Read along text for the training module:

The use of membrane inlet mass spectrometry (MIMS) for the measurement of high precision N2/Ar ratios.
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Welcome to the training modules section of NSF’s Denitrification Research Coordination Network.  This presentation is on ‘The use of membrane inlet mass spectrometry for the measurement of high precision N2 to Ar ratios’.  

I’m Todd Kana and I will be providing an introduction to the instrumentation and operating procedures used to obtain the very high precision measurements of dissolved nitrogen required in denitrification studies.   MIMS has proven quite useful for this because it combines the inherent high precision of mass spectrometers with the speed of a direct dissolved gas sampler.  The net result is that it is possible to obtain measurement precision of 3 hundreds of one percent or better on N2/Ar ratios in a measurement cycle that takes less than 2 minutes.  At this level of precision, it is possible to measure the natural flux of the end product of denitrification, nitrogen gas, and it is this feature that has made MIMS a desirable technique for marine and aquatic denitrification studies.  Applications of these measurements are presented in separate training modules.

Throughout this presentation, I will be focusing on N-2 and Ar measurements, but many of the concepts can be readily extended to other gases and modes of measurement including oxygen for aerobic respiration measurements.  The MIMS technique that I will be presenting is based on work done in my laboratory in support of environmental denitrification and respiration research and it is optimized for rapid and high precision measurements of dissolved nitrogen, oxygen and argon analyses in discrete water samples.  MIMS, in fact, has great versatility and it can be optimized in different ways depending on the analytes of interest and the type of sampling desired and there are numerous examples in the literature of dissolved gas and VOC analyses in environmental samples. 
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MIMS is based on relatively simple principles.  A liquid or gas sample is put in contact with a semipermeable membrane that separates the sample from the high vacuum of a mass spectrometer.  Molecules that permeate the membrane follow a vacuum gradient and enter the mass spectrometer for detection. The mass spectrometer puts a charge on the gas molecules and filters out all masses except one that has a stable path to the detector.  

MIMS instruments typically use quadrupole mass spectrometers which separate ions in an oscillating electric field generated by 4 parallel rods.  A quadrupole mass spectrometer can rapidly sweep across masses as shown in this example of a sweep, or mass spectrum, from mass 1 and mass 45.  In this example, we are analyzing the gases that permeate a membrane from a water sample as well as any residual gases that are present inside the vacuum chamber.  

The dominant peaks in this example correspond to the air gases, nitrogen, oxygen, argon, carbon dioxide and water vapor.  In addition, there are peaks corresponding to molecular fragments and doubly charged molecules.  Mass 17, for instance, corresponds to the OH ion which is formed in the ion source from water.  Mass 14 originates from N+, a fragment of nitrogen gas, and N2 that becomes doubly charged.  Of importance to nitrogen gas measurements at mass 28 is the presence of carbon monoxide or CO which is also mass 28.  Carbon monoxide is produced in the ion source from the fragmentation of carbon dioxide.  This interference is reduced by cryotrapping carbon dioxide in the inlet.  When analyzing specific compounds, the mass spectrometer is programmed to sample only selected peaks of interest, such as mass 28 for nitrogen, mass 32 for oxygen and mass 40 for Argon.  A measurement cycle for these three masses can be completed in about 1 second with high precision and by repeating the cycle continuously, the mass spectrometer signal appears as a continuous tracing of the gas concentrations.  Here, we see the change in concentration of nitrogen, oxygen and argon when the water sampling pump is turned off and then on again.
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Now, let’s consider some of the factors that influence the mass spectrometer signal.  We first consider the choice of membrane material.  Dimethylsilicone rubber and its variants, which I’ll refer to as silicone, is probably the most common material used in MIMS.   Other materials such as Teflon and polyethylene have also used successfully.  Silicone is highly permeable to the air gases as well as low molecular weight volatile organic compounds and water vapor.  Teflon has high selectivity against water vapor, but its permeability to air gases is significantly lower and other design considerations lead to a preference for using silicone membranes in our application. 

Regardless of the choice of membrane material, MIMS instruments are designed so that the mass spectrometer signal is linear with respect to the gas or vapor concentration on the sample side of the membrane.  Because it is a diffusion process, the flux of gas across the membrane will be proportional to the concentration in the sample because the gas concentration on the vacuum side of the membrane is kept very low.  

Temperature also has an important effect on diffusion and our MIMS instrument is designed to equilibrate the sample at a constant temperature before contacting the membrane.  In practice, we equilibrate the sample to a stable temperature at or a few degrees lower than the temperature of the sample when it was collected.  This avoids gas supersaturation, which can lead to bubble formation during the analysis.

The flux of gas across the membrane is also affected by the boundary layer of the liquid sample where there is a gas depletion zone.  Effectively, the boundary layer adds thickness to the membrane.  The boundary layer is determined by the speed and characteristic of water flow across the membrane and it is difficult to provide highly uniform flows over a flat membrane in a cuvette apparatus.  Improved flow stability can be obtained by pumping the water sample through a narrow tube membrane which provides a uniform boundary layer.  This method also allows for temperature stabilization of the sample prior to it contacting the membrane.

 At this point, we can take a look at the instrument and its general operation.
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We begin by inserting a capillary dip tube into a raw water sample.  The water is drawn up using a peristaltic pump and directed to a thermostated bath where it is temperature adjusted to plus or minus one hundredth of a degree Celsius before it enters the vacuum of the inlet.  Inside the vacuum line, the water passes through a short section of silicone membrane tubing where a small fraction of the dissolved gases diffuse across the membrane.  The water then passes through an outlet capillary to a waste container.  

The composition of gases that permeate the silicone membrane include water vapor, nitrogen, oxygen, argon, carbon dioxide, and any low molecular weight organic compounds, such as methane, that might be available.  For nitrogen, oxygen and argon detection, we freeze out all of the other components using liquid nitrogen. 

For the very highest precision work, it is useful to eliminate oxygen from the stream using a heated copper column, although many users obtain precision at the 0.03% level for N2 to Ar ratios without the furnace.

From here, the vacuum line goes directly to the ion source of the mass spectrometer for detection of the gases. 

This is a picture of an instrument in right to left orientation that is set up without a furnace accessory.   I call this specific MIMS configuration a dissolved gas analyzer or DGA.  The configuration is optimized for rapid and high precision measurements of dissolved gases in discrete samples. To see how this is accomplished we turn to the software control of the instrument.
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We now turn to the data output of the DGA.  Unlike a gas chromatograph which integrates peak area for a plug of gas going through the instrument, the DGA operates with a steady-state gas flow.  Stabilized signals are what we look for.  This screen shot is from the instrument’s data display and recording software.  On the left is the virtual chart recorder that displays the real-time signals.  In this example, we have five traces.  Three traces correspond to the running averages of the nitrogen, oxygen and argon signals, and two traces correspond to the running nitrogen to argon and oxygen to argon ratios. 

The displayed signals have been magnified on the chart in order to observe small deviations.  For instance the circular charting feature shows the present chart limits for each trace.  In this example, the displayed range for nitrogen is less than 2% of the full nitrogen signal.  In addition the real-time or selected values are displayed.  Chart magnification allows the analyst to effectively assess the point of maximum stability and otherwise debug stability problems.  

For each water sample, the analyst waits for the signals to stabilize.  Here, the chart has scrolled to the left and the analyst has selected the data record to be saved.  The record is then pasted to a spreadsheet where it also includes a timestamp to allow corrections for analyzer drift.

As you can see from the very low signal values, the data are expressed in amps corresponding to the ion currents of each peak.  We conduct pseudoreplicates on standards by cycling the peristaltic pump off and one in order to provide a statistic on performance.   We now turn to the calibration procedure.
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Calibration of the signals is done using air-equilibrated water of known temperature and salinity.  It is best practice to use a temperature and a salinity that are similar to the sample water to keep the gas concentrations in the standard close to those in the samples.  In practice, we thermally equilibrate the standard in the water bath used for the inlet, so it is set to a temperature similar or a few degrees below the sample temperature to avoid warming the sample, which can lead to outgassing.  We use a semi-closed container in order to maintain the headspace at 100% saturation for water vapor, which is the condition used to determine solubility.  This is not a strict requirement for gas ratio data.  Local barometric pressure is recorded if individual gas concentrations are measured. 

Our setup consists of a 1 liter round bottom flask containing approximately 600 ml of water.   The water is continuously stirred at a rate that produces a visible vortex without entrained bubbles.  The stirrer is sealed at the flask neck with a wet sponge to maintain humidity.  The access port consists of a narrow tube that reaches below the water surface.  

With this setup, the time constant for reaeration is on the order of 15 minutes.  Therefore, it requires several hours before it is fully equilibrated.  We typically set up the standard water the day before operating the DGA.

We can monitor this water with the DGA indefinitely by directing the outflow back to the flask.

Although there are a number of suitable ways to record calibration data, we typically record triplicate measurements on pseudoreplicates generated by cycling the peristaltic pump off and on.   The frequency of calibration depends on instrument stability and other operational variables, but typically we conduct calibration measurements at 15 minute intervals early in a run when drift is greatest and 1 hour intervals later in the day on our model 422 instrument.  We find that drift is usually directional over long periods of time and that with sufficient intervals it is justifiable to compute linear interpolations of calibration data based on sample time.  
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We now turn to some of the practical issues of collecting and analyzing water samples.  One of the first things I teach users is that care in sampling is as important as care in analyzing.  Most studies of denitrification require resolution of better than one tenth percent and preferably better than three hundredths percent in order to determine N2 fluxes.  These data show typical changes in the N2 concentration with time in three sediment cores and a control chamber without sediment.  Note that there is only a 0.2% increase in the N2 in 1 and ½ hours of incubation.  It is interesting to compare this difference to the effect of solubility on dissolved gases.  A rule of thumb is that dissolved gas concentrations change by about one to one and a half percent per degree Celsius.  This delta is more than an order of magnitude greater than what we are trying to resolve.   We reduce this potential problem by analyzing N2 to Ar ratios, using Ar as an inert standard.  Ar also follows a solubility temperature curve, but keep in mind that the proportionality is not identical to nitrogen.  There is still a tenth of one percent change in the N2 to Ar ratio per degree Celsius for equilibrated water.  Also be aware that nitrogen, oxygen and argon are not very soluble in water, only dissolving a few percent on a volume basis and that nitrogen is half as soluble as oxygen or argon.  This makes bubbles problematic as there is a greater tendency for dissolved nitrogen to move out of solution into a bubble formed within a closed container, or alternatively, there is a tendency for dissolved nitrogen to become enriched when a bubble dissolves in solution.  One needs to be particularly careful in analyzing N2 to Ar data from experiments or samples that contain bubbles as they can impose a significant artifact.  
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Avoiding contamination and maximizing precision requires good sampling technique and air-tight containers.  There are a few things to keep in mind.  The water that you are sampling should be well mixed.  When sampling, contact with air should be minimized and bubbles should be avoided.  The best sample container is tall and narrow, such as a test-tube or tall vial, because this shape limits air contamination when the vial is filled and then subsequently opened for measurement.  The containers are filled by inserting a transfer tube to the bottom of the vial and filling from the bottom to overflowing.  Although it is best to overflow the vial by several volumes, this is not always practical and slow fillling followed by slow removal of the fill tube after limited overfilling can provide good replication.

Prior to capping the container, a preservative is added if the sample will be stored.  A 0.1 percent volumetric addition of a saturated solution of mercuric chloride has been used successfully for this purpose.  The container needs to have an air tight closure, such as a glass stopper or hard rubber septa.  Avoid silicone based septa because they are quite permeable. The sample must be capped without entrapping bubbles.  Storage of the samples should be at a temperature at or below the experimental temperature to avoid outgassing within the vial.  It is best to store the samples underwater.  
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This section will cover the general operating procedures for analyzing samples.  I’ll do this by going through a typical day.  I set up a fresh water standard last night and I am confident it is free of particles and uncontaminated.

The first thing I do in the morning, even before my first cup of coffee, is open up the mass spectrometer to the inlet and set it idling because it will be an hour or two before the analyzer is fully stabilized and ready to analyze samples.  The first step is to turn on the roughing pump to evacuate the inlet line.  While that is going on, we attach the peristaltic pump tubing and pump water through the membrane and then stop the pump.  With water behind the membrane there will be a much lower gas burden on the mass spectrometer when it is opened to the inlet.  Liquid nitrogen is placed around the U-tube.  After a minute or two the inlet vacuum should be stable at the base pressure of the rotary pump.  We now close the valve to the rough pump and slowly open the valve to the mass spectrometer while looking at the vacuum gauge and keeping the vacuum below 10-5 millibar at all times.  After spinning the valve fully open, we can turn on the peristaltic pump and turn off the rough pump.  We then unplug the cold cathode vacuum gauge on the mass spectrometer to prevent it from reacting with the sample gases.

Finally, we set up the computer software to run the mass spectrometer.
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After we open the mass spectrometer to the inlet, we allow it to sample the standard water for an hour or so.   The signals initially decline as the mass spectrometer pumps out excess background gases.  Ideally, there will be a smooth decline.  However, sometimes the signals are erratic.  This tracing shows fluctuations in the N2/Ar ratio signal that are unacceptable.   In this next tracing, we see simultaneous peaks in each of the gas signals indicating the passage of a microbubble through the membrane tube.  These instabilities can often be eliminated by pumping on a 1% liquid soap solution for a few minutes.  The cause may also be from dirty or contaminated standard water.  

After an hour or so, the signals should flatten out.  The fluctuations you see on this panel correspond to the stability limits of the instrument in my laboratory and I remind you that the display is highly magnified.  Once stable, we record a series of standard water measurements by cycling the peristaltic pump off and on in order to assess reproducibility and drift.  In my laboratory, I like to use a coefficient of variation of 0.03% or better on the N2/Ar ratio as the criterion for adequate stability before running samples.   In our spreadsheet, we add notes indicating the calibration temperature and salinity and we record the barometric pressure.  

When we are satisfied with the reproducibility, we begin measuring samples.  We first redirect the outflow tube to a waste container to prevent contamination of the standard water.  We always turn the peristaltic pump off to prevent sipping air, which would cause excess air to enter the mass spectrometer.   We also inspect the sample tubes for sediment.  If sediment is present we place a piece of tape on the capillary to limit the reach of the dip tube. 

Gas ratios typically stabilize before individual gas signals and there is no advantage to waiting for all signals to stabilize if only ratio data are needed.  Once we observe a flat signal, we switch to the next sample and then return to the screen to log the data to our spreadsheet.  

Sometimes the first sample after the standard water does not stabilize before running out of sample water.  This occurs when the gas concentrations differ substantially from the standard as is commonly the case with oxygen measurements or when measuring small sample volumes which have a limited sampling time.  The replicate sample that follows the first typically stabilizes and we can justifiably eliminate the first replicate as not meeting the analytical requirements.  Thus, it is important to have triplicate or quadruplicate samples from the experiment.

As noted before, we periodically go back to sampling the standard water to recalibrate the instrument.
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Shutting down the instrument is relatively simple and quick.  First thing we do is close the primary valve to the mass spectrometer to prevent an accidental influx of air.  Next we pump on air until water is removed from the inlet capillary.  We then lower the liquid nitrogen trap and release the tubing from the peristaltic pump.  If the instrument is going to be used on a daily basis, we leave the electronics turned on.  Lastly, we save the data to a download file and turn off the computer. 
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Please return to this website for updates and additions to this training module.  The original instrument description and current operating procedures are described in the papers listed here.  If you have general questions you can reach me using one of the contact methods listed on this slide.  In addition to my academic interests in applications of MIMS, I also provide instrument sales and service through Bay Instruments.  Thank you for your interest in the DGA. 
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