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In many ways, mid-infrared spectroscopy would appear to be the ideal technology 
for on-line chemicals analysis. After all, IR spectroscopy is the only analytical method 
which provides both ambient temperature operation and the ability to directly monitor the 
vibrations of the functional groups which characterize  molecular  structure  and  govern  
the  course  of chemical reactions. In principle, IR also offers the advantages of 
continuous (near real-time) operation and low maintenance compared to gas 
chromatography and low cost and structural specificity compared to mass spectroscopy. 
The term “infrared” generally refers to any electro-magnetic radiation falling in the 
region from 0.7 mm to 1000 mm. However, the region between 2.5 mm and 25 mm 
(4000 to 400 cm) is the most attractive for chemical analysis. This “mid-IR” region 
includes the frequencies corresponding to the fundamental vibrations of virtually all of 
the functional groups of organic molecules. These spectral lines are typically narrow and 
distinct, making it possible to identify and monitor a band corresponding to the specific 
structural feature that is to be modified by a reaction. As a result, quantitative calibrations 
performed in the mid-IR are usually straightforward and robust, being largely immune to 
the effects of spurious artifacts. 

 
The past few years have seen rapid growth in the use of infrared spectroscopy for 

at-line, on-line, and even in-line analysis. This progress has been made possible by 
developments in the design of both FTIR instruments and equipment to interface these 
instruments to chemical processes. It has been driven by the need for real-time 
monitoring of the chemistry underlying various processes and by infrared’s ability to 
provide a wealth of information about chemical structure. The present paper reviews 
some of the more important developments, with emphasis on the optical and mechanical 
hardware available for interfacing the FTIR to the process. Finally, it reviews a number 
of representative applications areas in which process FTIR is currently being used. 
Despite its obvious attractiveness, mid-IR did not find widespread use in process analysis 
until quite recently. Instead, for the past several years, much more attention has been 
directed toward the use of near-IR for on-line spectral analysis (1).  

This may seem somewhat surprising in view of the fact that in the near-IR one is 
often dealing with combination frequencies and harmonics of mid-IR functional group 
frequencies. These near IR bands tend to be weak and broadly overlapping making it 
impossible to single out distinct bands for analysis. This necessitates the use of fairly 
sophisticated statistical methods to correlate observed spectra with the process variables 
of interest (2, 3). These methods are very powerful but are also quite capable of 
producing spurious results, particularly when they encounter a condition that was not 
anticipated during calibration. This is the infamous “false sample” problem endemic to 
near-IR (4). In contrast, the mid-IR region is a spectroscopist’s dream, with meaningful, 
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well understood absorption bands often adjacent to weakly absorbing regions, making 
calibrations largely  independent  of  effects  such  as  source  variations,  changes  in  
overall  sample  transmission,  or  scattering.   Despite these advantages, the widespread 
application of mid-IR on the process line had to await technological advances in three 
general areas: 
•  FTIR spectrometers capable of reliableoperation in the process 
environment; 

•  Methods for transmitting the IR radiation to and from the measurement location;  

•  Robust  sample interfacing equipment capable of providing consistent results in 
the process environment and of dealing with the very strong absorptions generally 
encountered in the mid-IR 

The particular need for these advances has to do with some specific fundamental 
differences between mid- and near-IR. For example, the radiation source power available 
in the mid IR is much lower due to the nature of the black body radiation curve. At the 
same time, mid-IR detectors capable of operating at room temperature are less sensitive 
than their near-IR counterparts. These two factors together necessitate the use of the 
Fourier transform infrared (FTIR) approach rather than the  far  less  sensitive  dispersive  
approach  commonly  used  in the near-IR. The transmission of radiation to and from the 
measurement site is more problematic in the mid-IR due to the need for high throughput 
combined with the limited selection of optical materials which transmit in this region.   
Ironically, this latter problem arises from the very fact that most molecular vibrations fall 
in the mid-IR region. 

Sample interfacing in the mid-IR is often complicated by the fact that the 
absorptions corresponding to the fundamental molecular vibrations are orders of 
magnitude stronger than their near-IR overtones. As a result, the simple transmission 
cells which can be used for near-IR liquid analysis are usually not suitable for use in the 
mid-IR. Despite the considerable challenges, mid-IR does offer attractive benefits in the 
form of distinct and meaningful bands, robust and straightforward calibrations, proven 
diagnostic methods, and insensitivity to spectral artifacts. Fortunately, the final obstacles 
to the widespread implementation of process mid-IR have been now been surmounted, 
and as a result, the field is starting to experience accelerated growth. The following 
sections will outline some of the advances that have made this possible as well as some of 
the previously available technology now being applied in process FTIR. The final 
sections will give some specific examples of process FTIR hardware and the types of 
applications to which it is being applied. 
PROCESS FTIR SPECTROMETERS 

Infrared instrumentation has been used in chemical process control for 
approximately fifty years, making it one of the first analytical techniques to  be  put  on-
line.   However, until recently, on-line infrared instruments were generally restricted to 
one and two wavelengths non dispersive (NDIR) analyzers. Dispersive IR lab 
instruments, the only full spectrum IR spectrometers available prior to 1970, were simply 
too slow and insensitive to find widespread use in process applications. The advent of 
commercial FTIR instruments in 1970 represented a major advance in IR spectroscopy in 
terms of both raw performance and data manipulation capability. However, the early 
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FTIR’s were strictly laboratory instruments, being highly sensitive to ambient 
temperature variations, vibration, and acoustic disturbances, all of which are typical of 
the process environment. To understand the reasons for this sensitivity, we need to briefly 
review the operation of an FTIR spectrometer. 

The  heart  of  any  FTIR  spectrometer  is  an  amplitude  division  interferometer.   
The original Michelson  design  -  still employed in the majority of laboratory FTIR’s - 
consists of a  beam splitter,  a  compensating  plate,  and  a  pair  of  mirrors. The 
difference in path length between the two arms is varied by mechanically scanning the 
position of one of the mirrors. This gives rise to a time dependent variation in transmitted 
optical intensity, called the interferogram. When the inteferometer is illuminated by a 
monochromatic source such as a single frequency laser, the interferogram will be a sine 
wave of intensity versus mirror position. On the other hand, if  the  source  is  
characterized  by  a  broad  infrared  spectrum,  the interferogram will correspond to the 
superposition of an infinite number of since waves having different periods but a 
common zero phase point (or central maximum) which occurs when the lengths of the 
two interferometer arms are equal. In  principle,  the  intensity  of  a  given  spectral  
point  could be determined by simply passing the electrical signal obtained from the IR 
detector through a narrow band electronic filter. And the complete spectrum could be 
measured by varying the filter frequency. A much more rapid approach is to use a digital 
computer to perform a Fourier transformation of the interferogram, thereby directly 
yielding the composite spectrum of the source, the instrument, and any sample interposed 
in the optical path. This is the basis of all modern rapid-scan FTIR spectrometers. 

Over the past several years, FTIR spectrometers have almost completely 
supplanted the older dispersive instruments for laboratory IR analysis. The reasons for 
this include the Conventional Michelson interferometer. The most generally important of 
these is the multiplex advantage. This is derived from the fact that the FTIR measures all 
wavelengths simultaneously instead of sequentially stepping from wavelength to 
wavelength. In principle, this means that the time required to obtain a spectrum having a 
given signal-to noise ratio can be reduced in proportion to the number of data points in 
the spectrum. This greatly increased speed is not only valuable in the laboratory, but it is 
also the key factor that makes process FTIR possible. If the multiplex advantage made 
process FTIR possible, the key to making it practical lay in reducing its sensitivity to 
ambient temperature and vibration effects. These effects arise from the fact that the 
proper operation of the Michelson interferometer requires continuous alignment of the 
moving mirror as well as both tracking and control of its motion to within a small fraction 
of a wavelength. 

There are two possible approaches to solving the problem of interferometer 
ambient sensitivity. The first involves the combination of a massive structure with 
vibration and thermal isolation to decouple the interferometer from the environment.  The 
second involves the use of an alternative interferometer design which is inherently less 
sensitive to its environment. Both of these approaches are currently being employed in 
process FTIR instruments with considerable success. The refractively scanned “Transept” 
interferometer, which is employed in a substantial number of current process FTIR 
installations.   These  installations  differ from  the  standard  Michelson  interferometer  
in  that  path length scanning is accomplished by moving one of a pair of  matched 
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wedges of transparent material across one arm of the interferometer  so  as  to  effectively  
change  the  thickness  of  a uniform layer of this material.  

Refractive scanning produces two benefits. First, it amplifies  the  optical  path  
length  change  by  typically  an  order  of magnitude, thereby substantially reducing the 
effect of errors in  scanning  position,  including  those  caused  by  vibration.  Second, 
the effect of any inadvertent wedge tilt will be simply a  lateral  displacement  of  the  
beam  rather  than  a  change  in angular  alignment.   Compared to the conventional 
moving mirror design, this distinction corresponds to more than a two order of magnitude 
reduction in the required angular stability during scanning.  In operation, the refractively 
scanned interferometers have proven to be largely immune both to the effects of vibration 
and to changes in ambient temperature (7). They do not require thermal of vibrational 
isolation other than that provided by mounting the interferometer in a standard NEMA-4 
enclosure. A second novel interferometer that has found considerable application in 
process FTIR is the dual moving corner reflector design employed in the Bomem 
Michelson Series instruments. Like the refractively scanned interferometer, this design 
can be essentially permanently aligned. This is made possible by taking advantage of two 
characteristics of corner reflectors. First their alignment is inherently unaffected by tilt. 
Second, by suitably coupling the motions of the two corner reflectors, the effects of 
lateral displacement (i.e.  shear)  can be minimized  (9). 
COMMUNICATING WITH THE SAMPLING SITE 

Fiber  optics  is  potentially  the  most  attractive  means  for communicating  
between  an  optical  instrument  and  a  remote  sampling  site.   Indeed,  fiber  optics  
links  are  commonly  used  with  visible  and  near-IR  instruments,  allowing an  
instrument  to  be  located  in  an  air  conditioned  control room while the actual sample 
interfacing takes place on the factory  floor.   The availability  of  near-IR  fibers  is  one  
of the primary reasons for the attractiveness of near-IR instruments  for  use  in  
manufacturing  environments  (10,11). Unfortunately, the performance of optical fibers 
decrease rapidly as one moves out into the mid-IR. Fluoride glass fibers are available for 
operations at the high frequency end of the mid-IR spectrum and have been used at 
frequencies down to about 2000 cm, although with relatively limited overall system 
transmission due to the low throughout of the fiber optics subsystem (12).   In  the  
fingerprint  region  (frequencies below 2000 cm), where most of the interesting bands  
occur,  the  problems  become  both  severe  ad  fundamental. 

The problems with the IR fibers are two-fold.   First, since  the  great  majority  of  
materials  have  fundamental  absorptions  in  the  fingerprint  region,  there  simply  are  
not very  many  candidate  materials  for  consideration  as  mid IR  fibers.   Chalcogenide  
glass  fibers  have  received  considerable  attention  of  late,  but  their  inherent  mid-IR  
absorptions  limit  their  use  to  very  specialized applications involving  distances  of  
one  or  two  meters  at  most  (13,  14).The materials that offer the greatest possibility of 
transmitting mid-IR radiation over a significant distance are the alkali halides. But these 
are soft, water soluble, and thermally unstable. Heo et al. have recently investigated the 
possibility of modifying chalcogenide glasses by the addition of alkali halides (15). Such 
“chalcohalide” glasses have properties intermediate between the chalcogenides and the 
alkali halides. These authors concluded that concentrations of halogen elements above 30 
at. % will lead to phase separations. This suggests that there is little hope of this approach 
producing glasses with sufficiently low absorptions to be useful for remote instrument 
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operation. The second obstacle to the use of fiber optics in the mid-IR results from the 
relative insensitivity of mid-IR detectors and the inherently low source emittance in this 
region. These factors necessitate the use of the highest possible throughput in the optical 
transmission system. To understand the significance of this, we will review the all 
important concept of throughput. 
Sampling technique: Transmission 

As mentioned earlier, the monitoring of rapidly moving webs with FTIR can be 
problematic due to the occurrence of sample variations on a time scale fast compared to 
the scanning time of the interferometer. One major  manufacturer  of  polymer  films  has  
opted  to  use  near IR  for  on-line  monitoring  along  with  an  at-line  FTIR system  to  
periodically  obtain  more  accurate  data  static samples (37). FTIR is also starting to be 
applied in moving web situations in which the motion is sufficiently slow or the 
uniformity of the film adequate so that the noise is generated by sample variations is 
minimal. 
Getting Started in Process FTIR 

Process FTIR is an exciting new field with potentially dramatic impact on a 
variety of industries in the form of more efficient material and energy resources 
utilization, reduction of waste, improvement of product quality, and reduction of 
environmental pollution. Nevertheless, it is a complex field with each new application 
introducing a new set of questions concerning such subjects as material compatibility, 
operating environment, sample access, appropriate spectral bands for analysis, and 
optimum quantification methods. The first step in determining whether process FTIR is 
right for your applications is to contact the various manufacturing companies active in 
this field so as to learn as much as possible from their experience with similar 
applications. The Appendix to this article includes a list of such companies with a general 
indication of their areas of activity. 

If these initial discussions indicate a reasonable chance of success, the next step is 
to involve as wide a range of individuals in your company as possible in analyzing the 
potential payoff and the internal level of support required for your process FTIR 
application. At this stage, it is especially important to involve the individuals who will 
have responsibility for operating and maintaining the equipment.   Experience has proven 
that including the maintenance and instrument engineering groups in the equipment 
selection process and applications development effort has led to a very high level of 
commitment as well as significant contribution to fostering the success of the project. In 
most cases, it will be necessary to prepare a set of samples for use in developing and 
testing the system calibration. A preliminary calibration can often be developed by the 
instrument or system vendor. However, it is often very desirable for the customer to have 
his own method development system for use both in developing the initial calibration and 
for ongoing system support.  This  becomes  especially  important  whenever  there  is  a 
change  in  the  manufacturing  process  that  may  require developing a new calibration. 
For some applications it will be possible to simply purchase a turnkey system to be 
delivered pre calibrated and ready for use by relatively unskilled personnel. However, in 
most cases the complexity of the applications as well as well as the power of the 
analytical methods will require a much higher level of involvement on the part of the 
customer. This is, in fact, one of the long range advantages of FTIR. The wealth of data 
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available and the extensive computational power of the FTIR system will make it 
possible to continuously fine tune your analysis to keep up with changes in your 
manufacturing process. Thus, process FTIR can be thought of as a whole new way of 
dealing with and controlling the manufacturing process - an instrumentation approach 
that can continuously evolve as your manufacturing capabilities expand. 
Appendix 

The following is a list of manufacturing companies and their phone numbers currently 
active in the market for process FTIR systems. 

Manufacturing of process FTIR spectrometers and systems 

• Bomem/Hartmann and Braun, Quebec, Que., Canada (418) 877-2944 

• KVB/Analect, Irvine, CA (714) 660-8801 

• Midac, Inc., Costa Mesa, CA (714) 645-4096 

• Nicolet Instruments, Inc. Madison WI, (608) 271-3333 AN-906 / Hellma Axiom, 
Inc.  22 System integrators 

• Automatic Machinery Corp. Charlotte, NC (704)523-7921  and  Automatic  
Apparate-Maschinenbau  GmbH,  Grossestheim, Germany 0 06 26-5030 (Polymer 
process control systems). 

• Infrared Analysis, Inc., Anaheim, CA (714) 535-7667 (Environmental gas analyzers). 

• MDA Scientific, Inc., Lincolnshire, IL (800) 433-6076 (Open path area monitoring 
systems). 

• Telos Labs, Inc., Freemont, CA (415) 490-2087 (Point source industrial hygiene 
monitors).     Manufacturers  of  process  FTIR  sample  interfacing  equipment. 
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