
 
19NRM03 – SI-Hg 

Metrology for traceable protocols for elemental and oxidized mercury concentrations  

WP1: Development and Validation of a SI-traceable certification protocol for elemental 

mercury gas generators used in the field 

Task 1.1 Development of a traceable certification protocol for elemental mercury gas 

generators.  

The aim of this task is to develop a traceable certification protocol for elemental mercury gas 

generators used in the field traceable to SI. 

Activity A1.1.1 – PSA, with input from VSL and Lumex will compile a list of performance 

characteristics (e.g., repeatability, reproducibility, accuracy, linearity, drift, bias and 

robustness) and uncertainty sources of 3 commercially available gas generators used in the 

field with different working principles (e.g., Bell Jars, gas generators) 

Introduction  

Accurate determinations of total gaseous mercury (TGM) in ambient air and emission sources 

are of prime importance to establish and understand the local, regional and global impacts of 

mercury. This information is essential to underpin global efforts to control and reduce the 

concentration of Hg in the environment, meet the obligations of legislation and to protect 

human health.  

Analytical measurement systems that are employed to measure the concentrations of TGM 

are currently calibrated using several manual and automated approaches. In this task we 

provide an overview of the commercially available elemental Hg calibration systems that are 

used for ambient air and emission source measurements. The principle of each calibration 

approach will be explained with reference to the parameters which can influence the 

calibration uncertainty. Product specification documents will be reviewed and where 

applicable the performance characteristics and features will be presented.  

As part of this review the performance characteristics such as repeatability, reproducibility, 

accuracy, linearity, drift, bias and robustness of the generator should be listed and complied. 

Unfortunately, these details are not readily available from the vendors of these devices. Data 

may exist during QA/QC product testing but very few independent studies have been 

published and, if they are available, they are not comparable. The performance data of the 

calibration system will also be defined by the measurement technology being used to evaluate 

and test the generator. In this review we have therefore provided a general description of each 

type of generator technology and highlighted the parameters which are known to influence the 

performance characteristics of each type of generator.  

Bell Jar Calibration using saturated vapour of elemental Hg 

The most common approach to calibrate mercury in ambient air analysers is via the bell jar 

method. This is achieved by employing a glass calibration vessel, open to the atmosphere via 



 
a capillary tube, with a small amount of elemental mercury at the bottom, such that a mercury-

saturated atmosphere is allowed to develop within the vessel. A known volume of mercury-

saturated air may then be removed from the vessel through a septum, using a gas-tight 

syringe, and then used for calibration purposes. The mass of mercury within the volume 

removed is a function of the temperature of the air inside the calibration vessel, as measured 

by a thermometer inserted into the vessel. A diagrammatic representation of such a calibration 

vessel, often known as a ‘bell-jar’, is shown in Figure 1. Commercially available bell jar 

apparatus are widely available from the majority of vendors. Appendix A includes product 

specification documents from various mercury analyser manufacturers.  

 

Figure 1 - Diagrammatic representation of a calibration vessel for generating mercury-

saturated air, at known temperatures, often known as the ‘bell-jar’. The micro-syringe removes 

mercury saturated air via a septum in the top of the vessel 

The accuracy and uncertainty of this approach is dependent on numerous parameters. As this 

is a manual technique it is also largely influenced by the skill of the analyst and their attention 

to detail. Other factors include: 

1. Mercury versus temperature equilibrium concentration. There are various expressions 

that can be used to define the concentration of elemental Hg vapour within the bell jar 

at different temperatures. The majority of mercury analyser vendors supplying this type 

of calibration equipment have adopted the so called “Dumarey Equation”. The origins 

of this equation are summarised by Dumarey et al.1 The equation is utilised in various 

ISO, CEN, EPA and ASTM international standards  and the majority of technical peer 

reviewed publications. Other relationships based on the saturated vapour pressure of 

elemental Hg against temperature in a vacuum have been proposed, such as Huber 

et al.,2 but not widely adopted as they are between 6 and 8 % higher than the Dumarey 

equation and are not complaint with international standards methods.  



 
2. The accuracy and precision of the temperature measurement. Whatever expression is 

adopted the headspace concentration in the bell jar is defined by the temperature of 

the headspace in the bell jar so the accuracy of the temperature measurement has 

dramatic impact on uncertainty of the calibration. Some vendors have a temperature-

controlled calibration vessel typically set to a few degrees below ambient temperature 

in the laboratory. A syringe volume correction should be applied when using a bell jar 

at lower than ambient temperatures3. Other vendors have a calibration vessel at room 

temperature. It is important to ensure that the temperature of the calibration vessel is 

cooler or at the same temperature as the Hg analyser to avoid condensation of 

elemental Hg inside the syringe. Temperature gradients within the vessel should be 

avoided and ideally the syringe needle tip should be at a similar location to the 

temperature measurement. An SI-traceable temperature measurement device should 

be used with the most accurate reading and resolution possible as ±0.1 °C can affect 

the concentration in bell jar by ± 0.83 % at 20 °C.  

3. The accuracy and the precision of the syringe and its compatibility to elemental Hg 

vapour. Different sizes of syringe are typically used to cover a wide calibration range. 

The majority vendors offer gas tight syringes with and without digital readouts. The 

uncertainty increases as the low end of the syringe is used. Preconditioning of the 

internal surfaces of the syringe and needle is normally recommended as materials of 

construction may adsorb traces of elemental Hg vapour.  

4. The amount of Hg in the headspace can be affected by the purity of the elemental Hg. 

Oxidation of the mercury surface can cause issues reducing the vaporisation of 

elemental Hg. 

5. The bell jar approach is typically only used directly to the Hg analyser and does not 

include any sampling apparatus upstream. It is typically used for mercury analysers 

with amalgamation systems. When used on direct measurement systems the 

integration of the response must be carefully considered as it will depend on the speed 

of injection and carrier gas flow. During injection of the vapour the Hg is highly 

concentrated relative to the sample concentration. One could argue that the calibration 

does not truly represent how the analyser performs when analysing samples with a  

concentration approximately a million times lower than the calibration gas.  

6. Equivalent mass calibration range also has to be considered when using the bell jar 

approach. For example, at a sample concentration of 1 ng/m³ (1 pg/L) and sampling 

volume of 10 L, the equivalent mass of mercury is only 10 pg. This would require a 

nominal syringe injection volume of less than 1 µl at a calibration vessel temperature 

of 20 °C. Injecting such small volumes is difficult in practice and therefore has a 

relatively large uncertainty. Cooling the vessel will allow larger syringe injections, 

however it is worth noting that the majority of ambient air monitoring systems operate 

close to the blank level and often below the bottom standard of the calibration line 

where the uncertainty is very high.  

When developing a calibration uncertainty model is important to consider all the above 

parameters. Appendix A includes additional information in the form of product specification 

sheets for each vendor that can offer this type of calibration equipment.  



 
Dynamic Calibration Systems Using Elemental Hg Permeation Tubes 

There are several vendors that offer elemental Hg permeation tube calibration devices. They 

provide a low-level calibration gas suitable for the calibration of automated mercury analysers 

for ambient air applications The use permeation tube devices are a commonly used technique 

for producing gas standards for instrument calibration. Certification by the vendor or supplier 

is normally performed by establishing the gravimetric loss from the permeation tube over time, 

at a specified temperature which is accurately and precisely controlled. Suppliers claim that 

the permeation devices are capable of generating an SI- or NIST-traceable calibration gas 

that is stable for a long period of time provided that the compound within the permeation tube 

is still present and the conditions of use are carefully controlled. In the case of the elemental 

Hg, permeation tubes are commercially available from several vendors but these are typically 

do not have a certified permeation rate. This is because the gravimetric loss is typically in the 

low nanogram or picogram/minute range. To certify permeation tubes gravimetrically at these 

very low mass losses is very difficult and time consuming. Elemental Hg permeation tubes are 

normally certified in-house by Hg instrument vendors or by research groups by measuring 

their output against other types of primary calibration techniques. Another complication is that 

the apparatus supplied for permeation tubes is generically designed to operate with wide 

assortment of permeation tubes and they may not be suitable for Hg especially at low 

concentrations because the material of construction  

There are several commercially calibration gas generators based on permeation tubes that 

have been specifically designed for elemental Hg at low ng/m³ concentration ranges. These 

are summarised in Appendix A. Figure 2 presents a typical arrangement showing the principle 

of operation. Although the general operation concept is very simple a highly accurate and 

precise of temperature and flow control is required to maintain and achieve a stable output of 

known concentration. 
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Figure 2 – Dynamic Vapour Generation using a Permeation Tube 



 
The performance of this generator approach is dependent on numerous parameters. These 

are outlined below: 

1. Permeation rates are highly dependent on the temperature and therefore an accurate and 

precise temperature control and readout is very important. Thermal gradients within the 

chamber, location of the temperature measurement and control and carrier gas 

temperatures must be carefully considered. It is normally necessary to have a preheated 

gas to avoid surface cooling of the permeation tube and to avoid any contact with the 

internal surfaces of the chamber which could be slightly hotter than the gas flow 

temperature. Equation 1 shows the dependence of the permeation tube output is reported 

by the main permeation tube manufacturer (VICI Metronics). This expression however is 

a generic expression and not necessarily true for elemental Hg. It is therefore necessary 

to study the effect of permeation rate against temperature to fully understand the 

uncertainty contribution of temperature. In general terms a temperature accuracy and 

control of less than ±0.1 °C and this is also dependent on the temperature setpoint. A 

temperature swing of this amount at a typical perm tube operating temperature of 50 °C is 

significant. 

log𝑃𝑅 = log 𝑃𝑅𝑐𝑒𝑟𝑡 + 0.034(𝑇 − 𝑇𝑐𝑒𝑟𝑡) Equation 1 

 

2. Accuracy of the certified or measured permeation rate. VICI Metronics do not current offer 

certified permeation rates for mercury permeation tubes. Previously, permeation rates with 

an uncertainty of 2 % could be obtained but due to the difficulties in customers duplicating 

the certified permeation rates they now supply uncertified permeation tubes. The use of 

gravimetry to establish the output of the permeation tube at low ng/min rates is too time 

consuming and difficult to implement. Certification is now obtained by measuring the 

concentration output from the generators and back-calculating the permeation rates. The 

uncertainty of the permeation rate is therefore defined by the combined uncertainty of the 

generator and the mercury measurement technology employed. In general terms the 

stability of Hg permeation tubes is very good with vendors reporting less than 2 % 

permeation rate variation on yearly certifications. Age and deterioration of the permeation 

tube may affect the permeation rate. Because of the relatively high flowrates required 

compressed air is often used for the generator. This can cause a gradual surface oxidation 

of the elemental Hg within the tube. Over long periods of time the Hg may become depleted 

changing the surface area of the diffusion window. 

3. Generators using permeation tubes typically employ two gas flow which have to be 

accurate and precise. Most commercial generators use certified mass flow controllers 

which offer very stable, accurate and precise gas flowrates. A lower flow mass flow 

controller is used for the oven chamber typically around several hundred ml/min and less 

than 1 L/min. Lower flowrates are utilised to allow the gas flow to reach the chamber 

temperature. A secondary flow typically in range of 1-20 L/min is normally introduced to 

dilute the gas into the mercury concentration range of interest. The uncertainty of the gas 

flow is therefore a contribution from two flow devices. It is the total gas flow which defines 

the final concentration of the generator. The permeation rate is independent of gas flow 

and pressure. 



 
4. Generator linearity is defined by the accuracy of the dilution gas and dynamic mixing. As 

Hg permeation rates are dramatically affected by temperature the chamber gas flow and 

temperature are normally fixed and different concentration outputs are achieved by 

adjusting the dilution gas. Field calibration typically uses a single fixed concentration and 

dilution gas flows are rarely changed. By collecting the calibration gas over different time 

periods and loading different masses of Hg onto the gold trap it is possible to get a linear 

calibration graph to cover a wide mass range. This is often deemed to be more accurate 

method of calibrating the analyser rather than a depending on the linearity of the dilution. 

The gas flows from the generator are at standardised conditions and if the output of the 

generator is restricted the absolute concentration may be affected. This should therefore 

be considered on a case by case basis.  

5. To produce well defined and constant concentration from the generator it is essential to 

keep both the carrier gas flow and the flow of the trace mercury constant. Usually, it is 

supposed that for a given set of experimental conditions, temperature, material and size 

of permeation membrane the mercury flow only depends on the partial pressure drop 

across the membrane and is not affected from the pressure of the carrier gas. This 

however may not be case for permeation tubes constructed from non-rigid materials such 

as silicone rubber due to the possible deformation of diffusion walls. These changes are 

minor due to barometric pressure variation. The user has to consider vent and analyser 

back pressures.  

6. The purity of the carrier gas and dilution gas may affect the output of the generator 

especially if compressed air is being used. Inline purification must be used to ensure that 

the zero gas and generator output is not affected by traces of elemental Hg in the carrier 

gas supply.  

Dynamic Calibration Systems Using Elemental Hg saturation 

Dynamic calibration gas generators are based on the continuous generation and dilution of 

saturated mercury vapour. These devices are commercially available and are widely used for 

automated calibration of online mercury analysers for workroom air and mercury continuous 

emission monitors (HgCEMs). To generate concentrations in appropriate ranges for these 

applications, oven temperatures housing the elemental Hg source are typically between 30 

and 50 °C thereby producing generator outputs in the µg/m³ range. This is the most common 

form of commercially available elemental Hg generator.  

A low gas flow (e.g., 1-20 ml/min range), controlled by a thermal mass flow-controller passes 

over a mercury reservoir located in a temperature-controlled oven, picking up a known 

(calculable) mass-flow of mercury. The mercury mass-flow is then diluted by a gas flow from 

a second thermal mass flow-controller operating in the 1-20 L/min range. Analyser 

calibration/verification is achieved by sub-sampling known volumes of the calibration gas 

stream. To adjust the concentration the reservoir flow or dilution flow is adjusted while the 

temperature of the reservoir is maintained. A schematic diagram of a dynamic mercury vapour 

generator is shown in Figure 3. 



 

 

Figure 3 – Dynamic mercury vapour generator 

The performance of this type of generator approach is dependent on numerous parameters. 

These are outlined below: 

1. The theoretical output of the generator is dependent of mercury versus temperature 

equilibrium concentration equation used. The majority of mercury analyser vendors 

supplying this type of calibration equipment use the “Dumarey Equation”. Other 

elemental Hg vapour pressure against temperature expressions exist, e.g. Huber et 

al.2 Some vendors calculate the mean Hg saturated vapour pressure from several 

expressions. The difference between Dumarey and Huber at 303.15 K (30 °C) is 

6.13 % and at 323.15 K (50 °C) the agreement is a little closer at 4.19 %. 

2. Accuracy and precision of the temperature measurement. A certified temperature 

measurement device should be used with the most accurate reading and resolution 

possible as ±0.1 °C can affect the concentration by ±0.83 % and ±0.71 % at 30 °C and 

50 °C respectively. This variance is the combined effect of temperature in relation to 

Hg saturated vapour pressure and the temperature correction used for establishing the 

actual flow across the reservoir. As the temperature on the reservoir increases the 

output of the generator increases because the actual flow and the temperature 

equilibrium concentration increases.  

3. Accuracy and precision of the pressure sensor. The actual flow of gas across the Hg 

reservoir defines the Hg that is transferred into the gas stream. The standardised flow 

from the mass flow controller therefore has to be corrected for the reservoir 

temperature and pressure operating conditions. Most commercial generators therefore 

include either an automatic correction for these parameters or software correction. The 

accuracy and precision of the pressure sensor has to be considered when calculating 

the uncertainty. A certified pressure measurement device should be used with the most 

accurate reading and resolution possible as ±3 mbar can affect the concentration in of 

the generator by ±0.32 %. As the pressure on the reservoir increases the output of the 

generator decreases as the actual flow is reduced.  

4. Saturation against flow conditions. Dynamic calibrators based on this approach 

assume that the reservoir gas stream achieves 100 % saturation and that the Hg in 

the reservoir is of high purity and has not oxidised. Some commercial generators use 
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two temperature-controlled zones for the Hg reservoir. The first zone is run at a higher 

temperature than the second zone to ensure that the stream is fully saturated.  

5. The purity of the dilution gas may affect the output of the generator especially if 

compressed air is being used. Inline purification must be used to ensure that the zero 

gas and generator output is not affected by traces of elemental Hg in the carrier gas 

supply.  

6. Most commercial dynamic generators use certified mass flow controllers which offer 

very stable accurate and precise gas flowrates. A lower flow mass flow controller is 

used for the reservoir chamber typically 1-30 ml/min. The accuracy and precision of 

the mass flow controllers deteriorates rapidly below 10 % of full scale. A secondary 

flow typically in range of 1-30 L/min is normally introduced to dilute the gas into the 

mercury concentration range of interest. The uncertainty of the gas flow is therefore a 

contribution from two flow devices. The accuracy and precision of the mass flow 

controllers deteriorates below 10 % of full scale so it is important the setpoint of the 

flowrate.  

For ambient air applications dynamic generators require sub-zero temperatures (e.g., -20 °C) 

for the mercury source and very low Hg reservoir flowrates (0.2 to 2.0 ml/min) to generate 

calibration gas in the low ng/m3 concentration range. There use for ambient air measurements 

is therefore considered to be for research activities only and these generators are not 

commercially available although prototypes exist.  
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Appendix A – Commercially Available Hg Calibration Systems: Summary and Example Product Specification Sheets  

Supplier Model Type Output application Sample flow rate Oven temperature Precision Accuracy Carrier gas Pressure 

Thermo 
Scientific 

84i 
Permeation 
source 

Default: 5 µg/m³ 
Range: 2 - 15 µg/m³ 

Emission 
monitoring 

Default: 600 cc/min Range: 500 - 
750 cc/min 

10 - 30 °C 0.04 µg/m³ daily 

Comparison against vendor 
prime reference 

Air or Nitrogen 
<20 °C dew point, Oil, 
Particulate and 
Hydrocarbon free per 
ISO 8573.1, <0.01 µg/m3 
Hg 

supply pressure 40-70 
psig, 
Back pressure 0-4 psig 

Standard 
81i 

Saturation 
1-50 μg/m³, 
ranges: 5, 10, 20, 30, 40, 
50 μg/m³ 

Accuracy of each mass flow 
measurement +2% of reading or 1% 
of full scale, whichever is less - 20 
to 100% full scale. Linearity of mass 
flow measurement 0.5% of full 
scale. Repeatability of mass flow 
measurement +2% of reading or 1% 
of full scale, whichever is less - 20 
to 100% full scale. Zero Air Flow 
Controller 20 slm. Span Gas Flow 
Controller 5, 50, or 100 sccm. 
Linearity ±2 % full scale. 

6°C Not specified 

High level 
81iH 

Saturation 
4-300 μg/m3, 
ranges: 20, 30, 50, 300 
μg/m³ 

8-18°C Not specified 

Tekran 

3310 Saturation 0.5 - 1900 μg/m³ 
Emission 
monitoring 

Calibration gas delivery rate: 2 - 30 
SLPM, Independent linearization 
tables for each MFC 

Allowable ambient temp: +5 to +40 
°C, Hg source control range: +5.00 
to +50.00 °C 

Accuracy 0.1 µg/m³ or ± 3%, repeatability 0.1 µg/m3 or ± 1 
%. Long term stability (1 year) 0.2 µg/m3 or ± 2 %. Ambient 
temperature variation 0.2 µg/m3 or ± 2%.  

Air or Nitrogen 
<20 °C dew point, Oil, 
Particulate and 
Hydrocarbon free per 
ISO 8573.1, <0.01 µg/m3 
Hg 

Supply pressure 50 - 
120 psig, 
Back pressure 0 - 10 
psig 

2505 Bell-jar 
Dependent on syringe 
size and temperature of 
vessel 

Ambient Air Not applicable  

The unit contains two precision 
sensors, one to measure the 
temperature of the isothermal block 
and one to monitor the temperature 
within the vapour chamber. 
Accuracy: ±0.05 °C Resolution: .001 
°C Range: -5 - +50 °C 

Not Specified - dependent on 
reproducibility of manual 
syringe injections 

Not specified. Dependent on 
temperature and syringe 
volume accuracy  

Not applicable  Not applicable  

Mercury 
Instruments 

AutoCal 
UT-3000 

Bell-jar 
Dependent on syringe 
size and temperature of 
vessel 

natural gas 
systems 

Not applicable  
The temperature sensor within the 
mercury vessel has an accuracy of 
0.01 °C. 

Not Specified - dependent on 
reproducibility of manual 
syringe injections 

Not specified. Dependent on 
temperature and syringe 
volume accuracy  

Not applicable  Not applicable  

CalSet 
UT-3000 

Bell-jar 
Dependent on syringe 
size and temperature of 
vessel 

Ambient Not applicable  
The temperature sensor within the 
mercury vessel has an accuracy of 
0.01 °C. 

Not Specified - dependent on 
reproducibility of manual 
syringe injections 

Not specified. Dependent on 
temperature and syringe 
volume accuracy  

Not applicable  Not applicable  

MC-3000  15 ... 500 μg/m³ Hg° 
Emission 
Monitoring  

Generated calibration gas flow 1 ... 
9 l/min, Carrier gas flow max. 12,5 
l/min, Flow controllers mass flow, 
electronic, 1% precision 

Pt-100 with 1 / 10 °C accuracy Not Specified Not specified. 

Air or Nitrogen 
<20 °C dew point, Oil, 
Particulate and 
Hydrocarbon free per 
ISO 8573.1, <0.01 µg/m3 
Hg 

1 ... 2 bar (8 ... 15 psi) 

P S 
Analytical 

10.532 Saturation 10, 20, 50, 80, 100 μg/m³ Emission and 
Workroom air 
Monitoring. 
Bench-scale 
Generator 

Output flow rate: 20 L/min 
30 - 60°C. 
Factory setpoint 40°C 
Resolution ±0.1°C 

>2%RSD 
Certified concentration within 
±5% of the nominal value 
setpoint.  

compressed air, Quality 
class 3.3.3 to ISO 8573-
1, or Nitrogen 

Input pressure max 5 
bar g 
Max outlet pressure 6 
psig 

10.534 Saturation 100 ng/m³ - 3000 μg/m³ 
MFC 1 - 0 - 20 ml/min,  
MFC 2 - 0 - 20 L/min 

Ambient, 40-60°C 
Factory setpoint 40°C Resolution to 
±0.1°C 

>2%RSD 

Measured concentration 
within 4% of the theoretical 
value based on the saturated 
vapour pressure calculations. 

10.536L 
Permeation 
source 

3-60 ng/m³ Ambient Air  
MFC 1 - 0 - 1/min, 
MFC 2 - 0 - 20 L/min 

Ambient, 35-60°C >2%RSD 
Certified concentration within 
±5% of the nominal value 
setpoint.  

10.536 Saturation 100 ng/m³ - 3000 μg/m³ Emission and 
Workroom air 
Monitoring. 
Bench-scale 
Generator 

MFC 1 - 0 - 20 ml/min,  
MFC 2 - 0 - 20 L/min 

Ambient, 35-60°C >2%RSD 

Measured concentration 
within 4% of the theoretical 
value based on the saturated 
vapour pressure calculations. 

10.536H Saturation 13 μg/m³ - 13 mg/m³ 
MFC 1 - 0 - 30 ml/min,  
MFC 2 - 0 - 20 L/min 

Ambient, 35-100°C >2%RSD 

Measured concentration 
within 4% of the theoretical 
value based on the saturated 
vapour pressure calculations. 



 

10.555 Bell-jar 
Dependent on 
temperature and syringe 
volume 

Ambient Air  Not Applicable  
Thermometer: -1/+51ºC x 0.1 Grads 
(UKAS certificate) 

Not Specified - dependent on 
reproducibility of manual 
syringe injections 

Not specified. Dependent on 
temperature and syringe 
volume accuracy  

Not applicable  Not applicable  

 



 

 



 
  



 

 



 

 



 

 



 

 

 



 
 

 



 

 



 

 



 

 



 
 

 



 

 



 
 

 

 



 

 



 

 



 

 



 
 

 



 

 



 

 



 

 



 

 



 

 



 

 



 
 



 

 


