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Abstract: Benzene is one of the most hazardous pollutants listed in National Ambient Air Quality Standard parameters.

Indigenously prepared, accurate and traceable metrological standard of benzene is required for the calibration of instru-

ments used for monitoring of benzene in ambient air. Four calibration gas mixtures of benzene in nitrogen were prepared

gravimetrically following ISO 6142-1. Three gas mixtures of benzene in nitrogen in the range of 4–15 lmol/mol were

prepared independently from pure benzene. One cylinder was diluted gravimetrically from one of the premixture of

benzene in nitrogen. Verification of all the four gas mixture was done as per ISO 6143 by using the gas chromatography-

flame ionization detector technique. A linear relationship with regression coefficient[ 0.999 was observed between

detector response and gravimetric amount fraction for all prepared gas mixtures. Uncertainty estimation of these prepared

gas mixtures was done by using the bottom-up approach of ‘‘ISO Guide to the Expression of Uncertainty in Measurement’’

(ISO/GUM). The prepared gas mixtures are traceable to SI unit of amount-of-substance ‘mol’ through mass and estimated

gravimetric uncertainty achieved in amount fractions is\ 1% relative and the analytical uncertainty is 2–4% relative at

k = 2. All prepared gas mixtures are found to show linear detector response over one-year study and are found to be

stable for one and half year at laboratory ambient conditions.
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1. Introduction

Benzene is one of the most hazardous among VOC

(volatile organic compound) pollutants present in ambient

air. It has been listed in 12 National Ambient Air Quality

Standard (NAAQS) parameters notified by central pollu-

tion control board (CPCB) in 2009 [1]. The annual pre-

scribed limit for benzene is 5 lg/m3 [1] which is

1.56 nmol/mol at NTP (Normal Temperature and Pressure)

[2], and there is no short-term standard listed for ambient

monitoring. Hazardous nature of benzene is due to its

adverse effect on human health, including cancer, blood

disorders, neurological damage, etc. [3]. This neuro-toxic

organic pollutant is introduced into the atmosphere through

natural activities like volcanoes and forest fires. The

anthropogenic sources of benzene are emissions from

vehicular exhaust, cigarette smoke, fuel refineries, paints,

chemical solvents & industrial emissions [4, 5]. Carcino-

genic nature of benzene is well known and classified as a

group I carcinogen (carcinogenic to humans) by Interna-

tional Agency for Research on Cancer (IARC) and US

Environmental Protection Agency (EPA) [6, 7]. So, there is

a requirement to quantify it accurately with traceability to

the International System of Units (SI). Accurate measure-

ments of the amount fraction of gases are required to apply

regulatory strategies for control of emissions into the

atmosphere. Gas chromatography-based analysers and

adsorption and desorption followed by gas analysis are the

notified method of measurements for benzene [1, 8, 9]. All

the instrumental methods required the use of certified ref-

erence material for the accurate and reliable measurement

data. CSIR-NPL (NPLI) and National Metrology Institutes

(NMIs) of India have been working towards the developing

calibration gas mixtures also known as primary reference

gas mixtures (PRGMs) following ISO 6142-1 [10–13].

Benzene in nitrogen gas mixture standards is required to be

produced in nmol/mol (ppb) amount fractions and in
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lmol/mol (ppm) amount fractions to underpin calibration

of environmental ambient and emission monitoring

instruments, respectively. Also, gas cylinders with different

cylinder materials and internal treatments are used for the

preparation of different VOCs gas mixture standards.

Aluminium cylinders with internal passivation or chemical

treatments are used for the preparation of benzene,

n-hexane, and propane gas mixtures and are considered to

be quite stable among VOCs [14].

In the present work, we report the preparation of four

gas mixtures of benzene in nitrogen in the range of

2–14 lmol/mol according to ISO 6142-1 [13] in alu-

minium cylinders without chemical treatment or passiva-

tion. A known amount of nitrogen is transferred in the

aluminium cylinder before introducing pure benzene to the

cylinder. It will prevent the chances of adhering of benzene

molecule on the cylinder surface during transferring of

benzene with rest of the diluent nitrogen gas. The target

mass of benzene required for the preparation of nmol/mol

amount fractions of benzene in nitrogen gas mixtures is

very small and accurate weighing of small amount of VOC

in syringe is very challenging. Hence, gas mixture stan-

dards in the amount fraction of nmol/mol can be easily

prepared from these higher amount fraction of gas mixtures

which are also known as premixtures. Verification of the

prepared gas mixtures was done following ISO 6143 [15],

and stability of all the prepared gas mixture has been

reported after one-year measurement study.

2. Materials & Method

2.1. Reagents

Liquid benzene was purchased from Sigma-Aldrich with

C 99.9% purity with certificate. The diluent nitrogen gas,

with a specified purity of[ 5.5 N, was obtained from a

commercial supplier. Aluminium cylinders (Luxfer, UK) of

10 L water capacity were purchased for the preparation of

the gas mixture. The diluent gas, nitrogen, was measured

for impurities by using cavity ring down spectroscopy

(CRDS) technique. Impurities of total hydrocarbon in pure

nitrogen were measured by GC-FID analyser.

2.2. Preparation

Mixtures of benzene in nitrogen were prepared in a 10-L

aluminium cylinder (Luxfur, UK) with double spindle

valve with IS 3224 specifications. Figure 1 depicts the

preparation scheme of benzene in nitrogen gas mixtures.

The cylinders were evacuated using Vacuum system

(Make; Zinke, Germany) which include oil free backing

pump and Pfeiffer turbo molecular pump. Cylinder was

evacuated up to 10–3 mbar with simultaneously heating at

(70 ± 5) �C. High-purity nitrogen gas is filled and kept

overnight and again evacuated. The procedure is repeated

three times, and then after final evacuation, the empty

cylinder is weighed with respect to reference cylinder on

double pan balance. An equal arm double pan balance

(Raymer HCE-25G) of 25 kg with 1 mg sensitivity was

used for matrix gas weighing. All balances and mass piece

used for weighing were calibrated from CSIR–NPL. The

target mass of benzene and nitrogen for the required

amount fraction is calculated as per equation given in ISO

6142-1 [12, 13]. The weighing procedure using equal arm

double pan balance and calculations are explained in recent

published literature [12]. The amount-of-substance fraction

(mole fraction) of the benzene/nitrogen gas mixture is

calculated from the mass of the pure liquid benzene and the

mass of the nitrogen transferred in the cylinder following

ISO 6142-1 [13]. Then 1/3rd amount of target nitrogen

mass is filled in the cylinder and weighed on double pan

balance with reference cylinder. Nitrogen will cover the

surface of the cylinder, and there is least chance of contact

of benzene at the cylinder surface. This will also remove

the chances of the formation of monolayer of benzene at

surface of aluminium cylinder.

Syringe method described in ISO 6142-1 was used for

the introduction of pure benzene in nitrogen line. Gas tight

Fig. 1 Gravimetric preparation scheme of benzene in nitrogen gas

mixtures
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Hamilton syringe (100 lL) was used to weigh the mass of

benzene. A Sartorius balance of 200 g with 0.1 mg read-

ability was used for the syringe weighing. The syringe is

weighed after filling it with pure benzene and again

weighed after transferring benzene in nitrogen transfer line.

The transfer line made from 1/800-diameter high-pressure

Swagelok tubing specially dedicated for benzene transfer

through gas tight Hamilton syringe is connected to high-

pressure filling system on one side and the aluminium

cylinder on other side. The difference in weighing gave the

mass of benzene transferred in the line. The liquid was

introduced in line through ball valve which is closed off

during pressurizing with nitrogen gas. During transferring

of liquid benzene approx. 60 �C temperature provided to

the fitting by using heating coil so that all liquid completely

convert to vapour form and transferred along with rest of

the pure nitrogen (2/3rd of amount of target mass of

nitrogen). A gas filling system (Make: Zinke, Germany)

was used for filling high-purity nitrogen. Figure 2 repre-

sents the schematic diagram for transfer of vaporize ben-

zene component with high-pressure nitrogen. Calibration

gas mixtures prepared are traceable to SI unit of amount-

of-substance ‘mol’ through mass. Three gas mixtures were

prepared independently from pure benzene, and one gas

mixture was prepared from one of the three premixtures.

2.3. Verification Analysis

After homogenization, the gravimetric amount fraction of

the gas mixtures produced was calculated and verification

was done as per ISO 6143 using gas chromatography.

Analyses of all the prepared benzene gas mixtures were

done using GC-FID (6890N, Agilent Technologies, USA).

The column fitted in the GC was 30 m long HP-5 (5%

Phenyl methyl Siloxane) capillary column with 0.25 lm
inner diameter. Ultrapure nitrogen gas was used as the

carrier gas at 1.5 mL min-1 flow. Air and hydrogen flow

was 400 mL min-1 and 60 mL min-1, respectively. A gas

tight syringe was used for injecting the 0.5 mL sample with

split ratio 10:1. The injector and detector temperatures

were 200 �C and 250 �C, respectively. The oven temper-

ature of GC was programmed for 50 �C and held for 1 min,

raised to 80 �C at a rate of 20 �C min-1 and again held for

1 min. The FID detector response (lV) of four prepared

calibration gas mixture (CGMs) is plotted vs benzene mole

fraction and is given in Fig. 3. The detector response and

benzene mole fraction linear correlation coefficient is one.

Chromatogram of all the four gas mixture showing peak of

benzene at retention time of 2.67 min is shown in Fig. 4.

2.4. Stability Testing

Prepared gas mixture cylinders were placed on wooden

surface all the time and stored in the laboratory condition

(25 ± 2) �C with relative humidity of (45 ± 10) %. After

six months of preparation of gas mixtures, stability study

has been done for a period of approximate one year by

doing monthly analysis of all prepared gas mixtures (From

October 2021 to August 2022).

3. Results and Discussion

Three benzene gas mixtures prepared in aluminium (Lux-

fer, UK) cylinders from pure benzene after transferring a

weighed amount of nitrogen and one gas mixture were

diluted by mass from 13.64 lmol/mol amount fraction of

benzene in nitrogen. Conversion of mass of every com-

ponent in mole fraction has been done as per the standard

method reported in the literature [12, 13, 16]. Amount-of-

substance fraction of benzene is calculated as per Eq. (1)

given below:

Fig. 2 Schematic diagram for transfer of benzene component in the

cylinder with nitrogen gas
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Fig. 3 Detector response vs. mole fraction of benzene in nitrogen for

analytical verification
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xB ¼
mB

MB

mB

MB
þ mN

MN

ð1Þ

where mB is mass of benzene, mN is mass of nitrogen,MB is

molar mass of benzene (78.11 g mol-1), and MN is molar

mass of nitrogen (28.0135 g mol-1).

Mass and number of moles of both the components in

benzene/nitrogen gas mixtures are given in Table 1.

Uncertainty in mole fraction of benzene has been estimated

by following bottom-up approach of ISO/GUM and by

following EURACHEM Guidelines [17, 18]. Detailed

estimation of gravimetric preparation uncertainty for two

component mixture are given in the recently published

literature [12]. Following this approach, u(xgrav) is esti-

mated for benzene mole fraction. Gravimetric uncertainty

for benzene mole fraction, i.e. u(xgrav), is B 0.5% relative

(at k = 1) to all the prepared gas mixtures as shown in

Table 1.

Verification of these gas mixtures was done using GC-

FID following ISO 6143 [13], and consistency in the ver-

ification results has been found with the gravimetric values

in the uncertainty ranges. Figure 5 shows the verification

results of all the four gas mixtures. Analytical uncertainty

(at k = 1) bar overlaps the gravimetric range, indicating the

consistency in the both values.

Fig. 4 Chromatogram of benzene for all the four cylinders with

analytical method conditions

Table 1 Gravimetric data of prepared gas mixtures of benzene in nitrogen (benzene/N2)

Cylinder no. Mass of benzene; m1

(g)

Mass of nitrogen;

m2 (g)

No. of moles of

benzene n1

No. of moles of

nitrogen n2

xgrav
lmol/mol

u(xgrav)
lmol/mol

M1812010001 0.046 1209.72 0.000589 43.183 13.64 0.020

M1901004077 0.0275 1360.386 0.000352 48.562 7.25 0.015

M1804005048 0.0126 1335.55 0.000161 47.675 3.38 0.013

M1804005010 0.0094 1206.65 0.00012 43.074 2.79 0.015

Fig.5 Verification of prepared gas mixtures with respect to gravimetric value. Error bars represent uc at k = 1 for both gravimetric and analytical

values a Cylinder no. M1804005048 and M1804005010 b Cylinder no. M1812010001 and M1901004077
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Analytical value was calculated by multipoint calibra-

tion method using straight line equation of linear regression

fit. Uncertainty in the verification analysis u(xver) included

the uncertainty due to linear regression, uregression, and

uncertainty in measurement precision, u(xprecision), as Type

A uncertainty and was calculated as given in Eq. (2).

Table 2 Verification check data for all benzene in nitrogen gas mixtures

Cylinder no. xgrav u(xgrav) xver u(xver) uc xgrav—xver ISO 6142

M1812010001 13.64 0.020 13.645 0.139 0.14 0.005 Pass

M1901004077 7.25 0.015 7.243 0.158 0.16 0.007 Pass

M1804005048 3.38 0.013 3.346 0.030 0.03 0.034 Pass

M1804005010 2.79 0.015 2.826 0.080 0.08 0.036 Pass
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Fig. 6 Stability of benzene in nitrogen gas mixtures at

a 13.64 lmol/mol, b 7.25 lmol/mol, c 3.38 lmol/mol and

2.79 lmol/mol contained in Luxfer Al-cylinder with no treatment.

Error bars represent uanal at k = 1. Black solid line represents

respective gravimetric value with dotted lines representing their

respective uncertainty; ugrav at k = 1. Stability measurements were

made over a period of 300 days after six months from the date of

preparation & verification
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u xverð Þ ¼ xver �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u xprecision
� �

xprecision

� �2

þ uregression
regression slope

� �2
s

ð2Þ

Gravimetric and analytical uncertainty has been

combined as given in Eq. (3). The values are given in

Table 2 for all prepared benzene/nitrogen gas mixtures.

uc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u xgrav
� �� �2 þ u xverð Þð Þ2

q

ð3Þ

The following verification Eq. (4) applied on each

cylinder measurement results as per ISO 6142-1.

jxi;grav � xi;verj � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2igrav þ u2iver

q

ð4Þ

The verification results and uncertainties are given in

Table 2, and it can be evident from the data that all the

prepared gas mixtures follow Eq. (4).

The stability of all the four cylinders is represented by

verification data. The deviation from the initial amount

fraction (lmol/mol) of each gas mixture cylinder is plotted

versus elapsed time (in months) and is represented in

Fig. 6a, b and c. Other NMIs used the internal treated

cylinders for preparation of different VOCs premixtures

and further lower amount fractions and reported their sta-

bility [19]. Internationally, benzene in nitrogen gas mixture

with nominal concentration of 1–10 ppb with 2–3% rela-

tive uncertainty is available with NPL-UK [20]. No cali-

bration gas mixture of benzene in nitrogen is available in

India.

4. Conclusion

We report the status of preparation of benzene in nitrogen

gas mixture standards and its stability estimates at CSIR-

NPL. A total of four gas mixture standards are prepared

gravimetrically, three independently from pure benzene

and one by gravimetric dilution from the premixture of

highest amount fraction. The addition of 1/3rd of the target

mass of nitrogen gas is done to the evacuated cylinder to

prevent the direct contact of pure benzene vapours with

evacuated cylinder surface. All gas mixtures are verified as

per ISO 6143 for their gravimetric amount fractions using

GC-FID, and good correlation and linearity are achieved.

The traceability to the SI is established through mass.

Stability of all four cylinders is checked by verification

analysis till one year after preparation, and deviation in

mole fraction from the initial gravimetric values is found in

the range of preparation uncertainty. The stability study

further supports the preparation method in which nitrogen

gas is added before addition of benzene component to

avoid the chances of adhering of benzene molecule with

cylinder surface. This method is less expensive as no

treatment or passivation of cylinder surface is done before

preparation which has been reported in earlier literature

[14, 19]. These gas mixtures can be used for further dilu-

tion in nmol/mol range for calibration of analysers used for

the ambient benzene measurement. Now in future we are

looking forward for an opportunity for inter compar-

ison/bilateral comparison of these cylinder with similar

standards of different NMIs.
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