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Raman Spectroscopy: Bringing 
Inline Analysis to Production

Since its discovery in the 1920s, Raman 
spectroscopy has revolutionized pro-
cess analysis with its nondestructive 
nature and ability to measure sample 
composition. More recently, technologi-
cal improvements in lasers, optics, and 
detectors have made Raman faster and 
more accessible to both scientists and 
nonexperts for real-time process analy-
sis. As a result, Raman is now a powerful 
measurement solution for research and 
development, manufacturing, and quality 
control. When applied in manufacturing 
processes, Raman spectroscopy provides 
real-time results in seconds, transmitted 
to an advanced process control (APC) 
system to increase process understanding 
and efficiency, ensuring product quality 
and consistency. A process Raman sys-
tem has considerable operator health and 
safety benefits. For instance, using an im-
mersion Raman probe eliminates the need 
for toxic samples to be extracted from the 
process and analyzed in the laboratory, 
significantly reducing exposure. This ar-
ticle focuses on two examples of Raman’s 
safety and time benefits in process con-
trol. The first example is the manufacture 
of organometallic compounds, such as 
trialkyl aluminum compounds, that are 
pyrophoric and dangerous to sample. 
The second is the transformation of or-
ganic waste into alternative fuels, where 
monitoring the reaction offline at extreme 
temperatures and pressures is dangerous, 
time-consuming, and expensive.
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Raman spectroscopy is no  
longer reserved for just labo-
ratory use. New Raman spec-

troscopy applications are emerging in 
non-traditional fields because of advance-
ments in easy-to-use commercial Raman 
spectroscopy instrumentation (1). Outside 
the laboratory, Raman spectroscopy has 
found a home in manufacturing and qual-
ity analysis. Raman spectroscopy systems 
are the new analytical tools to control 
processes by measuring critical process 
parameters (CPPs). With improvements 
in lasers, optics, and detectors, Raman 
spectroscopy has developed into a pow-
erful measurement solution for research 
and development, manufacturing, and 
quality control.

Raman spectroscopy is an optical 
analysis technique that relies on the mea-
surement of the vibrational properties of 
molecules. It produces a unique spectral 
fingerprint that identifies the chemical 
composition and molecular structure 
of materials. Taking a Raman measure-
ment is as simple as shining a laser onto 
a sample. A spectrometer collects and 
measures the Raman scattered photons, 
creating a unique spectral fingerprint. A 
Raman measurement can be collected 
in seconds for most organic substances. 
Sample mixtures, even those containing 
water, can also be analyzed quickly and 
effectively. There is little to no sample 
preparation required when using Raman 
spectroscopy. The technique is non-

destructive and can measure samples in 
real-time, making it an effective process 
analysis tool. A Raman signal is straight-
forward to interpret: The distribution of 
the spectral peaks describes the mol-
ecule’s composition while the signal 
intensity correlates linearly with concen-
tration. The simplicity of this data-rich 
qualitative and quantitative information 
makes Raman spectroscopy an attractive 
process analytical technology (PAT) tool.

In addition, the evolution of Raman 
spectrometers and probes reveals that 
Raman equipment has long had a repu-
tation for being expensive, cumbersome, 
and difficult to use. Advancements in the 
stability and portability of certain Raman 
systems demonstrate that this technology 
can be moved out of the traditional labo-
ratory and installed at the point of need 
with little to no maintenance. These re-
cent developments have been valuable in 
reducing the need for sample extraction 
and handling, especially when hazardous 
materials are present.

These benefits and advancements have 
increased the adoption of Raman spec-
troscopy systems in various fields. Raman 
systems have proven valuable for analyzing 
and controlling product quality in indus-
tries such as pharmaceuticals, biopharma-
ceuticals, polymers, semiconductors, oil 
and gas, alternate fuels, and fine art. This 
list continues to grow as more industries 
learn about the value of process Raman 
spectroscopy. Companies are beginning 
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to realize that real-time Raman spectros-
copy compositional analysis allows them 
to engineer quality into their products, 
reduce the cost of manufacturability, and 
speed up the time to market (2).

Given the ease of use, simplicity of data 
analysis, first principles compositional in-
formation, and versatility, Raman spec-
troscopy is an excellent tool for industrial 
process analysis and control.

What is Process 
Raman Spectroscopy?
When used in an industrial setting, Raman 
spectroscopy can increase process effi-
ciency and understanding. Raman en-
sures product quality and consistency by 
transmitting real-time compositional data 
to advanced process control (APC) sys-
tems in seconds. This is known as “process  
Raman spectroscopy.”

Process Raman spectroscopy can ad-
dress manufacturing challenges in various 
industries: How does one obtain action-
able, real-time insights for production? 
How does one ensure consistent product 
quality? What is the optimal way to man-
age process variability? Process Raman 
spectroscopy is the answer to these 
questions because it offers a higher level 
of compositional information for process 
control. As a result, process Raman spec-
troscopy has become an established PAT 
tool. Raman can also be used as an on-
line–inline optical sensor, bringing analy-
sis right to the production line (for exam-
ple, a conveyor belt, tablet coater, or wet  
milling operation). 

Before taking Raman spectroscopy out 
of the laboratory, manufacturers looking 
to adopt process Raman spectroscopy 
technology in their production lines must 
consider several factors: Are their Raman 
spectroscopy systems easy to install and 
maintain? Are their instruments portable? 
The ability to install your Raman spectros-
copy system at the point of need is es-
sential in these applications. Reducing 
the cost of ownership is imperative when 
using Raman spectroscopy for continuous 
process analysis and control.

Furthermore, selecting the appropri-
ate equipment is of the utmost impor-
tance when taking Raman spectroscopy 

out of a laboratory setting. Technical re-
quirements to look for are a 785-nm laser 
wavelength for the right balance between 
signal strength and reduced fluorescence, 
open platform communications (OPC)–
compatibility, and the ability to interface 
with chemometrics process software, all 
of which are important considerations for 
process analysis. 

Once installed, process Raman 
spectroscopy has considerable opera-
tor health and safety benefits because 
samples are no longer required to be 
extracted from the manufacturing pro-
cess and transported to the laboratory 
for analysis.

Raman Spectroscopy as a  
Process Analytical Technology Tool
Raman spectroscopy is an established 
PAT tool. It can collect and preprocess 
molecular compositional data to build 
a chemometric model for CPPs (3,4). 
Raman spectroscopy can also help con-
trol and fine-tune processes based on 
fast, real-time feedback to improve critical  
quality attributes (5). 

This article reviews two industrial appli-
cations that have successfully used Raman 
spectroscopy as a PAT tool: The first in-
dustrial application is the manufacture 
and sampling of highly sensitive and re-
active trialkyl aluminum compounds. The 
second is the transformation of organic 
waste into alternate fuels.

By utilizing online Raman spectros-
copy, as opposed to traditional offline 
monitoring, manufacturers can signifi-
cantly reduce cost and risk while improv-

ing efficiency. Installation of a solid-state 
process Raman spectroscopy system is 
straightforward, and it does not require 
a sophisticated sampling system. The 
ongoing cost expressed as the total cost 
of ownership is negligible, given the sta-
bility and reliability of factory-calibrated 
process Raman systems.

Sampling Hazardous Compounds 
with Raman Spectroscopy 
Manufacturers handling hazardous ma-
terials in their production facilities face 
unique analytical challenges when it 
comes to the collection of samples for 
laboratory analysis. These substances 
do not travel well and could potentially 
be dangerous to the person sampling or 
handling them (6). An example is trimethyl 
aluminum (TMA), a highly sensitive and 
reactive chemical compound. TMA is 
known for its exceptional degree of pyro-
phoricity. Science Translational Medicine 
has called TMA reactions “the most noto-
rious fireball in all of chemistry” (7). 

Organometallic compounds like TMA 
constitute an extensive group of sub-
stances that have played a significant role 
in chemistry development. They are used 
as catalysts and as intermediates in both 
the laboratory and in the industry. 

Challenge
Organometallics are manufactured in 
large volumes with very high purity, which 
presents major analytical obstacles, be-
cause sample handling is hazardous (8). 
Raman spectroscopy has been demon-
strated to help manufacturers overcome 
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FIGURE 1: Raman spectra of organometallic products of differing purity.
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this challenge. One strategy is to use a 
sensitive, spectroscopic inline measure-
ment for process monitoring and control 
during the manufacturing process. 

As mentioned above, organometallic 
purity is of the utmost importance, so any 
spectroscopic method capable of mea-
suring purity must have excellent specific-
ity, sensitivity, stability, accuracy, and pre-

cision. Solid-state Raman spectroscopy 
has all of the above attributes and no re-
quirement for a sophisticated sampling 
system, making the installation of such a 
system relatively straightforward. 
 
Method
In this example, the measurement of or-
ganometallic purity was performed with 

process Raman spectroscopy. The man-
ufacturer coupled a MarqMetrix Raman 
spectrometer with a laser excitation of 785 
nm to 100 m of high-grade armored fiber-
optic cable. This cable was connected to a 
Hastelloy C-276 BallProbe, mounted into 
the process with flanges, and installed. A 
separate identical probe with a 3-m fiber-
optic cable was coupled to the spectrom-
eter for model development purposes. 

The standard procedure for method 
development is collecting inline Raman 
spectra at regular intervals with accurate 
time and date stamps. Process operators 
then extract samples at set times and 
send them to the laboratory for analysis. 
The laboratory analysis would be com-
pared to the Raman spectra, and a multi-
variate data analysis (MVDA) model would 
be developed. In this case, that traditional 
methodology is not possible because the 
sample has an extremely reactive nature. 

Because of the sample handling 
challenges, sample extraction from the 
process must be minimized as much as 
possible to ensure operator safety. An al-
ternative methodology is to extract one 
pure sample from the plant and “spike” it 
with known impurities to create a sample 
set, consisting of 18 samples specified by 
a design of experiments (DoE) approach. 
This combination ensures maximum 
sample variance with a minimum num-
ber of samples, and a purity range of 90 
to 99.9%. The DoE sample set used for 
calibration was stored in glass vials under 
nitrogen, and Raman spectra were col-
lected using a contact-free probe measur-
ing through the vial. Acquisition param-
eters set the integration time to 230 mS 
and the laser power to 450 mW. Figure 1 
shows the Raman spectra of the finished 
organometallic product with a 90% pure 
sample. There are clear differences in the 
spectra that correspond to the variation 
in sample purity. 

The MVDA algorithm used was par-
tial least squares (PLS). The spectral data 
were preprocessed using a first derivative 
and standard normal variate (SNV) treat-
ment to correct for additive and multipli-
cative baseline effects and to enhance 
resolution. A cross-validation technique 
was used to ensure realistic error statis-
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FIGURE 4: Schematic of a supercritical water gasification reactor, with posi-
tion of Raman optical sampling cell shown. (Courtesy of Igor V. Novosselov, 
University of Washington.)
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FIGURE 3: Typical real-time product purity vs. time plot for inline Raman  
spectroscopy analysis.
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tics were calculated. Figure 2 shows the statistical results for the 
cross-validation with both a regression line (Figure 2a) and target 
line alongside the plot of error versus the number of PLS factors 
(Figure 2b).

A three-factor PLS model was optimal as indicated by the root 
mean square deviation (RMSD) for the cross-validation data in-
creasing because of the overfitting of additional factors. The PLS 
model was subsequently implemented for inline analysis. There 
were minor changes to integration time because longer lengths 
of optical fiber were used, and the analysis was subsequently 
performed using third-party process control software (Camo 
Analytics Process Pulse II) for model execution, visualization, 
and transmission of results via fieldbus to the plant process con-
trol system. Results are updated once per minute, and process 
operators make key decisions that ensure product quality and 
consistency while reducing cycle times (Figure 3). 

Figure 3 shows the continuous Raman spectroscopy analysis 
of product purity versus time. Process operators set control lim-
its, alarms, and warnings on the process control system. Results 
were updated once per minute, enabling the operators to opti-
mize process settings to ensure all material produced is within 
specification resulting in increased product yield and reduced 
cycle times.

Analyzing the Transformation of Organic Waste 
into Alternate Fuels with Raman Spectroscopy
Hazardous compound sampling and the transformation of or-
ganic waste into alternate fuel technology share one common 
factor: Both are more efficient when continuously monitored 
with a Raman spectrometer. In the case of supercritical water 
gasification (SCWG) of organics, Raman spectroscopy is the only 
technology that can effectively measure the required CPPs (4).

SCWG is an emerging alternate fuel technology (9,10). It can 
transform organic waste, such as biomass, into hydrogen-rich 
syngas. Water becomes a unique fluid above its thermodynamic 
critical point (374 °C, 22.1 MPa), but there are very few tools that 
can study the decomposition of organic waste at these tempera-
tures and pressures. The use of an inline or online measurement 
tool is imperative to understand CPPs and study the effects of 
these parameters on the reaction kinetics

Challenge
Traditionally, gas chromatography is used for total organic car-
bon (TOC) analysis. This ex situ analytical method is time-con-
suming and expensive to operate because reactor conditions 
can only be changed from run-to-run, and the system requires 
carrier gas, column maintenance, and regular maintenance to 
maintain optimal performance. In situ process Raman spectros-
copy makes it possible to continuously monitor and identify gas-
ification products such as H2, CO2, and CO in real-time. Decisions 
to adjust operational parameters are made based using these 
well-timed insights. In this example, process Raman spectros-
copy was used in the analysis of the kinetics of decomposition 
of formic acid in sub- and supercritical water. CPPs for optimizing 

yields and the product composition are temperature, pressure, 
concentration, residence time, reactor concentration, reaction 
pathway, and catalysis (5). 

Method
In a study conducted by professor Igor V. Novosselov at the 
University of Washington, the decomposition of formic acid was 
monitored in a continuous sub- and supercritical water reactor at 
temperatures between 300 and 430 ºC, at a pressure of 25 MPa, 
with a residence time between 4–65 s, and a feedstock concen-
tration of 3.5 wt%. Raman instrumentation and a MarqMetrix 
immersion BallProbe were located immediately after the heat 
exchanger (optical cell in Figure 4) to allow for in situ monitoring 
of the product species in the quenched effluent stream.

The equipment used was a fiber-optic immersion probe with 
a 785-nm laser operating at the 300 mW power setting. The 
immersion probe’s sapphire ball lens focuses the laser into the 
sample flow. Five spectra, each with a total integration time of 20 
s, were collected and averaged for each operational condition—
signal averaging provided an acceptable signal-to-noise ratio 
for identifying minor constituents. A semi-manual fluorescent 
background subtraction method was used for consistent spec-
tral processing. The spectra were normalized to the sapphire 
peak (used as an internal standard), to negate sample to sample 
variance. The manufacturer used an average of all five spectra 
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to calculate product yield. The five indi-
vidual spectra were used to calculate the 
uncertainty of reported yields to a 95% 
confidence interval.

The Raman signal intensity for a given 
molecule is linearly dependent on the 
constituent molar concentration in the 
optical control volume. However, tem-
perature, pressure, reactions, and mo-
lecular interactions can cause non-linear 
spectral behavior. For the spectra col-
lected in this study, indirect hard mod-
eling (IHM) was used to extract species  
concentration data.

Calibration was accomplished by using 
the least-squares optimization of stoichio-
metric atom balances for the collected 
spectra. This action allows calibration 
without an extensive set of known mix-
ture spectra that are challenging to pro-
duce for a two-phase effluent stream of a  
reacting system.

The gasification of formic acid resulted 
in yields of H2, CO, and CO2. Figure 5 
shows a representative Raman spectrum 
of the decomposition products formed 
from gasifying formic acid. The corre-
sponding chemical identification of sig-
nificant peaks are noted in the plot.

The experimental conditions of the su-
percritical water reactor and the gasified 
formic acid were as follows: Continuous 
temperatures hovered between 300 and 
430 °C; a pressure of 25 MPa was main-
tained; residence times stayed between 

4 and 65 s; and a feedstock concentration 
was set at 3.6 wt%. Raman spectroscopy 
was used to accurately monitor the in 
situ liquid and gaseous products in the 
effluent stream. The use of Raman spec-
troscopy also allowed operators to col-
lect data during reactor operation, which 
quickly assessed the reaction products. A 
total of 10 experimental conditions were 
tested in a day, demonstrating potential 
for expediting future gasification studies 
with more complex model compounds.

In the end, CPPs such as temperature, 
pressure, residence time, and the con-
centrations of H2, CO2, CO, and residual 
formic acid were identified. In conclusion, 
at temperatures below 300 °C, formic acid 
did not show significantly fast decompo-
sition. At temperatures above 430 °C, 
formic acid decomposed too rapidly to 
quantify kinetic rates accurately.

Conclusion
In manufacturing, timing can impact 
everything, from development to the 
time it takes to get a product to market. 
Businesses desire production insights 
to facilitate real-time decisions that may 
ultimately give them an advantage over 
their competitors. Raman spectroscopy 
can help industries overcome difficult 
production hurdles and improve prod-
uct quality. As a measurement technol-
ogy, it is reliable, easy to interpret, and 
process-ready. However, these benefits 

are dependent on the type of equipment 
a business ultimately chooses to use. A 
solid-state Raman spectrometer will allow 
you to take Raman out of the laboratory 
and into production. 
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FIGURE 5: Raman spectrum of decomposition products of formic acid. Corre-
lated chemical species identify Raman peaks of relevant components. (Cour-
tesy of Igor V. Novosselov, University of Washington.)
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