12 United States Patent

Minohata et al.

US010643830B2

US 10,643,830 B2
May 35, 2020

(10) Patent No.:
45) Date of Patent:

(54) SPECIFIC SUBSTANCE MONITORING
SYSTEM USING MASS SPECTROMETER

(71) Applicants: SHIMADZU CORPORATION,
Kyoto-shi, Kyoto (JP); NATIONAL
INSTITUTE FOR
ENVIRONMENTAL STUDIES,
Tsukuba-shi, Ibaraki (JP)
(72) Inventors: Toshikazu Minohata, Kyoto (JP);
Shoji Nakayama, Tsukuba (JP)
(73) Assignees: SHIMADZU CORPORATION,
Kyoto-shi, Kyoto (JP); National
Institute for Environmental Studies,
Tsukuba-shi, Ibaraki (JP)
( *) Notice: Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35
U.S.C. 154(b) by O days.
(21) Appl. No.: 16/158,922
(22) Filed: Oct. 12, 2018
(65) Prior Publication Data
US 2019/0115197 Al Apr. 18, 2019
(30) Foreign Application Priority Data
Oct. 13, 2017  (IP) oo, 2017-199640
(51) Int. CL
GOIN 30/72 (2006.01)
GOIN 30/88 (2006.01)
(Continued)
(52) U.S. CL
CPC .......... HO01J 49/0036 (2013.01); GOIN 30/72
(2013.01); GOIN 30/7206 (2013.01);
(Continued)
(58) Field of Classification Search

CPC .. GOIN 2030/027; GOIN 30/20; GOIN 30/88;
GOIN 2030/8804; GOIN 27/622;

(Continued)

(56) References Cited

U.S. PATENT DOCUMENTS

GO1N 30/08

210/198.2
GOIN 30/7253

5,738,783 A * 4/1998 Shirota

tttttttttttttttttt

3/2016 Takats
(Continued)

tttttttttttttttt

9,281,174 B2 *

FOREIGN PATENT DOCUMENTS

3/2014
10/2014
8/2017

2014-044175 A
2014/155530 Al
2017/130430 Al

JP
WO
WO

OTHER PUBLICAITONS

Communication dated Mar. 20, 2019, from the European Patent

Office 1in counterpart European Application No. 18199967.3.

Primary Examiner — David A Vanore
(74) Attorney, Agent, or Firm — Sughrue Mion, PLLC

(57) ABSTRACT

A sample introduction unit 2 regularly collects a sample
from a sample passage 1. A measurement unit 3 performs an
LC/MS analysis for the collected sample. A spectrum match-
ing judgment section 42 performs 1mage recognition refer-
ring to mass spectra 1n a normal condition accumulated in a
normal spectrum database 44, to determine whether a mea-
sured mass spectrum 1s 1n a normal condition. If the mass
spectrum 1s non-normal, an abnormal peak locator 45
locates a peak which should not be detected in the normal
condition, and an MS” analysis with the located peak
selected as the target 1s performed 1n the measurement unit
3 under an MS” analysis execution commander 46. An
identification processor 47 performs substance 1dentification
by a library search based on an acquired MS” spectrum.
Upon successtul i1dentification, an alert commander 49
issues an alert. Thus, the system can automatically monitor
hazardous substances with high accuracy.

9 Claims, 4 Drawing Sheets
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SPECIFIC SUBSTANCE MONITORING
SYSTEM USING MASS SPECTROMETER

TECHNICAL FIELD

The present mnvention relates to a system for monitoring,
a specific substance to be momtored which may be con-
tained 1n various samples, such as a river water, industrial
cilluent, tap water or ambient air, using a mass spectrometer.
In particular, the present invention relates to a specific
substance monitoring system suitable for regularly or con-
stantly monitoring a sample to determine whether or not a
hazardous substance 1s contained 1n the sample.

BACKGROUND ART

In Japan, the concentrations of hazardous substances
which are potentially harmiul to human health and may be
contained 1n drainage water from factories or other sources
are controlled under the Water Pollution Prevention Act. The
concentrations of chemical substances contaimned in tap
water are controlled under related regulations, such as the
water quality criteria based on the Water Supply Act. Many
other countries also have their own laws and regulations for
controlling such chemical substances, although the kinds of
substances to be controlled and criteria to be applied vary
from one country to another. In order to determine whether
or not those various regulations are properly met, 1t has been
required to regularly conduct a test for hazardous substances

in industrial effluent, environmental water (e.g. river water)
or tap water.

According to the current practice, a water quality test for
environmental water (e.g. river water) or industrial effluent
1s normally performed as follows: A person in charge of the
test regularly visits the site (1investigation site) and collects
a sample of water. The sample 1s brought back to a research
tacility or the like, where the sample 1s mitially subjected to
a pretreatment for an analysis and 1s subsequently analyzed
with an analyzing device. Examples of the commonly used
analyzing devices include: a liquid chromatograph (LC), gas
chromatograph (GC) as well as LC-MS and GC-MS 1n
which a mass analyzer 1s used as the detector for LC or GC
(see Patent Literature 1 or other documents). In the case
where an LC-MS or GC-MS 1s used, a process for identi-
fying a substance in a sample using a mass spectrum
acquired by mass spectrometry 1s normally performed.

However, with the previously described conventional
method, it 1s not easy to increase the frequency of the test,
and 1t 1s difficult to deal with a sudden occurrence of the
mixing ol a hazardous substance. Therefore, a hazardous
substance may be missed in the detection or the counter-
measure may become too late due to a delayed detection.

Additionally, environmental water (e.g. rnnver water) nor-
mally contains a wide variety of compounds other than the
hazardous substances. Those compounds cannot be com-
pletely separated from the hazardous substances even with
an LC or GC. Therefore, ion peaks originating from a
plurality of compounds will be observed on a mass spec-
trum. An operator needs to perform the task of locating a
peak originating from a hazardous substance from among a
large number of peaks observed on the mass spectrum. Such
a task 1s not only extremely cumbersome, but may also cause
overlooking of the hazardous substance.
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CITATION LIST

Patent Literature

Patent Literature 1: JP 2014-44175 A
Patent Literature 2: WO 2014/155530 A

SUMMARY OF INVENTION

Technical Problem

The present invention has been developed to solve the
previously described problem. Its primary objective 1s to
provide a specific substance monitoring system which can
prevent an omission of or delay in the detection of a
hazardous substance to be monitored, without placing an
additional burden on the operator.

Solution to Problem

The present invention developed for solving the previ-
ously described problem is a specific substance monitoring
system for monitoring a specific substance which 1s possibly
contained 1n a sample, using a mass spectrometer capable of
an MS” analysis, where n 1s an integer equal to or greater
than two, the system 1ncluding;:

a) a sample collector for repeatedly collecting, at a
predetermined timing, a sample to be subjected to a mea-
surcment,

b) a mass spectrometry execution controller for perform-
Ing a mass spectrometric analysis by the mass spectrometer
for the sample collected by the sample collector, to acquire
a mass spectrum for the sample;

c) a mass spectrum judgment section for determining
whether or not the mass spectrum acquired under the control
of the mass spectrometry execution controller 1s 1n a normal
condition, using a database created based on mass spectra
acquired by performing a mass spectrometric analysis on
cach of a plurality of samples 1n the normal condition which
are samples that do not contain the specific substance;

d) an abnormal peak locator for locating, in a mass
spectrum which 1s judged to be 1n a non-normal condition by
the mass spectrum judgment section, a peak which consti-
tutes the cause of the judgment;

¢) an MS” analysis execution controller for performing an
MS” analysis by the mass spectrometer for the sample
collected with the sample collector, to acquire an MS”
spectrum, where an 10n corresponding to the peak located by
the abnormal peak locator 1s selected as the target in the MS”
analysis; and

f) a substance identifier for attempting to 1dentily a
substance corresponding to the located peak by performing
a library search using the MS” spectrum acquired under the
control of the MS” analysis execution controller.

In the specific substance monitoring system according to
the present invention, the mass spectrometer capable of an
MS”™ analysis 1s, for example, a tandem quadrupole mass
spectrometer, quadrupole time-of-thght mass spectrometer
(so-called Q-TOF mass spectrometer), 1on trap mass spec-
trometer, 10n trap time-oi-tlight mass spectrometer, or TOF/
TOF mass spectrometer.

The mass spectrometer may be any of the alorementioned
types of mass spectrometers 1n a solely used form. It 1s also
possible to use a liquid chromatograph mass spectrometer
(LC-MS) or gas chromatograph mass spectrometer (GC-
MS) 1n which a liguid chromatograph (LC) or gas chro-
matograph (GC) 1s connected in the previous stage of the
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mass spectrometer. In the case where the substances 1n a
sample are temporally separated from each other by an LC
or GC, a mass spectrum can be acquired for each retention
time 1n the mass spectrometer. Accordingly, in this case, the
mass spectrum judgment section may preferably determine
whether or not the target mass spectrum 1s 1n the normal
condition, based on a mass spectrum having the same
retention time 1n the database or mass spectra included 1n a
predetermined retention-time range which allows for a shiit
of the retention time.

In the specific substance monitoring system according to
the present invention, the sample collector repeatedly col-
lects the sample to be monitored, at a predetermined timing.
This sampling may be performed regularly or irregularly.
The sample collector may be configured to collect the
sample 1n response to an instruction or operation by an
operator. However, 1t may preferably be configured to auto-
matically collect a sample at specified intervals of time or at
specified points in time. This prevents an omission of the
testing due to an operator forgetting to give the instruction
or perform the operation. The burden on the operator related
to the sample-collecting task 1s also reduced.

There are various possible forms of the sample, such as a
gas sample, liquid sample or solid sample. Theretfore, the
configuration of the sample collector can be adapted for the
form of the sample. For example, for a fluid sample, such as
a gas sample or liquid sample, the sample collector may be
provided with a passage into which the sample 1s to be
introduced by a pressure difference, level difference or
similar mechamism, and a valve for allowing the sample
introduced into the passage to pass through for a specific
period of time.

When a sample has been collected at a certain timing, the
mass spectrometry execution controller performs a mass
spectrometric analysis in a normal mode (1.e. without dis-
sociation of an 1on) for the sample by the mass spectrometer
and acquires a mass spectrum.

The mass spectrum judgment section determines whether
or not the mass spectrum acquired at the time 1s 1n a normal
condition, using a database created beforehand based on
mass spectra acquired by performing a mass spectrometric
analysis on each of a plurality of samples which do not
contain the specific substance. The algorithm for the judg-
ment 1n the mass spectrum judgment section 1s not specifi-
cally limited. For example, as in a conventionally and
commonly used method for a database search or library
search, the degree of similarity may be calculated from the
degree of matching of the mass-to-charge-ratio values or
signal intensity values (relative intensity values) and com-
pared with a threshold for the judgment. More preferably,
image recognition techniques, which have been used in
recent years for the recognition of an abnormal event based
on videos taken with a monitoring camera or for other
purposes, may be used to determine whether or not the target
mass spectrum 1s 1n the normal condition. In particular, an
image recognition technique employing artificial intelli-
gence (Al) may be used to judge the matching of the pattern
ol mass spectra.

If a mass spectrum has been judged to be 1n a non-normal
condition, the abnormal peak locator locates one or more
peaks which have constituted the cause of the judgment that
the mass spectrum 1s 1n a non-normal condition. This peak
may possibly be a peak originating from a substance which
1s not contained in the sample 1 the normal condition.
However, 1t 1s diflicult to identily the substance from the
mass-to-charge ratio of this peak. Accordingly, the MS”
analysis execution controller operates the mass spectrometer
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4

to perform an MS” analysis in which the mass-to-charge
ratio corresponding to the located peak 1s selected as the
target, and acquire an MS” spectrum.

After the MS” spectrum has been determined, the sub-
stance 1dentifier attempts to identily the substance by a
library search using the MS” spectrum. In the library to be
used for the library search, standard MS” spectra for specific
substances to be monitored should be registered beforehand.
If a substance has been identified by the library search in the
substance 1dentifier, the unknown substance contained in the
sample at the time 1s the specific substance to be momtored.
If no substance has been successtully identified in the
substance 1dentifier, the unknown substance contained in the
sample at the time 1s not the specific substance to be
monitored. The specific substance monitoring system
according to the present invention may preferably provide
the result of the substance 1dentification on a display unit or
through other types of output devices to inform a monitoring
operator (user) of the result.

The specific substance monitoring system according to
the present invention is particularly usetul as a system for
monitoring a hazardous substance contained 1n a sample. In
that case, the system may preferably be configured as
tollows: the substance identifier 1s configured to perform a
library search using a hazardous substance library in which
an MS” spectrum for a hazardous substance 1s registered
beforechand, and the system includes an alerting section for
1ssuing an alert when a substance 1s identified by the library
search.

In the specific substance monitoring system according to
the present invention, an MS” spectrum. i.e. the MS” spec-
trum with n=2, may be solely used for the substance
identification. However, it is preferable to use both MS* and
MS? spectra.

Thus, 1n a preferable mode of the specific substance
monitoring system according to the present invention,

the MS” analysis execution controller 1s configured to
operate the mass spectrometer to perform an MS” analysis
and an MS”® analysis for a sample collected with the sample
collector, and acquire an MS* spectrum and an MS” spec-
trum, and

the substance 1dentifier 1s configured to attempt to identity
a substance by performing a library search using the MS>
spectrum and the MS” spectrum acquired under the control
of the MS” analysis execution controller.

In the MS> analysis for acquiring an MS” spectrum, for
example, a peak having the highest signal intensity among
the peaks observed in the MS” spectrum can be selected as
the target.

The use of both MS* and MS? spectra for the substance
identification makes 1t possible to distinguish between sub-
stances in their MS”® spectra even if those substances are
similar in chemical structure and are diflicult to distinguish
in their MS* spectra. Therefore, for example, when a plu-
rality of substances contained 1n a sample cannot be suili-
ciently separated from each other by an LC or GC, or when
a sample containing a plurality of substances 1s directly
introduced into the mass spectrometer for mass spectrometry
without using an LC or GC, the substance can be 1dentified
with high accuracy or can be 1identified as a substance which
1s not present 1n the library.

In the 1image recognition technique using artificial 1ntel-
ligence mentioned earlier, 1t 1s easy to perform the machine
learning, and particularly, deep learming. Repeating the
learning of the image patterns of mass spectra which have
been judged to be normal enriches the database and
improves the correctness of the judgment.
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Thus, in a preferable mode of the specific substance
monitoring system according to the present invention, the
mass spectrum judgment section imncludes a database updater
for updating information in the database using a mass
spectrum judged to be 1n the normal condition.

As noted earlier, when no substance has been identified 1n
the substance identifier and the unknown substance con-
tained 1n the sample concerned has been judged to be none
of the specific substances to be monitored, the original mass
spectrum obtained by the measurement i1s considered to be
in the normal condition.

Accordingly, 1n the specific substance monitoring system
according to the present invention, the database updater may
preferably be configured so that, 1f a substance i1s not
successiully identified by the substance 1dentifier, the data-
base updater updates the database so that the mass spectrum
on which a peak originating from the unidentified substance
1s observed 1s registered as a mass spectrum 1n the normal
condition.

According to this configuration, if a mass spectrum for a
sample has been judged to be 1n a non-normal condition
because a substance which was not detected in the past has
been found in the sample, and 1f that substance i1s not a
specific substance, such as a hazardous substance, a mass
spectrum for a sample containing the same substance will be
judged to be in the normal condition in the subsequent
measurements. In this manner, the correctness of the data-
base can be progressively improved by machine learning so
that a mass spectrum for a sample containing a specific
substance will be judged as correctly as possible.

In the case of using an LC-MS or GC-MS as the mass
spectrometer, the MS” analysis may be immediately per-
formed after a normal mode of mass spectrometry, as in the
auto-MS” function described in Patent Literature 2 or other
documents. Alternatively, the MS” analysis may be per-
formed 1n the second or subsequent LC/MS or GC/MS
analysis for the same sample after the LC/MS or GC/MS
analysis for the first injection of that sample has been
completed. In the latter case, in order to allow for the second
or subsequent LC/MS or GC/MS analysis for the same
sample as used in the first analysis, the sample collector may
preferably be configured to simultaneously collect the
sample 1n suflicient quantity for performing the analysis
multiple times and divide the sample into fractions to be
individually used for the LC/MS or GC/MS analysis.

By performing the MS” analysis immediately (in real
time) after the normal mode of mass spectrometry 1n the
previously described manner, the system can promptly
determine, for example, whether or not a hazardous sub-
stance 1s contained in a sample collected from tap water, and
issue an alert as soon as the presence of a hazardous
substance has been confirmed. Accordingly, for example, an
urgent countermeasure, such as discontinuing the supply of
the tap water, can be promptly taken.

In one mode of the specific substance monitoring system
according to the present invention, the sample to be sub-
jected to the measurement 1s a liquid sample, the mass
spectrometer 1s a liquid chromatograph mass spectrometer,
and the sample collector includes:

a sample container including a storage portion in which an
inlet passage and an outlet passage for a liquud sample are
provided, and a portion of the wall of the sample container
1s sealed with a septum;

a sample suction-ejection umt including a needle, for
suctioning and ejecting a liquid sample through the needle:

a sample 1njection port for injecting a sample into a liquid
chromatograph unit;
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6

a driver for making the needle move between a position
at which the needle penetrates the septum of the sample

container and the sample 1njection port; and

a controller for controlling operations of the driver and the
sample suction-ejection unit so as to make the needle move
to the position at which the needle penetrates the septum of
the sample container and suction a liquid sample contained
in the storage portion of the sample container, and subse-
quently make the needle move to the sample 1njection port
and eject the liguid sample into the sample 1njection port.

In this mode of the system, the liquid sample 1s passed
through the passage formed by the inlet passage, storage
portion, and outlet passage of the sample container, to fill the
storage portion with the liquid sample. Then, at a predeter-
mined timing, the needle 1s penetrated through the septum,
and a portion of the liqmd sample stored 1in the storage
portion at that point in time i1s suctioned by the sample
suction-¢jection unit. Subsequently, the suctioned liquid
sample 1s ¢jected into the sample injection port, whereby the
liquid sample 1s mjected into the liquid chromatograph unait.
With this configuration, for example, a portion of the liquid
sample continuously flowing through a pipe can be collected
at a desired timing and subjected to an analysis.

The previous mode of the present invention, the system
may preferably be configured as follows:

the sample collector further includes a preparative sepa-
ration sample container for temporarily storing a liquid
sample:

the driver 1s capable of making the needle move between
the position at which the needle penetrates the septum of the
sample container, the sample injection port, and the prepara-
tive separation sample container; and

the controller controls operations of the driver and the
sample suction-ejection unit so as to (1) make the needle
move to the position at which the needle penetrates the
septum of the sample container and suction a liquid sample
contained 1n the storage portion of the sample container, and
subsequently make the needle move to the preparative
separation liquid container and eject the liquid sample 1nto
the preparative separation liqud container, as well as (11)
make the needle move to the preparative separation liquid
container and suction the liquid sample stored 1n the pre-
parative separation liquid container, and subsequently make
the needle move to the sample mjection port and eject the
liguid sample 1nto the sample injection port.

According to this configuration, the liquid sample suc-
tioned from the sample container can be temporarily stored
in the preparative separation sample container and injected
into the liquid chromatograph unit at a later, appropriate
point in time, rather than being injected into the hiquid
chromatograph unit immediately after the suction. There-
fore, 1f multiple preparative separation sample containers are
prepared, 1t 1s possible to collect the liquid sample at shorter
intervals of time than the period of time required for one
sequential analysis 1n the liquid chromatograph mass spec-
trometer, and perform a batch analysis on the collected
samples at a later point in time.

Advantageous Effects of Invention

With the specific substance monitoring system using a
mass spectrometer according to the present invention, 1t 1s
possible to quickly and assuredly detect a substance which
should not be contained 1n a sample 1n a normal condition,
as well as quickly and automatically determine whether or
not that substance 1s the specific substance to be monitored.
Accordingly, whether or not a hazardous substance 1s con-
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tained 1n tap water, environmental water, ambient air or
other types of samples can be checked with high frequency
without placing an excessive burden on operators.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic configuration diagram of a hazard-
ous substance monitoring system as one embodiment of the
specific substance monitoring system according to the pres-
ent 1nvention.

FIG. 2 1s a flowchart of a hazardous substance monitoring,
process 1n the hazardous substance monitoring system
according to the present embodiment.

FIG. 3 1s an illustration of a hazardous substance moni-
toring operation in the hazardous substance monitoring
system according to the present embodiment.

FI1G. 4 1s a schematic configuration diagram showing one
example ol an autosampler in the hazardous substance
monitoring system according to the present embodiment.

DESCRIPTION OF EMBODIMENTS

A hazardous substance monitoring system as one embodi-
ment of the specific substance monitoring system according,
to the present invention 1s hereinafter described with refer-
ence to the attached drawings.

FIG. 1 1s a schematic configuration diagram of the haz-
ardous substance monitoring system according to the present
embodiment. This hazardous substance monitoring system
1s a system for regularly checking whether or not a hazard-
ous substance (e.g. a legally controlled substance) 1s con-
tained 1n a river water, industrial effluent, tap water or the
like, as well as identifying the substance and 1ssuing an alert
if such a hazardous substance has been detected.

The hazardous substance monitoring system according to
the present embodiment includes: a sample introduction unit
2 for introducing a sample from a collection port 1a of a
sample passage 1 through which a flow of water (or a
different kind of fluid) to be monitored 1s passed; a mea-
surement unit 3 for performing a measurement on a portion
of the introduced sample; a data processing unit 4 for
analyzing and processing data obtained with the measure-

ment unit 3; a control unit 5 for controlling the operations of

the sample introduction unit 2, measurement unit 3 and data
processing unit 4; as well as an input unit 6 and a display unit
7 serving as the user interface.

The sample 1ntroduction unit 2 includes a valve which
opens and closes, for example, according to a command
from the control unit 5. While the valve 1s 1n the open state,
the sample 1s mtroduced from the collection port 1a through
the valve into the measurement unit 3.

The measurement unit 3, which 1s an LC-MS, includes an
autosampler 31, a liquid chromatograph (LC) unit 32, and a
mass spectrometer (MS) unit 33 capable of an MS” analysis.
Though not shown, the LC unit 32 includes a liquid supply
pump for supplying a mobile phase at a fixed flow rate, an
injector for injecting a sample into the mobile phase being
supplied, a column for temporally separating the compounds
in the sample, and other elements. The MS unit 33 1s, for
example, an 1on trap time-oi-flight mass spectrometer
including an electrospray ion source. The autosampler 31
holds a predetermined amount of sample supplied from the
sample introduction unit 2 and gives 1t to the injector 1n the
LC unit 32.

The data processing unit 4 includes a data collector 41,
spectrum matching judgment section 42, database (DB)
updater 43, normal spectrum database 44, abnormal peak
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locator 45, MS” analysis execution commander 46, 1denti-
fication processor 47, hazardous substance library 48 and
alert commander 49 as 1ts functional blocks for carrying out
characteristic processing as will be described later. The
actual form of the data processing unit 4 1s normally a
personal computer or a more sophisticated workstation. The
functional blocks in the data processing unit 4 can be
embodied by executing, on such a computer, a dedicated
data-processing software program installed on the same
computer.

An example of the specific configuration of the autosam-
pler 31 1s hereinafter described with reference to FIG. 4.

The autosampler 31 includes a sample tlow container 311,
preparative separation container 312, sample injection port
313, needle 314, and syringe pump 316 connected to the
needle 314 via a passage 315. Though not shown, a drive
mechanism for vertically driving the needle 314 within a
predetermined range and another drive mechanism for driv-
ing the needle 314 1n a horizontal plane (e.g. 1n the two axial
directions which are orthogonal to each other) are also
provided. The sample flow container 311 has a storage
portion 311¢a for holding a sample, an mlet passage 3115 and
an outlet passage 311¢ both of which communicate with the
storage portion 311qa, as well as a septum 3114 attached to
an opening 1n the upper wall of the sample tlow container
311 to seal the storage portion 311a. The preparative sepa-
ration container 312 also has a septum 312a attached to its
opening to seal the inner space of the container. Although
FIG. 4 shows only one preparative separation container 312,
two or more preparative separation containers 312 may be
prepared.

An operation for introducing a sample into the LC unit 32
in the autosampler 31 is hereinafter described.

In the process of collecting a sample, a flow of the sample
1s passed from the sample introduction unit 2 through the
inlet passage 3115, storage portion 311a and outlet passage
311c to fill the storage portion 311a with the sample.
Subsequently, the needle 314 located at a position above the
sample tlow container 311 1s lowered to the position 1ndi-
cated by the broken line 314q 1 FIG. 4 to make the needle
314 penetrate the septum 311d. Then, the syringe pump 316
1s operated to suction a predetermined amount of sample
from the storage portion 311a. After the suctioning has been
completed, the needle 314 1s pulled up to a predetermined
position. Subsequently, under the control of the control unit
5, the sample can be mjected into the LC unit 32 in either a
direct 1njection mode or preparative separation injection
mode.

| Direct Injection Mode]

In the direct injection mode, the needle 314 into which the
sample has been suctioned by the syringe pump 316 1s
transierred to a position above the sample 1njection port 313.
Then, the needle 314 1s lowered to the position indicated by
the broken line 314¢ 1 FIG. 4 to insert the needle 314 1nto
the 1njection opening 313a of the sample injection port 313.
Subsequently, the syringe pump 316 1s operated to eject the
sample through the passage 315 and the needle 314. The
ejected sample 1s introduced through the passage 3135 nto
the LC unit 32.

|Preparative Separation Injection Mode]

In the preparative separation injection mode, the needle
314 into which the sample has been suctioned by the syringe
pump 316 is transierred to a position above the preparative
separation container 312. Then, the needle 314 1s lowered to
the position indicated by the broken line 3145 1n FIG. 4 to
make the needle 314 penetrate the septum 312aq of the
preparative separation container 312. The syringe pump 316
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1s operated to eject the sample through the passage 315 and
the needle 314. Thus, the sample 1s temporanly stored 1n the
preparative separation container 312. At a later, predeter-
mined timing, the sample stored 1n the preparative separa-
tion container 312 1s suctioned through the needle 314 and
¢jected 1nto the injection opeming 313aq of the sample
injection port 313, whereby the sample 1s introduced into the
LC unit 32. While the measurement 1n the measurement unit
3 requires a predetermined period of time, the sample can be
sequentially collected into multiple preparative separation
containers 312. Thus, the sample can be collected at shorter
intervals of time than the period of time required for the
measurement.

A monitoring operation in the hazardous substance moni-
toring system according to the present embodiment 1s here-
inafter described with reference to FIGS. 2 and 3 1n addition
to FIG. 1. FIG. 2 1s a flowchart of a hazardous substance
monitoring process in the hazardous substance monitoring
system according to the present embodiment. FIG. 3 1s an
illustration of a hazardous substance monitoring operation.

In the hazardous substance library 48, standard MS-
(MS/MS) spectra and MS® (MS/MS/MS) spectra for various
compounds which, for example, are potentially harmful to
human health and legally controlled are previously regis-
tered 1n association with compound imnformation, such as the
compound name, molecular formula and molecular weight.
This hazardous substance library 48 may be created by
users, although it should normally be provided by the
manufacturer of the present device and will be updated as
needed.

On the other hand, the normal spectrum database 44 1s
used to register a large number of mass spectra for samples
in a normal condition 1n which no hazardous substance is
contained, along with the retention-time information. Those
mass spectra will be used for detecting an abnormal peak, as
will be described later. For example, 1n the case of moni-
toring a river water, the normal condition for the water varies
from one river to another. Even the same river may have
different normal conditions depending on the location 1n the
river. Accordingly, the normal spectrum database 44 should

normally be prepared by accumulating a certain number of

mass spectra by repeatedly performing a measurement for a
sample 1ntroduced from a specified collection port 1a of a
specified sample passage 1.

In the system according to the present embodiment, the
various substances contained 1n a sample are detected 1n the
MS umit 33 after being separated from each other by the L
unit 32. Therefore, by comparing mass spectra acquired at
the same retention time, an abnormal peak which may
appear at that retention time can be detected, provide that the
data are acquired under the same separating condition 1n the
LC unit 32. In other words, the separating condition 1n the
LC unit 32 must be constantly maintained 1n all measure-
ments, since a change in the separating condition makes it
useless to compare mass spectra at the same retention time.
Additionally, since 1t 1s normally impossible to predict the
retention time at which an abnormal peak appears, it 1s

basically necessary to register a mass spectrum for each of

the retention times over the entire measurement time range
in the normal spectrum database 44.

If such a registration method results 1n too many mass
spectra to be registered 1n the database 44, 1t 1s possible to

thin out the retention times at predetermined intervals of

time and register fewer mass spectra 1n the normal spectrum
database 44, rather than registering the mass spectra at all
retention times within the entire measurement time range.
As 1n the case where the specific substance (hazardous
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substance) to be detected 1s specified beforehand, if the
retention time of the substance 1s predictable, 1t 1s possible
to register a mass spectrum at that retention time or at each
of the retention times within a narrow time range including
that retention time 1n the normal spectrum database 44. The
number of mass spectra to be registered will be considerably
decreased by these methods. In the present example, 1t 1s
assumed that the mass spectra are registered in the form of
image data 1n a predetermined format which can be used for
image recognition.

In order to monitor a hazardous substance, the control unit
5 controls the sample mtroduction unit 2 to regularly ntro-
duce a sample from the sample passage 1 at predetermined
intervals of time (e.g. once every hour). Specifically, when
a predetermined timing to collect the sample has come, the
valve 1n the sample introduction unit 2 1s opened for a
predetermined period of time, whereby a portion of the river
water flowing through the sample passage 1 1s supplied
through the valve to the autosampler 31. Thus, the sample to
be subjected to the measurement 1s collected 1n the autosam-
pler 31 (Step S1).

Next, the control unit 5 controls each section of the
measurement unit 3 to perform an LC/MS analysis for the
collected sample. That 1s to say, in the LC unit 32, various
substances contained in the sample injected from the
autosampler 31 under a specific separating condition as
described earlier are temporally separated from each other.
In the MS unit 33, a scan measurement over a predetermined
range ol mass-to-charge ratios m/z 1s repeatedly performed
at predetermined intervals of time for the eluate containing
the various substances separated by the LC unit 32. The data
collector 41 collects mass spectrum data showing the rela-
tionship between the mass-to-charge ratio and signal inten-
sity over the predetermined range ol mass-to-charge ratios
(Step S2). Peaks which originate from the substances con-
tained 1n the eluate introduced 1nto the MS unit 33 appear on
this mass spectrum (see (a) in FIG. 3).

Every time a mass spectrum for the sample 1s acquired, or
once every predetermined 1nterval of time 1n the case where
the normal spectrum database 44 holds one registered mass
spectrum for each retention time at predetermined intervals
of time, the spectrum matching judgment section 42 deter-
mines, by image recognition using artificial intelligence
(Al), whether or not the spectrum pattern of the mass
spectrum acquired by the measurement matches with that of
a normal mass spectrum stored in the normal spectrum
database 44, where the normal mass spectrum 1s either a
normal mass spectrum having the same retention time as the
acquired mass spectrum or one of the normal mass spectra
included 1n a predetermined retention-time range which
allows for a shift of the retention time (Step S3: see (b) 1n
FIG. 3). It should be noted that the method for judging the
matching in spectrum pattern 1s not specifically limited. For
example, 1n place of the image recognition technique, a
method similar to a common database search may be
employed; 1.e. the degree of similarity may be calculated
according to a predetermined algorithm based on the degree
of matching of the mass-to-charge-ratio values or that of the
mass-to-charge-ratio values and signal intensity values (rela-
tive signal-intensity ratios between a plurality of peaks). In
this case, the spectrum patterns can be judged to be matching
with each other if the degree of similanity 1s equal to or
higher than a predetermined threshold.

If the spectrum pattern of the measured mass spectrum
matches with a spectrum pattern registered in the normal
spectrum database 44, the measured mass spectrum 1s

judged to be 1n the normal condition (*“Yes™ 1n Step S4), and
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the operation proceeds from Step S4 to Step S10. In this
case, the measured mass spectrum 1s a mass spectrum which
contains no hazardous substance. Therefore, the database
updater 43 updates the normal spectrum database 44 so that
the measured mass spectrum 1s added as one of the mass
spectra 1n the normal condition (see (¢) mn FIG. 3). Thus,
with an 1ncrease 1n the number of times of the measurement
for the sample which contains no hazardous substance, 1.e.
with an increase in the period of time of the monitoring of
the hazardous substance in the sample, the normal spectrum
database 44 becomes increasingly enriched, which improves
the accuracy of the judgment on the mass spectrum based on
this normal spectrum database 44.

Subsequently, whether or not the LC/MS analysis for the
sample collected 1n Step S1 has been completed 1s deter-
mined (Step S11). If the analysis 1s not completed, the
operation returns to Step S2 to continue the LC/MS analysis.

For example, if there i1s a hazardous substance mixed in
the sample due to some cause, a peak originating from that
hazardous substance appears on the measured mass spec-
trum acquired at the timing (retention time) at which the
hazardous substance 1s eluted 1n the column of the LC umit
32. This peak 1s one which should not be present 1n the mass
spectrum at the same retention time registered 1n the normal
spectrum database 44. Accordingly, their spectrum patterns
do not match with each other 1n Steps S3 and S4, and the
measured mass spectrum 1s judged to be m a non-normal
condition (“No” 1n Step S4). In this case, the abnormal peak
locator 45 extracts the peak which has prevented the match-
ing of the spectrum pattern, 1.¢. the peak which is present 1n
the measured mass spectrum but not in the corresponding
mass spectrum registered in the normal spectrum database
44, as an abnormal peak and locates the mass-to-charge ratio
of that peak as an abnormal mass-to-charge-ratio value (Step
S5, see (d) n FIG. 3).

When an abnormal mass-to-charge-ratio value has been
located, the MS” analysis execution commander 46 gives the
control unit 5 a command to execute an MS/MS analysis and
MS? analysis including a dissociating operation in which the
located mass-to-charge-ratio value 1s selected as the target
(1.e. as the precursor 10n). Upon recerving this command, the
control unmit 5 controls the MS unit 33 so as to immediately
execute an MS/MS analysis (product 10n scan measurement)
in which the located mass-to-charge-ratio value 1s selected
as the precursor 1on. Furthermore, the control unit 5 controls
the MS unit 33 so as to subsequently execute an MS”
analysis 1n which an 10n corresponding to a predetermined
peak, such as a peak having the highest signal intensity,
observed on the MS/MS spectrum (product 1on spectrum)
acquired by the product ion scan measurement 1s selected as
the target 1n the second dissociating operation. That 1s to say,
when a substance which should not be detected 1n the normal
condition, 1.e. a substance which may possibly be a hazard-
ous substance, has been detected, an MS/MS analysis and
MS” analysis for that substance are immediately carried out
to acquire an MS/MS spectrum and MS> spectrum (Step S6;
see (e) 1n FIG. 3).

Subsequently, the identification processor 47 attempts to
identily the atorementioned substance which may possibly
be a hazardous substance by conducting a library search in
which the MS/MS spectra and MS> spectra registered in the
hazardous substance library 48 are checked for the acquired
MS/MS spectrum and MS> spectrum, respectively (Step S7;
see (1) in FIG. 3). In this step, only the substances registered
beforehand 1n the hazardous substance library 48 need to be
monitored; other substances are not the target of the moni-
toring and are allowed to be mixed 1n the sample. Therefore,
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if the substance has been successiully identified by the
library search using the hazardous substance library 48
(“Yes” 1n Step S8; see (g) n FIG. 3), the alert commander
49 outputs an alert display notifying of the detection of a
hazardous substance on the display unit 7, along with the
compound name of the identified substance and other related
information (Step S9). An alerting tone, such as a buzzer,
may also be generated 1n addition to the display.

On the other hand, i1f the substance has not been 1dentified

by the library search using the hazardous substance library
48 (“No” 1 Step S8), 1t 1s possible to consider that the
substance corresponding to the peak located as an abnormal
peak 1 Step S5 1s at least none of the hazardous substances
being subject to control. Therefore, no alert 1s 1ssued.
Additionally, 1n this case, although the measured mass
spectrum acquired without dissociation has been judged to
be 1n a non-normal condition because no matching spectrum
pattern was found 1n the normal spectrum database 44 at that
point in time, the mass spectrum should be judged to be 1n
the normal condition since 1t actually contains no hazardous
substance. Accordingly, the operation proceeds to Step S10,
and the database updater 43 updates the normal spectrum
database 44 so that the measured mass spectrum 1s added to
the database (see (h) in FIG. 3). In the subsequent process-
ing, a mass spectrum including the aforementioned peak
originating from the substance which has been judged to be
none of the hazardous substances being subject to control
will be judged to be 1n the normal condition 1n Steps S3 and
S4.

After the passage of a predetermined length of measure-
ment time for one 1njection of the sample 1nto the LC umt
32, 1t 1s determined that the analysis has been completed
(“Yes” 1n Step S11). The measurement unit 3 completes the
LC/MS analysis and stands by until the next timing to collect
the sample comes. By performing the sequential processing
according to the flowchart shown in FIG. 2 at predetermined
intervals of time, a hazardous substance contained in the
water flowing through the sample passage 1 can be almost
constantly detected. If a hazardous substance 1s contained 1n
the sample, the system can promptly inform a monitoring
operator of the compound name of the hazardous substance
and other related information, allowing the operator to
promptly i1dentity the cause of the mixing of the hazardous
substance and take measures against it.

In the processing shown in FIG. 2, when the mass
spectrum has been judged to be 1n a non-normal condition 1n
Step S4, an alerting operation may be performed, such as the
display of a message for drawing attention of the monitoring
operator. As noted earlier, even 1f a mass spectrum has been
judged to be 1 a non-normal condition, the substance mixed
in the sample may not be a hazardous substance. However,
if an alert for drawing attention of the monitoring operator
1s 1ssued at the point 1n time where the mass spectrum has
been judged to be 1n a non-normal condition, 1t becomes
possible to more promptly take measures in the case where
a hazardous substance 1s actually mixed.

In the hazardous substance monitoring system according,
to the previous embodiment, the sample-collecting operation
1s automatically performed by the sample mtroduction unit
2 under the control of the control unit 5. The sample-
collecting operation does not always need to be automati-
cally performed; 1t may be performed according to a manual
operation by the momitoring operator. It 1s also possible to
allow the monitoring operator to irregularly issue a com-
mand to collect the sample and determine whether or not a
hazardous substance 1s present, in addition to the automatic
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and regular operation of collecting the sample and deter-
mimng whether or not a hazardous substance 1s present.

In the hazardous substance monitoring system according
to the previous embodiment an LC-MS 1s used as the
measurement unit 3. A single type of mass spectrometer may
be used 1n place of the LC-MS 1n the case where the mixed
compounds can be separated from each other by the mass
separation by the MS unit 33, or more specifically, in the
case where the compounds with different structures can be
suiliciently distinguished by multi-stage dissociating opera-
tions or i1n the case where the mass accuracy or mass-
resolving power 1s so high that even a slight difference in
molecular weight can be recognized. In general, 1t 1s dithcult
to omit the LC unit 11 the mass spectrometry does not go
beyond the MS/MS analysis. In the case where an MS”
analysis with n being equal to or greater than three (MS>,
MS* MS"” and so on) is performed, it is possible to omit the
LC umt and yet detect a plurality of compounds in a
suiliciently separated form. Needless to say, when the LC
unit 1s not used, 1t 1s unnecessary to include the retention
time in the information used for judging the degree of
matching of the spectrum patterns of mass spectra.

In the hazardous substance monitoring system according,
to the previous embodiment, the MS” analysis 1s 1immedi-
ately performed when a peak which seems to have orgi-
nated from a hazardous substance has been detected 1n a
mass spectrum acquired through a normal mode of mass
spectrometry in a sequential LC/MS analysis for one 1njec-
tion of the sample mto the LC unit 32. Such a real-time
execution of the MS” analysis 1s advantageous for promptly
detecting a hazardous substance. However, it requires high-
speed processing for the judgment of the matching of mass
spectra or other operations. IT 1t 1s diflicult to perform the
MS” analysis in real time, a second LC/MS analysis for the
same sample may be performed after the completion of the
LC/MS analysis for the first injection of the sample, and the
MS” analysis may be performed in the second LC/MS
analysis. In this case, the sample introduction unit 2 supplies
the autosampler 31 with an amount of sample that 1s
necessary for performing the LC/MS analysis multiple
times. The autosampler 31 divides the sample into fractions
and 1individually injects each fraction of the sample so as to

perform the LC/MS analysis for the same sample multiple
times.

The specific substance monitoring system according to
the present invention 1s applicable not only 1n the monitoring,
of a liqud sample 1n the sample passage 1, as in the previous
embodiment; the system 1s also applicable in the monitoring
ol a hazardous substance in a gaseous sample. In that case,
a GC-MS 1s used as the measurement unit 3, or the MS unit
may be solely used without the GC unat.

The sample to be monitored for whether or not a specific
substance 1s contained 1s not limited to one collected through
the sample itroduction unit 2 having a valve. For example,
the present invention can be used in a system which regu-
larly or wrregularly performs the sampling of various prod-
ucts manufactured 1n a factory to detect an impurity con-
tained 1n the product. In this case, the specimen may be in
a solid form. Such a specimen can be collected by an
appropriate method, such as scraping a portion of the
sampled product.

Thus, the present invention can be generally applied in
various systems for monitoring the same kind of repeatedly
supplied sample to determine whether or not a specific
substance 1s contained in the sample, regardless of whether
the monitoring 1s regularly or irregularly performed.
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The previous embodiment as well as its variations
described so far are mere examples of the present invention,
and any modification, change, addition or the like appropri-
ately made within the spirit of the present mvention will
evidently fall within the scope of claims of the present
application.

REFERENCE SIGNS LIST

1 ... Sample Passage

la . . . Collection Port

2 . . . Sample Introduction Unit
3 ... Measurement Unait

31 . . . Autosampler

32 ... LC Umnit

33 ... MS Unit

4 . .. Data Processing Unit

41 . . . Data Collector

42 . . . Spectrum Matching Judgment Section
43 . . . Database Updater

44 . . . Normal Spectrum Database

45 . . . Abnormal Peak Locator

46 . . . MS” Analysis Execution Commander
47 . . . Identification Processor

48 . . . Hazardous Substance Library

49 . . . Alert Commander

5 ... Control Unit

6 ... Input Unit
7 . .. Display Unit

The mvention claimed 1s:

1. A specific substance monitoring system that monitors a
specific substance which 1s possibly contained 1n a sample,
comprising;

a mass spectrometer capable of an MS” analysis, where n

1s an integer equal to or greater than two;

for a sample collector configured to repeatedly collect the
sample at a predetermined timing; and

a data processing unit including a processor and a non-
transitory computer-readable-medium storing a com-
puter program 1instruction,

wherein the computer program instruction when executed
by the processor:

(1) performs a mass spectrometric analysis by the mass
spectrometer for the sample collected by the sample
collector, to acquire a mass spectrum for the sample;

(1) judges whether or not the acquired mass spectrum 1s
in a normal condition, using a database created based
on mass spectra acquired by performing a mass spec-
trometric analysis on each of a plurality of samples 1n
the normal condition which are samples that do not
contain the specific substance;

(111) locates, 1 a mass spectrum which 1s judged to be 1n
a non-normal condition a peak which constitutes a
cause of the judgment;

(1v) performs an MS” analysis by the mass spectrometer
for the sample collected with the sample collector, to
acquire an MS” spectrum, where an 10n corresponding
to the located peak 1s selected as a target in the MS”
analysis; and

(v) attempts to identify a substance corresponding to the
located peak by performing a library search using the
acquired MS” spectrum, wherein:

the computer program instruction when executed by the
processor performs a library search using a hazardous
substance library i which an MS” spectrum for a
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hazardous substance 1s registered beforchand, and
issues an alert when a substance 1s i1dentified by the
library search.

2. The specific substance monitoring system according to

claim 1, wherein:

the mass spectrometer 1s a liquid chromatograph mass
spectrometer or a gas chromatograph mass spectrom-
cter in which a liquid chromatograph or a gas chro-
matograph 1s connected 1n a previous stage of the mass
spectrometer; and

the computer program 1instruction when executed by the
processor determines whether or not a target mass
spectrum 1s 1n the normal condition, based on a mass
spectrum having a same retention time in the database
or mass spectra included 1n a predetermined retention-
time range which allows for a shift of the retention
time.

3. The specific substance monitoring system according to

claim 2, wherein:

the sample 1s a liquid sample, the mass spectrometer 1s a
liguid chromatograph mass spectrometer, and the
sample collector includes:

a sample container including a storage portion 1n which
an 1nlet passage and an outlet passage for a liquid
sample are provided, and a portion of a wall of the
sample container 1s sealed with a septum;

a sample suction-ejection unit including a needle con-
figured to suction and eject a liquid sample through
the needle;

a sample 1njection port configured to inject a sample
into a liqud chromatograph umt; and

a controller configured to control operations of the
sample collector by driving the needle so as to make
the needle move to a position at which the needle
penetrates the septum of the sample container and
suction a liquid sample contained in the storage
portion of the sample container, and subsequently
make the needle move to the sample 1njection port
and eject the liquid sample into the sample 1njection
port.

4. The specific substance monitoring system according to

claim 3, wherein:

the sample collector further includes a preparative sepa-
ration sample container configured to temporarily store
a liquid sample;

the sample collector 1s capable of making the needle move
between the position at which the needle penetrates the
septum of the sample container, the sample 1njection
port, and the preparative separation sample container;
and

the controller controls operations of the sample collector
and the sample suction-ejection unit so as to (1) make
the needle move to the position at which the needle
penetrates the septum of the sample container and
suction a liquid sample contained 1n the storage portion
of the sample container, and subsequently make the
needle move to the preparative separation sample con-
tamner and eject the liquid sample into the preparative
separation sample container, as well as (1) make the
needle move to the preparative separation sample con-
tamer and suction the liquid sample stored in the
preparative separation sample container, and subse-
quently make the needle move to the sample 1njection
port and eject the liquid sample 1nto the sample 1njec-
tion port.

5. The specific substance monitoring system according to

claim 1, wherein:
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the sample collector automatically collects a sample at
specified intervals of time or at specified points 1n time.
6. The specific substance monitoring system according to

claim 1, wherein:

the computer program instruction when executed by the
processor operates the mass spectrometer to perform an
MS” analysis and an MS~ analysis for a sample col-
lected with the sample collector, and acquire an MS~
spectrum and an MS> spectrum, and

the computer program instruction when executed by the
processor attempts to 1dentify a substance by perform-
ing a library search using the acquired MS” spectrum
and the acquired MS> spectrum.

7. The specific substance monitoring system according to

claim 1, wherein:

the computer program instruction when executed by the
processor updates mformation 1n the database using a
mass spectrum judged to be in the normal condition.

8. The specific substance monitoring system according to

claim 7, wherein:

11 the substance 1s not successiully identified, the com-
puter program instruction when executed by the pro-
cessor updates the database so that the mass spectrum
on which a peak originating from the unidentified
substance 1s observed 1s registered as a mass spectrum
in the normal condition.

9. A specific substance monitoring system that monitors a

specific substance which 1s possibly contained 1n a sample,
comprising;

a mass spectrometer capable of an MS” analysis, where n
1s an integer equal to or greater than two;

a sample collector configured to repeatedly collect the
sample at a predetermined timing; and

a data processing unit including a processor and a non-
transitory computer-readable-medium storing a com-
puter program instruction,

wherein the computer program instruction when executed
by the processor:

(1) performs a mass spectrometric analysis by the mass
spectrometer for the sample collected by the sample
collector, to acquire a mass spectrum for the sample;

(1) judges whether or not the acquired mass spectrum 1s
in a normal condition, using a database created based
on mass spectra acquired by performing a mass spec-
trometric analysis on each of a plurality of samples 1n
the normal condition which are samples that do not
contain the specific substance;

(111) locates, 1n a mass spectrum which 1s judged to be 1n
a non-normal condition a peak which constitutes a
cause of the judgment;

(1v) performs an MS” analysis by the mass spectrometer
for the sample collected with the sample collector, to
acquire an MS” spectrum, where an 10n corresponding
to the located peak 1s selected as a target in the MS”
analysis; and

(v) attempts to 1dentify a substance corresponding to the
located peak by performing a library search using the
acquired MS” spectrum, wherein:

the computer program instruction when executed by the
processor judges the matching of a pattern of mass
spectra by using an i1mage recognition technique
employing artificial intelligence, and determines
whether or not the target mass spectrum 1s 1n the normal
condition.
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