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HORIBAs Superior Techniques of Environmental Measurement
Contribute to Creating a Low-Carbon Society
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In recent years, we are facing a turning point in energy supply. Historically, the
energy-supply structure of the world has been based on fossil fuel from the
Middle East and South America. Consumption of alternative energy is
expanding to mass consumption regions and is dramatically changing the
utilization profile. This report addresses the current situation and issues of the
energy-supply structure. HORIBA’s measurement technologies are introduced
for the energy-producing suppliers.
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Expectation for measurement technology
from changing power generation industry
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The business environment of electric power industries has been changing in response to the deregulation of electric
utilities, unbundling of power generation and transmission sectors, diversification of variable renewable energy (VRE),
global warming countermeasures, etc., which have particularly large effect on the thermal power generation business. The
future thermal power generation business will encounter challenges such as the rational operation and maintenance of the
power plants, further diversification of VRE, and large reduction of CO. emission. The measurement technologies will play

a significant role toward resolution of them.
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Chemical elements are major components of PM2.5 and crucial tracers to identify the source of aerosol particles using
source apportionment models such as Positive Matrix Factorization (PMF) model and Chemical Mass Balance (CMB)
model. In this study, PM2.5 samples were collected hourly from November 28, 2016, to May 30, 2017 in a chosen location
within Beijing. Mass concentration and elemental composition were detected using an X-ray fluorescence-based online
elemental analyzer (PX-375, Horiba, Kyoto, Japan). PM2.5 concentration ranged between 3.4 pg/m® and 763 ug/m® and
had an average of 91.2 pg/m® A total of twenty elements were detected and investigated. Among them, Ni had the lowest
average concentration at 0.0038 pg/m®, and S had the highest average concentration at 5.82 pg/m®. The levels of Si, Ca,
Fe, Mn, Cu, and K were found to be lower than their corresponding values from 2001 and 2006 reported in the literature.
PMF model was employed to identify the main source of PM2.5. Based on the PMF source analysis, the primary sources
of PM2.5 during the observation period in Beijing, in descending order of contribution to PM2.5, were secondary particles
(44.0%), coal burning (28.3%), vehicle emission (17.2%), dust (7.9%), and fireworks (2.5%). The hourly variation trends of
the three main sources are similar in winter due to atmospheric diffusion. PM2.5 concentration seemed positively corre-
lated to each of the sources. In particular, vehicle emission and secondary particles appeared highly correlated during the
winter. The model results also revealed that during different pollution episodes, excluding fireworks during festivals and
dust storms, the contribution of secondary particles rose especially quickly, suggesting that the formation of the secondary
particles was the crucial instigator in the explosive increase of PM2.5 concentration in Beijing during winter.

PM2.5IERME N1 DT H D EMTEIL, LT 2—FETILO—FETHSPMF (Positive Matrix Factorization) &% &
L2 REBESEHTETIDICERLRD TH D, AAZLTIE, 2016F11A28H 1 52017FE3HI0BICHNT,
FRICERE L -HIAXIREE AV -BEIR D DT EE (RGEEFIRPX-375) s AW TEREE L tREEDEHA %
1272 SE, PMFET IV ERAV, PM25ORERESHMEIT /225, ZRAF(44.0%), Bk (28.3%), =
EHER AR (17.2%), B#E) (7.9%), TEX(2.5%)DIETZh 7= iz, ZRERKFIE, AREFICH T EPM2.5
BEOSHGENCERLFEERZLTVWBEEZSN,

of the primary air pollutants. Chemical elements, which
are major components of PM2.5, are harmful to human

Due to the rapid urbanization and industrialization of health and the environment."® For example, heavy metals
China, air pollution is increasingly becoming a focal point such as Pb, As, Cr, Cd, and Hg are toxic and carcinogenic,
in environmental studies. Particulate matter PM2.5 is one and once inhaled by humans, they may enter human
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tissues such as alveoli, causing multiple diseases.*™®

Studies have shown that trace elements in marine ecologi-
cal systems have pronounced harmful effects on plank-
tons.” " In addition, many heavy metal pollutants, such
as Pb, have global effects since they can diffuse from land
to sea and even the polar regions.”” @ PM2.5 tends to stay
longer in the air than heavier particulates because it is
smaller and harder to degrade, and the longevity of PM2.5
is detrimental to ecological systems and environmental
health. Studying the chemical components of PM?2.5
through source emission analysis is a crucial way to iden-
tify the source of aerosol particles."*"® Previously, posi-
tive matrix factorization (PMF) analysis have identified
six major sources of PM2.5 in Beijing: dust, the burning
of coal, the burning of biomass, vehicle emission and the
burning of trash, industrial emission, and secondary inor-

: 14
ganic aerosol."”

Also, cooking, metal processing, dust
storm, and specifically timed fireworks contribute to the
pool of PM2.5.* 722 Therefore, studying the elemental
components in PM2.5 with PMF analysis will provide

granular insights to PM2.5 -driven pollutions.

Traditionally, in the study on the elemental components in
the air, aerosol particles are first collected from a large
volume of air on filters, and then the samples are analyzed
with Inductively Coupled Plasma Mass Spectrometry
(ICP-MS), Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES), Particle-induced X-ray emission
(PIXE), or Energy Dispersive X-ray Fluorescence
(EDXRF) offline.”®*® However, because the traditional
process is time- and labor-intensive, researchers can only
collect samples once a day or every few days. Therefore,
the resulting analysis has a low temporal resolution,
which will not be suitable for the study of transient pollu-
tions that last only a few days. There have been efforts to
increase the temporal resolution of the traditional method,
whereas in a study of the pollution of aerosol metals in
the air before and after fireworks during a festival in
Taiwan, the researchers increased the frequency of sample
collection to twice a day.””! Despite the increase in efforts
and workload, such offline analytical methods still cannot
provide the temporal resolution demanded by researchers.
Therefore, there is a need to develop an online analytical
system that can continually monitor the changes in the
chemical composition of pollutants over time.

In recently years, the Chinese government has imple-
mented many policies to address the increasingly severe
problem of air pollution. While air quality has been
improved significantly, to the populace, it is still far from
ideal.”®#% Beijing is the capital of China with a popula-
tion of over 21.7 million. In recent years, there has been
growing public concern over Beijing’s PM2.5-induced,
poor air quality during winter.?* **** A study of the
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heavy smog that occurred in Beijing during January of
2013 showed that Beijing had a PM2.5 daily average con-
centration up to 159 pg/m’, which was twice the national
average standard of 75 pg/m’ and far above the interna-
tional average standard of 35 pug/m’."¥ During the two of
the most polluted periods, PM2.5 hourly concentration
even reached 680 and 530 pg/m’, respectively.®® In addi-
tion, through the monitoring and analytical modeling of
winter air pollution in Northern China, researchers found
that local diffusion and unusual weather had a tremendous
impact on the spread of local pollutants."® *” *® In other
words, smog occurs when the release of massive pollut-
ants by winter heating coincides with weather conditions
that are adverse to the diffusion of contaminants. Also,
fireworks during the Chinese Lunar New Year and the
Lantern Festival may trigger smog["” 2 2" %2 39 40
Moreover, the frequent sandstorms sweeping through
Northern China every spring is another special factor that
causes air pollution in Northern China.”® *! Elements are
a crucial chemical component of the aerosol particles that
cause smog. Until now, the change in the chemical com-
position of the pollutants in Beijing during winter and
spring has not been analyzed using a high-resolution
online elemental analyzer.

Therefore, from November 28, 2016, to May 30, 2017, in a
chosen location within Beijing, we detected the mass con-
centration of PM2.5 in hourly collected samples continu-
ously using an X-ray fluorescence-based online elemental
analyzer (PX-375, HORIBA, Ltd., Kyoto, Japan) and ana-
lyzed the elemental composition of the pollutant. Our
study covered a part of a period when Beijing residents
used heating as well as when the residents did not. Some
smog episodes occurred within the period of sampling.
The Lunar New Year, which had a high volume of emis-
sion from the fireworks, fell within the period of monitor-
ing. In addition, a dust storm occurred in the last month
of the surveillance. We analyzed the specific changes as
well as the overall trend in the chemical components of
PM2.5 during each of the above characteristic periods of
the pollution. Lastly, we also used Positive Matrix
Factorization (PMF) to determine the sources of the cap-
tured pollutants.

The sampling site was on the campus of Institute of
Atmospheric Physics, Chinese Academy of Sciences,
which located in the Northern part of Beijing and between
the 3 Ring Road and the 4" Ring Road (Figure 1). There
is a two-way, four-lane city road 100 meters north to the
sampling site, and there is a two-way, six-lane expressway
300 meters east of the sampling site. In addition, there are
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Figure 1 Sampling site.

some residential areas and small city parks around the
sampling site. Therefore, the sampling site is a typical
location within Beijing.

An online elemental analyzer (PX-375, Horiba, Kyoto,
Japan) was used from November 28, 2016, to May 30,
2017, to obtain and analyze PM2.5 mass concentrations
and elemental components online. A total of 20 elements
were detected during the detection: Ti, V, Cr, Mn, Fe, Ni,
Cu, Zn, As, Se, Cd, Hg, Pb, AL, Si, S, K, Ca, P, and CL

The air was introduced from the air sample inlet at a flow
rate of 16.7 L/min, then a sizing device sorted the particles
with the diameter less than 2.5 um and the particles were
sampled on a reel-to-reel polytetrafluoroethylene filter
tape with a time resolution of 1 hour. For the collected
samples, firstly, the mass concentration of the collected
PM2.5 sample was measured with beta attenuation analy-
sis; secondly, the sample was analyzed by XRF for the
identification of the element components. The instrument
was calibrated by Micromatter and SRM2783(NIST)
standards every month. Each sample was analyzed for
500 s. The detection limits (in ng/m’) of each element
were: Ti(9.6), V(47.9), Cr(3.6), Mn(2.2), Fe(5.2), Ni(1.6),
Cu(1.9), Zn(2.3), As (5.6), Cd(8.8), Hg(10.7), Pb(6.3),
Al(88.7), Si(11.8), S(4.1), K(11.9), Ca(9.8), P(5.1) and
CI(7.0). 10 times, blank filters were analyzed for element
components by XRF. The blank corrected data was used
in this report.

Positive Matrix Factorization (PMF), proposed by Paatero
and Tapper in 1993, is an effective method of data analy-
sis.*” First, with weighted calculation, PMF analysis
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identifies the error in the compositional value of each
chemical component in the aerosol particle. Then PMF
calculates the source type and source contribution of the
pollutants with the least square method. Comparing to
other methods of emission source analysis, PMF does not
require the composition apportionment of the source or
the share rate of matrix component to be non-negative. In
addition, PMF can be optimized with the standard devia-
tion of data and handle missing data or inaccurate data.
PMF has enabled the identification of aerosol particle
sources in studies conducted in Hong Kong, Beijing,
Thailand, the United States, Finland, and Australia. The
primary source apportionment obtained by PMF is very
similar to the data collected from actual monitoring.
Therefore, PMF has the highest accuracy amongst source
emission analyses.

Assuming X is n*m matrix, where n is the sample size
and m is the number of chemical components. Then the
matrix X can be broken down to matrix G and matrix F,
where G is n*p matrix of particle emission source contri-
bution, F is p*m matrix of pollution source component
apportionment, and p is number of the main source of
pollutants. The relationship between X, G, F, and E is
defined as follows:

E is the residual matrix, indicating the difference
between X and GF.

The goal of PMF analysis is to minimize Q, and Q is
defined as:

Q=Y 3", [%] ................................. @)

i

O = X — by Gafy oo ®3)
i=1,2,..,n; j=1,2,..m; k=1,2, .., p.

In the equation, S is the standard deviation of X: x, i,
fi; and e; are elements in the X, G, F, and E matrix,
respectively. When g;>0 and f};>0, Q could be calculated
using minimized iteration, then both the relative value of
G (pollutant source) and F (the relative concentration of
chemical component in the pollutant) can be determined.

Table 1 contains a list of PM2.5 mass concentrations and
the mass concentration of each of the chemical compo-
nents from this study. Comparable values from 2001 and
2006 reported in the literature are also included in the
table.



Table 1 Concentrations of PM2.5 and element species (unit: ug/m®).

LT (wirﬁglr”tr:)gszpeﬁ%)[s” (4thBtg”;7§t’h2Ig(e)g.)[sz]

Ave. S.D. Ave. Ave. S.D.
PM25 | 879 | 1036 132.25 1423 | 46
s 5.6848 | 7.0333 6.275
cl 1.0986 | 3.4595 2.74
Al 1.9281 | 3.5567 1.055 1.1125 | 0.2821
K 1.7405 | 5.3902 2.905 23135 | 0.8118
si 1.4287 | 4.1967 3.16 2.073 | 0.2451
Fe 05281 | 1.0960 1.345 15042 | 0.1666
Ca 0.5047 | 1.0858 1.38 2.4828 | 0.5564
Zn 0.1432 | 01711 0.5185 0.4628 | 0.1741
Pb 0.0702 | 0.1411 0.33 0.26681 | 0.10105
P 0.0698 | 0.0775 0.045 0.00374 | 0.0012
Ti 0.0640 | 0.2427 - 0.1001 | 0.0204
cd 0.0467 | 0.0160 - 0.00531 | 0.0016
Mn 0.0327 | 0.0380 0.095 0.1271 | 0.0332
cu 0.0278 | 0.1317 0.0395 0.0616 | 0.0276
v 0.0070 | 0.0611 - 0.00686 | 0.00178
As 0.0083 | 0.0181 - 0.04204 | 0.0254
Se 0.0117 | 0.0096 0.0085 0.00783 | 0.00353
cr 0.0088 | 0.0176 - 0.0329 | 0.008
Hg 0.0076 | 0.0065 - 0.00023 | 0.0002
Ni 0.0037 | 0.0030 0.0035 0.0176 | 0.0018

The mass concentration of PM2.5 measured in this study
ranged between 3.4 pg/m’ and 763 pg/m’ and had an
average of 91.2 ug/m’, which was lower than the compa-
rable values from the winter and spring of 2000 and
December of 2006 reported in the literature. From 2000
to 2015, the PM2.5 concentration in Beijing had been
decreasing at a rate of 1.5 pg/m’ annually.*® This study
also showed that, among the identified elements, Ni had
the lowest average concentration of 0.0038 pg/m’, and S
had the highest concentration of 5.82 pg/m’. A previous
study has shown that the level of predominant elements in
aerosol particles, such as Si, Ca, Fe, Mn, Cu, and K, has
been decreasing on an annual basis from 2000 to 2010.“*
Wherein Si and Ca mainly come from construction and
road dust, and Fe, Mn, and Cu come from industrial emis-
sion."¥ Because K comes mostly from biomass burning, it
is often used as the designated marker for biomass burn-
ing."® In this study, the concentrations of the elements
mentioned above were respectively lower than their
respective levels in 2001 and 2006 reported in the litera-
ture. For example, the concentration of K had decreased
by 40% since 2001 and 25% since 2006, respectively.
While the overall trend predicts a certain decrease in the
level of PM2.5 and its elements, winter pollution remains
a matter of great concern. During this study, the highest
level of PM2.5 was 763 ug/m’, which was ten times the
PM2.5 daily average limit of 75 pg/m’ specified in the

HORIBA Technical Reports

China’s ambient air quality standards (GB3095-2012),
suggesting that the small particulate pollution in Beijing
is still a deleterious problem.

This study spanned nearly six months and covered both
winter and spring when the most serious particulate pol-
lutions occur. In addition, seasonal episodes that are spe-
cific to Beijing during winter and spring were captured in
the study. All these pollution episodes will be discussed
below.

In Northern China, local governments start to supply
coal-powered central heating to their residents from
November 15 every year to March 15 of the following
year. Such activity is characteristics of Northern China
and has major impact on the regional air quality.®*®
According to the above heating period, the period of
observation in this study can be divided into the heating
period, November 28, 2016, to March 15, 2017, and the
non-heating period, March 16, 2017, to May 27, 2018. The
average hourly concentration of PM2.5 during the heating
period was 111 pg/m’, which was 2.1 times of the PM2.5
concentration during the non-heating period (Table 2).
The disparity in PM2.5 concentrations indicates a tremen-
dous effect of winter heating on air quality. At the level of
elements, during the heating period, Cl and S had the
highest contributions at 2.2% and 7.8%, respectively,
which reflects the typical characteristics of coal combus-
tion emissions and is consistent with the high contents of
Cl and S in the burnt coal.*® *¥ In addition, during the
non-heating period, the contribution of Cl and S was 0.6%,
and 6.8% respectively, which was significantly lower than
the contribution during the heating season, and compared
with the heating period, the contribution from crustal ele-
ments such as Si, Ca, Al and Fe increased significantly to
2.58%, 0.66%, 0.32% and 0.72%, respectively, suggesting
the occurrence of dust storms. Dust events will be dis-
cussed in detail in the last paragraph of this section.

In recent years, air pollution has been serious in Beijing,
particularly during the heating period, when heavy pollu-
tion episodes of varying lengths occurred.”" *® Here, sev-
eral particularly severe pollution episodes that occurred
during the observation period of this study will be
discussed.

Episode 1 (Epl), occurred on December 1, 2016, was the
first serious pollution incident observed during this study.
From 4 PM on December 1 to 0 AM on December 2,
PM2.5 concentration had risen rapidly from 15.0 pg/m’ to
143 ug/m’. Although the level of PM2.5 started to
decrease afterward, only after about a dozen hours it
began to rise again at 3 PM on December 2, reaching 239
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Table 2 Concentrations of PM2.5 and element species during each episode (unit: pg/m®).

Ep1 Ep2 Ep3 EpF1 EpF2 Ep4 EpD heating no heating
Max. 525 564 404 763 363 381 433 763 433
FM25 Ave. 185 269 200 327 273 154 138 111 54.1
Max. 41.3 51.6 25.9 32.6 22.8 17.4 5.35 51.6 14.7
S Ave. 12.1 20.5 10.7 15.6 14.3 6.92 2.07 7.19 3.44
Max. 19.2 10.6 11.5 41 10.8 18.2 1.16 41 6.8
“ Ave. 5.86 4.27 5.57 17.7 4.91 7.74 0.276 3 0.498
Max. 8.7 6.64 6.9 53.9 5.39 23.9 27.9 53.9 27.9
A Ave. 3.07 3.19 3.04 20.7 3.53 6.51 8.86 2.18 1.55
Max. 5.78 4.82 7.33 103 5.49 46.2 8.28 103 8.28
« Ave. 2.29 2.42 2.87 36.2 3.7 9.65 2.61 2.28 0.931
. Max. 3.16 2.37 1.78 11 1.61 4.94 61.4 11 61.4
S Ave. 1.28 1.2 0.93 4.27 1.11 1.84 19.4 0.841 2.31
Max. 1.99 3.7 0.675 0.946 1.04 1.88 18.4 3.7 18.4
Fe Ave. 0.823 0.747 0.365 0.46 0.672 0.624 4.86 0.395 0.727
Max. 1.23 0.785 0.86 9.81 0.728 4.29 16.1 9.81 16.1
ca Ave. 0.531 0.405 0.402 3.44 0.488 1.06 4.52 0.381 0.689
Max. 1.6 0.669 0.456 0.798 0.481 1.29 0.566 2.16 0.747
zn Ave. 0.436 0.345 0.197 0.328 0.265 0.251 0.0903 0.175 0.0957
Max. 0.409 0.385 0.272 0.766 0.238 0.353 0.532 0.766 0.532
P Ave. 0.14 0.174 0.122 0.321 0.135 0.135 0.183 0.082 0.0516
Max. 0.377 0.353 0.352 3.38 0.243 0.777 2.19 3.38 0.142
P Ave. 0.139 0.171 0.125 0.852 0.133 0.245 0.08 0.0938 0.035
Max. 0.192 0.122 0.0672 0.444 0.0777 0.166 0.389 0.444 0.389
Mn Ave. 0.0717 0.0584 0.0302 0.148 0.0512 0.0707 0.112 0.0338 0.0311
Max. 0.263 0.103 0.111 2.89 0.07 0.843 0.0663 2.89 0.103
o Ave. 0.0584 0.0401 0.0316 0.796 0.0418 0.166 0.0151 0.0386 0.0117
Max. 0.101 0.131 0.0804 0.116 0.0759 0.0703 0.176 0.131 0.115
e Ave. 0.0552 0.0648 0.0501 0.0598 0.0549 0.0453 0.0628 0.0447 0.0497
. Max. 0.113 0.104 0.208 4.88 0.129 1.54 1.44 4.88 1.44
T Ave. 0.047 0.042 0.0601 1.48 0.0873 0.34 0.404 0.0679 0.0582
Max. 0.119 0.16 0.0709 0.194 0.0805 0.0895 0.0303 0.194 0.133
As Ave. 0.0388 0.0253 0.0123 0.018 0.0331 0.0157 0.00377 0.0119 0.0028
Max. 0.0526 0.0474 0.0406 0.11 0.0576 0.0401 0.0367 0.11 0.0367
se Ave. 0.0224 0.0243 0.0193 0.0386 0.0252 0.0199 0.0105 0.0131 0.00957
Max. 0.041 0.0392 0.0255 0.0537 0.0267 0.0238 0.0326 0.0537 0.0326
e Ave. 0.0161 0.0185 0.0127 0.0196 0.0137 0.011 0.00727 0.00919 0.0052
Max. 0.0398 0.0319 0.0202 0.357 0.0216 0.118 0.0697 0.357 0.0697
o Ave. 0.0147 0.0119 0.00796 0.111 0.0126 0.0285 0.0215 0.00996 0.00714
) Max. 0.0189 0.0144 0.00981 0.0276 0.0132 0.00907 0.0327 0.0276 0.0327
N Ave. 0.00677 0.00618 0.00429 0.0101 0.00832 0.00496 0.00935 0.00392 0.00346
Max. 0.00345 0.0074 0.0499 1.3 0.0353 0.419 0.069 1.3 0.069
Y Ave. 0.0000584 | 0.00022 0.00641 0.388 0.0175 0.0787 0.0158 0.0106 0.00154

pg/m’ at 8 PM before subsiding. At 10 AM on December 3,
the concentration of PM2.5 dropped to 61.9 pg/m’ and
rose sharply for the third time to 509.0 ug/m’ at 2 AM on
December 4, eventually lowering to 6.3 pg/m’ at 11 AM
on December 5 (Figure 2).

Episode 2 (Ep2) was the most prolonged episode of
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pollution observed in this study. It lasted almost ten days,
from 10 AM on December 29, 2016, to 5 AM on January 8,
2017, had an average PM2.5 concentration of 269 pg/m’
and peaked at 2 PM on January 1, 2017, at 564 pug/m’. In
Epl and Ep2, the level of S reached 41.3 pug/m’ and 51.6
ug/m’, respectively (with an average concentration of 12.1
ng/m’ and 2.5 pg/m’ respectively), which also happened
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mHeavy metal/PM2.5
wCrustal elements / PM2.5
Sulfur /PM2.5

0 fell rapidly to 11.6 pg/m’ in only 13
hours due to weather-accelerated diffu-

PM2.5 (ug/m3)

sion. January 27 was the Lunar New
Year’s Eve, and the lighting of fireworks
already started in the afternoon. The
concentration of PM2.5 began climbing
at about 5 PM quickly and reached the
maximum value of 763 ug/m’ at 4 AM

Figure 2 Time series of concentrations of PM2.5 and element detected (Heavy metal elements
include Ti, V, Cr, Mn, Ni, Cu, Zn, As, Se, Cd, Hg, Pb, crustal elements include Fe, Al,

Si, K, Caand P)

to be the highest concentrations of S observed in the
entire study. S and PM2.5 had a very positive correlation
in Epl and Ep2, with a correlation coefficient of 0.95 and
0.99, respectively; this was consistent with the composi-
tion characteristics of PM2.5 during winter heating in
Northern China, indicating that these two pollution epi-
sodes were significantly affected by coal combustion
emission. In comparison, although one of the indicators
for coal combustion emission, Cl, had a positive correla-
tion with PM2.5 (correlation coefficients of 0.92 and 0.74
respectively) in Epl and Ep2. Cl had significantly lower
concentrations with the maximum concentration of 1.92
pg/m’and 10.6 pg/m’ respectively and the average con-
centration of 5.86 ug/m’ and 4.27 pg/m’ respectively in
Epl and Ep2. On the other hand, Cl had the highest
observed concentration at 5 AM on January 28, 2017, at
40.5 pg/m’, which was about two- and four-fold of the
concentration of Cl in Epl and Ep2, respectively. Such
inconsistency might be because Cl was a crucial element
in fireworks. The lighting of fireworks is a Chinese tradi-
tion during the Lunar New Year and thus becomes a
unique contributor to air pollution. The impact of fire-
works on air pollution will be discussed below.

According to Chinese tradition, the lighting of fireworks
mainly happens during the Lunar New Year and the
Lantern Festival. During this study, the Lunar New Year
and the Lantern Festival was on January 28, 2017, and
February 11, 2017, respectively. Transient episodes of pol-
lution also occurred on these dates, where the concentra-
tion of PM2.5 quickly peaked within several hours and
then subsided within several hours. For the ease of discus-
sion, the Lunar New Year will be termed EpF1, and the
Lantern Festival will be termed EpF2.

In addition, there was the episode of PM2.5 pollution
before the Lunar New Year (termed Ep3), and the episode
of PM2.5 pollution after the Lantern Festival (termed
Ep4). Ep3 lasted three days, where PM2.5 concentration
peaked at 400 pug/m’ at 5 AM on January 25, 2017, and

on January 28, which also happened to
be the highest PM2.5 concentration
observed during the entire study. At
about 11 PM on January 28, PM2.5
reached another peak at 412 ug/m’ and
then dropped, due to weather-accelerated
diffusion, to 8.0 pg/m’ at 5 AM on January 29. On the
other hand, during EpF2, PM2.5 concentration peaked at
381 pg/m’ at 12 AM on February 12, 2017. However, due
to the weather, this pollution did not dissipate until 5 PM
on February 13, when the PM2.5 concentration receded to
11.8 pg/m’. Later, during Ep4, PM2.5 level rose rapidly
again, reaching the maximum value of 348 pg/m’ at 6
AM on February 16, and due to weather-accelerated dif-
fusion, dropped rapidly to 19.6 pg/m’ at 12 PM on
February 16.

Although EpF1 and Ep3, and EpF2 and Ep4, respectively,
occurred close together, they had distinctively different
sources of pollutants from the perspective of changes in
elemental composition. During EpF1 and EpF2, the con-
centration of S, Al, K, Cu, V, P, Cr, Pb, Ca, and Cl rose
significantly, which was consistent with the trend of
PM2.5. These elements are ingredients of fireworks, of
which Cu, Al, Ca, Pb, P, and V provide color or flash
effects, K and Cr are ingredients in oxidants, S is the
ingredient of an explosive, and Cl mentioned above is the
ingredient contained in a blasting agent delivering sound
effect and an oxidant®" " %3%% One thing worth noting
here is that while the concentration of S also rose signifi-
cantly during EpF1 and EpF2, its concentration was com-
parable to those in adjacent Ep3 and Ep4. In fact, the
average level of S was even higher during Ep4 than
during EpF2 by 107%. The concentration of other charac-
teristic elements of firework also had significantly higher
concentration during EpFl and EpF2 than in other epi-
sodes. For example, the respective average levels of Cu
and K during EpF1 were higher than their respective con-
centrations during Ep3 by 24.2 fold and 11.6 fold,
respectively.

During the non-heating period, from 3 AM on May 4 to
11 PM on May 8, 2017, we observed an episode of pollu-
tion (termed EpD), during which PM2.5 concentration
spiked intermittently to an average concentration of 138
ng/m’ and the highest value of 433 pg/m’. According to
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PMF source apportionment results in Section 3.2, we
determined the source of this to be dust. Dust storms
often occur in Northern China during spring and cause
severe air pollutions.®® *” From the change in element
concentration, the four crustal elements, Fe, Al, Si and Ca
all showed the same trend as PM2.5, indicating that their
sources have high consistency. During EpD, the above
four crustal elements all exhibited high levels with the
average concentration of 4.86 pug/m’, 8.86 pug/m’, 19.4 ug/
m’, and 4.52 pg/m’, respectively. The results were consis-

tent with previous data reported in other literatures.”” > "1

This study used PMF modeling to analyze the hourly con-
centrations of PM2.5 and inorganic elements; the pre-
dicted results of PM2.5 were relatively consistent and
correlated with the observed values (Figure 3;
slope=0.85, R* = 0.89). The profile and time-series model-
ing of five main source factors of PM2.5 are shown in
Figure 4.

Factor 1 was secondary particles and, at 44.0%, the larg-
est contributor to the concentration of PM2.5. The pri-
mary elements in factor 1 were S (82.8%), P (43.3%), Se
(31.1%), Cd (30.3%), Hg (28.1%) and Al (24.6%) (the per-
centage represents the fraction of the element in factor 1
contributed to the total concentration of this element).
Secondary particles form when gaseous and granular pol-
lutants from coal burning, traffic emission, and dust mix
and react chemically.®® Secondary particles usually con-
tain a high concentration of secondary inorganic ions
such as SO,%, NOy, and NH,; in the particles, SO.* is the
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Figure 3 Correlation between observed and model predicted concentra-
tion of PM2.5

main form of S, and more than 85% of S is in the form of
SO, .®¥ Therefore, in this study it can be determined
from the high contribution of S that the source should
contain more SO,”. Secondary particles contributed 43.9
ug/m’ to the total concentration of PM2.5 during the heat-
ing season, which was about 2.1 times of the contribution,
at 21.3 pug/m’, during the non-heating season.

Factor 2 was the burning of coal, which contributed
28.3% of the total PM2.5 concentration. The predominant
elements in burnt coal included Cl (100%), Pb (66.2%),
Cd (54.9%), Se (47.7%), Hg (47.4%), and Ni (46.1%) (the
percentage represents the fraction of the element in factor
2 contributed to the total concentration of this element).
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In source analysis, while Cl is usually regarded as the
tracer element of coal burning, Ni, Pb, Se, Hg, and Cd are
also the main elements.®® Coal burning made seasonal
contribution to PM2.5 concentration: 33.6 pug/m’ during
the heating season and about 5.4-fold less at 6.2 pg/m’
during non-heating season. In addition, coal burning
made a significant contribution to the spike of PM2.5 in
the Lunar New Year on January 28, 2017. While coal
burning may increase during the holiday, the spike might
also be because the PMF model did not distinguish coal
burning and the lighting of fireworks and determined part
of the lighting of the fireworks to be coal burning.

Factor 3 was vehicle emission, which contributed 17.2%
of the total concentration of PM2.5. The dominant ele-
ments of vehicle emission included Cu (49.6%), Zn (45.6%),
Mn (33.7%), and Fe (31.5%) (the percentage represents the
fraction of the element in factor 3 contributed to the total
concentration of this element). Cu, Zn, Mn, and Fe are
tracer elements for vehicle emission because they are usu-
ally present in the additives of engine oil or brake dust
caused by the wear of brake pads of motor vehicles.®”
Affected by the weather, vehicle emission contributed
16.9 pg/m’ to the total PM2.5 concentration during the
heating season, which was slightly higher than the 9.2 pg/
m’ during the non-heating season.
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In addition, this study performed source analysis on two
special types of pollutions, which were sandstorm and
firework. These two pollutants are easily distinguishable
from other pollutants due to their time-dependent varia-
tions (Figure 4).

Factor 4 was dust, which contributed 7.9% of the total
PM2.5 concentration. The predominant elements in dust
included Si (70.8%), Ca (61.3%), Fe (44.6%), and Ti (32.1%)
(the percentage represents the fraction of the element in
factor 4 contributed to the total concentration of this ele-
ment). Because these elements are common in the Earth’s
crust, they are used as tracer elements for dust. Dust con-
tributed significantly more to the total PM2.5 concentra-
tion in April and May than in other months because dust
storm occurred most frequently during these months; the
level of dust reached above 350 pg/m’ during one known
dust storm.

Factor 5 was fireworks, which contributed 2.5% of the
total PM2.5 concentration. The main elements of fire-
works included V (82.9%), Cu (50.4%), Ti (44.7%), K
(42.0%) and Cr (25.2%) (the percentage represents the
fraction of the element in factor 5 contributed to the total
concentration of this element). The above elements are all
ingredients contained in the raw materials for manufac-
turing the fireworks, in which Cu, Ti, and V provide color

40

201

201

401
301

Concentration (ug/m’)

40+

301

20

101

104

12 1 2 3 4 5
\\j ifiaiglit E?
SR SOV TSR §
et e M <
W
60
4[,\// M \\\/ .
R L T S LT
\V/ 5
20 W E:
10 R VT P g W w//\‘“*v"‘ M"“*“"
e
Rt e s SO
’ \\,.\A_,.._J\/v g
H-W ssssiatespsssnsscssssscss || tittosessspsintipsgrontt || bacossone ity piossosantt

0 3 8 812151821 0 3 68 812151821 0 3 6 9121518 21

0 3 6 9121518 21 0 3 8 812151821 0 3 6 812151821

Hour

Figure 5 Monthly and hourly distribution of source factors from PMF model for PM2.5 at Beijing

No.50 September 2018

23



uest Forum
Lagtikagict

‘ Study on time variations of elemental composition and source of PM2.5 in Beijing

epl ep2 ep3 epd

epF1 epF2

Concantration [ug/m™)

Contiibution

/27 0:00
/20 1:00
/310:00
/3 21:00

28 21:00

2016/12/5 0:00
016/12/22 3:00
016/12/24 2:00
016/12/26 1:00
016/12/28 0:00
7/1/18 9:00
11/20 21:00
11/22 22:00

2016/11/28 12:00
2016/11/30 12:00
2016/12/2 17:00

~~~~~~~~

F

Figure 6 Time series of source factors from PMF model for PM2.5

or flash effect, while K and Cr are ingredients of the
oxidants.®"?”*¥%% The contribution from fireworks to the
total PM2.5 concentration was significant during the
Lunar New Year and the Lantern Festival and negligible
in other periods. One thing worth noting is that, while CI
is the ingredient contained in a blasting agent delivering
sound effect and an oxidant and often categorized as a
tracer element for fireworks, it was categorized with coal
burning (factor 2) in this study. Therefore, the contribu-
tion of coal burning to total PM2.5 concentration might
be overestimated, and the contribution of fireworks might
be underestimated.

From the monthly variation of the five sources, the contri-
butions to PM2.5 from secondary particles (factor 1), coal
burning (factor 2), and vehicle emission (factor 3) trended
down from December 2016 to May 2017, and the contribu-
tion to PM2.5 from dust (factor 4) trended up in March
2017 and peaked during April to May 2017 (Figure 5).
The hourly variation of secondary particles (factor 1), coal
burning (factor 2), and vehicle emission (factor 3) demon-
strated uniformity in December 2017 - low during day-
time with the lowest point at about 11 AM, and high
during nighttime with the highest point at about 11 PM,
suggesting that, during December, the particulates from
all three sources were influenced by atmospheric diffu-
sion. However, after December such uniformity became
less noticeable. From January to February 2017, the hourly
variation of coal burning (factor 2) and fireworks (factor 5)
showed similar trend, in particular, both peaking between

24 | Reccloul No.50 September 2018

mSecondary M Coal WVehicle = Dust ®Fireworks

epD

7/2/22 0:00
f2/23 23:00
12/25 22:00

2/27 21:00
/410 21:00
7/4/13 2:00
/4115 1:00
7/4f22 0:00
7/4/24 5:00

0 to 6 AM, indicating a lack of clear distinction between
coal and fireworks in PMF modeling.

There were seven episodes of severe pollution (Figure 6)
observed in this study. In Epl to Ep4, the level of pollu-
tion increased as the concentration of secondary particles
(factor 1) rose while other factors made smaller contribu-
tions, demonstrating that the formation of secondary par-
ticles was the chief instigator in the explosive increase of
particles in heavy pollution episodes in Beijing during
winter. In EpF1 and EpF2 fireworks (factor 5) made the
most significant contribution to PM2.5 concentration,
while in EpD, the most significant contributor, dust (factor
4), made more than 60% or even more than 90% to the
total PM2.5 concentration.

The month-by-month emission source analysis of the con-
centrations of PM2.5 and the corresponding contribution
from different factors is illustrated in Figure 7. Overall,
the concentration of PM2.5 most highly correlated with
the secondary particles (factor 1) with a correlation coef-
ficient of 0.845. The correlation coefficient reached above
0.9 during December and February, but was significantly
lower in April and May than in winter. Coal burning
(factor 2) and vehicle emission (factor 3) had the second
and third highest correlation, respectively, with PM2.5
concentration; both correlations had a coefficient of more
than 0.7 (Figure 7). The level of PM2.5 was, in general,
least correlated with dust (factor 4); their correlation coef-
ficient was only 0.131. However, in May, dust and PM2.5
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Figure 7 Monthly correlations between PM2.5 and different source factors

concentration became highly correlated at 0.933, confirm-
ing the positive correlation between PM2.5 and the vari-
ous pollutant sources in this study. Vehicle emission (factor
3) and secondary particles (factor 1) were most correlated
at a correlation coefficient of 0.703, which was higher than
the correlation between coal burning (factor 2) and sec-
ondary particles (factor 1). Especially from December to
February, vehicle emission (factor 3) and secondary parti-
cles (factor 1) had a correlation coefficient of more than 0.7,
suggesting that vehicle emission made a significant con-
tribution to the increase of secondary particles.

Conclusion

From November 28, 2016, to May 30, 2017, PM2.5 sam-
ples were collected hourly and analyzed with an online
elemental analyzer. The mass concentration of PM2.5 was
measured with beta-ray monitoring, and the concentration
of the elements in each sample was measured with X-ray
fluorescence. PM2.5 concentration ranged between 3.4
pg/m’ and 763 pg/m’ and had an average of 91.2 pg/m’. A
total of twenty elements were detected and investigated.
Among them, Ni had the lowest average concentration at
0.0038 pg/m’, and S had the highest average concentra-
tion at 5.82 ug/m’. The levels of Si, Ca, Fe, Mn, Cu, and

50 100 150 2000 100 200 300 0 100 200 300

K were found to be lower than their corresponding values
from 2001 and 2006 reported in the literature.

Based on the PMF source analysis, the primary sources of
PM2.5 during the observation period in Beijing, in
descending order of contribution to PM2.5, were second-
ary particles (44.0%), coal burning (28.3%), vehicle emis-
sion (17.2%), dust (7.9%), and fireworks (2.5%). Overall,
the contribution from secondary particles, coal burning,
and vehicle emission had been trending down month-by-
month. The hourly variation trends of the three main
sources are similar in winter due to atmospheric diffu-
sion. PM2.5 concentration seemed positively correlated to
each of the sources. In particular, vehicle emission and
secondary particles appeared highly correlated during the
winter.

Analyses revealed that during different pollution episodes,
excluding fireworks during festivals and dust storms, the
contribution of secondary particles rose especially
quickly, suggesting that the formation of the secondary
particles was the crucial instigator in the explosive
increase of PM2.5 concentration in Beijing during winter.
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This study was the first time that the PX375 online ele-
mental analyzer made by HORIBA, Ltd. was used to
study air pollution in Beijing. Since the instrument offers
an hourly temporal resolution on the analysis of the
PM2.5 concentration as well as the chemical elementary
composition of PM2.5, it has a tremendous advantage
over offline analytical technologies that only offers a daily
temporal resolution. Hourly data enabled a detailed study
on the source of PM2.5 in Beijing. At the same time, we
think there is room for improvement:

1) During the observation period, there was a significant
equipment-related loss of data. In particular, data loss
during the heavy pollution episodes severely hampered
data analysis and interpretation so that it became
impossible to identify the source of the pollutant.

2) Even though we identified twenty compositional ele-
ments during the study, there were characteristic ele-
ments indicating the source of the pollutant that were
still missing, such as Se, an important characteristic
element of coal burning.

3) This study only covered winter and spring, which had
pronounced episodes of pollution. However, Beijing
also had serious pollution during spring and summer
due to unfavorable weather conditions coinciding with
industrial emission from cities surrounding Beijing. At
the same time, since there is no heating-related emis-
sion during summer and autumn, studying pollution
during these seasons will be helpful for targeted
research on emissions from long-term industrial or resi-
dential air pollutants.

As to the first two items above, we intend to work closely
with the research and development personnel at HORIBA
to improve the performance of PX-375 according to the
specific problems encountered in the actual use. For the
third item above, we are planning one-year study of pollu-
tion in Beijing using PX-375 to perform online analysis of
the chemical elementary composition of PM2.5 in differ-
ent seasons. At the same time, we will compare the new
data to existing data to explore the effectiveness of gov-
ernment policies on the air pollution in Beijing.

This investigation was supported by National Science
Foundation of China (NO. 41105090), National Key R&D
Program of China (2016YFC0206000). We want to show
our appreciation to HORIBA, Ltd. for the kind technical
support.
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PM2.5H B2 thicE& PX-375

Continuous Particulate Monitor with X-ray Fluorescence PX-375

WFRMEIIRRELMEND1I DE L GEREIRTHY, BEEREOETE -
BREAHDZILBFIADDICE, EOLOILEHMELSERINTWVWE D
EEREBETEIIEP RN LGN RETO LETEEE SN TVS, BIFIRIN
EICLZ2EEREDEREHE & BAXBEAEIC L 2 TREEDEKE
BEHAEDLE TATET 288 (PX-375) #FAFEL, HET71 V2T -7
BB 7 W27 —7T2RBLADBDEFRALAEZEICLY, BEEE
BLUOXTRBEELSRE - SRFESBETAET 2 2 EPRIEEICE - 1=
FEoEHEBICL BERXRDMEAE(CP-MS) E kBRI #ER L 1R, R
FuiEEAIr BN, 512, 71— RHEBRICH W OESBTEDA R
RFERTAIENTETWVWS,

B IR E

Erika MATSUMOTO

The particulate matter is attracted attention as one of the air pollution materials.
The need for a simultaneous measurement of these properties is driven by
needs to adjust processes quickly and to identify emission sources. We will show
data taken in the field using a new instrument (PX-375) that simultaneously
measures mass concentration and elemental composition. PX-375 relies on the
beta ray attenuation and x-ray fluorescence techniques. We inspected a
comparison with the manual analysis technique (ICP-MS) by the third party and
the good correlation results were provided. Furthermore we can confirm the
effectiveness of the consecutive measurement in a field examination.
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Table1 Specifications of PX-375
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Figure 2 Screen of measurement monitoring
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Table 2 Correlation factor for detectable elements

element Al Ca Cr Fe Ni Zn
Correlation factor 0.92 | 0.88 | 0.88 | 0.96 | 0.86 | 0.94
element Pb S K Cu Mn

Correlation factor 0.91 | 0.99 | 0.99 | 0.99 | 0.96
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Figure 11 Influence of Yellow sand on measurement results of PX-375
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Tunable Laser Gas Analyzer TX-100
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PEELEWED, ZOISERREEENP LT T2 bOSHEREED A
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HBROL —HHIHEHIHBSEPICHN» H 27210 TH L, 2HETD
RERICEED S AMEtE M) A TEMECERIDEICE DL E, BA
ICERL THRALRED H 5. TORRICH L, BB Ih 5 DREZHFR
Hk 2 70— TARXDRAFERERA L 2, BEFERX L —FIBILKFIETX-
100] BN THD TR LA ARICHEVW TR ZORR L - REBDR
B, e s NSERTIB TOREN BN T %,

HFP B

Takuya IDO

*1 0 2018428 7 FALFH~

In recent years, laser gas analyzers have been introduced into various processes
such as incineration plants and petrochemical plants. Since laser gas analyzers
do not require the troublesome process of gas-sampling at the time of
measurement, it enabled the plant to operate with high efficiency by taking
advantage of the response performance. Although the cross-duct type laser gas
analyzer is already widely used, there are several issues surrounding the
introduction of this device. Not only does it have a restricted place of installation,
but it also requires complicated operations such as having to remove the
analyzer from the flue when calibrating it. As a response to these circumstances,
our company has succeeded in creating the “TY-100”, which is the first ever
direct-insertion laser hydrogen chloride analyzer in Japan™? to use a probe type
optical system to overcome the prior issues. This paper will feature the principles,
aspects, and examples of measurements at incineration plants of our latest
device.

*2 ! in-company investigation in August 2018
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Figure 1 Comparison of probe type and cross duct type.
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Figure 5 Comparison of HCI concentration using laser method and ion electrode method.
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Figure 6 Comparison of H20 concentration using laser method and
capacitance method.
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“HAKARU EXpress” is a solution-based business aimed at streamlining water
quality management, offering to solve the problems that Japan as a society is
currently facing, including the issues of how to pass on technical know-how to
other workers, as well as reducing manpower required for management in order
to make operations more efficient. “HAKARU EXpress” differs from conventional
business models in that it offers the value inherent in the water quality “values”
measured by these instruments. This system is used to remotely monitor the
condition of water quality measuring devices to optimize inspections and rapidly
respond in the event of a malfunction, and the manufacturer performs all tasks
from data analysis to preventive maintenance. In this paper, we describe the
results of using "HAKARU EXpress" with our Automatic Total Nitrogen/
Phosphorus Monitoring System, a water quality measuring device used in the
field of factory wastewater management, as our first line of business, and explain
the objectives and future prospects of this system.
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Figure 3 H-1Link Calibration history
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Figure 6 The ensured measurement values by HORIBA technology
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HORIBA Measurement Technology that Contributes to Environmental Regulations
in China.
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China has enhanced its environmental regulations to ameliorate its atmospheric
environment. Japan has also encountered atmospheric pollution in the past
which took nearly 40 years in the amelioration process. China now aims to
achieve improvement in a shorter time span than Japan. Horiba holds monitoring
technology, as a contributor to the amelioration of the atmospheric environment.
We are currently prompting product development to take measures of the rapid
changes in China at Shanghai and utilize the knowledge from the experience in
Japan. This paper will showcase the exhaust gas measurement technology from
stationary sources which contributes to reducing atmospheric pollution, and
measuring technology adapted to cope with the recent rapidly reinforced VOC
regulations.
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< IVFH A3 HEIVA-50002 U — X DB F

Development of Multi-Component Gas Analyzer VA-5000 series

TIVFH X3 MHEIVA-50002 1) — X311 & TmAAK D DBITE & vl EE
LB ZABIRET CTH %, BIERIEE U T, FEDREFRIMRRINE, 1EFH
KES JFUVBEEMNEBREAK, D=2 7K, HIUNZEXD3E
B)DAEED 1 — IV EEABEETH 5. AERII T IV F H I 3HEVA-
3000 U —ZXD&EMEREE L TREL o REY 1 A0/NE1E, ZKAE
A DB (RKR4KS), BRERE (&R/IVREL > 1 50 ppm), #
fEMEDE LG EDRR E1T > 720 ATRTIEVA-50002 ) — X DEFRICD
WA, BICHRKH XMEEEREDBEAGICOVTRENT %,

KK —1&

Kazunori MIZUMOTO

Multi-Component Gas Analyzer VA-5000 series is a gas analyzer that can
measure up to four components with one unit. Measurement principles of NDIR
(non-dispersive infrared absorption method), CLA (chemiluminescence method),
and Oxygen analysis method (MPA(magnetopneumatic method), Zirconia
method and Galvanic cell method) can be installed. This product was developed
as a successor to the Multi-Component Gas Analyzer VA-3000 series. It has
been improved by such as miniaturization of the device size, increasing number
of maximum mounting component (maximum: 4 components), high sensitivity
measurement (minimum concentration range: 50 ppm), and improvement of
operability. This article describes the features of VA-5000 series and introduces
examples of application to IGCC (Integrated coal Gasification Combined Cycle).

REHE

VA-50003 ) — X041 % Figure 112, T2 H:4%% Table 1
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HEEEVS-5000 & HlAADLDETCHPITLIENTE S,
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Figure 1 VA-5000/VS-5000D 448

MAWINT 2 & F SF Rk L CIEG B R MR
#:(NDIR : Non Dispersive Infrared Analyzer) %, &%
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DX - Ivaz=7X - TN EBihXo3EELHET S
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NDIRIZ ZOWINEXHET 52 LIZL ) EEHHE1TH
bDTH 5o FRHMROWIE WIS F (I ZE RS A ) D
L U T2L T %0 2 OBfRIE, Equation 1D T > X
Wk R=VOFEHNC L D ES NS,
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Table 1 VA-50000) % {1
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BRILD 0~50 ppm (B & ) 0~20 ppm 0~5% (vol) 0~5% (vol) 0~5% (vol)
BRAL>Y 0~100% (vol) (M<K D) 0~5000 ppm 0~100% (vol) 0~25% (vol) 0~25% (vol)
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Ip @ RGPE#RAE

I BB

¢ WU GRITE LS 77 A ) DR
o BIURE (3 LR TTHE B R
d W1 e (7 A J&) DI S

Iy, u, AIZER S A AFERELEIC L D RESNLEHT
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Table 2 Hm/INBEL > I DHE

i V3000 V5000
(o]0] 100 ppm 50 ppm
CO: 100 ppm 50 ppm
CHs 200 ppm 100 ppm
SO: 200 ppm 100 ppm
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EIOWEE L FA S, 2N XKD IRERFS Ve x B
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LX)V % Figure 612783, Z DFigure 61ZCOFT?D50 ppm
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OB EHTE TV L, TMEICLDIEEIIONTY
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Introduction of the high precision stationary IR Thermometer IT-480 Series
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IT-480 series is infrared radiation thermometer and developed for industrial need
temperature control with high accuracy and high repeatability. IT-480 series can
measure temperature non-contactly and nondestructively by measuring infrared
rays from measurement target, different from conventional contact thermometer.
High accuracy and high repeatability were realized by thermopile sensor using
MEMS technology of silicon semiconductor process, optical interference filter
eliminating influence of atmosphere, and high precision blackbody furnace as
calibration standard for temperature measurement. In this paper, we describe the
measurement principle and features of radiation thermometer and introduce the
high-precision infrared thermometer IT-480 series.
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How pulsed operation has revolutionized Glow

Discharge Optical Emission Spectrometry
IIVARINY B LTS, BRRY O RESEMROR

RF Glow discharge Optical Emission Spectrometrty is a recognized
analytical method for elemental depth profile analysis of surface and
interfaces of solid layered materials. The possibility of easily pulsing

Sofia GAIASCHI

the RF source has widened the application domains and enhanced the
performances and for all recent applications, whether it is enhanced
depth resolution, measurement of fragile materials, plasma cleaning or

Patrick CHAPON

use of the GD source for SEM observation, pulsed operation is a key
asset. In this paper we will illustrate the benefits of pulsed RF operation
in Glow Discharge Optical Emission Spectrometry.

Akira FUJIMOTO

Tatsuhito NAKAMURA
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Introduction

Among the different techniques used for surface and thin
films analysis, the key differentiating factor and main
advantages of Glow Discharge Optical Emission
Spectrometry (GD-OES) are its fast analysis time, multi-
element capability and easy to use operation."!

Without the need for ultra-high vacuum, a radio frequency
(RF) plasma is used in GD-OES to obtain the elemental
depth profiles of conductive, insulating or hybrid materi-

Figure 1 View of the GD source with DIP

als, from the first atomic layers down to more than 150
pum, allowing the direct determination of major and trace
elements, ranging from H (121 nm), O (130 nm) to Li (670
nm) and K (766 nm).

The key-part of a GD-OES instrument is the source,
where the GD plasma is created. It may look simple but

attention to details is crucial there.

As shown in Figure 1, the sample (right) will be placed

against the ceramic, pressing the O-ring and assuring the
sealing of the plasma chamber. Facing the sample is a
tubular anode in which the plasma will be created when
the RF- power is applied to the sample. The mechanical
tolerances of the ceramic and anode are tight so that the
gap between the sample when pressed and the anode is
about 150 pum.

The plasma is restricted inside the anode by the use of
differential pumping with 2 pumps and so the inner
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Figure 2 View of non-circular craters obtained on odd shape samples

dimensions of the anode define the analysed spot shape.
Anode is not necessary circular but can be adapted to the
sample shape as shown in Figure 2.

Finally when DIP (our differential interferometer) is
used,” the path for the 2 laser lights through the anode
and ceramic is assured.

Glow Discharge is a gas discharge. Ar is the most com-
monly used plasma gas however other gasses or gas mix-
tures can be used.

The tube is not closed, the operation principle is to com-
bine the pumping with a flow of Ar gas directed towards
the sample.

When the discharge gas breaks down electrically, elec-
trons and positively charged ions are formed. The latter
are accelerated towards the sample causing the sputtering
of the material to be analysed.

Then, the sputtered atoms move inside the gas phase
environment of the glow discharge where they are excited
through collisions with high energy electrons, metastable
argon atoms and ions. The de-excitation of these excited
species causes the emission of photons which are charac-
teristic of the material.

The spatial separation of erosion (at sample surface) and
excitation (in the gas phase, away from the sample sur-
face) is characteristic of GD - at the difference of SIMS
for instances where measured ions come directly from the
sample surface.

A dynamic process therefore creates during GD operation
with continuous sputtering/excitation/removal of sput-
tered particles. By measuring in real time the light emit-
ted by the de-excitation of the excited atoms, using a fast
simultaneous optical spectrometer, it is possible to obtain
the elemental depth profiles of the analysed material.

In short, we can say that the plasma has a double role in
GD, firstly it sputters a representative surface of the
sample corresponding to the anode inner dimensions, sec-
ondly it excites the sputtered atoms. The depth resolution
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Figure 3 Pulsed operation

depends on the material (its roughness notably) but also
on the crater shape which can be optimized by adjusting
the plasma conditions in order to obtain a flat crater

bottom."

For analytical applications, new advantages can be
obtained by pulsing the RF discharge. The possible ana-
lytical benefits of pulsing the RF GD source were
described by Belenguer et al. in a 2009 paper.” Firstly, it
provides an additional way of controlling the plasma by
choosing the pulse parameters (i.e. pulse length and
period (Figure 3).

Secondly, by varying the duty cycle of the applied pulse it
is possible to reduce the thermal load on the sample,
nearly independently from the instantaneous power which
is responsible for the sputtering excitation. Finally using
time resolved measurement, analytical benefits can be
derived from observations made in the different phases of
each pulse: the ignition, the plateau region and the after-

glow."

However it is only in 2011 that we have been able to rou-
tinely implement Pulsed RF operation in all our GD spec-
trometers thanks to a patented development assuring
auto-matching of the RF source in both pulsed and non-
pulsed modes.®

Analytical benefits of pulsed RF application

Increase in signal to noise ratio
The benefits in increase the signal-to-noise ratio is partic-
ularly evident for the analysis of nanometer-thick multi-
layer structures. Of course for such materials, short
integration times (less than 0.01 s per data point) are
required and the use of HDD detection (with its speed and
dynamic range) is of course mandatory.

A perfect example is given in the paper from Ber et al.””
showing the results of a round robin test by multiple sur-
face techniques on Mo/B,C/Si multilayers and Mo/Si
interest in X-ray

multilayers, which are of high

lithography.
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Top surface : Si

factors (roughness and induced rough-

PM596 ' PM615 ness of the sample, crater shape, atomic
. mixing etc.) which are common with
1 60 layers sputtering techniques” but with the
Mo 3.0 nm ! Mo 3.5 nm combination Mo/B4C/Si, the depth reso-
B.C 7 nm lution is nearly constant - even if the
0.3nm \
Si3.7nm Si3.5nm B4C layers are only 0.3 nm thick each.

Bottom Interface : Mo

Figure 4 Structure of the multilayered sample (Reproduced with authors’ permission from the

Ber/Tolstoguzov presentation in the 2012 GD day proceedings.)

The analyzed samples are interferential mirrors deposited
on Si and made of 60 bi- or tri-layer periodic structures
with a 7 nm thickness per period, so a total thickness of
420 nm (Figure 4).

The GD-OES results are presented in Figure 5. In less
than a minute the complete depth profile is obtained. All
layers are clearly resolved thanks to the use of the pulsed
source and the fast acquisition spectrometer.

Such combination is crucial in order to guarantee the high
performance of the technique when small amount of
materials are present as thin layers.

With these samples, the depth resolution of GD is compa-
rable to the one obtained in SIMS but of course the speed
of measurement is much faster.

Enhanced depth resolution by cleaning effect
The results shown above presents an other interesting fea-
ture that has not been discussed in the paper from Ber et
al. but which is important to illustrate the benefits of
pulsed RF operation. With the combination Mo/Si the
depth resolution degrades with the depth due to multiple
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There are 2 reasons to this enhancement.
One is the preferential sputtering of the
GD plasma which is known and used as
a benefit for preparing samples for
SEM.”

The B4C layer, even so thin, sputters
less easily than Mo or Si. Hence anytime the plasma faces
a B4C interface it first tends to clean the residues of previ-
ous layers that may still be in front of the anode, prior to
sputtering the B4C.

The second is linked to the cleaning effect of the sample
surface by the Ar flow when the pulse is off. Even if the
source is on and off during pulsed operation the Ar flow
is kept constant. During the time off, the combination of
the flow directed towards the sample and the pumping
allows to remove sputtered materials that may have rede-
posited on the surface.

Modulation of the power
The operation in pulsed mode allows the independent
choosing of the instantaneous and average powers. This is
of particular interest for thermo-sensitive materials, e.g.
glass, polymers etc.

While analysing these samples one could be lead to the
conclusion that the decrease of the instantancous power
would limit the damage sustained by the material during
the analysis. However, as the plasma has the double role
of sputtering and excitation, the lower is the sputtering
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Figure 5 Mo/B4C/Si (left) and Mo/Si (right) structure (Reproduced with authors’ permission from the Ber/Tolstoguzov presentation in the 2012 GD day

proceedings.)
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(a) RF plasma (b) Pulsea I'RF plasma

Figure 6 SEM top views of the half-length sputtered TiO, nanotubes with (a) standard RF plasma and (b) pulsed RF plasma. (Reproduced with authors’
permission from the Mohajernia presentation in the 2018 Surface Fest proceedings.)

rate, the lower will be the number of atoms excited inside publishedlg] for the analysis of 1D self-aligned TiO, nano-

the plasma phase. On the other hand by adjusting the duty tubes of nearly 22 um length.

cycle of the pulse it is possible to keep high instantaneous

power and moderated average one. These structures are currently investigated for a variety of
applications, ranging from electrochemical/photoelectro-

A perfect illustration has been presented by Mohajernia at chemical to biomedical devices.

the 2018 Surface Fest and is described in a recent paper
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Figure 7 SEM views of the erosion at various depths and full quantitative depth profile (Reproduced with authors’ permission from the Mohajernia presen-
tation in the 2018 Surface Fest proceedings.)
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The elemental depth profiling using typical ion beam
sputtering techniques (such as XPS) is generally limited
to the first few hundreds of nanometers and in addition,
Mohajernia shows that the depth profiling achieved using
Ar’" during the XPS analysis leads to a considerable pref-
erential non-homogeneous sputtering which increases in
severity for extended sputtering.

On the other hand, with pulsed RF GDOES, the plasma
parameters allow to obtain a reliable sputtering of the
entire nanotubular structures. Therefore for such samples
when compared to the most standard surface technique,
pulsed RF GDOES not only offers much faster analysis
times, but also a gentler sputtering which allows avoiding
artifacts.

Figure 6 presents a SEM view of the bottom of the GD
crater and shows the different morphology obtained when
using standard RF-GDOES (Figure 6a) and pulsed
RF-GDOES (Figure 6b).

Thanks to the pulsed operation, no sputtering damage is
induced to the tubular structure and as shown in the SEM
imaging not only the individual tubes can be clearly
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observed, but also the presence of the inner and outer
walls known to vary in thickness with the depth is con-
firmed and the full depth profiles are obtained as shown
Figure 7.

Pulsed operation and DIP

DIP (Differential Interferometry Profiling) is a patented
set up recently introduced in GD "% Tt allows to directly
measure the erosion rate and the crater depth. The main
principle is the measurement of the variation of the dis-
tance between the bottom of the GD crater and a reference
point at the surface of the sample. A red laser-diode (A =
635 £ 5 nm, P ~ 150 pW, class 1 and therefore completely
eye-safe) is split into two beams of orthogonal polariza-
tions. One of the beams is focused onto the reference zone
at the sample surface, the other beam is focused in the
centre of the crater.

For non-transparent samples (bulk or layered), the crater
depth D is directly linked to the phase and while for
transparent samples the measurement of the reflectivity
allows to obtain the optical depth by calculating the
number of periods of the signal and to get the crater depth
knowing the refractive index of the transparent layer.
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Figure 8 Analysis of an CuAu electroplated sample in (a) standard RF mode and (b) in pulsed RF mode. The depth vs sputtering time curves, obtained

with DiP, are also presented.
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PCBM

CH,NH,PbI,

PEDOT:PSS

Figure 9 Structure of the Perovskite cell

Currently DIP has been efficiently implemented for both
4 mm and 2 mm diameter anodes.

In all cases, the quality of the interferometric signal (the
peak-to-peak amplitude of the interference fringes) is
dependent on the quality of the reflecting surfaces. Pulsed
operation there can be of crucial interest even for rough
industrial materials due to the better smoothing of the
transition interfaces obtained by pulsed sputtering. An
example is presented in Figure 8.

Pulsed operation and UFS
UEFS is a patented mode of operation of the GD source
where the Ar plasma gas is replaced by the combination
of Ar with O, beneficial notably in the case of sputtering
of organic and C based materials.!"”

While Ar is assuring the sputtering, the addition of O
makes the plasma reactive - and in some cases the erosion
rate is significantly enhanced, leading not only to faster
analysis but also to much better signal/noise ratios.
However the studied materials being fragile, pulsed oper-
ation is mandatory to benefit from the UFS.

An illustration on Perovskite PV materials has been given
by Bonnassieux at the 2018 Surface Fest and is presented
in the paper of Lee et al.."™ The structure of the material
is complex - ITO glass substrate, covered with hybrid
organic/inorganic layers (Figure 9).

For these materials the combination of pulsed operation
and UFS has permitted for the first time to experimentally
reveal the diffusion under bias voltage of some elements
within the Perovskite layer.

Conclusion

The implementation of pulsed RF operation has opened
new applications for RF GDOES making it more than
ever a very powerful tool for analytical scientists and
practitioners who elaborate and control layered materials.
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To commemorate the 50" publication of HORIBA technical reports Readout,
the history on the early development of HORIBA gas analyzer with Non-
Dispersive Infrared (NDIR) absorption method is introduced in this article. The
HORIBA’s history such as the early development of NDIR, in-house production
of IR optical filters, and fulfilling essential drift-free through the development of
cross flow technology, are valuable assets which were accumulated by
predecessors. It is one of important roles of Readout to expand opportunities
for young researchers to study those technologies. | hope that Readout will
contribute to the world as a bridge connecting past, present and future.
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HORIBA World-Wide Network

HORIBA, Ltd.
2, Miyanohigashi, Kisshoin, Minami-ku,
Kyoto 601-8510 Japan

Phone : (81)75-313-8121 Fax: (81)75-321-8312
Biwako Factory

1-15-1, Noka, Otsu, Shiga 520-0102 Japan
Phone : (81) 77-548-6130 Fax : (81) 77-548-6193
HORIBA Advanced Techno Co., Ltd.
31, Miyanonishi Kisshoin, Minami-ku,
Kyoto 601-8306 Japan
Phone : (81)75-321-7184 Fax : (81)75-321-7291
HORIBA STEC, Co., Ltd.
11-5, Hokodate-cho, Kamitoba, Minami-ku,
Kyoto 601-8116 Japan
Phone : (81)75-693-2300 Fax : (81)75-693-2350
Aso Factory
Torikokogyodanchi, 358-11, Koumaibata, Toriko,
Nishihara-mura, Aso-gun, Kumamoto, 861-2401
Japan
Phone : (81)96-279-2921  Fax : (81)96-279-3364
Fukuchiyama Technology Center
11-1 Miwa-cho Miwa, Fukuchiyama, Kyoto, 620-
1445 Japan
Phone : (81) 773-59-2070 Fax : (81) 773-59-2074
HORIBA TECHNO SERVICE Co., Ltd.
2, Miyanohigashi, Kisshoin, Minami-ku,
Kyoto 601-8305 Japan
Phone : (81)75-313-8125 Fax : (81)75-321-5647

HORIBA Brasil Holding, Eireli

HORIBA Instruments Brasil, Ltda.

Rua Presbitero Plinio Alves de Souza, 645,
Loteamento Multivias, Jardim Ermida Il - Jundiai Sao
Paulo - CEP 13.212-181 Brazil

Phone : (565)11-2923-5400  Fax : (55)11-2923-5490

MIRA do Brasil Servigos de Engenharia Ltda.
Parque Tecnolégico Sdo José dos Campos, Centro
Empresarial ||-Sala 2104, Avenida Doutor Altino
Bondensan, No. 500-Distrito de Eugénio de Melo,
CEP: 12247-016-Sao José dos Campos/SP

Phone : (55)11-96990-6475

TCA/HORIBA Sistemas de Testes Automotivos Ltda.
Rua Goias 191 Vila Oriental, Diadema, Sao Paulo,
CEP : 09941-690 Brazil

Phone : (55)11-4224-0200  Fax : (55)11-4227-3133

HORIBA Canada, Inc.
Unit102, 5555 North Service Road Burlington,
Ontario, L7L 5H7 Canada
Phone : (1)905-335-0234
London OOce
347 Consortium Court, London, Ontario, N6E 2S8
Canada
Phone : (1)519-668-6920

Fax : (1)905-331-2362

Fax : (1)519-668-8437

HORIBA United States Holding, LLC
HORIBA Americas Holding Incorporated

HORIBA Instruments Incorporated
9755 Research Drive, Irvine, CA 92618, U.S.A.
Phone : (1)949-250-4811 Fax : (1)949-250-0924
Albany Field OOce
Suite 104, 58 Clifton Country Road, Clifton Park, NY
12065, U.S.A.
Phone : (1)-518-331-1371
AnnArbor OOce
5900 Hines Drive, Ann Arbor, M1 48108, U.S.A.
Phone : (1)734-213-6555  Fax : (1)734-213-6525
Austin OOce
9701 Dessau Road, Suite 605, Austin, TX 78754,
U.S.A.
Phone : (1)512-836-9560
Chicago, IL Field OOce
554 Anderson Drive, Unit A Romeovile, IL 60446,
US.A.
Phone : (1)815-372-9076
El Monte Field OOce
9420 Telstar Ave, Suite 103 El Monte, CA 91731,
U.S.A.
Phone : (1)626-542-3005
Houston OOce
5390 Bay Oaks Drive, Pasadena, TX 77505, U.S.A.
Phone : (1)281-482-4334  Fax : (1)281-674-6058
Novato Field OOce
1359 Bel Marin Keys Blvd, #20, Novato, CA 94949,
U.S.A.
Phone : NA Fax :NA
HORIBA New Jersey Optical Spectroscopy Center
20 Knightsbridge Rd, Piscataway, NJ 08854, U.S.A.
Phone : (1)732-494-8660  Fax : (1)732-549-5125

Fax : (1)512-836-8054

Portland OOce

10110 South West Nimbus Avenue, Suite B-11,
Portland, OR 97223, U.S.A.

Phone : (1)503-624-9767  Fax : (1)503-968-3236
HORIBA Reno Technology Center

3740 Barron way Reno, Nevada 89511, U.S.A.
Phone : (1)775-358-2332  Fax: (1)775-358-0434
Sunnyvale OOce

430 Indio Way, Sunnyvale, CA 94085, U.S.A.
Phone : (1)408-730-4772  Fax: (1)408-730-8975
Tampa Field OOce

400 North Ashley Drive, Suite 2600, Tampa, FL
33602, U.S.A.

Troy 0Oce

2890 John R Road, Troy, MI 48083, U.S.A.

Phone : (1)248-689-9000  Fax : (1)248-689-8578
Atlanta Field OOce

5871 Glenridge Drive, Suite 475, Atlanta, GA,
US.A. B

Beltsville Field OOce

6800 Virginia Manor Rd., Beltsville, MD 20705,
US.A.

MIRA North America Inc.

1400 North Woodward Avenue, Suites 250, Bloomleld
Hills, MI 48304, U.S.A.

AUSTRIA

HORIBA (Austria) GmbH

Kaplanstrass 5, A-3430 Tulln, Austria

Phone : (43)2272-65225  Fax : (43)2272-65225-45

BELGIUM
HORIBA Europe GmbH
Antwerp Branch
Duwijckstraat 17, 2500 Lier, Belgium
Phone : (32)3-281-57-92 Fax : (32)3-230-06-95

HORIBA Czech
Prague OOce
Prumyslova 1306/7, CZ-10200, Praha 10, Czech
Republic
Phone : (420)246-039-265
Olomouc Factory
Zeleznicni 512/7, 772 00 Olomouc, Czech Republic
Phone : (420)588-118-365 Fax : (420)585-310-725

[FRANCE |
HORIBA Europe Holding SASU

Avenue de la Vauve - Passage Jobin Yvon - CS 45002
- 91120 Palaiseau, France

HORIBA FRANCE SAS
16-18, rue du Canal, 91165 Longjumeau Cedex,
France
Phone : (33)1-69-74-72-00 Fax : (33)1-69-09-07-21
Les Ulis OOce
12. Av des Tropiques Hightec Sud, F-91955 Les
Ulis, France
Phone : (33)1-69-29-96-23 Fax : (33)1-69-29-95-77
HORIBA Europe Research Center
Avenue de la Vauve - Passage Jobin Yvon CS
45002 - 91120 Palaiseau, France
Phone : (33)1-69-74-72-00 Fax : (33)1-69-31-32-20
Villeneuve d’Ascq OOce
231 rue de Lille, 59650 Villeneuve d’Ascq, France
Phone : (33)3-20-59-18-00 Fax : (33)3-20-59-18-08
HORIBA ABX SAS
Parc Euromédecine, rue du Caduce, BP7290, 34184
Montpellier Cedex 4, France
Phone : 33(0)4-67-14-15-16 Fax : 33(0)4-67-14-15-17

HORIBA Europe GmbH / Oberursel OOce
Hans Mess Strasse 6, D-61440 Oberursel, Germany
Phone : (49)6172-1396-0 Fax : (49)6172-1373-85
Darmstadt OOce
Landwehr Strasse 55, D-64293, Darmstadt,
Germany
Phone : (49)6151-5000-0 Fax : (49)6151-5000-3865
Dresden OOce
Hugo-Junckers-Ring 1, 01109 Dresden, Germany
Phone : (49) 351-8896807 Fax : (49)-351-8896808
Hanover OOce
Bayern Strasse 29, D-30855 Langenhagen,
Germany
Phone : (49)511-7410-95
Korschenbroich 0Oce
Friedrich Ebert Strasse 9-11, D-41352 Korschenbroich,
Germany
Phone : (49)2161-47537-0
Leichlingen OOce
Julius Kronenberg Strasse 9, D-42799 Leichlingen,
Germany
Phone : (49)2175-8978-0  Fax : (49)2175-897850
Munich OOce
SchleiBheimer strasse 253, D-80809 Munich, Germany
Phone : (49)89-2444-779-0 Fax : (49)89-2444-779-10

Fax: (49)511-7410-53

Potsdam OOce
Dennis Gabor Strasse 2, D-14469 Potsdam, Germany
Phone : (49)3316-4900-70 Fax : (49)3316-4900-74
Stuttgart OOce (Boeblingen)
Hans Klemm Strasse 56, D-71034 Boeblingen,
Germany
Phone : (49)7031-677-9440 Fax : (49)7031-677-9450
Stuttgart OOce (Neuhausen)
Zabergaeustr. 3, D-73765 Neuhausen, Germany
Phone : (49)7158-933-800 Fax : (49)7158-933-899
Wolfsburg OOce
Klauskamp, Heinenkap Il 38444 Wolfsburg, Germany
Phone : (49)5361-38653-16 Fax : (49)5361-38653-24
HORIBA Jobin Yvon GmbH
Neuhof strasse 9, D_64625, Bensheim, Germany
Phone : (49)89-62-51-84-750 Fax : (49)89-62-51-84-7520
ITALY

HORIBA ITALIA Srl
Via Luca Gaurico 209, 00143 Roma, Italy
Phone : (39)6-51-59-22-1 Fax : (39)6-51-96-43-34
Milano OOce
Via Cesare Pavese, 19 20090 Opera Milano, Italy
Phone : (39)2-57-60-30-50 Fax : (39)2-57-30-08-76
Torino OOce
Via Feroggio, 30, 10151, Torino, Italy
Phone : (39)11-904-0601 Fax : (39)11-900-0448
HORIBA ABX SAS
Italy Branch
Viale Luca Gaurico 209/211, 00143 Roma, Italy
Phone : (39)6-51-59-22-1 Fax : (39)6-51-96-43-34
MAURITIUS

MIRA Engineering Service Mauritius Ltd.
9th Floor, Orange Tower, Cybercity, Ebene, Mauritius
NETHERLANDS
HORIBA Europe GmbH
Netherlands Branch
Science Park Eindhoven, 5080 (Industrial park
“Ekkersrijt”) 5692 EA Son Netherlands
Phone : (31)40-2900240 Fax : (31)40-2900624
POLAND
HORIBA ABX Sp. z 0. 0.
ul. Putawska 182 02-670 Warzsawa, Poland
Phone : (48)22-673-2022 Fax : (48)22-673-2026
PORTUGAL
HORIBA ABX SAS
Portugal Branch ;
Alfrapark Estrada de Alfragide 67, Edilcio
F - Piso 0 Sul, 2610-008 Amadora, Portugal
Phone : (35)12-14-72-17-70  Fax : (35)12-14-72-17-89
ROMANIA
HORIBA (Austria) GmbH
Romania Branch
B-dul.Republicii, nr. 164, Etaj Parter, Birourile nr. 3
si 4, Pitesti, 110177, Judetul Arges, Romania
Phone : (40)348-807117 Fax : (40)348-807118

HORIBA 000

Altulevskoe shosse, 13, building 5, 127106, Moscow,

Russia

Phone : (7)495-221-87-71
Zelenograd OOce
Office 106, 2nd West st., 1, build 1, 124460,
Zelenograd city, Moscow, Russia
Phone : (7)499-995-09-54

Fax : (7)495-221-87-68

HORIBA MIRA SPAIN, S.L.
Calle Oicios, nave 22, 04620 Vera (Almeria), Spain
Phone : (34)-950-39-11-53
HORIBA ABX SAS
Spain Branch
Avenida Caidos de la Division Azul 16, 28016 Madrid,
Spain
Phone : (34)91-353-30-10 Fax : (34)91-353-30-11

HORIBA Europe GmbH
Sweden Branch (Gotehnburg)
Grimboasen 10 A, S-417 49 Gothenburg, Sweden
Phone : (46)10-161 1500  Fax : (46)10-161 1503
Sweden Branch (Sodertalje)
Sydhamnsvagen 55-57, SE- 15138 Sodertalje, Sweden
Phone : (46)8-550-80701  Fax : (46)8-550-80567
TURKEY
HORIBA Europe GmbH
Istanbul 0Oce
Kigclkbakkalkéy Mah. Kayisdagi Cad., Flora
Residence No:3/2504, 34750
Atasehir/istanbul, Turkey
Phone : (90)216-572-1166 Fax : (90)216-572-1167
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HORIBA UK Limited

HORIBA UK Finance Limited

Kyoto Close, Moulton Park, Northampton, NN3 6FL,
United Kingdom

Phone : 44(0)1604 542500  Fax : 44(0)1604 542699
HORIBA Jobin Yvon IBH Ltd.

133 Finnieston Street, Glasgow G3 8HB, United
Kingdom

Phone : (44)141-229-67-89 Fax : (44)141-229-67-90
HORIBA Test Automation Ltd.

Teme House, Whittington Hall, Whittington Road
Worcester, WR5 2RY, United Kingdom

Phone : (44)1905-359359 Fax : (44)1905-359332

HORIBA MIRA Limited

HORIBA MIRA Certiication Limited
MIRA 2014 Limited

MIRA Int’l Limited

MIRA Land Limited

MIRA Technology Park Limited

Watling Street, Nuneaton, Warwickshire, CV10 0TU,
United Kingdom

Phone : (44)24-7635-5000

HORIBA MIRA Limited
Quatro Park
Unit 1, Quatro Park, Paycocke Road, Basildon,
Essex, SS14 3GH, United Kingdom
Phone : (44) 1268-290100

CHINA

HORIBA INSTRUMENTS (SHANGHAI) Co., Ltd.
No.200, Taitao Road, Anting Town, Jiading District,
Shanghai, 201814, China

Phone : (86)21-6952-2835 Fax : (86)21-6952-2823

HORIBA (China) Trading Co., Ltd.
Unit D, 1 Floor, Building A, Synnex International Park,
1068 West Tianshan Road, Shanghai, 200335, China
Phone : (86)21-6289-6060 Fax : (86)21-6289-5553
Beijing Branch
12F, Metropolis Tower, No. 2, Haidian Dong 3 street
Beijing 100080, China
Phone : (86)10-8567-9966 Fax : (86)10-8567-9066
Guangzhou Branch
Room 1611/1612, Goldlion Digital Network Center,
138 Tiyu Road East, Guangzhou 510620, China
Phone : (86)20-3878-1883 Fax : (86)20-3878-1810
Shanghai Service Center
Room 303, No.84, Lane887, Zu-Chong-Zhi Road,
Zhangjiang Hi-tech Park, Shanghai, 201203, China
Phone : (86)21-5131-7150 Fax : (86)21-5131-7660
Shanghai Technical Center
No.200, Taitao Road, Anting Town, Jiading District,
Shanghai, 201814, China
Phone : (86)-21-6289-6060 Fax : (86)-21-6289-5553
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Beijing HORIBA METRON Instruments Co., Ltd.
Chaoyang District, Bei Yuan Road 40, Beijing,
100012, China

Phone : (86)10-8492-9402  Fax : (86)10-8492-7216

MIRA China Ltd.

Block B, Suite 501, Honggiao Sunnyworld

No. 1226 South Shenbin Road

Shanghai, 201106, China

Phone : (86)21-6220-6377 Fax : (86)21-6220-6379

(NnDIA |
HORIBA India Private Ltd.
246, Okhla Industrial Estate, Phase 3, New Delhi,
110020, India
Phone : (91)11-4646-5000
Bangalore OOce
No.55,12th Main, Behind BDA Complex, 6th sector,
HSR Layout, Bangalore South, Bangalore-560102,
India
Phone: (91) 80-4127-3637
Chennai oOce
The ground foor New No. 41, Old No. 15/3, Velachery
Road, Little Mount, Saidapet, Chennai - 600015, India
Phone : +(91)-44-42077899
Haridwar Factory
Plot No. 26, Sector-7, IIE, SIDCUL, Haridwar,
Uttarakhand - 249403, India
Phone : (91)-1334-239139
Technical Center
D-225, Chakan MIDC Phase-II, Bhamboli Village,
Pune-410501, India
Phone : (91)-02135-676000
Godown
Plot No. B-57, Wagle Industrial Estate, Off Road
No.31, Thane, Tal : THN1 (THANE-ZONE1 Pin :
400604)
INDONESIA |
PT HORIBA Indonesia
JL. Jalur Sutera Blok 20A, No. 16-17, Kel. Kunciran,

Kec. Pinang Tangerang 15144, Indonesia
Phone : (62)21-3044-8525  Fax : (62)21-3044-8521

Fax : (91)11-4646-5020

HORIBA KOREA Ltd.
202-525, 94-Gil, lljik-Ro, Manan-Gu, Anyang-
Si, Gyeonggi-Do, 13901, Korea
Phone : (82)-31-296-7911 Fax : (82)-31-296-7913
Ulsan OOce
613, Doosan We've the Zenith, 1877, Sinjeong-
Dong, Nam-Gu, Ulsan-Si, 44679, Korea
Phone : (82)52-275-0122 Fax : (82)52-276-0136
HORIBA STEC KOREA, Ltd.
98, Digital valley-ro Suji-gu, Yongin-si Gyeonggi-do
16878, Korea
Phone : (82)-31-8025-6500 Fax : (82)-31-8025-6599

HORIBA Instruments (Singapore) Pte. Ltd.
3 Changi Business Park Vista #01-01 Akzonobel
House, Singapore, 486051
Phone : (65)6-745-8300
West OOce
83 Science Park Drive #02-02A, The Curie Singapore
118258
Phone : (65)6-908-9660

HORIBA Taiwan, Inc.
8F.-8, No.38, Taiyuan St. Zhubei City, Hsinchu
County 30265, Taiwan (R.O.C.)
Phone : (886)-3-5600606 Fax : (886)-3-5600550
Tainan OOce
1 Floor, No.117, Chenggong Road, Shanhua,
Township Tainan country 741, Taiwan (R.O.C.)
Phone : (886)6-583-4592  Fax : (886)6-583-2409

HORIBA Holding (Thailand) Limited
393 395 397 399 401 403 Lad Ya Road,
SomdetChaophraya, Klongsan District, Bangkok
10600, Thailand
Phone : (66)(0) 2 861 5995 Fax : (66)(0) 2 861 5200
HORIBA (Thailand) Ltd.
393 395 397 399 401 403 Lad Ya Road,
SomdetChaophraya, Klongsan District, Bangkok
10600, Thailand
Phone : (66)(0) 2 861 5995 ext.123  Fax : (66)(0) 2 861 5200
East oOce
850/7 Soi Lat Krabang 30/5, Lat Krabang Road,
Lat Krabang, Bangkok 10520
Phone : (66)(0) 2 734 4434 Fax : (66)(0) 2 734 4438

VIETNAM
HORIBA Vietnam Company Ltd.
Unit 6, 10 Floor, CMC Tower, Duy Tan Street, Dich

Vong Hau Ward, Cau Giay District, Hanoi, Vietnam
Phone : (84)-24-3795-8552 Fax : (84)-24-3795-8553

Fax : (65)6-745-8155
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