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1. Introduction 

Airborne molecular contaminants (AMCs) consist of chemicals in the form of vapours or aerosols that 
have detrimental effects on products, processes and instruments. In particular, they may cause 
problems related to formation of films and particles on surfaces, lithography defects, hazing of optics, 
masks and wafers, counter doping and corrosion. There are several classes of AMCs including acids, 
bases, condensables, dopants and metals. 

The major acid contaminants include hydrogen fluoride (HF), hydrogen chloride (HCl), sulphuric acid 
(H2SO4) and nitric acid (HNO3). They primarily originate from the use of these chemicals in 
manufacturing and their main effects include corrosion, hazing of surfaces and electrical faults at the 
chip level [1]. Basic contaminants are also a major concern. Ammonia (NH3) is the main issue as it is 
used in process and photoresist chemicals. Bases and acids react in air and produce small particles that 
can deposit on product surfaces. Molecular condensables are organic components with boiling points 
typically greater than 150 °C that can adsorb and irreversibly bind to product and tool surfaces [1]. 
These include plasticisers, antioxidants, phosphates and silicones. Boron and phosphorus are among 
the most wide-used molecular dopants. Their detrimental effects are associated with counter-doping of 
silicon which turns into more sensitive products. Airborne metals can contribute to gate oxide integrity 
degradation of wafers. Their sources include vehicle emissions, construction, process chemicals and 
tools. To ensure a minimum of contamination during manufacture, clean room facilities and state of 
the art monitoring instrumentation have become essential in microfabrication plants [2]. 

AMCs are typically present at low parts per billion to parts per trillion amount fractions, making 
detection very challenging [3]. Gas sensors are used to provide on-line monitoring of these 
components to inform the operator of their presence and ensure corrective action can be taken to 
minimise impact on the production process. Reference standards of these challenging components at 
trace amount fractions are currently unavailable and are required to provide traceability to validate 
these developments. This promises to hasten the uptake of a new generation of ultra-sensitive sensors 
to understand and control AMCs and remove barriers to efficient manufacture in ultra-clean 
environments. 

A variety of methods has been developed for the generation of standard gas mixtures [4-7] and can be 
divided into static and dynamic preparations. Static methods involve the addition of a target 
component and a diluent (usually nitrogen or purified air) in a closed device, such as a stainless steel 
cylinder. The components are mixed until homogeneity is achieved and contained until use. Static 
methods are inexpensive however they suffer from a number of disadvantages such as potential losses 
due to absorption and condensation on the walls of the container, limited volumes and are susceptible 
to leaks. Consequently static methods are unsuitable for preparing reference standards of these 
challenging reactive gases especially at trace amount fractions. 

Dynamic methods offer some advantages over static methods. In this approach, a reference gas of 
known amount fraction is continuously introduced into a diluent in a flowing system. Although more 
elaborate and relatively more expensive equipment is involved, as standards are generated 
continuously, losses due to absorption on the walls of the system are negligible after equilibrium has 
been achieved. They have the added benefit that large volumes of the reference standard can be 
produced and the amount fraction can be varied in real time to provide a wide dynamic range. This 
flexibility is extremely desirable for calibrating analytical instrumentation over a range of amount 
fractions. 
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This report reviews existing methods for generating dynamic reference standards for reactive 
components for gas sensor calibration at trace amount fractions, with a particular focus on HCl, HF, 
NH3 and formaldehyde (CH2O). 

 

2. Dynamic reference gas standards for sensor calibration 

Dynamic methods for generating gas standards are especially useful in processes involving reactive 
gases as the undesirable reaction products are swept away and continuously replaced by the unreacted 
mixtures. Dynamic methods involve the incorporation of the target gas into a flow of a matrix gas 
(generally nitrogen or air).  

 

2.1 Flow control and measurement 

Accurate measurements of mass flow rates are essential for accurate determination of the amount 
fraction generated. Fixed and adjustable flow elements can provide reliable flow rates [8]. Fixed flow 
elements include sonic nozzles and critical orifices. A sonic nozzle (or sonic venturi) consists of a 
smooth rounded inlet section converging to a minimum section area and then diverging along a 
pressure recovery section or exit cone [9]. As a gas accelerates through the nozzle, its velocity 
increases and its density decreases. At the throat, it reaches the speed of sound. The sonic nozzle is 
operated by pressurizing the inlet (P1) or evacuating the exit (P2), to achieve a P1/P2 pressure ratio of 
1.4 to 1 or greater [9]. This ratio maintains the nozzle in a "choked" or "sonic" state. A critical flow 
orifice is a small circular aperture in a plate, often produced from a metal. When the pressure 
downstream of the orifice is less than approximately half the pressure immediately upstream, the 
velocity in the orifice reaches the speed of sound. In both devices, when the flow is choked it becomes 
independent of fluctuations in downstream pressure and is proportional solely to the upstream pressure 
[10-12]. 

Among the adjustable flow elements, mass flow controllers (MFCs) are the devices more widely used. 
They can be divided into thermal and coriolis MFCs regarding the principle of measurement. Classical 
thermal mass flow controllers have three resistance wires coiled around a stainless steel capillary. The 
middle wire is a heater and the wires at each side are temperature sensors. When there is no flow the 
temperature profile is symmetric. When there is a gas flow the temperature profile moves to the right. 
For low flow rates, the phase difference is proportional to the flow rate. Recent developments of 
thermal mass flow controllers include miniaturised thermal sensors based on complementary metal–
oxide–semiconductor (CMOS) technology with a substantially improved repeatability [13]. A 
controllable heater element is mounted in the middle of a pressure-stable membrane and temperature 
sensors are mounted symmetrically upstream and downstream from this heater element in the direction 
of flow. Any flow over this membrane causes a transfer of heat and generates a measurable signal. 
Coriolis MFCs contain a vibrating tube in which a fluid flow causes changes in frequency, phase shift 
or amplitude. The resulting output signal is proportional to the real mass flow rate, whereas thermal 
mass flow meters are dependent on the physical properties of the fluid.  

The main advantage of fixed over adjustable elements is that they are inexpensive and provide a 
highly repeatable fixed flow [12]. However, MFCs offer the advantage of being tunable and provide a 
range of dilutions with a single device. With both systems, relative expanded uncertainties (k=2) as 
low as 0.2% can be achieved [8, 12, 14]; however, MFCs are typically used with an expanded 
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uncertainty of 1% of maximum flow [15] to account for the stabilisation time and calibration drift. The 
use of Molbloc devices to accurately measure the mass flow rate in a dynamic system has been 
reported [16]. 

MFCs can be manufactured from more resistant materials for use with reactive gases. Examples 
include Monel (a nickel alloy primarily composed of nickel (63% minimum) and copper (28 – 34%), 
with some iron, manganese and other trace elements) or Hastelloy (nickel-molybdenum alloys with 
other trace elements). 

 

2.2 Methods for introducing the target component 

The dynamic generation of gas standards requires the continuous and uninterrupted blending of the 
components for a certain period of time. There are several methods for introducing the target 
component into the balance gas. For liquid substances with a low boiling point, diffusion and injection 
systems are the most widely used. For gases, systems based on permeation and dilution are most 
common. Other techniques include the generation of the target component by evaporation or by 
chemical reaction. In each case the generated component is blended with the matrix gas. For certain 
components electrochemical methods are employed. 

2.2.1 Dilution 

This is the most widely used method for mixing two or more gases. The dynamic mixtures are usually 
prepared by diluting a higher amount fraction reference standard of the target component in a single 
step with the required matrix gas. The amount fraction of the reference mixture produced is 
determined by measuring the flow rates of the gases before they are mixed. This method relies on 
having a capability to produce stable static reference standards of the target component at a higher 
amount fraction. 

Trace amount fraction mixtures can be produced using a double dilution method. This avoids high 
dilution ratios and reduces the estimated uncertainty in the generated mixture. In this method, a small 
portion of the output from a first dilution phase is removed and diluted with more matrix gas. In both 
dilution steps the flow of the matrix and reference gas are required. For both experimental 
arrangements it is important to keep internal surfaces to a minimum and select suitable materials in 
order to reduce equilibrium times. Use of flow meters at the lower end of the range should be avoided 
in order to obtain the highest accuracy. 

At present, there are several facilities to generate dynamic reference standards by dilution at the 
National Physical Laboratory (NPL). One of them uses ‘Molbloc’ flow elements and is capable of 
generating adjustable reference standards of NO and SO2 with an estimated relative expanded 
uncertainty of lower than 1% [16]. A schematic of the facility is shown in figure 1. The calibration gas 
mixture is produced by blending a Primary Reference Gas Mixture (PRGM) of the target gas with a 
diluent gas, which is either nitrogen or air. The diluent gas is passed through three filters containing 
silica gel, Purafil and charcoal to ensure it is nominally free from the target gas and other impurities 
such as water. The efficiency of the filters is checked once a year to ensure that more than 99% of 
residual target components in the diluent are removed. This is particularly important since the presence 
of target components in the diluent has a significant impact on the uncertainty at low amount fractions. 
The flow of the diluent can be regulated either by a 20 mg/s full-scale Viton seal thermal mass flow 
controller or a 100 mg/s full-scale metal seal MFC, whereas the flow of the PRGM can be controlled 
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by either a 0.2 mg/s full-scale Viton seal MFC or a 2 mg/s full-scale metal seal MFC. The mass flow 
of each gas is measured accurately with Molbloc-L laminar mass flow elements (DHI), located 
upstream, and matched to the full scale setting of the MFCs. In this system, a mixing chamber was not 
required which is often the case with dilution systems, as the turbulence caused by the components 
entering the stream is sufficient to promote homogeneous mixing. This facility enables the production 
of tunable amount fractions in the range 100-10000 nmol/mol.  

 

Figure 1 Schematic of the high accuracy dilution system. The output (O/P) is connected to a gas 
analyser. A two-way valve is used to alternate the flow of the blend and gas mixture under test to the 
analyser. 

 

A more complex example of a dilution system is the NPL Preset Binary Network. It is based on a 
network of critical flow orifices [12] and is shown in figure 2. Six orifices are used with pre-set 
nominal flows corresponding to the binary sequence 1, 1, 2, 4, 8, 16 (expressed relative to the flow 
through the orifice downstream of valve A). The orifices are supplied with standard or diluent gas 
through valves labelled A to F. Each valve may also be closed. The pressures of the standard and 
diluent gases are controlled by two pressure regulators that are set to maintain equal output pressures 
of nominally 3.6 bar absolute. During the calibration procedure, the combined flows are passed 
through a differential pressure mass flow meter with an accuracy specified to be “0.8% of reading + 
0.2% of full scale (at 1000 cm3/min)”. Since it is solely used to compare flows that are close to equal, 
the accuracy of the flow reading has a negligible effect on the measurement uncertainty. This is in 
contrast to similar systems reported previously [17,18] that depend on accurate measurements of 
absolute flow. The calibration procedure is required to determine the flow ratio of each orifice 
accurately relative to a reference orifice (the orifice downstream to valve A) under the same conditions 
of pressure and temperature. Flow ratios from the calibration can then be used to determine the amount 
fraction of the range of gas mixtures generated. The calibration procedure used is based on the 
principle of summing flows in a binary sequence that has been reported previously [19]. 
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Figure 2 Schematic of the network of critical flow orifices. Valves A to F are switched to flow 
standard or diluent gas. An intermediate position on each valve closes the gas supply. The flow 
through the flow meter is vented to atmosphere. The output (O/P) is connected to a gas analyser. 

 

2.2.2 Injection 

Injection is a technique that can be used for both gases and liquids. The major components of an 
injection system for dynamic standards are the liquid or gas reservoir, the injection mechanism, the 
injection port and the vaporiser [7]. 

Gases and liquids can be added to moving gas streams by a wide variety of chemical dosers, injectors 
and pumps as well as gravity and electrolytic feeding units. Motor-driven devices have been used 
extensively to introduce gases, liquids, vapours and even particulate matter into moving gas streams, 
providing higher accuracy and precision than other reservoir emptying techniques. The component to 
be injected is contained in an inert reservoir, often a syringe, whose volume diminishes evenly when 
acted upon by the mechanical dispensing apparatus. Gas-tight syringes with a teflon-tipped barrel are 
particularly useful for injecting most liquids or gases as loses between the piston and the syringe body 
are minimised. The injection mass flow rate can be incremented using several syringes at a time. These 
techniques have the ability to generate high accuracy mixtures over extended time periods and 
typically produce amount fractions ranging from parts per million to percentage level. Gases are 
relatively easy to inject into a larger flowing volume of gas, but liquids present more issues. They 
must be injected, evaporated and properly mixed for reliable and stable mixtures. The most common 
injection port is a t- piece fitted with a rubber serum cap or septum where the needle is inserted. When 
injecting a liquid, some means must be provided to evaporate it completely and at the very tip of the 
needle. Evaporation can be achieved using turbulence of the diluent gas (if preparing 100 µmol/mol or 
less). As required amount fractions increase and solvent volatility decreases there becomes an 
increasing need for other methods to be employed such as increasing surface area between the liquid 
and the matrix gas and raising the temperature of the liquid. Small volumes of liquid should be 
evaporated carefully as during evaporation, the substrate material cools, thereby retarding the 
volatilisation of the additive liquid resulting in a pulsing concentration gradient. This can be overcome 
by ensuring that the temperature of the apparatus is maintained using heating tape. 
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2.2.3 Diffusion 

Vapours have the ability to diffuse through capillary tubes or semi-permeable membranes at a constant 
rate provided that the temperature, concentration gradient and geometry remain unchanged. The ratio 
of the cross sectional area to the length of the tube should be lower than 0.3 to obtain good results [7]. 
Tube diameters should range from 2 to 20 mm. Diameters smaller than 2 mm make tube filling a 
problem and those above 20 mm lead to turbulence, which causes additional errors because of the 
increase in the effective diffusion path length.  

Diffusion is limited to liquid components that evaporate or solids that sublime at, or close to, room 
temperature. Depending on the amount fraction generated, long times are often required for the 
mixture to reach equilibrium. Although values for the diffusion rate and diffusion coefficient can be 
calculated, theoretical and empirical diffusion rates can exhibit large variations so, in practice, the 
mass flow rate of the target component into the diluent gas is calculated from periodic weighings. A 
schematic of a dynamic diffusion set up is shown in figure 3. A metered gas stream is brought to the 
desired experimental temperature by passing it through a constant temperature bath. The 
preconditioned gas then passes over a diffusion tube and mixes with the vapour of interest at a 
constant rate. The resultant amount fraction is controlled by varying either the temperature or the flow 
rate of the primary or secondary diluent gas. 

NPL has developed one of these systems. Research has been carried out to develop a micro-scale 
diffusion device based on a reservoir containing liquid of the target component. Vapour from the 
liquid diffuses along a capillary and mixes with a small flow of nitrogen which carries it to a gas 
chromatograph for analysis. This work has shown the generated amount fraction to be highly 
repeatable although the certified amount fraction exhibits a considerable discrepancy with the value 
calculated from theory. Therefore in order to realise the benefits of this dynamic method and to 
provide high accuracy, a suitable reference standard is required for calibration. 

 

Figure 3 Schematic of a dynamic diffusion facility. 
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2.2.4 Permeation 

Permeation is one of the most established techniques for generating reference mixtures at trace amount 
fractions. A permeation tube consists of the target component compressed to the point of liquefaction, 
sealed inside a polymeric container. The target component dissolves in and permeates through the 
walls of the tube at a constant rate and mixes with the passing diluent gas. This process is based on 
molecular diffusion as a consequence of the concentration gradient between the inner and outer 
surfaces of the membrane wall. Components which work best are those which have critical 
temperatures above 20 – 25 °C [7]. The most commonly used are NO2 and SO2. 

There are many possibilities for tube construction. Fluorinated ethylene propylene resin (FEP Teflon) 
is usually chosen because of its availability and durability. Glass vials with permeable tops are also 
available and offer lower permeation rates than conventional tubes. Other materials have also been 
used such as nylon or polyethylene. In any permeation tube with a fixed geometry, all of the variables 
should remain essentially constant except for temperature, to which the permeation rate is 
exponentially dependent. 

Permeation rates are usually determined gravimetrically at the experimental temperatures desired. 
After an initial waiting period to allow the tube to reach equilibrium, the tubes are weighed, stored in a 
desiccator at a known temperature and reweighed after several days. Care must be taken to make the 
weighings under the same conditions of humidity, as absorbed water can introduce a bias. A balance 
with good resolution is required to achieve high accuracy. Online weighing systems enable the 
permeation tube to be maintained in a constant environment and hence can reduce the uncertainty in 
the reference standards produced. The lifetime of these devices is an important practical consideration 
and depends on the volume contained within the tube and the permeation range. 

Permeation tubes offer several advantages over other methods. The low degree of complexity and 
ability to generate reference standards in the parts per million to parts per billion range make them 
ideal for field instrument calibration and laboratory standards. High precision and accuracy ± 1% can 
be obtained if good temperature control is maintained (± 0.1 °C). Each tube must be volumetrically or 
gravimetrically calibrated once it is in equilibrium with its environment. Immediately after 
manufacture, the stresses of sealing cause the tube to exhibit differences in permeation even at the 
same temperature. Therefore it is desirable to wait several days after filling before weighing. 

The example in figure 4 is used for trace reference standards of water vapour where nitrogen passes 
through a purifier system followed by an electronic pressure controller which maintains a constant 
input pressure to a water vapour permeation chamber [20]. The chamber contains a water permeation 
tube that is suspended from a microbalance through a magnetic coupling for on-line weighing. The 
constant input pressure eliminates changes in buoyancy and ensures that the balance records a constant 
mass loss from the tube. The permeation source is temperature stabilised to ± 0.05 °C to ensure a 
stable permeation rate and negligible balance drift. The flow from the permeation vessel (QA) is split 
by an array of critical flow orifices. The flow from each critical flow orifice passes to a three-way 
valve that can be set to direct the flow to either a vent or “output”. It is then diluted with a flow of dry 
nitrogen (QB) also delivered from the output of the pressure controller through one or two critical 
orifices with nominal flows of 1.5 l/min.  
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Figure 4 Schematic of a dynamic facility for generating reference standards of water vapour at trace 
amount fractions using permeation. The nominal flow through the critical flow orifices is shown in 

cm3/min. 

 

2.2.5 Evaporation 

Evaporation techniques involve the matrix gas flowing in close proximity to a liquid or volatile solid. 
This is achieved either by dispersing it through the liquid or by passing it over the liquid or solid of 
interest. The gas stream can be saturated or partially saturated with the target component and diluted if 
required. Since the vapour pressure is directly dependent on the temperature, different amount 
fractions can be produced by adjusting the temperature of the vessel containing the target component. 
This is an excellent technique for adding a single volatile liquid or solid to a gas stream and is 
routinely used, often with a subsequent dilution step, to prepare dynamic standards of mercury vapour 
[21]. However, evaporation methods have limited use for producing reference standards as an 
independent standard is required to certify the mixture produced. Provided the pressure and 
temperature of the reservoir containing the target component are kept constant, this technique is 
capable of producing stable and repeatable amount fractions. As the solvent evaporates, the liquid 
cools causing a rapid decrease in the vapour output. A circulating constant temperature bath will help 
ensure a more uniform evaporation and reduce the time required to reach equilibrium. Also, the 
change in the depth of the column of liquid above the dispersion tube as the liquid evaporates can 
affect the evaporation rate. This effect can be minimised by using a reservoir to replenish the liquid 
supply [7] or by using systems with large width/height ratios. 

 

2.2.6 Electrochemical 
Many gases can be synthesised on a laboratory scale using electrolytic or coulometric methods. 
Electrolysis of any solution takes place when current flows between two electrodes arranged in a 
solution. As the potential difference is raised a significant current increase is observed at a certain 
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point (the decomposition potential) and the amount of gas evolved is a theoretically linear function of 
the applied potential. Electrodes are usually constructed from an inert metal such as Pt. The gas 
generated can be subsequently diluted with carrier gas and a mixture of known amount fraction is 
produced.  

Selection of an appropriate electrolyte involves consideration of four requirements [22]. Firstly it is 
essential to ensure that no side reactions occur at the electrode of interest. Providing a pure and 
plentiful supply of electrolyte will prevent this. There must be more electrolyte at the electrode than 
can be used; otherwise deviations from the expected gas evolution rates may occur. Secondly gases 
produced at the other electrode must be diverted from the carrier gas stream. Thirdly the time to attain 
equilibrium amount fraction should minimised. This can be accomplished by optimising the geometry 
of the electrodes used. The solution level should only contact about 1 mm of the exposed electrode 
wire. This configuration favours the almost immediate saturation of the surrounding solution so that 
the diluent gas thus receives all of the evolved gas. Finally the amount fraction produced should be as 
constant as possible. The smallest current provided should not be lower than 10 μA since constant gas 
evolution then becomes difficult. High currents cause excess heating and should be avoided. 

The electrolytic method of adding trace contaminants has the advantage of producing very low amount 
fractions at the flick of a switch. The small volumes generated make this ideal for reference standards 
at trace amount fractions, but they cannot access percentage amount fractions due to not producing 
sufficient volumes. 

An example of this technique is used at Physikalisch-Technische Bundesanstalt (PTB) for generating 
reference standards of trace water vapour [23]. Volume fractions of water vapour are produced by 
means of a Coulometric Trace Humidity Generator (CTHG) which operates on the principle of 
Faraday’s law of electrolysis. The system generates a zero gas stream of nitrogen containing a 
negligible amount of oxygen and water vapour using a two-stage purifier. This is passed into an 
electrolysis cell where a defined quantity of hydrogen and oxygen is generated. The gas from the 
electrolysis cell is then dried using a cold trap. The generated hydrogen and oxygen is then 
recombined back into water using a Pt/Pd-catalyst. The generated water is then added to the zero gas 
stream to produce the reference standard. 

2.2.7 Chemical 

Controlled addition of a target component to a moving gas stream can be accomplished using chemical 
reaction techniques. Such reactions are of the type usually encountered in organic and inorganic 
chemistry and include combination, catalytic and thermal decomposition, rearrangement and 
photochemical dissociation in both gas and liquid phases. The reaction system usually involves a 
gas/liquid or gas/solid interface. This technique is particularly useful if the material of interest is 
unstable, reactive, commercially unavailable, or prohibitively expensive. 

Although the number of reactions available is practically limitless, two factors should be considered 
before selecting an appropriate reaction. Firstly, the products should be formed within a reasonable 
period of time after mixing and secondly the reaction should proceed stoichiometrically to completion. 
The rate of most reactions can be found in the literature from experimentally determined rate 
constants. The degree of quantitative completion is also an experimental quantity given by the 
equilibrium constant. If the reaction system does not proceed to completion, or if doubt exists as to the 
character of the effluent gases and vapours, then time consuming analysis is required to assay the true 
nature of the reference gas mixture. 
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This follows the same issues as diffusion in that if operated under the controlled conditions it can offer 
highly repeatable mixtures, however the accuracy from theoretical calculation may be compromised. 
Hence reference standards are required for calibration. There are however further disadvantages with 
this technique. The reactant feed mechanisms required are often more complex that the usual dynamic 
system as often two or more reactants in the gas phase are required or some carefully regulated 
reaction vessel when liquids are used. The rate of reaction is a exponential function of the temperature 
which further complicates the determination of the generated amount fraction. Many reactions produce 
unwanted by products. These along with unreacted starting material must be removed by filtration, 
absorption or adsorption. 

 

2.3 Feasibility of available methods 

Due to the reactive nature of HCl, HF, NH3 and CH2O, preparation of both static and dynamic 
standards is very challenging. In the following sections an overview of feasible methods used to 
generate reference standards of these compounds is given. The state of the art in reference standards 
for these components lies at part per million amount fractions. A step change is required to achieve 
reference standards at amount fractions required to underpin measurements of AMCs.   

2.3.1 Hydrogen chloride 

Under normal conditions HCl is a colourless gas. It is highly corrosive, toxic and extremely water-
soluble. In moist conditions, HCl gas reacts with water in the air to produce aqueous HCl droplets. 

Systems that use HCl must be kept dry to avoid corrosion to metal surfaces. Purging the system with 
dry inert gas before and after use is good practice. Also, it is recommended that when the system is not 
in use it should be maintained under a positive pressure of dry inert gas. 

Carbon steel, stainless steel, nickel, Monel and Hastelloy B are commonly used with dry HCl. 
Aluminum, brass and copper should be avoided. In the presence of moisture, nickel, Monel, Hastelloy 
B, platinum or gold provide good resistance. Polytetrafluoroethylene (PTFE) or 
Polychlorotrifluoroethene (PCTFE) offer good resistance when elastomers are required. Piping used to 
supply HCl into any liquid system must include backflow prevention. PTFE-lined hoses should not be 
used for HCl, especially liquid, to avoid static charge-induced failure [24]. 

Pure HCl is available from gas suppliers with different purity grades. Purity higher than 99.9995% is 
commercially available. Standard mixtures of HCl in nitrogen can be prepared gravimetrically. NPL’s 
Current Calibration and Measurement Capabilities (CMCs) include the preparation of HCl mixtures in 
nitrogen in gas cylinders ranging from 10 µmol/mol (4% relative uncertainty, k = 2) to 1000 µmol/mol 
(3% relative uncertainty, k = 2). The reference materials are prepared gravimetrically by transferring 
pure HCl quantitatively to the cylinder in which the reference gas will be contained. The amount of 
parent material added to the cylinder is determined by weighing after each addition. All apparatus in 
contact with HCl is made from Monel. 

The procedure used at NPL for preparing HCl static reference standards involves the use of a transfer 
loop (which consists of 1/4″ or 1/8″ diameter tubing with Swagelok fittings on each end). The transfer 
loop is connected to position A on valve 1, figure 5, and a vacuum system, figure 6, to position C so 
that the transfer loop can be evacuated until the pressure is 1 x 10-5 mbar. The evacuated transfer loop 
is sealed by adjusting valve 1 to position 2 (figure 5). Subsequently, the evacuation system is 
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disconnected from valve 1 at C and reconnected at B. A cylinder of pure HCl is connected to C on 
valve 1. The transfer loop is then open to the pure HCl cylinder. Once the target mass of HCl has been 
transferred into the loop, the valve on the HCl cylinder is closed. The transfer loop is weighed with 
valve 1 connected by comparing to a tare of equal mass. An evacuated cylinder is then connected to 
position C on valve 1 using the minimised dead-volume valve. The cylinder connection is evacuated 
until the pressure is 1 x 10-5 mbar. Then, the empty cylinder is open to the transfer loop and the pure 
HCl contained in the loop can be transferred to the evacuated cylinder. After a period of 3 minutes, the 
cylinder and the evacuation system are disconnected from valve 1, and the cylinder with the mass of 
pure HCl is weighed. The transfer loop with valve 1 attached are also weighed. The transferred mass 
of HCl can be obtained from the two weighings of the transfer loop (with and without HCl). 

 

 

 

 

 

 

Figure 5 Schematic of 2-way valve 1 with 3 connections (A, B and C). The direction of flow is 
indicated for positions 1 and 2. The arrows above the middle and right schematic match the arrow 
marked on the valve. 

 

 

 

 

 

 

 

 

Figure 6 Schematic of the evacuation system with valves 2 and 3 (which are initially closed). The 
valve open positions are shown below. This is achieved for valve 2 by turning through 90° to the 
closed position and for valve 3 by twisting the gate valve 1 turn anti-clockwise. (A: vacuum hosing 
and seals, B: 1/8” nut, C: 1/4” nut, D: 1/4” to 1/8” reducing port connection, E: 1/8” port connector). 

 

As a last step, a cylinder of high purity nitrogen is connected to the cylinder containing the added HCl. 
The cylinder to be filled is placed on a balance. Purging of the connecting tubing with nitrogen is 
performed before filling the cylinder. The valve on the nitrogen cylinder is opened followed by the 
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one of the cylinder to be filled. When the target mass of nitrogen has been added, the valve on the 
filled cylinder is closed followed by the nitrogen cylinder. The filled cylinder is then reweighed and 
the amount fraction of HCl is obtained from the mass of HCl and the mass of nitrogen added to the 
cylinder. 

Dynamic standards of HCl obtained by dilution of a higher amount fraction mixture can be prepared 
provided that stable static standards are available.  

Permeation tubes of HCl are currently available from commercial sources. Gas standards with a few 
tenths of nmol/mol can be produced with this method. To achieve high accuracy, the permeation tube 
should be connected to a high resolution magnetic suspension balance to provide an on-line 
measurement of the permeation rate. In order to achieve adjustable and trace amount fractions, the 
permeation system would need to be coupled to a novel dilution device with minimum internal surface 
area to prevent reaction of the HCl. 

Evaporation of vapour from the pure material is not possible as it exists in the gaseous phase at room 
temperature. However, HCl is soluble in water and therefore an aqueous solution could be used for the 
evaporation technique. This would have several disadvantages; first, some water could be also added 
to the diluent flow with associated corrosion issues; and, second, the evaporation of the target 
component would depend on its concentration in solution and therefore the generated amount fraction 
would be variable as the experiment proceeds. This system has been reported before [25] for amount 
fractions at the µmol/mol level. 

In order to generate reference standards of HCl by a chemical reaction, hydrogen can be passed over 
nickel (II) chloride heated at 600 ⁰C in nitrogen, as shown: 

H2 + NiCl2                  2HCl + Ni                                                                                                           (1) 

It can also be produced from the addition of hydrogen and chlorine under ultra violet light: 

H2 + Cl2                  2HCl                                                                                                                       (2) 

Or from the reaction of chlorine with hydrazine sulphate: 

2Cl2 + N2H4.H2SO4                  4HCl + H2SO4 + N2                                                                          (4) 

These reactions, however, involve large experimental efforts due to the reactive nature of HCl. 
Injection presents the same issues and diffusion and electrolytic methods are not viable. 

 

2.3.2 Hydrogen fluoride 

HF is one of the most reactive components to handle in the gas phase. Static systems have been used 
but must be made from inert polymeric materials, such as polyethylene, polypropylene or Teflon. HF 
reacts with glass and most metallic materials [26].  

Dynamic methods are generally employed for generating HF gaseous standards due to its reactivity. 
Injection of aqueous hydrofluoric acid directly into a gas stream using a polyethylene syringe with a 
PTFE tip to achieve amount fractions in the 50 to 100 µmol/mol has been reported [26]. Heating the 
air slightly may be required to help stabilize the resultant amount fraction. However, if dry standards 
are required this option is not adequate. Injection of the gaseous component is also feasible; however, 
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is somewhat complicated because of its highly reactive nature at high amount fractions, leading to 
large inaccuracies in the mixtures prepared. 

Nebulizers containing dilute solutions have also been used, surrounded by a constant-temperature bath 
[26]. As mentioned before, the main drawbacks are that some water is also added to the diluent flow 
and the generated amount fraction varies with time due to the decrease in HF concentration in the 
solution. 

HF can be produced from the addition of hydrogen and cobalt (III) fluoride in nitrogen at 300 °C as 
shown: 

H2 + 2CoF3                  2HF +2CoF2                                                                                                     (4) 

It is also produced by adding sodium fluoride to either water or sulphuric acid: 

NaF + H2O                   2HF + NaOH                                                                                                    (5) 

2NaF + H2SO4                 2HF + Na2SO4                                                                                                (6) 

Dynamic dilution has also been used [27]. Amount fractions ranged from 1 to 60 µmol/mol and were 
used to calibrate instruments used in occupational hygiene. Gas mixtures prepared by dilution were 
measured by potentiometry and the results were compared to theoretical values from the mass balance 
of the system. Monel and stainless steel were used in this system and losses from the expected 
theoretical values were observed (~15%). 

As stated for HCl, permeation is also a promising candidate for the generation of dynamic reference 
standards of HF at trace levels. Permeation tubes of this component are readily available. 

2.3.3 Formaldehyde 

CH2O is a colourless pungent smelling gas that can be present in significant amount fractions both 
indoors and outdoors. It is a chemical widely used by industry to manufacture building materials and 
numerous household products. It is also a by-product of combustion and certain other natural 
processes. As the need for measurement of CH2O at lower amount fractions increases due to device 
fabrication size getting smaller and more intricate, the preparation of gaseous reference standards at 
lower amount fractions becomes more critical.  

Materials compatible with CH2O include glass, stainless steel and PTFE. Static reference standards of 
CH2O in nitrogen have recently been prepared at 10 µmol/mol by diffusion of trioxane and thermal 
decomposition to CH2O at NPL [28]. This method has enabled, for the first time, the amount fraction 
of CH2O of these mixtures to be determined gravimetrically. The mixtures also demonstrated 
reasonable stability with two examples exhibiting decay rates of 1.5 and 0.07 nmol/mol. 

A schematic of the equipment used for the preparation of static standards is shown in figure 7. A 
granule of phosphorous pentoxide is placed into a transfer loop (1/8”). A pellet of 1,3,5-trioxane is 
formed and added to the transfer loop. The transfer loop and a vacuum pump are connected to a two-
way valve (positions B and C in figure 7(a), respectively). Valve 2 is adjusted to position 2 and valve 
1 is then opened to evacuate the transfer loop and remove any air present on the surface of the 
trioxane. When a pressure of 4 x10-3 mbar is achieved, valve 1 is closed and valve 2 is adjusted to 
position 1. The transfer loop and valve 2 are disconnected from the vacuum line and weighed. A 
thermal converter is then connected to position C on valve 2 as shown in figure 7(b). The converter is 
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set to the optimum conversion temperature of 230 °C. The output of the converter is connected to a 
minimised dead volume valve on an evacuated cylinder. The vacuum line is connected to position A 
and valve 1 is opened to evacuate the line between valve 2 and the cylinder (valve 2 is still in position 
1). Valve 1 is then closed and valve 2 is set to position 2 to open the line between the transfer loop and 
the evacuated cylinder. The cylinder valve is then opened to enable the transfer of trioxane via the 
converter to the cylinder.  

In order to prepare a mixture containing 10 mmol/mol CH2O in a matrix of N2, the system is left for 
approximately 8 h in order to transfer 13.4 mg of trioxane. This is calculated from the vapour pressure 
of trioxane at 20 °C. When the transfer is complete, valve 2 is adjusted to a half way position between 
1 and 2. A wait time of two minutes is employed to allow the transfer of trioxane / CH2O from the 
capillary to the cylinder. After this time the cylinder valve is closed. The transfer loop and valve 2 are 
then weighed after being disconnected from the converter and the cylinder. The cylinder is then 
weighed. To prevent repolymerisation of CH2O, the cylinder is filled in two stages; initially, with 10 
bar of N2 and then with 90 bar of N2. After each addition of N2 the cylinder is rolled for 20 min. After 
the second filling of N2 the cylinder is re-weighed. 

 

 

Figure 7 Schematic of the static preparation of CH2O reference standards. (a) Transfer loop filling and 
evacuation, and (b) conversion to CH2O and transfer to cylinder. 

 

Several methods have been reported for generating dynamic gaseous mixtures of CH2O. These include 
the gas-phase reaction of ethene and ozone [29] and the catalytic conversion of methanol [30] or 
methane [31, 32]. An alternative approach involves the depolymerisation of para-formaldehyde, a 
polymeric structure with 8 to 100 CH2O units per molecule, and diffusion of the CH2O released. The 
depolymerisation temperature is 60 °C. This is the dynamic system available at The Van Swinden 
Laboratory (VSL). Other mixtures of polymers can also be used such as alpha-polyoxymethylene 
(POM) [33-36]. However, the difficulty presented by these methods is the generation of a gas flow 
that is solely in the monomeric form and is free from the release of any bound water. For example, the 
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sublimation of POM typically gives rise to as much as 10% trioxane (a cyclic trimer of CH2O) and 
water, the latter is chemically bonded into the POM at the level of approximately 4%.  

Permeation tubes of para-formaldehyde and POM are commercially available. Dynamic systems using 
this approach can generate adjustable levels of CH2O in nitrogen. The facility at the Bureau 
Internationale des Poids et Measures (BIPM) can generate CH2O levels between 1 and 10 µmol/mol, 
by using continuous measurements of the mass loss from a permeation tube containing para-
formaldehyde coupled with a dilution system. The relative uncertainty of the permeation rate can be as 
low as 0.05 % if there is a precise control of the temperature and pressure inside the permeation 
chamber, as well as accurate calibration of the balance, well characterized and well calibrated flow 
control and flow measurement devices [37]. Quantification of the water content that permeates 
together with CH2O is essential for achieving accurate standards. This procedure has recently been 
described [38].  

Another method which was developed to produce percentage level amount fractions of CH2O in air is 
the vapour phase depolymerisation of trioxane [39]. The method involved bubbling air through molten 
trioxane and passing the vapour through a catalyst. Conversion yields as high as 89% were reported. 
Higher yields were expected, but not obtained, due to some re-polymerisation of the CH2O [40]. Since 
its initial development, this method has been modified and, eventually, a conversion efficiency close 
to 100% was reported [41, 42]. This approach has the benefit that high purity trioxane is readily 
available for use as the source material. Its formula is better defined than other mixtures of polymers 
of CH2O such as POM and the amount fraction of water chemically bonded into the solid is 
considerably less. A system based on the sublimation and diffusion of trioxane and subsequent thermal 
conversion to CH2O has been set up at NPL. The system has been used to generate reference standards 
at 10 µmol/mol with a relative expanded uncertainty of better than 3%. It has been validated by 
comparison to gravimetric reference standards also prepared from trioxane. This facility provides a 
very good starting point with the opportunity for development to achieve the trace amount fractions 
required for underpinning measurements of CH2O in manufacturing environments. 

A schematic diagram of the diffusion system used to dynamically generate CH2O from trioxane is 
shown in figure 8. Approximately 5g of trioxane was pressed into small rods and placed in a 
borosilicate glass cell. Diffusion was governed by a glass capillary 79 mm long and with 4.9 mm 
inside diameter. The cell was designed to generate trioxane at a rate of approximately 700 mg/h. The 
cell was placed in an oven at 35 °C together with a thermal converter operated at 230 °C and a heat 
exchanger. The heat exchanger was 2.5 m of 1/16 in. silco steel tubing and served to equilibrate the 
incoming nitrogen to the temperature of the oven before reaching the diffusion cell. A flow of 
approximately 0.75 l/min of nitrogen was passed into the system using a MFC and was measured 
using a high accuracy Dry-Cal Flow Calibrator (ML-800, Bios International Corporation) under 
controlled conditions. Prior to entering the oven, the flow was split into two paths (shown with solid 
grey and black lines in figure 8). The solid grey path way flows at approximately 0.02 l/min through 
the heat exchanger and then through the diffusion cell. Trioxane in the vapour phase is removed from 
the cell by the balance gas flow and is converted to CH2O by the thermal converter. The solid black 
path way flows at approximately 0.7 l/min and dilutes the output from the converter. A mixture of 
approximately 10 mmol/mol CH2O in nitrogen is generated and analysed by a cavity ring-down 
spectrometer.  

The mass loss of trioxane from the diffusion cell was measured periodically over an 8 month period. 
Initially the diffusion rate was 727 mg/h and decreased to a value of 710 mg/h. The reduction in 
diffusion rate of approximately 2% over 8 months can be attributed to the release of water initially 
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adsorbed on the trioxane. As the water is removed the rate of mass loss from the diffusion source will 
reduce. A second experiment was performed in which 1 g of trioxane was melted into an identical 
diffusion cell. The mean diffusion rate determined from this experiment was 733 mg/h compared to 
723 mg/h from the first experiment. This confirms that the diffusion process is not influenced by the 
surface area of the trioxane and is therefore operating as expected. 

 

Figure 8 Schematic of the dynamic facility for generating reference standards of CH2O at NPL. 

 

2.3.4 Ammonia 

Accurate gas standards and measurements of ammonia (NH3) in air are particularly challenging. The 
polar NH3 molecule adheres to many materials commonly used to produce gas standards, leading to 
inaccuracies and long response times of analytical instruments. Minimal tubing length is particularly 
important and dynamic systems are essential to generate accurate reference standards at trace amount 
fractions. 

The state of the art concerning the quality of PRGMs of NH3 is summarised in the report of the 
international Committee of Weights and Measures Consultative Committee of Amount of Substance 
(CIPM CCQM) key comparison K46 carried out in 2007. There was observed a non-concordance in 
the certified amount fractions between the world leading NMIs. These discrepancies have not yet been 
resolved. Figure 9 shows the degrees of equivalence for each participating laboratory. The degree of 
equivalence is defined as the difference between the result submitted for each participant and the key 
comparison reference value (~30 µmol/mol). It can be seen that only two of the participating 
laboratories agree with the reference value within their measurement uncertainty and the deviations 
from the reference value are in both directions. 
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Figure 9 Results of participants and the key comparison reference value (~30 µmol/mol). 

There are several studies on the adsorption of NH3 in different materials. It has been observed that the 
surface coverage tends to zero with low amount fractions of NH3 (0.5 µmol/mol) for Pyrex, quartz and 
polymer materials; whereas for stainless steel a significant adsorption persists even at low amount 
fractions [43]. The adsorption on electropolished stainless steel was observed to be larger than on non-
treated stainless steel [43]. Whitehead et al. [44] compared the adsorption of 100 nmol/mol NH3 on 
five metre long tubes made of stainless steel, silco steel coated tubes, polytetrafluoroethylene (PTFE) 
and polyethylene (PE). They found that the polymer tubes performed better than Silcosteel coated and 
plain stainless steel although the coating improved the performance of the stainless steel. Shah et al. 
[45] studied five different tubing materials (PTFE, perfluoroalkoxy (PFA), fluorinated ethylene 
propylene (FEP), high density polyethylene (HDPE) and polyvinylchloride (PVC)) at 1 and 10 
nmol/mol. The authors did not find statistically significant differences between them and concluded 
that the cheapest one – PVC - might be the best. In another study [46], adsorption in low density 
polyethylene (LDPE) was found to be significantly higher than on PFA. A recent study concluded that 
among treated and non-treated stainless steel and polymer tubes, the latter were all less adsorptive than 
any of the stainless steel surfaces. Polyvinylidene fluoride (PVDF) was found to be less adsorptive 
than the other studied polymers (PTFE, PFA, FEP and LDPE) [47]. 

Both permeation and dilution of NH3 have been used to generate standards for analyser calibration 
[48, 49]. With the former, a short quartz inlet is internally coated with a fluorinated silane coating and 
heated to 40 °C to limit condensation of water and the interaction of NH3 with inlet surfaces. A critical 
orifice was used to control the flow and drop the pressure in the sampling line, which further 
minimizes NH3 adsorption effects. With the latter, the authors use both permeation and dilution to 
achieve a wider range of generated amount fractions. All internal surfaces are made from passivated 
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Pyrex tubing, which is cleaned and rinsed out with a solution of NaOH after fabrication. The authors 
estimate the permeation rate by periodical weighing the tube. It is also verified by conversion of NH3 
on hot platinum foil followed by chemiluminescent NO detection. 

Despite the fact that this method is frequently used to calibrate NH3 analysers, the uncertainty of the 
amount fractions generated by dilution is very large and often unknown. Successful dilution from a 
high amount fraction standard is subject to the availability of stable and accurate static standards; and 
further work is needed to develop these. 

NH3 is industrially obtained with the Haber-Bosch process by reaction of hydrogen and nitrogen using 
a suitable catalyser; however this reaction needs high pressure (from 60 to 180 bar) and high 
temperature (400 - 450 °C) which makes it unsuitable for laboratory purposes. 

Other reactions have also been described to produce NH3 that could be applied on a lab scale: 

 Ca(OH)2 + 2NH4Cl              2NH3 + CaCl2 + 2H2O     

Mg3N2 + 6H2O              2NH3 + 3Mg(OH)2 

Nevertheless, the chemical technique usually requires more complex mechanisms than the permeation 
or dilution systems. 

NH3 can be synthesised at room temperature from electrochemical methods [50]. In 1985, for the first 
time, it was reported the electrochemical synthesis of NH3 at room temperature through protolysis of 
cis-[W(N2)2(PMe2Ph)4] [51].  

NH3 has also been synthesised from nitrogen and water. Kordali et al. [52] reported the heterogeneous 
electrocatalytic synthesis of NH3 from nitrogen and water at ruthenium cathodes, using a Solid 
Polymer Electrolyte Cell (SPE), at atmospheric pressure and low temperature (< 100 °C). Murakami et 
al. [53], proposed a novel NH3 synthesis method from water vapour and nitrogen gas under 
atmospheric pressure at lower temperature than the Haber-Bosch process (~300 °C). In this process, 
water vapour reacts with nitride ions (N3-) to form NH3 and oxide ions in molten salts, however the 
efficiency is 23%. By conducting electrolysis, nitride ions are supplied into the melt at the cathode and 
oxide ions are removed from the melt at the anode. The overall reaction in this process is shown 
below: 

6H2O + 2N2               4NH3 + 3O2 

NH3 was also successfully synthesised from hydrogen and nitrogen under atmospheric pressure using 
CoFe2O4 as catalyst together with silver at the cathode, Ag-Pd at the anode and carbonate-LiAlO2 
composite as electrolyte [54]. The temperature of the reaction was around 450 °C: 

3H2 + N2              2NH3 

There are a number of studies in the literature of electrochemical reduction of nitrate containing 
solutions to NH3. It has been demonstrated that on freshly deposited copper the reduction of silver 

nitrate to NH3 is quantitative for pHs from 0-3 [55]. 

As for HCl and HF, NH3 is soluble in water, thus evaporation from an aqueous solution may also be 
feasible. However, as before, the presence of water would compromise the stability of the reference 
standard. 
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3. Recomendations 

The dynamic generation of gas standards of reactive gases is especially challenging due to the reactive 
nature of these components and the low amount fractions required. Although they could currently be 
generated at nmol/mol levels, the uncertainties in the amount fractions would be unacceptably large 
due to losses of the target molecule in the system (i.e. reaction and/or adsorption mechanisms) and the 
lack of traceable, accurate and stable reference standards to compare against. Besides, when such low 
amount fractions are required, the target gas content in the balance gas becomes an important source of 
uncertainty. In general, sources of uncertainty that can be neglected when producing high amount 
fraction standards become significant when the concentration decreases. 

To overcome these issues, minimisation of tubing length and careful selection of construction 
materials are key to reduce the uncertainties of the system. Equilibrium times of several hours may be 
needed to achieve stable amount fractions. In all cases the capability of producing static gas standards 
at 10 µmol/mol must be previously developed for validation of dynamic systems. Quantification of the 
target component in the balance gas is also essential but can be very challenging due to the detection 
limits of current analytical techniques. Purification of zero gases down to ultra-low levels may be 
necessary but the detection of these impurities could still be an issue. Development of ultra-linear 
analytical systems that can be extrapolated downwards with confidence may help overcome these 
problems. 

One of the most important variables of these systems is the accurate and precise control and 
measurement of the flow. Fixed and adjustable flow elements can provide reliable flow rates. The 
main advantage of fixed over adjustable elements is that they provide a highly repeatable flow. 
Adjustable elements have the advantage of being tunable and provide a range of dilutions with a single 
device. 

There are several possibilities for producing reference standards of HCl. Dynamic dilution is one of 
them, but further work needs to be done regarding the accuracy and stability of static standards of 
higher amount fractions. Permeation tubes of HCl are commercially available and this is another 
strong candidate. To achieve high accuracy, the permeation tube should be connected to a high 
resolution magnetic suspension balance to provide an on-line measurement of the permeation rate. In 
order to achieve adjustable and trace amount fractions, the permeation system would need to be 
coupled to a novel dilution device with minimum internal surface area to prevent reaction of the HCl. 
It can be generated from several chemical reactions, however due to its reactive nature, the 
experimental efforts involved are large. Injection presents the same issues. Hence dilution and 
permeation techniques are recommended for HCl. 

HF has similar chemical properties to HCl. Development of static reference standards requires much 
work due to safety considerations. Hence dynamic reference standards by dilution from a stable static 
mixture are not achievable in the short term. Like HCl, permeation is a viable solution and would 
require a system as previously described. There are several options for generating HF by chemical 
methods however they involve considerable efforts to overcome the safety requirements as a result of 
the toxicity of the substance. Moreover the reactions produce a number of unwanted by products 
which would need to be removed from the reference gas stream. Using an injection technique would 
result in a similar difficulty. Hence permeation presents the best option for generating dynamic HF 
reference mixtures. 
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Dynamic standards of CH2O can be obtained by chemical reaction, diffusion or permeation, with the 
last two methods being most widely used. As it is a highly reactive component, CH2O precursors are 
used to produce the gas standards. Trioxane, para-formaldehyde and alpha-polyoxymethylene are 
often used but the last two have been found to be present in the CH2O standards together with some 
bound water. Sublimation and diffusion of trioxane and subsequent thermal conversion to CH2O has 
been shown to produce CH2O standards with a relative expanded uncertainty of better than 3% for 10 
µmol/mol. This is an excellent starting point to achieve CH2O standards at lower amount fractions. 

Static standards of NH3 with the required accuracy and stability to be used in dynamic dilution 
systems are still not available. Further research regarding cylinder materials and coatings and studies 
on the stability are required. Once these issues have been overcome, dynamic dilution is a potential 
successful method to produce NH3 gas standards. Permeation is also a promising candidate technique. 
Tubes are commercially available and this method has already been used previously. Chemical and 
electrochemical methods can also be applied for the production of NH3; however, they require more 
complex mechanisms than the previous systems. 

Overall, for generating dynamic standards of HCl and NH3 at trace amount levels, permeation and 
dilution are recommended as the most viable candidates. The success of both of them is subjected to 
the availability of accurate and stable static standards of HCl and NH3 in N2 at higher amount fractions 
(~10 µmol/mol) either as a source of the target gas or as a way of validation of the system. The 
experience gained with HCl will help to develop a future strategy for generating reference standards of 
HF as this is significantly more challenging than HCl. CH2O static and dynamic standards at 10 
µmol/mol from diffusion of trioxane and subsequent thermal conversion to CH2O have been produced 
with relative expanded uncertainties of better than 3%. Further research on this technique to achieve 
lower amount fractions is recommended in this case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    NPL Report AS 81 

 23

4. References 
 

[1] www.balazs.com 

[2] Chuang T S, Chang L M, Build. Environ. 59, 153-163, (2013). 

[3] International Technology Roadmap for Semiconductors, (2011). 

[4] Calibration in Air Monitoring American society for testing and materials, Philadelphia, (1976). 

[5] Baratt R S, Analyst 106, 817, (1981). 

[6] Namiesnik J, J Chromatograph, 300, 79, (1984). 

[7] Nelson G O, Controlled Test Atmospheres Principles and Techniques, Ann Arbor Science: 
     Michigan, (1971). 

[8] Demichelis A, Sassi G, Sassi M P, Accred. Qual. Assur. 18, 181–186 (2013) 

[9] www.trigasfi.de 

[10] ISO 1990 Measurement of fluid flow in closed conduits: part 1. Pressure Differential Devices       
   (Method of measurement of gas flow by means of critical flow Venturi nozzles) Section 1.3 ISO 
9300. 

[11] ISO 2003 Gas analysis—preparation of calibration gas mixtures using dynamic volumetric 
methods: part 6. Critical orifices ISO 6145-6. 

[12] Brewer P J, Goody B A, Gillam T, Brown R J C, Milton M J T, Meas. Sci, Technol., 21, 115902,  
     (2010). 

[13] www.sensirion.com 

[14] Hayakawa M, Ina Y, Yokoi Y, Takamoto M, Nakao S, Flow Meas. Instrum., 11, 279-283, (2000). 

[15] Tison S A, J. Vac. Sci. Technol. A, 14, 2582–91, (1996). 

[16] Brewer P J, Doval Minarro M, Amico di Meane E, Brown R J C, Measurement, 47, 607-612, 
(2013). 

[17] Bignell N, Flow Meas. Instrum., 11 329–37, (2000). 

[18] Berg R F and Tison S A, J. Res. Natl. Inst. Stand. Technol., 109 435–50, (2004). 

[19] Goody B A, Milton M J T, Meas. Sci. Tech., 13, 1138-1145, (2002). 

[20] Brewer P J, Goody B A, Woods P T, Milton M J T, Rev. Sci. Inst., 82, 105102, (2011). 

[21] Brown A S, Brown R J C, Dexter M A, Corns W T, Stockwell P B, Anal. Methods, 2, 954–966, 
       (2010). 

[22] Hersch, P, Sambucetti C J, Deuringer R, Electrolytic calibration of gas monitors, paper presented 
       at the 9th National Instrument Symposium, Houson, Texas, (1963). 



    NPL Report AS 81 

 24

[23] Mackrodt P, Fernandes F, Proceedings of the International Symposium on Temperature and 
Thermal Measurements in Industry and Science, Berlin 2001, (Berlin: VDE Verlag, 2002), 3085. 

[24] www.airproducts.co.uk 

[25] Wilbring P and Schmaeh M, A portable calibration gas generator for H2O, HCl, NH3 and 
mercury, presented at CEM 2001, International Conference on Emissions Monitoring, Arnheim, The 
Netherlands, (2001). 

[26] Nelson G O, Gas mixtures: Preparation and control, Lewis Publishers: Boca Raton, (1992). 

[27] Pella P A, Hughes E E, Taylor J K, Am. Ind. Hyg. Assoc., 36, 755-759, (1975). 

[28] Brewer P J, Amico di Meane E, Vargha G M, Brown R J C, Milton M J T, Talanta, 108, 83-87.  

[29] Brauers T, Bossmeyer J, Dorn H P, Schlosser E, Tillmann R, Wegener R, Wahner A, Atmos. 
Chem. Phys., 7, 3579-3586, (2007). 

[30] Chu P M, Thorn W J, Sams R L, Guenther F R, J. Res. Natl. Inst. Stand. Technol., 102, 559–568, 
(1997). 

[31] Carlsson P A, Jing D, Skoglundh M, Energy Fuels, 26, 1984-1987, (2012). 

[32] Salthammer T, Mentese S, Marutzky R, Chem. Rev., 14, 2536–2572, (2010). 

[33] Beasley R K, Hoffman C E, Ruepepel M L, Worley J W, Anal. Chem., 52, 1110–1114 (1980). 

[34] Colket M B, Naegell D W, Dryer F L, Glassman I, Environ.Sci.Technol., 8, 43–46, (1974). 

[35] Bouley G, Godin J, Boudene C, Anal. Lett., A11, 319–326, (1978). 

[36] Muller R E and Schurath U, Anal. Chem., 55, 1440–1442 (1983). 

[37] www.bipm.org 

[38] Aoki N, Kato K, Aoyagi R, Wakayama M, Analyst, 138, 6930-6937, (2013). 

[39] Schnizer A W, Fisher G J, MacLean A F, J. Am. Chem. Soc., 75, 4347–4348 (1953). 

[40] Toby S, Rutz E F, J. Polym. Sci., 60, S41–S45, (1962). 

[41] Geisling K L, Miksch R R, Anal. Chem., 54, 140–142 (1981). 

[42] Ho M H, Anal. Chem. Toxicol., 210, 193–214, (1985). 

[43] Henningsen J, Melander N, Appl. Opt. 36, 7037-7045, (1997). 

[44] Whitehead J D, Twigg M, Famulari D, Nemitz E, Sutton M A, Gallagher M W, Fowler D, 
Environ. Sci. Technol. 42, 2041-2046, (2008) 

[45] Shah S B, Grabow G L, Westerman P W, Appl. Eng. Agric. 22, 919-923, (2006). 

[46] Mukhtar S, Rose A J, Capareda S C, Boriack C N, Lacey R E, Shaw B W, Parnell C B, Agric. 
Eng. Int.: CIGR J., 5, BC 03 012, (2003). 

[47] Vaittinen O, Metsala M, Persijn S, Vainio M, Halonen L, Appl. Phys. B, DOI 10.1007/s00340-
013-5590-3 (2013). 

[48] Ellis R A, Murphy J G, Pattey E, van Haarlem R, O’Brien J M, Herndon S C, Atmos. Meas. Tech, 
3, 397-406, (2010). 



    NPL Report AS 81 

 25

[49] Owens M A, Davis C C, Dickerson R R, Anal. Chem., 71, 1391-1399, (1999). 

[50] Lan R, Irvine J T S, Tao S, Scientific Reports, 3, 1145, (2013). 

[51] Pickett C J, Talarmin J, Nature 317, 652-653, (1985). 

[52] Kordali V , Kyriacou G, Lambrou C, Chem. Comm., 17, 1673-1674, (2000). 

[53] Murakami T, Nohira T, Goto T, Ogata Y H, Ito Y, Electrochim. Acta 50, 5423-5426, (2005). 

[54] Amar I A, Lan R, Petit C T G, Arrighi V, Tao S, Solid State Ion., 182, 133-138, (2011). 

[55] Satherley J, Kuzume A, Schiffrin D J, Nichols R, Rate of ammonia production in the electrolysis 
of silver nitrate solutions, Research Report 189, Health and Safety Executive (2004). 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


