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Analytical instruments were once
enshrined in laboratories with the
very best in climate control, vibra-

tion damping, and clean electrical power
supplies. They were off-limits to all but the
labcoated priests and acolytes who
mastered the rituals for calibrating, oper-
ating, and maintaining their costly
charges. What a different world it is out
in the production plant. Heavy machin-
ery shakes the floor, some of the equip-
ment is exposed to the weather, and
machinery is cleaned using high-pres-
sure hoses. Despite the rough-and-tumble
surroundings, the analytical standards
here can be every bit as high as those
in the lab. Accept a shipment of substan-
dard ingredients, turn out a few liters
of off-spec product, and the results show
up on the financial bottom line.

For some operations, it’s sufficient
for an operator to dip out a sample once
every shift and carry it over to the lab,
then wait an hour or two until the results
come back. Increasingly though, not discov-
ering a problem for several hours can spell
disaster. Today’s plant operations rely
increasingly on analytical probes that collect
data directly from the production stream,
relay the data to remote instruments, and
send back the results in near real time
(see box, “A Prepositional Sampler”).

Vibration Fundamentals 
Vibrational spectroscopy has been used
as an in-line or on-line monitoring device
in the food processing industry for more
than 30 years. More recently, the polymer
and pharmaceutical industries have adopt-
ed spectroscopic methods as robust, user-
friendly, real-time process control tools.
Here is some basic information on some
of these tools:

NIR. Near-infrared spectroscopy is the
best-established vibrational spectroscopy
technique for process analysis. NIR takes

advantage of the lower sample absorption
in the shorter-wavelength region of the IR
spectrum (10,000–4000 cm–1 or 1000–2500
nm). Vibrational bands in this region consist
of overtones and combinations, so the

bands are 1–2 orders of magnitude less
intense than the fundamental vibrations
in the mid-IR region. However, NIR bands
are not as easily absorbed by sapphire
and fused-silica windows of the type used
for in-line probes that must withstand harsh
conditions in the product stream. Also, the
lower absorption by the sample allows
the beam to penetrate deeper under the
surface, increasing the effective volume
sampled and reducing the need for sample
homogeneity. Fiber-optic cables can trans-
fer data to a spectrometer up to a kilo-
meter away. NIR requires no sample prepa-
ration, and it can be used to evaluate
analytes in a matrix. Results are obtained
in a few s (compared with 30–45 min for
chromatographic techniques), and the eval-
uation can be performed by plant person-
nel rather than by laboratory technicians.
Thus, it is ideal for in-line process moni-
toring, from evaluating as-received raw
materials, through all the intermediate

processing stages, all the way to monitor-
ing the quality, sterility, and moisture
content of packaging materials and the
finished product. The major drawback to
NIR is that it is a secondary analytical
method, and results must be calibrated
against a reference method.

MIR. Mid-infrared spectroscopy (4000–
400 cm–1 or 2500–25,000 nm) has only
recently seen wide usage as a process control
technique. Absorption bands in this region

obscure the characteristic absorbance
signatures for many types of analyte,
the optical materials used in MIR instru-
ments are sensitive to chemical attack,
and this region of the spectrum does
not lend itself to fiber-optic technolo-
gy. Probes with diamond ATR (attenu-
ated total reflectance) elements, devel-
oped in the late 1990s, have allowed
MIR to be used for short runs of complex,
high-value products.

Raman scattering. The newest of
the on-line and in-line processing tech-
niques, Raman scattering’s application
relies on recent advances in hardware
and instrument cost reduction. The
Raman technique is limited by the fluo-
rescence effect, which can obscure

the scattering maxima. This technique has
been used in application screening, method
development, and troubleshooting.

Building the Perfect Pizza
To illustrate some of the many uses of
this technique, let’s follow the ingredi-
ents for a pizza from “receiving” to “ship-
ping”. First, we start with the flour for
the crust. Different grades of flour are used
for pastries, breads, and pizza crust, with
a wide range of properties that depend
on particle size distributions and the levels
of moisture and various proteins. The gel
protein fraction of the flour influences
rheological properties such as the elastic
modulus, which in turn affects how the
dough will respond to kneading, rolling,
or extrusion. The relative concentrations
of glutenin and gliadin in wheat gluten
influence the strength and stickiness of
the dough. Using validation samples and
independent calibration methods such as
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size-exclusion HPLC, one NIR spectrum can
provide information on several parameters
such as glutenins, gliadins, and soluble
proteins (also insect proteins, a tip-off to
possible infestations). Whole-grain samples
can be characterized at various stages of
the growing season to assist in breeding
programs. Portable probes can produce NIR
reflectance spectra from anywhere in the
processing stream, a useful production spot-
checking feature, because spectra can be
obtained in as little as 0.1 s, compared
with 30–45 min for some HPLC applica-
tions. Several spectra can be averaged to
produce representative data for heteroge-
neous materials.

NIR is a relative newcomer to the
fresh produce industry, but the technique
earns its keep by analyzing tomatoes on
the conveyor belt and tomato sauce in-
line. Low-moisture food products have been
characterized using NIR since the 1970s;
but in the late 1980s, researchers began
to adapt the technique to whole fruits,
fruit juices, and purees. Taking spectra in
the 700–1100-nm region avoids the water
absorption bands that obscure the analyte
bands in the 1100–2500-nm region. The
shorter wavelengths provide greater sample
penetration, so the spectra are less domi-
nated by the surface composition. Greater
penetration also makes it possible to use
transmission-mode NIR, even on whole-
fruit samples. Because of the long path
lengths and high degree of scattering from
the samples, Beer’s Law isn’t much help
in figuring out concentrations. Quantita-
tive analysis relies on calibration sets
that closely resemble the fruit type and
variety, the geographical origin, and the
storage history. Preliminary research on
fruit sorting using NIR required manually
orienting the fruit on a single-lane convey-
or belt, but machine-vision techniques are
currently under development to make the
technique more amenable to factory-scale
applications (www.lgu.umd.edu/project/
outline.cfm?trackID=1154; see “Computing
and Chemistry”, Today’s Chemist at Work,
Feb 2003, p 21). Nonetheless, this is a prom-
ising technique for measuring firmness,
bruising and skin cracks, soluble solids,
and acidity in whole fruit; individual sugars
can be analyzed in juice products.

Now for the toppings. Diffuse reflectance
NIR has been used to measure sodium chlo-
ride content and adulterants such as wheat
or soybean flour in meat products.
Reflectance-mode NIR is especially useful
for fat content measurements, which take

as little as 2 min (compared with 2 days
for conventional analysis), and no sample
preparation and ether extraction reagents
are needed. The USDA is developing fat
measurement techniques for ground beef,
chicken, pork, and sausage. Current tech-
nology is capable of detecting fat contents
as low as 1%, well within FDA labeling
requirements, and saturated fats can be
distinguished from unsaturated fats
(www.ars.usda.gov/is/pr/1998/980311.htm).
As with other food products, NIR can mea-
sure water content and specific protein
signatures in meat. The strength of char-
acteristic absorbances from various myoglo-
bins provide evidence of the maximum
temperature attained during heat process-
ing, a critical parameter for assuring the
safety of meat products.

No pizza would be complete without
the cheese. Moisture, fat, and total solids
content are the critical parameters here.
Conventional tests such as atmospheric oven
tests for moisture content and Babcock tests
for fat content are both time-consuming and
destructive of the sample. NIR spectra and
a well-constructed set of calibration curves
can determine fat and moisture content to
within a few tenths of a percent, despite the
variability of the ingredients in the cheese.

From crust to toppings, NIR is right at
home in the factory, unobtrusively inspect-
ing raw materials, intermediates, and prod-

ucts. Off-spec ingredients are caught
early on, saving time and money. Here’s
one instrument that works equally well
with Jane Labcoat and Joe Lunchbox.
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A Prepositional Sampler

In-line? On-line? At-line? Here’s a road
map to the methods used to monitor
manufacturing processes.

Off-line sampling. An operator draws
a sample from the process stream and
carries it to a laboratory for analysis.

At-line sampling. An operator draws a
sample from the process stream and carries
it to a nearby instrument for analysis.

On-line (extractive) sampling. An auto-
mated system diverts samples from the
process stream through a bypass line
and into an automated analyzer. On-line
samples must often be preprocessed, or
conditioned, between the product stream
and the analyzing instrument to remove
particulates or bubbles and otherwise recti-
fy conditions that might interfere with
the analysis or damage the analyzer. In
processes that involve rapid changes or
rely heavily on reaction conditions, dupli-
cating conditions in the product stream

may be difficult or impossible.
In-line (in situ) sampling. A probe

(often fiber optic) sits in the product
stream itself and transmits data to an
automated analyzer. In-line detectors are
capable of providing rapid feedback on
process conditions that can include pres-
sure and temperature extremes, rapidly
fluctuating temperatures, and harsh
chemical conditions. In addition, probes
must be protected from damage caused
by weather, equipment cleaning using
high-pressure hoses, and human error.

Noncontact sampling. Used for many
years to monitor the quality of food prod-
ucts such as fresh produce and break-
fast cereals, this technique has been
adopted by other industry sectors and is
now used to monitor polymer pellets,
bulk chemicals, and pharmaceutical
powders. In the pharmaceutical industry,
noncontact sampling has proven useful
in monitoring samples contained in poly-
ethylene bags or glass vials.


