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Abstract A gas standard mixture containing 22 chlorinated
hydrocarbons in high purity nitrogen was prepared using a
two-step weighing method and a gasifying apparatus devel-
oped in-house. The concentration of each component was
determined using a gas chromatograph with flame ionization
detection (GC/FID). Linear regression analysis of every com-
ponent was performed using the gas standard mixture with
concentrations ranging from 1 to 10 μmol/mol, showing the
complete gasification of volatile organic compound (VOCs)
species in a selected cylinder. Repeatability was also exam-
ined to ensure the reliability of the preparation method. In
addition, no significant difference was observed between do-
mestic treated and imported treated cylinders, which were
conducive to reduction of the cost of raw materials.
Moreover, the results of stability testing at different pressures
and long-term stability tests indicated that the gas standard at
1 μmol/mol level with relative expanded uncertainties of 5%
was stable above 2MPa for a minimum of 12 months. Finally,
a quantity comparison was conducted between the gas stan-
dard and a commercial gas standard from Scott Specialty
Gases (now Air Liquide America Specialty Gases). The ex-
cellent agreement of every species suggested the favorable
accuracy of our gas standard. Therefore, this reference mate-
rial can be applied to routine observation of VOCs and for
other purposes.

Keywords VOCs . Standard . Reference .Material .

Preparation . Stability

Introduction

Volatile organic compounds (VOCs) have raised wide con-
cerns during the past decades due to the fact that it may cause
severe air pollution (Gao et al. 2016; He et al. 2015; Lyu et al.
2016; Wang et al. 2008). It is well-known that VOCs are
ozone precursors and play an important role in the formation
of secondary organic aerosol (Sun et al. 2016). Moreover,
epidemiologic studies indicate that chronic exposure to
VOCs and ozone have an adverse effect on human health
and increased mortality (D'Andrea and Reddy 2016; Gong
et al. 2017; Wang et al. 2008). Thus, volatile halogenated
hydrocarbon compounds have been identified as highly carci-
nogenic and toxic by a number of major environment safety
agencies. With the rapid development of industries, high con-
centrations of VOCs have been detected in China in recent
years (Lei et al. 2013; Li et al. 2015; Ling et al. 2011; Shao
et al. 2016; Wei et al. 2014; Wu et al. 2016; Xie et al. 2016).
The Department of Environmental Protection in China has
issued BAmbient air—Determination of volatile halogenated
hydrocarbons—Activated charcoal adsorption and carbon di-
sulfide desorption/gas chromatographic method^ (HJ 645-
2013) as the standard method for the determination of volatile
halogenated hydrocarbon compounds.

Gas reference materials with accurate concentrations and
long-term stability at different pressure ranges are urgently
needed for proficiency testing and routine observation of chlo-
rinated hydrocarbons at ambient concentration levels. A
single-step microgravimetric procedure for the preparation of
VOCs was previously developed at the National Institute of
Standards and Technology (NIST) in 1983 (Rhoderick 1997;
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Rhoderick et al. 1993). Then in the past 30 years, the NIST has
developed several different kinds of gas standard mixture con-
taining two to as many as 30 hydrocarbons (Rhoderick and
Yen 2006; Rhoderick et al. 2010) which were reliable but have
a long development and delivery time, and can be expensive.

However, no corresponding gas standard was available
in China. In this research, a standard reference material
containing 22 chlorinated hydrocarbons at 1 μmol/mol
was developed using a two-step microgravimetric method.
Linear regression analyses of every component and re-
peatability of the preparation method were performed. In
addition, domestically and imported treated cylinders
were all suitable in the study. Moreover, the results of this
research indicated that the gas standard for 22 chlorinated
hydrocarbons at 1 μmol/mol level with relative expanded
uncertainties of 5% was stable above 2 MPa in cylinders
for a minimum of 12 months.

Experimental

Reagents

The chlorinated hydrocarbons with purities from 99 to
99.99% were obtained from commercial suppliers, and nitro-
gen at a specified purity of 99.9995% was obtained from a
commercial supplier. All the components were identified
using gas chromatography-mass spectrometry (GC-MS), and
their purity analyses were performed using gas chromatogra-
phy with flame ionization detection (GC-FID). The purity
determined by the chemical suppliers’ and the authors’ labo-
ratory, along with the commercial suppliers, are all shown in
Table 1.

Gas cylinders

New aluminum gas cylinders were obtained from commercial
suppliers. The imported cylinders were from Air Liquide
America Specialty Gases where they had treated the interior
cylinders walls using a proprietary technique called Aculife
IV to render the active sites of the inner cylinder walls inert.
The domestic treated cylinders were from the Institute of
Metal Research, Chinese Academy of Science, which were
treated with electroless Ni-P alloy plating. Domestic none-
treated cylinders were from Shenyang Gas Cylinder Safety
Technology Co., Ltd. The cylinders with an internal volume
of 2 L were equipped with a YQF-1 stainless steel valve.

Apparatus

An 81-V-HCE-30G series two-pan balance (HNU Systems,
Inc., USA) with 30 kg capacity and 0.001 g sensitivity was
used for weighing cylinders. The sealed chlorinated

hydrocarbon liquids were weighed using AE240 series elec-
trical balance (Mettler Toledo, Switzerland) with a capacity of
200 g and a readability of 0.01 mg.

Preparation of gas standard

Chloromethane, chloroethane, and chloroethylene are gas-
eous, and other chlorinated hydrocarbons are liquids at room
temperature, especially for o-dichlorobenzene which gasifies
at a high temperature (180 °C). Thus, it is difficult to develop
the standard reference material containing 22 hydrochloric
hydrocarbons through a normal method. A two-step weighing
method and a home-made VOC gasifying apparatus, which
insures all compounds are completely gasified, were adopted.

The first step is to achieve Bpremix 1.^ Chloromethane at
5.013 mmol/mol, chloroethane at 7.453 mmol/mol, and
chloroethylene at 14.60 mmol/mol in nitrogen at a final pres-
sure of 12.0 MPa were prepared. A new 2L cylinder was
evacuated and weighed using the two-pan balance. This was
followed by adding to the cylinder pre-calculated amounts of
chloromethane, chloroethane, and chloroethylene. This was

Table 1 Name, source, and purity of chemicals in the experiment

Analyte Source Purity
stated
by
supplies/%

Purity
determined
by our
lab/%

Chloromethane Praxair 99.9 99.9

Chloroethylene Praxair 99.9 99.9

Chloroethane Praxair 99.9 99.9

1,1-Dichloroethane Fluka 99.5 99.8

Dichloromethane ACROS 99.9 99.9

trans-1,2-Dichloroethylene ACROS 99.7 99.7

1,1-Dichloroethane TCI 99.1 99.7

cis-1,2-Dichloroethylene ACROS 99.6 99.0

Chloroform TEDIA 99.5 99.7

1,1,1-Trichloroethane Sigma-Aldrich 99.5 99.8

1,2-Dichloroethane ACROS 99.9 99.9

Carbon tetrachloride Nanjing
Chemical
Reagent Co.,
Ltd

99.9 99.9

Trichloroethylene ACROS 99.9 99.0

1,2-Dichloropropane ACROS 99.8 99.7

1,1,2-Trichloroethane ACROS 98.4 98.5

Tetrachloroethylene ACROS 99.5 99.6

Chlorobenzene ACROS 99.9 99.9

1,1,1,2-Tetrachloroethane Fluka 99.9 99.9

1,1,2,2-Tetrachloroethane ACROS 98.7 98.5

m-Dichlorobenzene ACROS 99.6 99.8

p-Dichlorobenzene TCI 99.9 99.7

o-Dichlorobenzene ACROS 99.9 99.8
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followed by the addition of nitrogen into the cylinder through
a manifold system in a calculated amount to yield premix 1
resulting in a concentration of about 150 μmol/mol at a final
pressure of 12.0 MPa.

The next step was to prepare the standard reference
material containing the other 19 liquid chlorinated hydro-
carbons and premix 1 at 1 μmol/mol. The other 19 liquid
chlorinated hydrocarbon (19 VOC) mixture was prepared
by weighting about 1 g of each compound (which is
shown in Table 2) into a volumetric flask. The injection
syringe with a valve was used in the weighting process to
prevent the loss of liquid chlorinated hydrocarbons with a
low boiling point. A sample of the 19 VOC mixture was
taken by injection syringe and weighed using the electri-
cal balance in a calculated amount to yield a concentration
of about 1 μmol/mol in 12.0 MPa nitrogen. The specific
amount of 19 VOC was added into a new, evacuated, and
weighed cylinder with the help of the home-made VOC
gasifying apparatus for ensuring complete gasification.
The same procedure was done to the premix 1 in the same
cylinder. The flow diagram of the preparation of the gas
standard is described in Fig. 1.

Analysis method

The standard reference material containing the 22 chlori-
nated hydrocarbons was analyzed using GC-FID. A 60 m

by 0.53 mm i.d. capillary column coated with a 3-μm-
thick film of DB-624 was used to separate the 22 chlo-
rinated hydrocarbon compounds. The column tempera-
ture was started at 37 °C and kept for 3 min and then
heated to 180 °C at 10 °C/min and held for 5 min.
ChemStation software was used to integrate the peaks
and then transfer the data to an Excel spreadsheet.
Figure 2 shows a chromatogram of the 22 chlorinated
hydrocarbon gas standard.

Results and discussion

Reproducibility of preparation procedure

Reproducibility of the preparation technique is an impor-
tant factor in the accuracy and reliability of the reference
material. Two approaches were performed to test the re-
producibility. The first is to prepare five gas standards,
using the described method, with concentrations ranging
from 1 to 10 μmol/mol at intervals of about 2 or 3 μmol/
mol. These standards are then analyzed using GC-FID. In
order to minimize the error, the standards were measured
at least six times. The signal response models as a func-
tion of their concentrations were set up by data fitting,
and the models with their standard deviations are all listed
in Table 3 which showed good reproducibility. The other
approach is to determine the five gas standards at 1 μmol/
mol at the pressure of 12 MPa using GC-FID. The repro-
ducibility of the preparation method can also be evaluated
by the relative standard deviation of the relative signal
response (R) which was calculated by Formula (1). The
results which are displayed in Table 4 showed that the
relative standard deviations of R of each component were
less than 0.7% and confirmed that the preparation method
was reliable.

R ¼ A�
C ð1Þ

where A = peak area and C = concentration.

Cylinder selection

The cylinder selection is necessary because the various
components of the gas standard may adsorb or react with
each other in the active site of the inner cylinder wall. The
cylinder containing the 22 chlorinated hydrocarbon gas
mixture was named the mother cylinder. A dedicated
pipeline which should be as short as possible was used
to transfer the chlorinated hydrocarbons from the mother
cylinder to another cylinder which was called sub-
cylinder until the pressure equilibrated between the two

Table 2 The amounts of 19 VOCs added into volumetric flask

Number Compound Molecular weight
(g/mol)

Amounts (g)

1 1,1-Dichloroethane 96.94 1.1440

2 Trichloroethylene 131.29 1.4694

3 Carbon tetrachloride 153.82 1.7172

4 1,1,1,2-Tetrachloroethane 167.85 1.8384

5 p-Dichlorobenzene 147.01 1.7307

6 m-Dichlorobenzene 147.01 1.6874

7 Dichloromethane 84.93 1.2662

8 1,1-Dichloroethane 98.96 1.1100

9 cis-1,2-Dichloroethylene 96.94 1.0748

10 Chlorobenzene 112.56 1.3177

11 1,1,2,2-Tetrachloroethane 167.85 1.9493

12 Tetrachloroethylene 165.83 1.9791

13 trans-1,2-Dichloroethylene 96.94 1.1047

14 Chloroform 119.38 1.3679

15 1,1,1-Trichloroethane 133.41 1.4660

16 1,2-Dichloroethane 98.96 1.1062

17 1,2-Dichloropropane 112.99 1.2382

18 1,1,2-Trichloroethane 133.41 1.4487

19 o-Dichlorobenzene 147.01 1.6009
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cylinders. The mother cylinder and the sub-cylinder were
both tested using GC-FID, and the relative deviations (E)
of the signal response between these two were used to
estimate cylinder quality. Imported treated cylinders (A),
domestic treated cylinders (B), and domestic none-treated
cylinders(C) were included. Table 5 shows the relative
deviations of A, B, and C (only one cylinder data was
listed in this study considering that others have shown
the same trend), and the relative deviations of A and B
were less than 1%, whereas, while the lower molecular
mass compounds are less than 1%, the heavier molecular
mass compounds appear to be a problem in the C

cylinders with deviations more than 1.5%. So A and B
can be used to prepare the 22 chlorinated hydrocarbon gas
standard.

Stability testing at different pressures

Stability testing at different pressures was carried out in
view of some chlorinated hydrocarbon gases with high
molecular which may stratify in the gas cylinder and ver-
ify with the pressure. The concentration differences of all
components at different pressures were used to measure
the stability. Six standard reference materials were

Fig. 2 Representative chromatogram of the 22 chlorinated hydrocarbon
gas standard. Note:1 chloromethane; 2 chloroethylene; 3 chloroethane; 4
1,1-dichloroethene; 5 dichloromethane; 6 trans-1,2-dichloroethene; 7
1,1-dichloroehtane; 8 cis-1,2-dichloroethene; 9 chloroform; 10 1,1,1-
trichloroethane; 11 carbon tetrachloride; 12 1,2-dichloroehtane; 13

trichloroethylene; 14 1,2-dichloropropane; 15 1,1,2-trichloroethane; 16
tetrachloroethylene; 17 chlorobenzene; 18 1,1,1,2-tetrachlorobenzene;
19 1,1,2,2-tetrachlorobenzene; 20 1,3-dichlorobenzene; 21 1,4-
dichlorobenzene; 22 1,2-dichlorobenzene

Fig. 1 The flow diagram of the preparation procedure
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prepared to a pressure above 10 MPa, and then each cyl-
inder was bled down to 10, 8, 6, 4, 2, and 1 MPa and the

signal response of GC-FID was tested at each pressure to
assay the stability. Uncertainty of instability was calculat-
ed using Formulas (2–5).

Table 4 The results of reproducibility of preparation method

Number components 17,801 17,770 17,771 17,784 2175 RSD/%

Chloromethane R 15.53 15.63 15.62 15.40 15.39 0.8
Vinyl chloride R 38.22 38.18 37.74 36.98 37.25 1.5
Chloroethane R 35.90 35.46 35.16 34.61 34.71 1.5
1,1-Dichloroethylene R 35.59 35.37 35.25 34.83 35.45 0.8
Dichloromethane R 15.20 15.13 15.04 14.90 15.08 0.8
trans-1,2-Dichloroethylene R 36.30 36.01 35.81 35.52 35.86 0.8
1,1-Dichloroethane R 37.57 37.16 36.90 36.77 36.93 0.8
cis-1,2-Dichloroethylene R 36.62 36.17 36.02 35.79 36.02 0.8
Chloroform R 12.82 12.64 12.58 12.49 12.54 1.0
1,1,1-Trichloroethane R 38.99 38.45 38.18 38.04 38.08 1.0
Carbon tetrachloride R 10.48 10.23 10.15 10.12 10.15 1.4
1,2-Dichloroethane R 37.90 37.25 37.08 36.91 37.04 1.0
Trichloroethylene R 38.53 38.03 37.79 37.64 37.71 0.9
1,2-Dichloropropane R 57.56 56.57 56.13 55.98 55.86 1.2
1,1,2-Trichloroethane R 38.25 37.55 37.38 37.24 37.30 1.1
Tetrachloroethylene R 42.40 41.72 41.52 41.47 41.50 0.9
Chlorobenzene R 118.4 116.0 115.7 115.4 115.7 1.0
1,1,1,2-Tetrachloroethane R 37.92 37.22 36.98 36.79 36.81 1.2
1,1,2,2-Tetrachloroethane R 40.16 39.07 38.87 38.98 39.05 1.3
m-Dichlorobenzene R 113.9 111.6 111.3 113.0 113.5 1.0
p-Dichlorobenzene R 113.4 111.7 111.4 113.5 114.1 1.1
o-Dichlorobenzene R 116.5 113.8 113.3 115.1 115.7 1.1

Table 3 The linear equations with their standard deviation of all
species

Components Linear Equation R2

Chloromethane y = 16.77x − 0.1292 1.0000

Vinyl chloride y = 38.30x + 0.4395 0.9999

Chloroethane y = 36.24x + 0.3222 0.9999

1,1-Dichloroethylene y = 35.86x + 0.7665 0.9991

Dichloromethane y = 15.28x + 0.6712 0.9995

trans-1,2-Dichloroethylene y = 36.49x + 0.8847 0.9996

1,1-Dichloroethane y = 37.89x + 0.6753 0.9996

cis-1,2-Dichloroethylene y = 37.01x + 0.5674 0.9997

Chloroform y = 12.94x + 0.1323 0.9996

1,1,1-Trichloroethane y = 39.43x + 0.3810 0.9997

Carbon tetrachloride y = 10.30x + 0.1297 0.9996

1,2-Dichloroethane y = 38.24x + 0.5029 0.9998

Trichloroethylene y = 38.85x + 0.8392 0.9999

1,2-Dichloropropane y = 58.06x + 0.7003 0.9999

1,1,2-Trichloroethane y = 38.38x + 1.178 0.9999

Tetrachloroethylene y = 43.11x + 0.4058 0.9999

Chlorobenzene y = 118.7x + 4.261 0.9999

1,1,1,2-Tetrachloroethane y = 38.46x + 0.7797 0.9999

1,1,2,2-Tetrachloroethane y = 39.27x + 3.884 0.9998

m-Dichlorobenzene y = 109.7x + 13.50 0.9999

p-Dichlorobenzene y = 108.5x + 16.10 0.9999

o-Dichlorobenzene y = 110.4x + 18.74 0.9998

Table 5 The relative deviations of cylinder A, B, and C

Component E (A)/% E (B)/% E (C)/%

Chloromethane -0.1 0.7 0.1

Chloroethylene −0.6 −0.5 1.1

Chloroethane −0.5 0.0 0.7

1,1-Dichloroethene −0.5 0.3 0.9

Dichloromethane −0.4 −0.2 0.8

tran-1,2-Dichloroethene −0.2 −0.3 0.8

1,1-Dichloroehtane −0.4 0.0 0.5

cis-1,2-Dichloroethene −0.2 −0.2 0.7

Chloroform −0.4 −0.1 0.6

1,1,1-Trichloroethane −0.5 −0.1 0.5

Carbon tetrachloride −0.6 −0.2 0.3

1,2-Dichloroehtane −0.3 −0.3 0.4

Trichloroethylene −0.2 −0.2 1.2

1,2-Dichloropropane −0.4 −0.2 −0.3
1,1,2-Trichloroethane −0.1 −0.2 −1.0
Tetrachloroethylene −0.2 −0.1 0.4

Chlorobenzene 0.0 −0.1 −1.0
1,1,1,2-Tetrachlorobenzene −0.3 −0.2 −1.5
1,1,2,2-Tetrachlorobenzene −0.3 −0.5 −7.3
1,3-Dichlorobenzene 0.4 −0.3 −5.3
1,4-Dichlorobenzene 0.6 −0.1 −5.1
1,2-Dichlorobenzene 0.2 −0.3 −6.7
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Table 6 The uncertainty of instability at lowest 2 MPa and at lowest 1 MPa

Concentration and ubb components 10 MPa 8 MPa 6 MPa 4 MPa 2 MPa 1 MPa ubb at least 2 MPa/% ubb at least 1 MPa/%

Chloromethane 1.514 1.509 1.519 1.509 1.517 1.515 0.43 0.47
1.506 1.504 1.509 1.514 1.521 1.517

1.508 1.505 1.521 1.508 1.544 1.519

Chloroethylene 1.607 1.622 1.587 1.599 1.600 1.604 0.35 0.36
1.603 1.607 1.596 1.604 1.601 1.615

1.604 1.602 1.592 1.606 1.605 1.605

Chloroethane 1.750 1.746 1.739 1.746 1.738 1.750 0.17 0
1.738 1.74 1.744 1.746 1.746 1.749

1.733 1.741 1.743 1.750 1.745 1.754

1,1-Dichloroethene 1.092 1.093 1.09 1.095 1.093 1.100 0.36 0.17
1.089 1.096 1.092 1.100 1.098 1.108

1.095 1.093 1.093 1.095 1.098 1.102

Dichloromethane 1.408 1.382 1.375 1.380 1.373 1.388 0.08 0
1.377 1.384 1.381 1.387 1.385 1.403

1.374 1.385 1.376 1.388 1.383 1.388

trans-1,2-Dichloroethene 1.064 1.058 1.049 1.057 1.056 1.063 0.41 0.20
1.051 1.057 1.055 1.060 1.062 1.073

1.052 1.060 1.054 1.062 1.064 1.066

1,1-Dichloroethane 1.048 1.047 1.040 1.044 1.043 1.049 0.24 0.12
1.045 1.047 1.042 1.048 1.045 1.051

1.041 1.041 1.042 1.048 1.046 1.050

cis-1,2-Dichloroethene 1.034 1.034 1.030 1.034 1.033 1.043 0.43 0.17
1.032 1.032 1.032 1.035 1.038 1.045

1.030 1.031 1.035 1.037 1.040 1.044

Chloroform 1.073 1.073 1.067 1.074 1.069 1.080 0.29 0.18
1.073 1.070 1.069 1.073 1.071 1.077

1.073 1.071 1.069 1.077 1.078 1.078

1,1,1-Trichloroethane 1.044 1.042 1.035 1.040 1.036 1.042 0.20 0.17
1.039 1.039 1.036 1.041 1.037 1.044

1.038 1.038 1.037 1.046 1.042 1.042

Carbon tetrachloride 1.050 1.054 1.047 1.055 1.049 1.052 0.04 0
1.058 1.042 1.057 1.055 1.047 1.051

1.051 1.060 1.049 1.074 1.062 1.041

1,2-Dichloroethane 1.063 1.062 1.057 1.062 1.061 1.071 0.42 0.25
1.060 1.062 1.057 1.065 1.062 1.072

1.056 1.060 1.059 1.070 1.068 1.070

Trichloroethylene 1.064 1.063 1.059 1.063 1.063 1.072 0.50 0.19
1.062 1.063 1.061 1.066 1.066 1.078

1.061 1.061 1.062 1.068 1.070 1.078

1,2-Dichloropropane 1.036 1.031 1.027 1.029 1.028 1.035 0.29 0
1.029 1.033 1.027 1.032 1.031 1.040

1.028 1.028 1.030 1.033 1.032 1.039

1,1,2-Trichloroethane 1.046 1.047 1.040 1.045 1.047 1.057 0.66 0.31
1.048 1.042 1.039 1.047 1.049 1.063

1.042 1.042 1.041 1.048 1.052 1.062

Tetrachloroethylene 1.149 1.151 1.139 1.145 1.144 1.154 0.50 0.16
1.145 1.143 1.141 1.145 1.146 1.160

1.143 1.142 1.141 1.146 1.150 1.161

Chlorobenzene 1.134 1.132 1.125 1.133 1.138 1.156 1.04 0.40
1.130 1.129 1.126 1.135 1.137 1.160

1.128 1.127 1.128 1.135 1.141 1.161

1,1,1,2-Tetrachlorobenzene 1.057 1.055 1.046 1.051 1.048 1.063 0.57 0.17

24182 Environ Sci Pollut Res (2017) 24:24177–24186



Table 6 (continued)

Concentration and ubb components 10 MPa 8 MPa 6 MPa 4 MPa 2 MPa 1 MPa ubb at least 2 MPa/% ubb at least 1 MPa/%

1.051 1.052 1.048 1.053 1.049 1.066

1.050 1.049 1.048 1.055 1.053 1.067

1,1,2,2-Tetrachlorobenzene 1.135 1.138 1.119 1.131 1.145 1.181 1.9 0.73
1.130 1.133 1.121 1.133 1.143 1.180

1.128 1.127 1.123 1.136 1.147 1.182

1,3-Dichlorobenzene 1.070 1.074 1.054 1.063 1.083 1.124 2.7 0.93
1.067 1.065 1.056 1.068 1.083 1.137

1.063 1.061 1.058 1.070 1.088 1.144

1,4-Dichlorobenzene 1.159 1.164 1.142 1.152 1.177 1.224 3.0 1.1
1.153 1.155 1.144 1.157 1.176 1.242

1.151 1.149 1.145 1.159 1.183 1.251

1,2-Dichlorobenzene 1.135 1.146 1.116 1.128 1.153 1.201 3.0 1.1
1.134 1.134 1.120 1.134 1.153 1.218

1.131 1.128 1.122 1.136 1.160 1.226

Fig. 3 The concentration of 22 chlorinated hydrocarbons in 12 months
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ubb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MSamong−MSwithin

n

r
ð2Þ

MSamong ¼ n ∑m
j¼1

Xj¼X

� �2

= m−1ð Þ ð3Þ

MSwithin ¼ ∑m
j¼1∑

n
i¼1 Xij−Xj

� �2
= N−mð Þ ð4Þ

1X¼∑m
i¼1Xj=m ð5Þ

where m is the number of repeat measurements, n is the num-
ber of different pressures, N is the total number of measure-

ments, Xj is the average value at each pressure, and X is the
average value of all the measured data.

The uncertainties of instability at different pressures are all
shown in Table 6 (only one cylinder data was listed consider-
ing that others have the same trend) from which it can be seen
that the ubb of 1,1,2,2-tetrachlorobenzene,m-dichlorobenzene,
p-dichlorobenzene, and o-dichlorobenzene were significantly
increased as the pressure went down and uncertainties of in-
stability were higher than 2% when the sample pressure was
lower than 2 MPa. Thus, the minimum pressure used was
determined as 2 MPa.

Long-term stability testing

The long-term stability of the reference material was measured
and analyzed according to the ISO Guide 35. Six cylinders of
the gas standard were prepared and measured using GC-FID
every 3 months over a period of 12 months. New primary gas
standards were prepared before analyzing gas standard sam-
ples for long-term stability.

The concentration of each component is shown in Fig. 3
(only one cylinder data was listed, considering that others
have the same trend), and no meaningful trend was observed;
thus, a concentration value as a function of time set up by data
fitting was used as an empirical model which is shown in
Formula (7). The slopes (b0) with its standard deviations
(s(b1)) and intercept (b1) were computed using Formulas (8–
10) and are all displayed in Table 7. The absolute value of b1
was tested for significance by comparing with an appropriate
t-factor (t0.95,n-2 × s(b1)), and b1 values were all less than the
control value of the t test. As a consequence, all slopes were
insignificant and no instability was observed. Twenty-two
chlorinated hydrocarbons in nitrogen can maintain stability
for 12 months. The uncertainty contribution due to long-
term stability ranged from 0.42 to 0.84%.

Y ¼ b1 � X þ b0 ð6Þ

Table 7 Stability result of 22 chlorinated hydrocarbon

Time (months) compounds b1 b0 s(b1) t0.95,n-2* s(b1)

Chloromethane 4.96E−4 1.33 6.73E−4 1.87E−3
Chloroethylene −3.74E−4 1.41 1.24E−3 3.44E−3
Chloroethane −4.41E−4 1.55 9.75E−4 2.71E−3
1,1-Dichloroethene 6.32E−5 1.48 2.48E−3 6.89E−3
Dichloromethane −2.03E−3 1.85 3.26E−3 9.07E−3
trans-1,2-Dichloroethene −1.22E−3 1.41 2.05E−3 5.70E−3
1,1-Dichloroethane −2.51E−3 1.40 2.13E−3 5.91E−3
cis-1,2-Dichloroethene −2.22E−3 1.38 1.95E−3 5.43E−3
Chloroform −2.46E−3 1.42 1.83E−3 5.10E−3
1,1,1-Trichloroethane −2.46E−3 1.38 1.68E−3 4.66E−3
Carbon tetrachloride −2.87E−3 1.40 1.69E−3 4.71E−3
1,2-Dichloroethane −2.22E−3 1.40 1.54E−3 4.27E−3
Trichloroethylene −1.47E−3 1.39 1.48E−3 4.12E−3
1,2-Dichloropropane −2.04E−3 1.34 1.47E−3 4.09E−3
1,1,2-Trichloroethane −1.39E−3 1.34 1.49E−3 4.14E−3
Tetrachloroethylene −1.63E−3 1.48 1.43E−3 3.96E−3
Chlorobenzene −8.92E−4 1.45 1.58E−3 4.40E−3
1,1,1,2-Tetrachlorobenzene −1.65E−3 1.35 1.25E−3 3.47E−3
1,1,2,2-Tetrachlorobenzene −9.46E−4 1.43 1.86E−3 5.16E−3
1,3-Dichlorobenzene −5.94E−4 1.34 1.35E−3 3.76E−3
1,4-Dichlorobenzene −4.44E−4 1.45 1.45E−3 4.04E−3
1,2-Dichlorobenzene −5.65E−4 1.42 1.47E−3 4.08E−3

Table 8 Uncertainty of a 22 halogenated hydrocarbons gas standard

Compounds uchar/% ubb/% ults/% U%

Chloromethane 0.6 0.5 0.6 2.0

Chloroethylene 1.2 0.7 1.1 3.5

Chloroethane 1.1 0.0 0.8 2.7

1,1-Dichloroethene 1.0 0.2 2.0 4.5

Dichloromethane 1.0 0.0 2.1 4.6

trans-1,2-Dichloroethene 0.9 0.2 1.7 3.9

1,1-Dichloroehtane 1.0 0.1 1.8 4.1

cis-1,2-Dichloroethene 1.0 0.2 1.7 4.0

Chloroform 1.0 0.2 1.5 3.6

1,1,1-Trichloroethane 1.0 0.2 1.5 3.6

Carbon tetrachloride 1.5 0.0 1.4 4.1

1,2-Dichloroehtane 1.0 0.2 1.3 3.3

Trichloroethylene 0.8 0.2 1.3 3.1

1,2-Dichloropropane 1.0 0 1.3 3.3

1,1,2-Trichloroethane 0.9 0.3 1.3 3.2

Tetrachloroethylene 0.8 0.2 1.2 2.9

Chlorobenzene 0.8 0.4 1.3 3.2

1,1,1,2-Tetrachlorobenzene 1.0 0.2 1.1 3.0

1,1,2,2-Tetrachlorobenzene 1.2 0.7 1.6 4.2

1,3-Dichlorobenzene 1.0 0.9 1.2 3.6

1,4-Dichlorobenzene 1.0 1.1 1.2 3.8

1,2-Dichlorobenzene 1.3 1.1 1.2 4.2
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n

i¼1
X i−�Xð Þ

�
Y−Y

��

∑
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∑
n
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Y i−b0−biX ið Þ2

n−2
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∑
n

i¼1
X i−Xð Þ�2

r ð9Þ

Certified concentration value

The comparison method was recommended by ISO 6143,
and ISO 35 was used to calculate the uncertainty value of
the 22 chlorinated hydrocarbon standard reference
material.

The uncertainty of 22 chlorinated hydrocarbons in the
gas standards included uncertainty of the certified value
(uchar), uncertainty of stability at different pressures (ubb),
and uncertainty of long-term stability (ults). The uncertain-
ty of the certified value (uchar) was calculated using
Formula 11, and the uncertainty contribution due to
long-term stability was computed using Formula 12. The
related combined uncertainty (uCRM) was calculated using
Formula 13. Uncertainty of the certified value, uncertainty
of stability at different pressures, uncertainty of long-term

stability, and expanded uncertainty (U) where k = 2 are all
displayed in Table 8.

u2 xið Þ ¼ ∑
∂xi
∂Mi

� �2

⋅u2 Mið Þ þ ∑
∂xi
∂mi

� �2

⋅u2 mið Þ

þ ∑
∂xi
∂xi;A

� �2

⋅u2 xi;A
� 	þ ∑

∂xi
∂Mp

� �
⋅u2 Mp

� 	

þ ∑
∂xi
∂mp

� �
⋅u2 mp

� 	þ ∑
∂xi
∂xp

� �
⋅u2 xp

� 	 ð10Þ

where xi(m) is the mass fraction in the standard reference
material of component i; xi (mol) is the molar fraction in the
standard reference material of component i; n is the number of
gas species;mi is the weight amount of component i; mp is the
weight amount of diluent gas;Mi is the molar weight of com-
ponent i;Mp is the molar weight of diluent gas; xp is the purity
of diluent gas; and xi,A is the purity of raw component i.

ults ¼ s b1ð Þ*t ð11Þ

where t is the shelf life

uCRM 2 ¼ uchar2 þ ubb2 þ ults2 ð12Þ

Quantity comparison

To verify the accuracy of concentration of the gas standard, 15
chlorinated hydrocarbons both in TO14 and in this gas stan-
dard prepared in our lab were checked. The gas standard

Table 9 The results of quantity comparison

Species CCRM/μmol/mol uCRM/% Cmeas/μmol/mol SD/% umeas/%
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uCRM 2þumeas2

p
xcrm

/%
xCRM−xmeasj j

xCRX
/%

Dichloromethane 1.02 5.0 1.05 0.03 2.50 11.2 3.3

1,1-Dichloroethane 1.03 5.0 1.04 0.21 2.51 11.2 1.4

cis-1,2-Dichloroethylene 1.04 5.0 1.06 0.11 2.50 11.2 2.2

Chloroform 1.04 5.0 1.02 0.02 2.50 11.1 −1.6
1,1,1-Trichloroethane 1.05 5.0 1.08 0.08 2.50 11.2 2.6

Carbon tetrachloride 1.02 5.0 1.03 0.04 2.50 11.2 1.3

Trichloroethylene 1.04 5.0 1.05 0.07 2.50 11.2 1.1

1,2-Dichloropropane 1.04 5.0 1.03 0.05 2.50 11.2 −1.3
1,1,2-Trichloroethane 1.04 5.0 1.08 0.09 2.50 11.3 4.2

Tetrachloroethylene 1.04 5.0 1.05 0.26 2.51 11.2 0.8

Chlorobenzene 1.04 5.0 0.99 0.24 2.51 11.1 −5.2
1,1,2,2-Tetrachloroethane 1.04 5.0 1.04 0.34 2.52 11.2 −0.3
m-Dichlorobenzene 1.04 5.0 1.08 0.54 2.55 11.3 3.4

p-Dichlorobenzene 1.04 5.0 1.10 0.80 2.61 11.4 5.5

o-Dichlorobenzene 1.04 5.0 1.06 0.79 2.62 11.3 2.3
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prepared in our lab was used as reference gas to compare with
Scott Specialty Gases. The standard value (CCRM), the uncer-
tainty of Scott Specialty Gases which was given by suppliers
(uCRM), the measured value (Cmeas), the standard deviation of
measurement (SD), and the uncertainty of preparation and
measurement (umeas) are all shown in Table 9. The differences
between standard value and measured value were all less than
the expanded uncertainty which proved that they have a good
consistency.

Conclusions

Using the described gravimetric technique, gas standard mix-
tures containing 22 chlorinated hydrocarbons were prepared
in nitrogen at 1 μmol/mol with expanded uncertainty of 5%.
The repeatability of the preparation method has been demon-
strated, as well as the performance of the domestic and
imported treated cylinders. Meanwhile, all the components
remain homogeneous above 2 MPa in the cylinder and main-
tain stability no less than 12 months to keep concentration
values accurate and reliable. This 22 chlorinated hydrocarbon
gas standard material can be used in quality control and qual-
ity assurance for the detection of chlorinated hydrocarbon,
analytical method of chlorinated hydrocarbon, and certifica-
tion value for unknown concentration gas samples in the
future.
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