed vials
based on two-line water-vapor tunable diode laser absorption
spectroscopy

The previous developed two-line water-vapor TDLAS system
[17] was firstly employed to investigate the instantaneous leakage
process of sealed vials. The variations of leakage coefficient k with
time for the vials with (a) and without (b) medicines before and
after opening the stoppers were shown in Fig. 4. The experiments
were performed at 298 K and relative humidity of 83%. As shown
in Fig. 4a, the average value of k was about 0.0027 before opening
the sealed vial with medicines, and k instantly raised to about
0.0147 after opening the stopper and then rapidly dropped to
about 0.0032. As shown in Fig. 4b, the average value of k was
about 0.0031 before opening the sealed vial without medicines, k
immediately increased to about 0.0178 after opening the stopper
and then tended to be stable. The deviation of k for each vial before
opening the stopper could be caused by the different vacuum de-
grees. For the vial with medicines, it was found that the k first in-
creased and then decreased after opening the stopper, i.e., the
concentration of water vapor in the vial first increased and then de-
creased. Since the medicines were produced by low-temperature
freeze-drying technology [18,19], they were provided with good
Fig. 3. Absorbance of oxygen at 13,146.58 cm−1 at different pressures.
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Fig. 4.Measurement of the instantaneous leakage processes of vials based on two-line water-vapor TDLAS.

Fig. 5. The optimized system based on two-line oxygen TDLAS.
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Fig. 6.Measurement of the instantaneous leakage processes of vials based on two-line oxygen TDLAS.
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Fig. 7. k of 15 vials with known leakage states measured by the optimized system.
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solubility and recovery ability of water absorption. The water vapor
absorbed by the medicines when the water vapor in the air flowed
into the vials. Therefore, it was found that when the vial was
opened instantaneously, the leakage states of the vials after opening
the vials in a short time cannot be accurately determined by this
system. Since there is no oxygen absorption by the medicines, the
leakage detection system was further optimized by measurement
of oxygen.
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Fig. 8. The variations of k within 2 min after insertion of needles with dif
3.2. The optimized system based on two-line oxygen tunable diode laser ab-
sorption spectroscopy

The schematic drawing of optimized system was shown in Fig. 5.
A 761 nm distributed feedback (DFB) diode laser (Nanoplus, NP-
DFB-761-SM-BTF) was butterfly mounted and chosen as the light
source. Its output power is 2.6 mW, and its temperature- and
current-tuning coefficients were 0.05 nm/ °C and 0.021 nm/mA, re-
spectively. The operating temperature and current of the laser
were set by the laser controller (Thorlabs, PRO8000) as 22.15 °C
and 30 mA, respectively, the center wavelength of laser output can
be then ensured at 13,146.58 cm−1. Saw-tooth signal with repetition
rate of 1000 Hz was employed to tune the laser. 150 consecutive
scans were averaged and smooth filtered. Based on the simulation
calculation by HITRAN 2016 (T = 298 K, P = 1 atm, L = 2.7 cm
(the diameter of the vials), xO2 = 0.2), the absorbance of oxygen at
13145.8 cm−1 was only 7.1e-4. It revealed that high-accuracy mea-
surement cannot be achieved with the limited path length. There-
fore, the path length of the optimized system was increased by
optical design. The laser beams were reflected by six gold-coated
spherical mirrors (Edmund, 43-340), and the path length was then
increased to ~40 cm. The light was finally received by the detector
(Thorlabs, PDA10CS). The incident light entered the vial with an in-
cident angle of 5° from the horizontal plane to effective eliminate
the etalon effect. The signal was converted and transferred to the
computer with the data acquisition card (NI, USB6361). The acquisi-
tion and processing of the experimental data were performed in the
LabVIEW environment. Measurement time of three vials with the
optimized system was 1 s, it was much faster than the
LIGHTHOUSE products.
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ferent sizes into vials (a) 0.5 mm; (b) 1 mm; (c) 2 mm; (d) 3.5 mm.
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Fig. 9. The variations of k with time after insertion of needles with different sizes into vials (a) 0.5 mm; (b) 1 mm; (c) 2 mm; (d) 3.5 mm until k reached stable.
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3.3. Investigation on the instantaneous leakage processes of vials by the op-
timized system

The optimized system was utilized to investigate the instanta-
neous leakage processes of sealed vials. The variations of k with
time for the vials with (a) and without (b) medicines before and
after opening the stoppers for 10 min were shown in Fig. 6. As
shown in Fig. 6a, the average value of k was about 0.00628 before
opening the sealed vial with medicine, and k rapidly raised to
about 0.008 after opening the stopper, gradually increased to about
0.0095 and then reached stable. As shown in Fig. 6b, the average
value of k was about 0.00633 before opening the sealed vial without
medicine, and k immediately raised to about 0.008 after opening the
stopper, gradually increased to about 0.0095 and then reached sta-
ble. It was found that the optimized system was not affected by the
water absorption of medicines, and the entire leakage processes of
vials can be tracked.
3.4. Measurement of 15 vials with known leakage states by the optimized
system

15 vials with known leakage states were randomly placed ten
times and measured by the optimized system, i.e., No. 1–10 vials
were sealed and No. 11–15 vials were fully open. They were placed
in the ambient air for 24 h before the measurements. The experi-
ments were performed at different temperatures (294–300 K) and
relative humidities (43%–71%). As shown in Fig. 7, k of No. 1–10
vials were less than 0.0065, and k of No. 11–15 vials were greater
than 0.0090. It revealed that the oxygen leakage coefficients of
fully-open vials were obviously larger than that of sealed vials. The
deviation of k for each vial can be caused by the various vacuum
degrees, and the maximum standard deviation for ten measure-
ments of a single vial was 0.03%. It showed that there was obvious in-
terval to separate the sealed and fully-open vials, temperature and
humidity in the environment will not influence on the measurement
accuracy.
3.5. Measurement of vials with different leakage degrees by the optimized
system

In order to investigate the vials with different leakage degrees,
four needles with different sizes (0.5/1/2/3.5 mm) were inserted
into four sealed vials. The variations of k with time for these four
vials before and after insertion within 2 min were shown in Fig. 8.
It revealed that the average value of k before insertion for one-
minute continuous measurement of these four vials were 0.00613/
0.00628/0.00609/0.00631, respectively. When the needle was
inserted into the vial, the air in the environment quickly entered
the vial due to the pressure difference inside and outside of the
vial. The pressure inside the vial instantly increased until it was
equal to the atmospheric pressure. After 1 min, the average value
of k of these four vials was 0.00791/0.00793/0.008/0.00801, respec-
tively. Fig. 9 showed the variations of kwith time before and after in-
sertion until k reached stable for these four vials, and the temporal
resolution of the measurement were 2 h/30 min/10 min/10 min, re-
spectively. Since the oxygen in the environment entered into the vial
through the needle by molecular diffusion after the insertion, the ox-
ygen concentration in the vial reached equilibriumwith the environ-
ment finally. It was found that the k gradually increased, and the time
required for reaching equilibrium for these four vials were 95/20/6/
3.3 h, respectively. It indicated that the required time was shorter
for the vial with larger needle size.
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4. Conclusion

Since the instantaneous leakage states of sealed vialswithmedicines
cannot be accurately determined by thewater-vapor TDLAS system, the
two-line oxygen TDLAS system was developed in the work. It revealed
that the optimized system was not affected by the water absorption of
medicines in the vials, and the whole leakage processes of vials can be
tracked. 15 vials with known leakage states were investigated. It
shown that k of fully-open vials was greater than 0.0090, while k of
sealed vials was less than 0.0065. Furthermore, the vials with different
leakage degrees were also studied. It indicated that the times required
for k to reach stable were 95/20/6/3.3 h for different needles sizes 0.5/
1/2/3.5 mm, respectively. It shown that the leakage states of the vials
can be determined by the optimized system without interference, and
it can be widely applied inmajor hospitals and pharmaceutical industry
in the future.
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