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EDITORIAL I

PAT: Something Completely Different

By Kim H. Esbensen (Editor)

DOI: 10.62178/sst.004.001

he scope for this issue is ‘Sampling for PAT'. For a

very large proportion of traditional samplers and a
great many readers of SST the term PAT is undoubt-
edly rather unknown. For this reason, SST has com-
missioned two educational lead-in feature articles 1)
“What is PAT?” and 2) “The inspiring role of TOS in
the PAT revolution in pharma”. These articles present
authoritative introductions and descriptions of applied
Process Analytical Technology (PAT) with scopes that
aim and prepare for generalisation: While having had
a tremendous impact in the pharmaceutical industrial
sector for three-four decades, PAT has simultaneous-
ly transgressed way outside its own borders. Perhaps
without having made a great splash in the world sam-
pling community, there actually have appeared several
recent forays making use of selected aspects of PAT
(WCSB10, 11), but these have lacked a structured theo-
retical underpinning. This is addressed heads on by the
third article, “The Fundamental Sampling Principle for
PAT".

For quite some years it has been a wish of the editor to
present to the sampling community a more diverse intro-
duction to PAT: scope, concept, design, implementation,
usages and application experiences, which was finally re-
alised with a broad solicitation. Six very experienced ex-
perts responded positively. Thus, in this issue some very
inspiring accounts of the current interface between TOS
and PAT can be found. All hail to HK, HM, DK, BS, RR
and GR. | hope you will enjoy reading this multi-faceted
collection of reflections and experiences from this dis-
tinguished line-up of practitioners, scientists and tech-
nology developers, academic and commercial both. It is
hoped the present compendium will create a platform and
will inspire to further PAT developments in the sampling
realm. There are undoubtedly great potential benefits to
be reaped as the possibilities for Process Analytical Tech-
nologies are put into practice — but it is also necessary
to express serious warnings. Successful PAT applications
are far from the all-too-simplistic idea of sticking a sen-
sor into the process stream. The sampling community can
learn a very great deal from this issue!
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Then there is the domain of analysis sensu stricto. For want
of space it has been decided not to go into this immense
domain in this issue (plenty of opportunity if/when need
be).

There is also a third domain on the other side of analysis,
the domain of spectral data analysis and modelling, which
must be viewed in its proper three-domain data quality
context: Sampling / Analysis / Data modelling:

Three domains along the lot-to-aliquot-to-data analysis pathway

Data analysis
Chemometrics

Sampling / sub-
sampling

Analysis
(chem/phys)

Data modeling

Sampling error(s) error(s)

Analytical error(s)

elling Error
E (TSE]
rror (TSE) Error (TAE) (TDME)

Three successive domains are involved to cover the full
‘lot-to-analysis-to-DSR’ pathway.

To at least try to create a picture within the borders of
the full canvas, this issue brings an article sketching
the critical data modelling needed in this domain: mul-
tivariate data analysis. Here the reader gets a compact
introduction to why and how chemometrics has played
an essential role for PAT's success in the last 3-4-5
decades.

Finally, as is by now a well-established tradition in SST,
this issue also contains an installment of Alan Rawle's
scholarly series “Giants in Sampling”, this time on Rob-
ert H. Richards. And any SST issue would not be com-
plete without an updated announcement on the status
of the next World Conference on Sampling and Blend-
ing, which is WCSB12 (2026): where?, when?, how?

Enjoy your reading.

Credit: KHE Consulting; used with permission.
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Introduction to ‘Process Analytical Technology’ (PAT)
for the Sampling Community

By Gary E. Richie’

DOI: 10.62178/sst.004.002

ABSTRACT

The evolution of Process Analytical Technology (PAT) from its roots in Process Analytical Chemistry (PAC) to its
current integration with the Theory of Sampling (TOS) marks a pivotal transformation in pharmaceutical manu-
facturing. This article traces the historical, technical, and regulatory milestones that have shaped PAT into a com-
prehensive framework for ensuring product quality through real-time process understanding and control. It is also
significant, and highly beneficial for society, that the modern PAT concept/framework has been found to be appli-
cable in many other industry sectors.

At the heart of this transformation lies the recognition that sampling is not merely a preparatory step but is in
fact a critical determinant of analytical reliability. The incorporation of TOS principles, particularly the concepts of
material heterogeneity, lot dimensionality, Total Sampling Error (TSE) and sampling process supremacy with regard
to representativity, has elevated the role of sampling from being viewed as a procedural necessity to a scientifically
governed critical discipline. The key to its adoption by regulators and industry is the implementation of control
strategies for materials, sampling equipment (hardware and software), methods, training, and lifecycle manage-
ment. When combined with chemometric modeling and multivariate calibration, TOS and PAT becomes powerful
enablers of Quality by Design (QbD), continuous manufacturing (CM), and lifecycle management.

Regulatory guidance from the Food and Drug Administration (FDA), International Council for Harmonisation (ICH),
and international standardization bodies now reflect this integrated perspective, emphasizing the need for repre-
sentative sampling, robust analytical procedures, and risk-based process validation. The convergence of PAC, PAT,
and TOS provides a unique, powerful unified strategy for minimizing uncertainty, maximizing process efficiency, and
ensuring regulatory compliance across the pharmaceutical product lifecycle.

As the involved industries move forward, the continued refinement of sampling strategies, sensor technologies, and
data analytics will continue to be essential. The future of PAT lies not only in further technological innovation but
in the disciplined application of scientific principles that bridge the gap between relevant, optimized measurement
(sampling-and-measurement) and meaning—between critical data and optimal decision-making. This article also
presents a first, hopefully inspiring, scope of potential further PAT impact(s) in industry sectors that already rely
on TOS.

1. Introduction

his article introduces the concept of Process Ana-

lytical Technology (PAT), with underpinnings from
analytical chemistry, signal processing, process en-
gineering, along with developments from computer
science, mathematical, statistical and multivariate
sciences, and considerations for necessary reference
samples needed for calibrations.

In 1989, Harald Martens and Tormod Naes published a

pioneering book Multivariate Calibration. Although the
book’s primary focus was on what we today refer to as
chemometric data analysis and modeling — aka “soft
modeling”, a subject that will be discussed briefly later
in article, the authors also comment on an aspect of
data modeling that is useful for here, with regard to
connecting and relating process characterization with
first principles of acquiring relevant calibration and
validation samples.

1 Equipment Validation Engineer, Actalent
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Credit: Gary Richie; used with permission.

ARTICLE I

Calibration and validation of process sensors by integrative approach using quality
by design and six-sigma (DMAIC Model)

Requirement

Able and reliable sensors and analyzers
are marked by a high degree of efficiency
and ability. An experiment, test, or
measuring procedure using them yields
the same results on repeated trials.

!

!

I. Identification and
measurement of critical
material and process
attributes relating to
product quality

-~

attributes

Il. Designing a process
measurement system to
allow real-time or near real-
time (e.g. on-, in-, or at-line)
monitoring of all critical

Ill. Designing process
controls that provide
adjustments to ensure
control of all critical
attributes

verification

IV. Validation and continuous lJ

Gary Ritchie, United States Pharmacopeia

Figure 1:

They emphasized that there are critical conditions nec-
essary for converting sensor data into reliable analytical
results leading to process knowledge. To quote Martens
and Naes (1989):

The same holds true for process sensors. It will be shown
that, through transduction and transmission of signal into
impulse, or through calculation into a determined value, the
flow of process data into process information, which then
may be transformed into process knowledge, can be turned
into useful process understanding only if:

a) the knowledge behind the sensor systems intended ap-
plication can be shown to be valid

b) the quality of the data is accurately and precisely verifi-
able when that information is needed

¢) is based on appropriate measuring reference systems

A further condition that is necessary is that the system must
be adjustable (preferably in real or near-real time).

The requirement that process sensors (Figure 1) must
be able and reliable, and give consistent and repeatable
results is a cornerstone of PAT that has evolved out
of an integrative approach from QbD, DoE, and quality
management system principles (Dziki et al., 2004).
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Integration of calibrations and validation, DoE and QbD considerations of process sensors.

Thirty-six years later, it is now obvious that another
important factor can also be shown to be critical for
the uncertainty of the analytical result obtained from
the raw data of a process, that being the process samp-
ling procedure itself (Esbensen, 2025). It is fair to say
that Martens, Naes and many others who pioneered the
use of process analysis focused mainly on what came
after the sampling step; trying to understand how the
raw data (spectral) properties impact modelling char-
acteristics (linear, non-linear) and prediction behav-
iors. However, with the realization that must now be
regarded as very firmly established, the following must
be considered with respect to sampling in process
analysis (DS-3077, 2024; Esbensen, 2000; Esbensen,
2025):

1. There are significant error effects (leading to un-
certainty contribution) originating from inade-
quate (non-representative) sampling of heteroge-
neous materials (the domain of TOS).

2. The objective is to achieve representative process
sampling (the domain of TOS).

3. Ensure valid analytical data quality assurance (the
domain of PAT).
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With the foundational concept of the Total Sampling
Error (TSE), analytical results can now be considered
complete with respect to uncertainty arising from both
what comes before analysis (Esbensen, 2020; Esbensen,
2025) and from what comes after sampling, the tradi-
tional Total Analytical Error (TAE).

Just as the practitioners of process analytics in phar-
maceutical manufacturing now have guidance from
TOS principles in evaluating analytical results obtained
from Process Analytical Technology (PAT) (Romanach,
2025), the analysts too could greatly benefit by invest-
ing an effort to understand that beside analytical un-
certainty, there are other error sources that contribute
to the overall uncertainty of an analytical result. Today,
these sources are well characterized and understood
throughout the history of the development of process
analysis and other disciplines.

Presented below is a condensed version of the histori-
cal developments of PAT. The rest of this article will
explore key highlights from process analysis’ early
beginnings, to the pivotal launch of Process Analyti-
cal Chemistry (PAC), initially funded by the National
Science Foundation (NSF) in the USA, later implemen-
tation in pharmaceutical manufacturing from the FDA
(Food and Drug Administration, 2004b), a core com-
ponent of their 21st century Current Good Manufactur-
ing Practice (CGMP) Initiative, and on through to the
current era of ICH guidance development and adoption
to the integration of TOS for Continuous Manufactur-
ing (CM).

2. Background

Process analysis has its beginnings from its develop-
ment in industrial engineering and analytical chem-
istry (Baugmann, 2005; Center for Process Analytical
Chemistry, 1984a, 1984b; Callis et al., 1987). Baugh-
man (2005) provides a historical perspective of PAC
(Process Analytical Chemistry) from its early introduc-
tion in oil (crude) processing and in petrochemical (re-
fined) manufacturing, to the development and applica-
tion of instrumentation for the near real and real-time
measurement and analysis of manufacturing processes.
Later works by Callis, lllman, and Kowalski, associated
with the establishment of the Center of Process Ana-
lytical Chemistry (CPAC) at the University of Washing-
ton, Seattle, and Layloff, Hussain, Afnan, and Watts, for
ushering in Process Analytical Technology (PAT) initia-
tive at the Food and Drug Administration (FDA), and
many others, provides a firm footing for future pro-
gress of process analytical chemistry and technologies.

For the purposes of this article, interest in Process An-
alytical Chemistry & Technology (PCA&T) is primarily
focused on the quality of the analytical result and on
the critical role of all three domains: TOS, analysis and
chemometrics (multivariate data analysis and — mod-
eling).

Traditionally, an analytical result has been thought of
consisting of two parts, a value (the determined con-
centration of the analyte) and an uncertainty compo-
nent arising from the measurement itself.

TRADITIONAL ANALYTICAL RESULT

ANAL)

Analytical Result = Value + Uncertainty (MU
T
MEASUREMENT UNCERTAINTY (MU, )

The measurement is typically a single end point meas-
urement, but in the case of process streams, could also
reflect a continuous measurement. The Measurement
Uncertainty (MUANAL) reflects an error to the meas-
ured value stemming exclusively from the analytical
method, the Total Analytical Error (TAE). The numeri-
cal value is the true, or accepted value of a quantity.

Following the comprehensive understanding presented
by the Theory of Sampling (TOS) (Danish Standards,
2024; Esbensen, 2020; Esbensen, 2025), it is neces-
sary to augment this understanding, by including the
Total Sampling Error (TSE). Thus, the total, effective
Measurement Uncertainty (MU, ., ) associated with a
process analytical result is today understood as com-
prised by two components, one originating with sam-
pling (TSE), the other associated with the analytical
method (TAE). These two errors manifest themselves
as additive MU components:

REVISED ANALYTICAL RESULT

+ MU

T

SAMP ANAL

Analytical Result = Value + MU
L

SAMPLING + MEASUREMENT

3. Process Analytical Chemistry (PAC)

PAC is described as originating from five alternative
analytical interactions with a process, which is often
envisaged as a material stream in a pipeline: Measure-
ment setups can be off-line, at-line, on-line, in-line, or
can be non-invasive analysis. These concepts stem from
having the focus on the way (mode) of a PAT probe
(sensor) is interacting with the process stream in order
to obtain a measurement.

ISSUE 4 - DECEMBER 2025+ SSi



Table 1:  Process Sampling Modes.

ARTICLE I

Analysis Mode Sampling Mode

Example

Off-Line Manual removal of the sample and transport to the measuring instrument. OFF-LINE SAMPLING
At-Line Manual removal of the sample and transport to the measuring instrument, AT-LINE SAMPLING
installed in close proximity to the process line.
On-Line An automated sampling system is used to extract the sample, condition it,
and present it to an analytical instrument for measurement.
In-Line Chemical analysis is done in situ, i.e. directly inside the process line, using a IN-LINE SAMPLING

probe that is chemically sensitive.

Non-invasive

Analysis based on a probe that does not physically interact with the sample.

Table 1 shows the PAC main applications described by
their principal sampling modes. See also Figure 2 on
page 72.

It is important to realize that during the timeframe
in which these developments in PAC were happening
(1980s), Pierre Gy's 1998 book Sampling for Analyti-
cal Purposes had not yet been published. By then, TOS
had gained recognition and use by many industry sec-
tors in which understanding and managing sampling
uncertainty resulted in huge financial savings (e.g., in
mining, minerals processing, cement, pharmaceutical
industry sectors).

Key to the success of TOS at any scale, especially in
the analytical laboratory, and subsequently at manu-
facturing scales, was a comprehensive understanding
of how sampling variation arising from both the com-
positional property of materials, the unit sampled (the
sample mass), and the spatial distributional material
heterogeneity, determines the quality of the analyti-
cal result. Gy revolutionized both theory and practice
in realizing that the correct understanding of sampling
variability needs to take into account all heterogene-
ity manifestations as well as the appropriate sampling
procedure, a scope emphasized in DS-3077 (2024) and
by Esbensen (2020, 2025).

2 Contrary to many current understandings, it is not possible to ascertain the representativity status of an individual extracted ‘sample’
by any characterization of the sample itself. With TOS, a representative sample is defined as the result of a representative sampling
process. It is the sampling process only that can be designed, implemented and verified as representative; this is a key tenet of TOS

(Danish Standards, 2024; Esbensen 2020; Esbensen 2025).

SST - ISSUE 4 - DECEMBER 2025
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An important factor determining the possibility of se-
curing a representative sample is also related to the lot
geometry and size. Accordingly focus must also be on
lot dimensionality. TOS classifies lots into four geometri-
cal categories, i.e., lot dimensionalities: zero (0)-D, one
(1)-D, two (2)-D and three (3)-D lots. This provides
the basis for considering the geometry and the scale
of material lots to be sampled, which also determines
the scale of the sampling process (the sampling tools).
(Danish Standards, 2024; Esbensen, 2020; Esbensen
2025; Romanach, 2015) describes the framework of
the theory of Sampling (TOS) in more detail and gives
many foundational references for the interested reader.

Applying TOS principles to analytical chemistry and
later, process analytical chemistry, is one of the core
focus areas for the International Pierre Gy Sampling
Association (IPGSA): https://www.intsamp.org/

Having forged its beginning from very practical objec-
tives (major industrial and trading sectors, (Esbensen
et al., 2019; Esbensen, 2020; Esbensen 2025), but also
from a fundamental need to scientifically define sam-
ple (vs. specimen), analytical aliquot, measurement,
and analytical result, TOS fundamentally changed how
sampling is viewed in key analytical domains (e.g., in
vibrational spectroscopy, visible, NIR, RAMAN) because
of the introduction of the critical concepts of sampling
representativity?, material heterogeneity, and lot di-
mensionality. Considered together, PAC and TOS pro-
vide a complete theoretical basis for controlling the ef-
fective total analytical result uncertainty by carefully
considering and controlling the sampling process as
responsible for delivering a defensible representative
analytical aliquot to the domain of analysis. It is fair
to say today that TOS is the agent responsible for a
renewed focus on the fact that the aliquot is the only
miniscule portion of the original lot that is actually an-
alyzed. Since aliquots typically only make up from 1:103
to 1:109 of the original lot volume/mass, the role of a
representative sampling process spanning six orders of
magnitude cannot be undervalued!

The generously available TOS literature since 2000,
concluding with the iconic compendium “Economic
Arguments for Representative Sampling” (Esbensen,
2021) explored the many ways leading to a sampling
bias and the resulting uncertainty that will arise in
practice, mainly as related to PAT.

4. Process Analytical Technology (PAT)

Process sampling is differentiated from static sam-
pling by virtue of the sample, or the sampler, is mov-
ing; one has to sample a dynamic material system (a
heterogeneous material system at that). TOS states:
“The movement involved is relative: either the matter
streams, or flows, past the sampler/sampling equip-
ment, or the sampler “walks up and down” along the
extended dimension of the lot” (the latter obviously
dependent upon competent involvement of appropri-
ate engineering). From the point of view of TOS, both
modes are considered equal in contributing to the TSE.
Most importantly though: from a PAC or PAT perspec-
tive, the goal of sampling has not changed from static
to dynamic sampling - minimization the of TSE before
TAE.

PAT, one leg of the FDA’s monumental ‘21st century
initiative for pharmaceutical quality’ (see Fact box and
USDA, 2004), was started in response to the FDAs con-
cerns over low efficiency and poor quality in pharma-
ceutical manufacturing. The FDA devised and imple-
mented a framework approach to encourage innovation
and continuous improvement. Key achievements in-
clude new guidance documents, a quality system ap-
proach to inspections, and a shift towards process un-
derstanding and control.

The FDA stated (2004): “The goal of PAT is to enhance
understanding and control the manufacturing process,
which is consistent with our current FDAs drug quality sys-
tem: quality cannot be tested into products; it should be
built-in or should be by design.” This is in agreement with
PAC’s focus on the control of the quality of the ana-
lytical result and with the TOS control of the TSE. TOS
helps achieve control over process sampling by design-
ing valid (correct, unbiased, representative) sampling
procedures (very often automated), that are qualified
and continuously verified, to yield representative sen-
sor measurement results. Figure 1 shows an archetype
implementation of a PAT sensor (probe) with which to
interact with a moving material stream. PAT sensors/
probes are very nearly always multi-spectral (vibra-
tional spectroscopy), demanding powerful chemometric
multivariate calibration and validation (Martens & Naes,
1989; Esbensen, 2020; Esbensen, 2025). Note how all
PAT sensor/probe installments must comply with TOS’
demand to cover a complete slice of the moving mate-
rial stream.

The field-of-view (FOV) of PAT sensors/probes (blue
circles in Fig. 2) obviously do not cover a complete slice
of the contemporary stream. This is unfortunately a
massively neglected obligation in very many current
‘PAT solutions’, as documented in (Esbensen, 2025).

ISSUE 4 - DECEMBER 2025+ SSi
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FACTBOX - 21st Century Initiative for Pharmaceutical Quality

The FDA’s initiative began in 2002 in an attempt to modernize pharmaceutical manu-
facturing regulation by integrating a science-based, risk-based, and quality systems
approach across the product lifecycle. FDA developed a wide Quality Systems Frame-
work and issued draft guidance for industry.

+ Piloted inspection site prioritization model. Integrated risk into CMC review
Issued PAT guidance. Promoted continuous improvement and innovation
Collaborated with ICH, (VICH), Pharmaceutical Inspection Co-operation Scheme (PIC/S)
Supported Q8, Q9, Q10 initiatives
Updated compliance policy guide. Planned revision of 1987 guideline
Launched pilot program. Drafted formal guidance

- Issued final guidance. Initiated rulemaking process
Created Pharmaceutical Inspectorate. Enhanced training and

certification TTT V) ) o

- Draft guidance issued. Enabled post-approval changes without

prior FDA review
Formed cross-functional team. Supported ASTM E55 stand- ) o
ards —
— P|O
(CMC) - Chemistry Manufacturing and Control

(VICH) - International Cooperation on Harmonization of Technical
Requirements for Registration of Veterinary Medicinal Products
(PIC/S) - Pharmaceutical Inspection Co-operation Scheme

PAT sensor
sampling interface
(NIR, RAMAN, XRF)

Conveyor belt
sampling

interface
PAT sensor FoV volumes (blue)

are non-representative, under-
volumed stream increments!
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Figure 2: Principally identical PAT sampling demands to samples extracted from conveyor belts or pipeline moving material
streams.
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5. PAT — Historical Development

Table 2 shows a timeline of the history of development
of the FDA PAT initiative. Since its inception, PAT has
seen a slow but steady growth and has had a significant
impact also in many other industry sectors than phar-
maceutical manufacturing. Several pivotal moments
from the development of PAT have resulted in some
of its successes today in 2025, as we are now entering
a continuous manufacturing (CM) phase of PAT (more
of which below). PAT (incorporating TOS) serves as a
crucial enabler for the successful implementation and
improvements in CM.

The next successful step for the development of PAT
for pharmaceutical manufacturing was introducing the
concept of Quality by Design (QbD).

6. Quality by Design (QbD)

Developed from the ICH, the guidance provides current
thinking by the FDA on Quality by Design (QbD) as a
systematic approach to pharmaceutical development.
QbD emphasizes building quality into a product from
the start by focusing on product and process under-
standing, risk management, and continuous improve-
ment throughout the product lifecycle. This approach
helps ensure product quality, enhance manufacturabil-
ity, and potentially leads to greater regulatory flexibil-
ity (FDA 2009a, 2012a, 2023b). Figure 3 shows a mind
map of PAT elements needed for understanding and
managing process risk through designing, validating,
and monitoring process variation.

Table 2:  PAT Development Timeline.
1993 Early concepts of Process Analytical Technology (PAT) introduced by Tom Layoff et al. at AOAC conference.
2000 Initial proposal for PAT initiative met with limited support within FDA.
2001 July: Introduction of PAT topic to FDA Advisory Committee for Pharmaceutical Science.
November 16: Key presentations at FDA Science Board set the stage for initiative:
GK Raju analyzes low efficiency in pharmaceutical manufacturing.
Doug Dean and Francis Britain highlight “don’t use and don't tell” culture at Pfizer.
Ray Scherzer emphasizes cultural and historical barriers to quality by design.
2002 January: Establishment of PAT subcommittee with industry and academia representation.
June: PAT initiative formally launched.
Goals: improve manufacturing efficiency, reduce costs, address FDA resource challenges.
2003 September 11th and rising drug affordability concerns add urgency to initiative.
Shift towards CGMPs initiative addressing broader quality systems.
2004 July: Finalization of PAT Guidance for Innovative Manufacturing and Product Development Quality Assurance.

September: Major announcement with over 18 guidance documents issued (including PAT Guidance, Aseptic
Manufacturing Guidance, Quality System Approach to CGMP Inspections).

Start of paradigm shift within FDA:
+ Reduced turf issues between CMC review and CGMP inspection.
Scientific assessment prioritized over procedural compliance.
Process validation redefined with focus on understanding and control.
International collaboration through (ICH) Q8 (Risk Assessment & Risk Management), Q9 (Quality), and
potential Q10 (Continuous Improvement & Change Control).

Ongoing & Future

Five major pharma companies led the way in adopting PAT principles and submitting innovative proposals.
Continuous improvement in efficiency and reduced regulatory burden expected for compliant companies.
Principles of systems approach and quality by design applied to other initiatives like Critical Path.
International collaboration and harmonization efforts continue.

The timeline focuses on early key milestones and highlights. Further details and specific dates for indi-
vidual actions can be found in official FDA records and publications. The initiative is ongoing and continues
to evolve into CM.
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Credit: R.S. Chisholm; used with permission.
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Figure 3: PAT Mind Map.

7. Process Validation

Two key practices that must be integrated with QbD Process validation is the first necessary step for the ad-
elements from product development practices are risk vancement of PAT in drug and product manufacturing.
management and an appropriate quality management Process validation (Adelberg, 2024) is defined as the
system: collection and evaluation of data, from the process de-
sign stage through commercial production, which es-

1. There must be a QbD-aligned sampling plan detail- tablishes scientific evidence that a process is capable of

ing the method, procedure, quantity, frequency, consistently delivering quality product. Process valida-

and location of sampling at various stages of the tions occur in three stages:

process, including raw material, in-process, and

finished product analysis, according to data integ- Stage 1 — Process Design: The commercial manufac-

rity and good documentation practices (FDA 2018). turing process is defined during this stage based on

TOS is a critical success factor in this endeavor. knowledge gained through R&D, pilot studies and scale-
2. Special attention needs to be paid when sam- up activities.

pling heterogeneous materials, where variations

in composition or properties necessitate well-de- Stage 2 — Process Qualification: During this stage, the

signed, flexible sampling strategies to always en- process design is evaluated to determine if the process

sure representativeness. The statistical discipline is capable of reproducible commercial manufacturing.

Design of Experiment (DOE) helps understand the

relationship between input variables (e.g., process Stage 3 — Continued Process Verification: Ongoing as-

settings) and output parameters (e.g., product surance (QC/QA/QM) is to be gained during routine pro-

quality). DoE is an important component of QbD. duction that the process remains in a state of control.

It provides meaningful data with which to validate
that a process consistently produces a product
meeting its specifications e.g., via Critical Qual-
ity Attribute (CQA) monitoring, which is crucial for
FDA compliance (Adelberg, 2024).
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Incorporating process sampling methods and technolo-
gies into drug and product remanufacturing processes,
according to the TOS, will ensure that the variability of
the sampling method, and the representativity of the
resulting samples are controlled, qualified, and con-
tinuously verified.

ICH is an organization involving regulators and the
pharmaceutical industry worldwide. Its purpose is to
improve efficiency of new drug development and reg-
istration processes, promote public health, prevent du-
plication of clinical trials in humans and minimize the
use of animal testing without compromising safety and
effectiveness (Adelberg, 2024). The following topics
introduce the ICH guidelines for drug substance manu-
facturing, drug product lifecycle, Continuous Manu-
facturing of Drug Substances and Drug Products, and
analytical method development.

8. Development and Manufacture of Drug
Substances

The primary sampling principles of the TOS are found-
ed on the concept of heterogeneity, a.o., defined by the
concept of lot dimensionality. This approach can be
shown to be related to the core principles discussed in
the development and manufacture of drug substances
(FDA, 2012b), these being risk management, qual-
ity assurance and process control. Several properties
of pharmaceutical starting materials may be desirable
and considered in order to provide strict control over
the Critical Quality Attributes (CQA) of the final drug
substance - especially impurities, but also moisture,
particle size, residual solvents and heavy metals for
instance. However, it is indeed remarkable how much
evidence can be found today in peer-reviewed publica-
tions in which TOS postulates that only one criterion is
necessary to ensure that the starting materials are cor-
rectly selected and justified based on the requirements
for representative sampling (Table 3).

Table 3:

Trying to Ensure Representativity Through Bias Testing.

Sampling representativity is the general criterion to be
considered for materials’ characterization (e.g., physi-
cal, chemical, biological, and microbiological proper-
ties) and subsequent processing (sub-sampling) must
also be carried out by TOS-complying Sample Unit Op-
erations (SUO) (Esbensen and Wagner, 2015).

Recall that sampling of materials involved in manu-
facturing of drug substances are typically performed
by one of five PAC sampling modes (Table 1). Meas-
urement characteristics for each mode may vary and
depend on whether or not samples are taken directly
from a process (and are thus ‘consumed’) or material
properties are measured indirectly (non-invasively and
non-destructively). Because of these demands proper
selection and justification of drug manufacturing start-
ing materials can be considered by design (i.e., critical
process parameters (CPPs) and critical quality attrib-
utes (CQAs). This means that risk management, quality
assurance and process control strategy can be prop-
erly addressed based on a sampling lifecycle strategy
framework ‘from starting materials to final drug sub-
stance'.

9. Bias testing — brief interlude

Within pharma there has been a longstanding focus
on bias testing, as an integral part of Quality Control
and Quality Assurance (QC/QA). However, in the last
5-10 years it has gradually become clear that this is a
severely limited approach as concerns representativity.
Bias testing does not guarantee representativity across
time, material batches, or process changes. And any-
way, bias testing is a post hoc approach that positively
invites many batch rejections (unwanted). Much bet-
ter to adopt TOS' approach of designing, implement-
ing and verifying unbiased sampling processes (Dan-
ish Standards, 2024; Esbensen, 2020; Esbensen, 2025;
Romanach, 2025).

Purpose of Bias Testing

Validate that a sampling system yields representative samples compared to a reference method.

Reference Methods

Commonly used: Stopped Belt Sampling, Manual Grab Sampling, or Composite Reference Sampling.

Limitations

Bias tests reflect only the conditions during testing. They do not guarantee representativity across time,
material batches, or process changes.

Correct Sampling First

Eliminate Incorrect Sampling Errors (ISE) before optimizing for precision, i.e., minimizing Correct Samp-

ling Errors (CSE), e.g., increasing the operative number of increments.

Regulatory Implication

A fully TOS-compliant sampling plus analysis system will be able to reduce or eliminate the need for

repeated bias testing, supporting long-term compliance and audit readiness.

10
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Credit: Gary Richie; used with permission.

10. Technical and Regulatory Considera-
tions for Pharmaceutical Product Lifecycle
Management Guidance for Industry
Following a sampling management lifecycle strategy
designed to control the variability of analytical re-
sults by counteracting the adverse effects from mate-
rial composition and spatial distribution heterogeneity
throughout a manufacturing process (i.e., drug product
and substance development, registration, and launch),
this guidance addresses the commercial phase of the
product lifecycle, particularly post approval changes
through specially developed tools for managing and
communicating control and control of changes over the
process (FDA, 2021). More importantly, this strategy is
one that links and harmonizes manufacturing process
control regulations across three global regions: Europe-
an Union (EU), United States (FDA), and Japan (MHLW/
PMDA). This provides a way for the set of requirements
for procedures and documentation elaborated on in the
TOS standard (Danish Standards, 2024), to be easily
and readily applied seamlessly to the drug substance
and product manufacturing domain. For instance, sam-
pling and measurement error management can be used
for supporting the qualification of sampling hardware
and software. Validation can be performed on process
and sampling/measurement methods (modes). This
data provides the desired knowledge to understand the
CPP necessary to manage process variability resulting
from sampling uncertainty.

QbD
PRINCIPLES

| DRUG SUBSTANCE

ARTICLE

This tool provides meaningful diagnosis as to root
causes, and can be used to scientifically communicate,
implement and assess changes so that the final qual-
ity of analytical results from pharmaceutical product
lifecycle framework, risk management, and manufac-
turing processes remain in a state of control. Figure 4
shows how QbD principles guide process understanding
and design space, how risk management identifies and
mitigates critical quality risks, and how variographic
analysis (the most recent innovation in pharma from
the sampling domain (TOS), see a parallel article in this
issue of SST) monitors spatial and temporal variability
in drug substance and product manufacturing. Each el-
ement flows into the next, supporting a robust control
strategy.

11. Continuous Manufacturing of Drug
Substances and Drug Products Guidance
for Industry

Movilla-Meza et al. (2025) reviewed several CM stud-
ies where QbD principles, PAT tools, and variographic
analysis were assessed for improving PAT develop-
ment, implementation, and quality control. They con-
cluded and showed that it is possible to differentiate
process variability from sampling and analytical errors.

VARIOGRAPHIC

N ANALYSIS

PROCESS CONTROL
DRUG PRODUCT

VARIOGRAPHIC

RISK MANAGEMENT

Figure 4:

| QUALITY CONTROL

ANALYSIS

Sampling / Measurement Lifecycle: TOS Integrated with PAC/T Principles:

A. QbD Principles B. Risk Management C. Variographic Analysis.
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This becomes the central thesis and justification for
designing a sampling strategy in the widest scope
possible (sampling plan, validation plan, quality plan,
lifecycle management, and a communication plan)
for filing for approval and post approval changes to a
pharmaceutical process and design space (FDA, 2023a).
This guidance can use and rely on the TOS framework
for adhering to a scientific, risk-based approach for
addressing the sampling mode, placement, heteroge-
neity, dimensionality, and frequency. Movilla-Meza, et
al. (2025) conclude:

TOS has guided the sampling of CM processes. The repeat-
ability study and variographic analysis have provided a
greater understanding of the sources of error in PAT meth-
ods used in CM. Future studies are needed to better under-
stand the cyclical behavior that is observed in variograms.
PAT has progressed over the last 20 years and found a role
in maintaining the state of control in CM processes.

12. Analytical Procedure Development

In the first ever published book on chemometrics by
Sharif et al. (1986), the authors introduce the reader to
sampling in the first chapter. A review of this chapter
and its references show that the state of the art at the
time this was written was rooted exclusively in classical
statistical theory. While ample consideration is given to
representativity of sampling from a traditional statis-
tical population, it does not address how ill-reflected
sampling for material composition will cause signifi-
cant bias and other sampling error variability.

Y ior frX=1

Data used for Training
(e, y1) (20 ¥2)s o0 (s YN)

F: X

Unknown Function/s Representing Reality

Statistics

Fitting Data to Pre-determined Equations

Figure 5: Statistics versus Al and Machine Learning.
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versus

versus

This difference between varying analytical results (sta-
tistical difference) is due to physical properties differ-
ences in the heterogeneity of materials. The physi-
cal and mathematical nature of analytical results is
now superseded by Artificial Intelligence and Machine
Learning, and surpassing both the statistical and physi-
cal nature of reality, by instead defining the rules lead-
ing to steps for finding a solution of a sampling reality
for any given material produced by any given process
(Figure 5).

From the Journal of Petroleum Technology, November 10,
2019, Gy's perspective is simple. A sample’s heteroge-
nous nature necessitates counteraction in the sampling
process; this is the only way to obtain representativity.
This solution is rooted in a thorough understanding of
material composition and spatial heterogeneity - not
in probability (Pierre Gy is credited with this famous
statement: “Sampling—should not be gambling!”. Gy
powerfully showed that the practice of grab sampling
is a very poor practice due to its guaranteed lack of
representativeness, violating TOS’ first governing prin-
ciple (GP-1), the Fundamental Sampling Principle. This
observation goes to the heart of sampling understand-
ing at the time and illustrates the gap that existed
in 1986 for sampling as a source of uncertainty also
for analytical results. Gy's understanding puts to bed
the false notion that sampling error originates purely
from statistical properties rather than from inadequate
sampling of heterogeneous materials. It would not be

Final Hypothesis
h=f

Final Representative Model

[ ew=~rp

RNING

Machine Learning

Discovering Complex Patterns in Data

Credit: Mohaghegh, 2019; used with permission.
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until twelve years later that Gy publishes his seminal
Sampling for Analytical Purposes (1998), explaining how
sampling theory and practice must be considered - not
as a statistical matter - but from the basis of prop-
er understanding of material properties based on the
principles of physics and empirical evidence, substanti-
ated by physical experimentation.

In today’s the guidance for analytical procedure devel-

opment manual (FDA, 2024), sampling is considered

from the following points:

1. The measurement point(s) should be chosen so
always to allow representative process sampling,

ARTICLE

Both these conditions are now aligned with TOS’ con-
trol strategy for reducing TSE.

The Danish Standard (2024), Representative Sampling
— Horizontal standard and ICH Q14 (adopted by FDA)
answer different but complementary questions: TOS en-
sures that samples are demonstrably representative of
the material batch, lot or process, while Q14 ensures
the analytical procedure turns samples into reliable
measurements across the full product lifecycle. Used
together, these guiding documents close the “sam-
pling-to-measurement” loop. These approaches are
listed and compared with each other in Table 4.

and

2. The sampling interface must remain consistent
over the duration of manufacturing and must be
robust with regard to the expected processing and
environmental variations.

Table 4:  Comparison of the international ‘DS 3077:2024’ sampling standard with FDA’s ‘Guidance for Analytical Procedure
Development’ (Danish Standards, 2024; FDA, 2024)
Dimension TOS Danish Standard (DS 3077) ICH Q14 Analytical Procedure Development (FDA-
adopted)
Scope Representative sampling across materials, matrices, Development, justification, and lifecycle management

and processes

of analytical procedures

Primary objective

Eliminate sampling bias and control sampling + sub-
sampling + preparation errors to achieve representa-
tiveness

Define, justify, and control the method so results are fit
for intended use via minimal or enhanced approaches

Core concept

Total Sampling Error taxonomy (correctness vs pre-
cision), heterogeneity scales, correct sampling/lot
delineation, increment design, composite/pulverization,
variography

Analytical Target Profile (ATP); science- and risk-based
development; robustness studies; control strategy;
Established Conditions (ECs); lifecycle/post-approval
change pathways

Risk management

Systematic identification and removal/mitigation of
sampling bias sources; design-based error control

Quality risk management per ICH Q9; knowledge- and
risk-based identification of critical method parameters
and ranges; enhanced approach modeling

Validation link

Focus on sampling correctness and precision; valida-
tion pertains to sampling performance and variance
components

Paired with ICH Q2(R2) for validation of analytical pro-
cedures (accuracy, precision, specificity, etc.)

Deliverables

Sampling plan and SOPs; designed sampling tools and
increment protocols; mixing/compositing instructions;
documentation of heterogeneity and error control

ATP; development summary (minimal or enhanced);
robustness and parameter ranges; method control stra-
tegy; ECs; lifecycle and change management dossier

Multivariate/advan-
ced use

Variography, heterogeneity modeling, spatial/temporal
sampling designs

Guidance includes multivariate analytical procedures
and Real-Time Release Testing considerations

Regulatory status

Horizontal standard widely referenced in industries; not
a drug-specific regulatory guideline

International guideline finalized Nov 1, 2023; adopted
by FDA Mar 2024; complements ICH Q2(R2)
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13. Summary

This chapter traced the historical, technical, and regu-
latory milestones that shaped PAT into a comprehen-
sive framework for ensuring pharmaceutical product
quality through real-time process understanding and
control. It was shown how it is highly beneficial for
society, that the modern PAT concept/framework has
also been found to be applicable in many other industry
sectors.

At the heart of this transformation is the recognition
that sampling is not merely a preparatory step but is
in fact a critical determinant of analytical reliability.
The incorporation of TOS principles, particularly the
concepts of material heterogeneity, lot dimensional-
ity, Total Sampling Error (TSE) and sampling process
supremacy with regard to representativity - has ele-
vated the role of sampling from being viewed as but a
procedural necessity to a scientifically governed critical
discipline.
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Review: “Process Analytical Technology -
Spectroscopic Tools and Implementation Strategies
for the Chemical and Pharmaceutical Industries”

By Kim H. Esbensen’

DOI: 10.62178/sst.004.003

1. A worthy companion

his 2010 Wiley textbook (2nd ed.)

is rightly called “The PAT Bible”
across many scientific disciplines and
applied technology industry sectors,
e.g., analysis, vibrational spectrosco-
py, NIR, RAMAN, chemometrics, pro-
cess engineering, and sampling. A

THE BOOK

:[_-!a.‘rf:-‘l_... 45
Process Analytical
Technology s

Process Analytical Technology: Spectroscopic tools
and implementation strategies for the chemical and
pharmaceutical industries.

Editor, Katherine A. Bakeev. Wiley Publishing. ! ‘
ISBN 978-0-470-72207-7

review of the first edition (launched
in 2005) stated: “This book provides
an excellent first port of call for any-
one seeking material and discussions
to understand the area better. It de-
serves to be found in every library
that serves those who are active in the field of Process
Analytical Technology” (Current Engineering Practice).

As the editor of SST, | recommend this book enthu-
siastically, with no reservations what-so-ever! If you
are reading (in) this issue of SST, it is probably because
its focus on PAT is of significant interest to you. As
soon as you have finished reading the articles curated
here, it is time to go on the internet to order this book!
Why? Answering this question is the world’s easiest job,
as the blurb(s) for ‘the PAT Bible’' are extensive, very
informative and scientifically impeccable - see below.

But first, allow one anecdote. Fifteen minutes after the
publication of the first (2005) edition, Editor Bakeev
received a very stern phone call from an irate younger
version of the present SST editor: “Congratulations on
a major achievement — but you have omitted the most
fundamental critical success factor for PAT to be sci-
entifically successful: representative sampling of the
process segment to be analysed by one of the many,
impeccably described analytical modalities in this won-
derful compendium!” [I have toned down considerably
this rendition of my then remarks for the sake of po-
liteness].

e

oA

Edite .
Katherine A. Bakeev

All hail and praise to Ms. Bakeev, who readily agreed,
with no equivocation or excuse! So, it was decided |
should write up a chapter on the missing topic: Hey
Presto! This is why one finds a new chapter 3 in the
2nd ed. entitled: “Process Sampling: Theory of Sam-
pling (TOS) — the missing link in Process Analytical
Technologies (PAT)".

2. Reviews of the book (both editions):

1st Edition: The use of real or near real time meas-
urement of chemical production process parameters
as the basis for achieving control or optimisation of
a manufacturing process has wide application in the
petrochemical, food and chemical industries. Process
analytical chemistry (PAC), or process analytical tech-
nology (PAT) as it has recently been called, is now be-
ing deployed in the pharmaceutical industry, where it
is seen as a technology that can help companies to im-
prove their conformity with manufacturing compliance
regulations. The objective of this book is to provide
a starting point for implementing process analytical
chemistry tools in process monitoring applications or
as part of a total quality management system.

1 KHE Consulting, Copenhagen, Denmark
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Written from the perspective of the spectroscopist re-
quired to implant PAT tools in a process environment,
attention is focused on measurements that are made in
process at-line or off-line, providing data on product
during manufacture.

2nd Edition: Process Analytical Technology explores
the concepts of PAT and its application in the chemi-
cal and pharmaceutical industry from the point of view
of the analytical chemist. In this 2nd ed edition all of
the original chapters have been updated and revised,
and new chapters covering the important topics of
sampling, NMR, fluorescence, and acoustic chemomet-
rics have been added. Coverage includes: Implemen-
tation of Process Analytical Technologies UV-Visible
Spectroscopy for On-line Analysis Infrared Spectros-
copy for Process Analytical Applications Process Raman
Spectroscopy Process NMR Spectrscopy: Technology
and On-line Applications Fluorescent Sensing and Pro-
cess Analytical Applications Chemometrics in Process
Analytical Technology (PAT) On-Line PAT Applications
of Spectroscopy in the Pharmaceutical Industry Future
Trends for PAT for Increased Process Understanding
and Growing Applications in Biomanufacturing NIR
Chemical Imaging.

LIST-OF-CHAPTERS (2ND EDITION):

1. Overview of Process Analysis and PAT

2. Implementation of Process Analytical Technologies
3. Process Sampling: Theory of Sampling (TOS) — the missing link

in Process Analytical Technologies
4. UV-visible Spectroscopy for On-Line Analysis

5. Near-infrared Spectroscopy for process Analytical Technology:

Theory, Technology and Implementation

6. Infrared Spectroscopy for Process Analytical Applications

7. Raman Spectroscopy

8. Near-infrared Chemical Imaging for Product and Process Un-

derstanding

This volume is an important starting point for anyone
wanting to implement PAT and is intended not only to
assist a newcomer to the field but also to provide up-
to-date information for those who practice process an-
alytical chemistry and PAT. It is relevant for chemists,
chemical and process engineers, and analytical chem-
ists working on process development, scale-up and
production in the pharmaceutical, fine and specialty
chemicals industries, as well as for academic chemistry,
chemical engineering, chemometrics and pharmaceuti-
cal science research groups focusing on PAT.

As professor, | have used ‘the blue book’ as curricu-
lum for master level chemical — and process engineer-
ing students for two decades. It covers practically all
aspects to consider when — or rather before — con-
sidering starting up an industrial PAT project (chaps.
2,15,16). The 2nd edition (aka ‘the blue book’) and the
present SST issue are complementary in many ways:
While the blue book carries two comprehensive text-
book chapters, one on sampling (chap. 3) and one on
chemometrics (chap.12), its dominating value lies in
presenting essentially all principal analytical modalities
that can be used for PAT purposes (chaps. 4-11), with
a clear focus on two industry sectors, pharma (chaps.
13,14) and chemistry (chap.15). This is
of immense usefulness for everybody
getting started with PAT.

The present SST issue has been ‘com-
posed’ so as to complement ‘the blue
book’ to the fullest degree possible with
a curated survey of further develop-
ments since 2010, with highlights of
newer meta-theoretical and practical
issues, ushering in a fresh 2025 under-
standing of PAT. It turns out that the
concept of the process sampling in-
terface shows up as a new, key success
factor of reckoning.

9. Acoustic Chemometric Monitoring of Industrial Production Pro-

cesses

Be all this as it may: Get hold of ‘the

10.

11.
12.

112}

14.

15.

16.

18

Process NMR Spectroscopy: Technology and On-line Applica-
tions

Fluorescent Sensing and Process Analytical Applications
Chemometrics in Process Analytical Technologies (PAT)
On-line PAT Applications of Spectroscopy in the Pharmaceutical
Industry

NIR Spectroscopy in Pharmaceutical Analysis: Off-line and At-
line PAT Applications

Near-infrared Spectroscopy (NIR) as a PAT tool in the Chemical
Industry: Added Value and implementation Challenges

Future Trends for PAT for Increased Process Understanding and
Growing Applications In Biomanufacturing

blue book’, ‘the PAT Bible'!
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Innovation - From Mining to Pharmaceutical
Manufacturing - The Inspiring Role of the
Theory of Sampling (TOS)

By Rodolfo Romanach®

DOI: 10.62178/sst.004.004

ABSTRACT

TOS has guided the author in addressing multiple challenges in the sampling and analysis of the powder blends that
are compressed into the tablets that many patients ingest.

Real time measurements of pharmaceutical manufacturing processes are possible through near infrared and Raman
spectroscopy. These real-time measurements form part of a systematic effort called Process Analytical Technology
(PAT) designed to guarantee the quality of pharmaceutical products. In PAT sampling is performed through spec-
troscopic methods. Sampling errors have been identified in real time PAT measurements. This report also presents a
two-fold composite sampling approach developed to improve the accuracy of the real-time spectroscopic methods.
Pharmaceutical processes include 1-D lot transformations just like processes in mining and other industries. Vari-
ograms can be used to evaluate the sources of sampling and analytical errors in near infrared and Raman spectro-
scopic methods, even though the true mass of the sample analyzed is not known. Variographic analysis is practically
custom made for continuous manufacturing of pharmaceutical formulations, providing valuable information.

As part of innovation initiatives, the author has been involved in intensive customer discovery efforts for the de-
velopment of new sampling technology. The Stream Sampler Kit, inspired by the Theory of Sampling, is now com-

mercially available for pharmaceutical processes.

1. Introduction — Sampling Always
Present (overt, covert)

he author thanks the Editor for the kind invitation

to share with the sampling community the story
of how the Theory of Sampling (TOS) has inspired re-
search at the University of Puerto Rico — Mayagiiez
campus. Research at academic institutions constantly
requires writing proposals and competing for funds
through calls ‘Request for Proposals’. In the United
States, these competitions are organized by organiza-
tions such as the National Science Foundation (NSF).
TOS has become a competitive advantage in these calls
for proposals.

TOS has made it possible to gain a greater understand-
ing of how heterogeneity affects the results obtained
in many PAT approaches in pharmaceutical manufac-
turing. The author has always studied the random and
systematic errors associated with analytical methods.

TOS has made it possible to obtain a greater command
of the sampling errors influencing analytical results
(Romanach et al., 2021).

Analytical chemists seek to extract information from
data produced by a specific analytical instrument or
method, to optimize current methods and to design
and construct more powerful instrumentation (Booksh
& Kowalski, 1994). However, most importantly, this in-
formation is critically dependent on how samples and
aliquots are obtained; sampling to the fore!

The Theory of Sampling (TOS) originated in the min-
ing industry (1950-1975) and is today progressing into
many other industries (Esbensen, 2016, 2018, 2020).
The present author has been asked at several World
Conferences on Sampling and Blending: “What mining
company do you work for?” or told: “I did not know
about mining in Puerto Rico”.

1 Analytical and Pharmaceutical Group, University of Puerto Rico — Mayagiiez Campus, Puerto Rico.

SSt - ISSUE 4 - DECEMBER 2025

19



BN ARTICLE

I have then explained that | have never been in a mine
(Romanach & Mendez, 2019), but that | am chemistry
professor focused on improving pharmaceutical manu-
facturing processes! Puerto Rico is only 156 km long
by 55 wide but has exports exceeding $20 billion in
pharmaceutical products on a yearly basis (U.S. Bureau
of Labor Statistics, 2025) to over 130 countries (Invest
Puerto Rico, 2019). The attendees at world sampling
conferences are always pleasantly surprised to learn
that my reason for participation was to learn about the
Theory of Sampling (TOS), specifically for application
in pharmaceutical manufacturing.

TOS has been a great inspiration for the R&D activ-
ity in our research group at the University of Puerto
Rico-Mayagiiez campus. The first interaction with TOS
was through Pierre Gy's book ‘Sampling for Analytical
Purposes’ (Gy, 1998). Since then, a lot of progress has
been made, recently culminating in the development of
a new Stream Sampler Kit designed to sample and ana-
lyze powder blends (Romanach & Mendez, 2019). This
achievement has been a significant challenge, but with
very rewarding results. The Stream Sampler Kit is now
commercially available, and it has also served to train
graduate students who contributed to its development
(Nasrala-Alvarez et al., 2025) and application for new
pharmaceutical products (Alvarado-Hernandez et al.,
2020; Rangel-Gil et al., 2023; Sierra-Vega, Martinez-
Cartagena, et al., 2020; Sierra-Vega, Romanach, et al.,
2020). The Stream Sampler projects have contributed
to training four Ph.D. students, two M.S. in Chemical
Eng., one M.S. in Chemistry, and one M.S. in Industrial
Engineering student.

2. Sampling — a personal journey

Sampling has always been a part of the author’s career.
The author’s first job involved obtaining water samples
from a lake close to an oil rig in South Louisiana. The
objective was to determine whether soil from the lake
was moving towards an area rich in oysters. Another
project with the same independent testing laboratory
was to sample frozen meat imported into the United
States. This job required working in very cold freezers,
opening heavy boxes of meat and using a drill to obtain
an entire tubular crosscut of the slab of meat. The meat
removed by the drill was then analyzed for fat and pro-
tein. At that time, | wondered why someone would pay
us to damage all that meat. | later learned that if our
results showed that the meat had higher fat, the im-
porter received a discount. If the results showed higher
protein; thus, less fat, the meat could then be sold at a
higher price (backed by the certificate of analysis from
the testing laboratory).

20

Regardless of the results, the meat importer always
made more money with the results obtained from the
independent testing lab. This was my first meeting
with the economic conditions surrounding and some-
times guiding analysis.

In the author’s first job in pharmaceutical manufactur-
ing, a Quality Control laboratory supervisor complained
about the high volume of solvent needed for analysis
of pharmaceutical powder mixtures(Romanach, 2015).
These excessive solvent volumes forced the quality
control laboratory to exceed the year's budget for sol-
vents. Each sample required about 500 mL of solvent
for analysis of what was the weight of 10-20 dose units.
At some point, | realized that a sample preparation er-
ror could occur when a sampling thief (spear) was used
to bring the powder into a small 20 ml bottle, where
some of the powder could easily be lost during mate-
rial transfer. The method was ‘improved’ with larger
wide mouth bottles which facilitated the transfer of the
powder mixture from the thief, and by increasing the
percentage of water in the sample preparation steps.
The QC laboratory budget was also favored when a le-
gal decision required that the same size of analytical
blends be reduced to the mass of 1 — 3 the dose units
(Berman, 2001). However, reduction of the analyti-
cal mass resulted in many other problems associated
with the use of sample thieves (Muzzio et al., 1997), a
theme that has been front and central for many activi-
ties developing since.

In 1999 the present author moved from Puerto Rico's
pharmaceutical manufacturing industry to Mayagiiez
Campus of the University of Puerto Rico. The Uni-
versity has a total of 11 campuses, with Mayagiiez
being the campus dedicated to agriculture and engi-
neering. Mayagiiez is a land grant institution that in-
cludes farms as well the actual main campus. It was
founded in 1911 and now has about 11,000 students.
The Department of Chemistry recently celebrated its
75th anniversary, started its MS in Chemistry program
in 1959 and its Ph.D. in Applied Chemistry in 2004.
The present author came to Department with the idea
of using near infrared spectroscopy for the analysis of
drug content in tablets. He did not know that some
of the first papers on near infrared spectroscopy were
published by Professor Owen H. Wheeler at this same
Chemistry Department (Wheeler, 1959, 1960) before
he moved to projects on natural products, organic, and
nuclear chemistry. The author worked with Wheeler in
the pharmaceutical industry for several years before his
retirement. He was a true gentleman and scientist who
knew about many different topics.
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Wheeler called near infrared spectroscopy: a neglected
field study, due to lack of analytical instruments suit-
able for observing this spectral region. Luckily in 1999,
a good near infrared spectrometer was available for the
author to start his research project in the analysis of
tablets (Ramirez et al., 2001). However, a pivot towards
the sampling and analysis of pharmaceutical powder
mixtures was required to continue the progress of the
research efforts.

The multiple problems related to sampling of powder
mixtures in the pharmaceutical industry coincided with
the author’s decision to start an academic career at the
University of Puerto Rico Mayagiiez campus in 1999
(Berman, 2001; Boehm et al., 2003; Romanach, 2015).
Experience with many sampling issues lead to a call for
proposals from Puerto Rico’s INDUNIV (Industry Uni-
versity and Research Consortium) for novel approaches
to the sampling of pharmaceutical powder mixtures.
The response to this call became the author’s first re-
search grant, and the research group’s first publication
on the sampling and analysis of pharmaceutical powder
blends (Popo et al., 2002). This paper indicated that
“Stream sampling takes advantage of a process that
has to occur, as tablet compression requires the flow of
the blend from a hopper or bin located over the com-
pressing machine”. Stream sampling was presented as
an alternative to insertion of a spear or sample thief
into preselected locations of the traditional pharma-
ceutical blender. The group’s research continued to
progress and in 2019 an automated stream sampling
approach was patented (Romanach & Mendez, 2019).
In 2020 the first research papers with the sampler were
published (Alvarado-Hernandez et al., 2020; Sierra-
Vega, Martinez-Cartagena, et al., 2020; Sierra- Vega,
Romafach, et al., 2020). In 2024, the stream sampler
was licensed by the University of Puerto Rico, and since
then we call it the Stream Sampling Kit (SSK). This ar-
ticle presents the story of the progress made by bring-
ing TOS into pharmaceutical manufacturing.

3. Innovation — the key focus

Innovation is encouraged by funding agencies, univer-
sities, and governments. Funding agencies guide and
encourage research in academia through various calls
for proposals. The National Science Foundation has a
Small Business Innovation Research (SBIR) program for
“supporting startups and small businesses to trans-
form scientific discovery into products and services
with commercial and societal impact” (National Sci-
ence Foundation, 2025a). The SBIR program provides
funds for the research that startups need to develop
the intellectual property required for success. Similar
programs are available in other agencies of the United
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States government. The many current efforts to en-
courage innovation have contributed greatly to focus-
ing on the development of our group’s research pro-
jects.

Proposals to the SBIR programs are strengthened if the
applying researchers have performed customer discov-
ery through the U.S. National Science Foundation In-
novation Corps (I-Corps™). This immersive, intensive
customer discovery program facilitates the transfor-
mation of invention to impact (National Science Foun-
dation, 2025b). The I-Corps program seeks to help dis-
coverers and researchers transform knowledge from the
laboratory into a commercial product. The achievement
of this objective requires conversations with over 100
potential customers (Constable, 2014). The interviews
require that researchers face unwelcome realities. The
acceptance and implementation of a good idea or prod-
uct is often a slow and painful process. Many companies
and people are simply used to living with a problem and
have no desire to overcome it. Three |-Corps™ train-
ings helped our group in discussing the idea of an au-
tomated stream sampler/analyzer for flowing powder
blends — focused on facilitating PAT applications. In
2017, we presented a summary the experiences of the
[-Corps™ program to the sampling community at the
WCSB9 in Perth (Pinzon de la Rosa et al., 2017). This
presentation emphasized the importance of bringing
TOS to the commercial sector, an idea that was later
emphasized through a wide-spanning special issue of
Spectroscopy Europe in 2021 “Economic Arguments for
Representative Sampling” (Esbensen (ed), 2021) with
no less than 27 key academic, technology and indus-
try leaders contributing a massive assemblage of dif-
ferent scopes, objectives, hard-core results, economic
and societal achievements — all because of involve-
ment of TOS. Our group chose to focus on “Sampling in
Pharmaceutical Manufacturing a Critical Business Case
Element”(Romafiach, 2021).

With multiple calls for innovation, it is difficult for a
researcher who is confident of leading an “innovative”
research program to capture what is meant by innova-
tion. A popular book on ‘Design Thinking' states that
innovation requires inspiration and an open mind to
new ways of thinking and moving beyond current es-
tablished practices (Brown, 2009). IDEO, a highly rec-
ognized global design and innovation company, sees
innovation as the effort to design something better
and “Build products, services, & experiences that break
through” (IDEO, 2025). The Penn Center for Innova-
tion (The University of Pennsylvania) indicates that it
“helps to translate discoveries and ideas created into
new products and businesses for societal benefit”(Penn
Center for Innovation, 2025).
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At the University of Puerto Rico — Mayagiiez Campus,
innovation is developed through courses that bring to-
gether engineering students from a Design Thinking
course with marketing students enrolled in a Consumer
Behavior course, to develop technology-based prod-
ucts that address current problems faced by society
(Lugo et al., 2016). Therefore, innovation is not just a
new idea or research project, it requires the entire path
from invention to the commercial world where it must
be accepted and implemented.

4. Innovation in practice — the NIR
spectroscopy example

The development and advancement of near infrared
spectroscopy (NIR) could be considered an example
of innovation. Chemists weigh and dissolve materi-
als to determine their chemical composition. However,
manufacturing processes are often dominated by the
physical properties of materials. When a sample is dis-
solved, valuable information on the physical properties
of samples is thrown away. Near infrared spectrosco-
py has emerged as a powerful technique for obtain-
ing information on the physical properties of materials
as well as their chemical composition (Ciurczak et al.,
2021). Many types and brands of NIR spectrometers are
now commercially available from multiple vendors. The
United States Pharmacopeia (USP) which sets rigorous
science and the public quality standards has a general
chapter on near infrared spectroscopy (United States
Pharmacopeia, 2020).

Figure 1:

There are now guidance documents on how to sub-
mit documents involving near infrared spectroscopy to
regulatory agencies (European Medicines Agency, 2014;
Food and Drug Administration, 2021). Near infrared
spectroscopy is clearly an example of innovation that
has progressed from an idea to the commercial world
where it is now used in multiple industries.

Figure 1 shows a photograph of a rock brought to our
lab by a local Geology professor a few years ago. This
rock was part of a beloved collection that started when
the geologist was four years old. It took a few min-
utes to convince the professor that near infrared spec-
troscopy was non-destructive and would not affect the
rock. As we started obtaining NIR spectra, the profes-
sor mentioned that the white area in the rock was talc.
The fiber optic probe of the NIR spectrometer was fo-
cused on the white area as shown in the figure. Talc has
a very distinctive O-H first overtone band in its near
infrared spectrum. NIR bands are usually broad, while
talc provides a sharp O-H band. The right side of figure
shows the spectrum of the white area from the rock
and a spectrum of a commercial talc sample purchased
at a local drug store. The difference between the two is
likely due to the heterogeneity of the materials. How-
ever, the most important message from this figure is
that the intact rock was returned to the happy profes-
sor. Most analytical chemistry methods would require
removal of the white area of the rock and dissolving it
for analysis.

Talc in rock form

e

Commercial talc

——\“*
T T y T T T T
12000 10000 8000 6000 4000

Log (1/R)
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Left: Spectroscopic sampling of a rock from a geologist’s collection through the fiber optic probe of a near

infrared spectrometer. Right: spectrum of the rock (top); spectrum of a commercial talc sample (bottom).
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Figure 2: A NIR lactose spectrum with broad, overlapping bands.

Chemists usually wait in a laboratory and expect to re-
ceive samples when a manufacturing process is com-
pleted. However, chemists could also work with instru-
ments installed at the manufacturing site and monitor
the process as it occurs (real time). This concept was
originally called Process Analytical Chemistry (Callis et
al., 1987).

New ideas require time for acceptance. It was not until
2004 that Process Analytical Chemistry was adopted
as a Process Analytical Technology (PAT) approach in
the pharmaceutical industry (FDA, 2004). Many phar-
maceutical processes involving PAT have since been
approved by regulatory agencies (Vargas et al., 2018).
There are now analytical instruments designed to work
at/within manufacturing sites, even though in most
manufacturing processes, samples are brought to the
chemist who waits at the (hopefully nearby) Quality
Control laboratory. Today there are many commercially
available systems working with the signals from NIR
PAT sensors to monitor and control pharmaceutical
processes (Celikovic et al., 2025; Singh et al., 2014).
The United States Pharmacopeia has recently published
a general chapter on PAT for public comments to es-
tablish a comprehensive guide in alignment with sci-
entific and regulatory standards and guidance for the
implementation of PAT within pharmaceutical compa-
nies (United States Pharmacopeia, 2025). This chapter
is additional evidence that PAT has walked the full path
from its beginnings in the early 1980s as process ana-
Iytical chemistry to its commercial adoption in phar-
maceutical manufacturing.
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5. Process Analytical Technologies (PAT)
— the pharmaceutical case

PAT could also be considered a Human Resources ini-
tiative. Scientists have been trained to work with data
and turn it into useful information. However, most
pharmaceutical processes do not have information
showing how the materials are transformed during the
manufacturing process. A scientist may be asked to
help improve the process, but most of the time the only
information that is available is from when the pro-
cess started, e.g., the weights of materials used, who
weighed them, and when the process was completed.
Because of this lack of relevant process information,
it is impossible to know how the manufacturing pro-
cess evolved. Scientists may provide multiple possible
mechanisms for process evolution, but objective data
is needed. The productivity of scientists would be in-
creased through PAT methods which track the progress
of a process.

NIR spectroscopy is now one of the most used ana-
lytical methods in PAT systems, for example offering
the potential process information present in NIR spec-
tra, which can be obtained continuously every 1 — 5
seconds without dissolving any sample material. This
advantage has facilitated NIR PAT sensors to be im-
plemented in very many pharmaceutical processes (see
other contributions in this issue).

However, this same advantage also brings forth chal-
lenges. NIR spectroscopy may penetrate only up to 5
mm into the materials that are being analyzed (lyer et
al., 2002; Ortega-Zuiiiga et al., 2017).
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When a NIR spectrum is obtained through diffuse re-
flection, the radiation that returns to the detector, is
only from the top 3 mm of a sensor’s field-of-view
(FOV) under ideal conditions (Ortega-Zufiiga et al.,
2017). The radiation penetrating below 3 mm is trans-
mitted or absorbed by the material and never returns
to the detector. The depth of penetration of near in-
frared radiation also varies according to the properties
of the material and to the frequency of the radiation.
Figure 2 shows the spectrum of lactose, one of the
most used excipients in pharmaceutical tablets. Lactose
shows a weak broad absorbance band near 8000 cm-1.
The depth of penetration of the NIR radiation is much
greater at 8000 cm-1, than at the strong absorbance
band around 4752 cm-1. At 4752 cm-1 the radiation
is strongly absorbed by the top layers of the lactose
particles. The depth of penetration is much smaller in
spectral regions where the material strongly absorbs
the radiation. N.B. The mass of the sample that is in-
teracting with the NIR radiation can be estimated but
is not known! NIR spectroscopists have famously been
accused of being the only analysts that do not know the
precise volume/mass for which an analytical result is
reported(Esbensen et al., 2018; Esbensen & Romariach,
2021)! Furthermore, the material that resides closer to
the surface receives more radiation than the material
below (Dahm et al., 2000). Thus, NIR radiation could
be interacting with only the top 1 — 2 mm of a 100 mm
thick flowing blend (Romafach, 2017). In this case at
least 98 mm of the flowing blend would not be sam-
pled for analysis. In the TOS parlance, this is clearly a
gross increment delimitation error (IDE), highlighting
the need to improve spectral sampling for NIR meth-
ods. Clearly the geometric aspect of the process sam-
pling interface plays a crucial role here; see another
contribution to this SST issue.

Therefore, sampling is an essential element of PAT
(probe sampling), even though a sample does not
physically need to be removed from the process stream
(Esbensen & Paasch-Mortensen, 2010). The Funda-
mental Sampling Principle (FSP) applies to sampling of
dynamic, moving lots (process sampling) just as much
as to stationary lots: all parts of the lot (or of a seg-
ment of the streaming lot) must have the same oppor-
tunity of being selected as a sample. Once this sample
interacts with the analytical instrument, a spectrum or
signal can often be acquired within seconds. This past
year, the US Pharmacopeia published a stimuli article
on ‘TOS within PAT’ (Romafiach, 2025). The goal of
stimuli articles is to seek input from the scientific com-
munity that could be used to develop future chapters in
the Pharmacopeia.
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6. When TOS is not the guiding principle

There is unfortunately a widespread mindset that views
grab sampling as a convenient approach to quickly ob-
tain a ‘sample’ and then move to what is of much more
immediate interest: analysis. The challenge is to over-
come this type of thinking and convince all players and
stakeholders that sampling should rather always be a
multi-stage sampling/sub-sampling process (Danish
Standard 3077, 2024; Esbensen, 2025). Sampling is
not easy and true representative sampling is challeng-
ing (Paoletti et al., 2006; Tittlemier et al., 2024), but
there is no other way.

7. Continuous manufacturing

The development of continuous manufacturing pro-
cesses for the manufacture of tablets is another exam-
ple of innovation. Most pharmaceutical manufacturing
is traditionally taking place through batch processes,
where the entire batch is processed in isolated units. The
materials from one unit are then moved to subsequent
unit operations. In 2006, the National Science Foun-
dation approved a proposal from Rutgers University,
in partnership with Purdue University, the New Jersey
Institute of Technology, and the University of Puerto
Rico — Mayagiiez campus to establish an Engineering
Research Center on Structured Organic Particulate Sys-
tems (C-SOPS) focused on the systematic application
of engineering methods to design continuous processes
(Oka & Muzzio, 2022). There are now companies that
provide equipment for continuous manufacturing pro-
cesses and software for modeling those processes. In
summary, an entire set of service providers is available
for the support of continuous manufacturing. Continu-
ous direct tablet compression has progressed from idea
to the commercial world. In October 2021, continu-
ous direct compression became the first technology to
graduate from the FDA Emerging Technology program
(FDA, 2025). Graduation means that submissions with
continuous direct compression can be handled through
the established quality assessment programs at FDA,
because the reviewers now understand the technol-
ogy and have the required expertise and procedures to
evaluate it. Therefore, continuous manufacturing has
already walked the entire path from idea to the com-
mercial world.

Figure 3 shows the continuous manufacturing rig at
the Analytical & Pharmaceutical Lab at UPR-Mayagiiez
where students from chemistry and chemical engineer-
ing are introduced to R&D in pharmaceutical manufac-
turing.
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Figure 3:
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Experimental and pilot scale continuous manufacturing system at the University of Puerto Rico — Mayagliez

dedicated to training of students and local industrial workforce. Compare this to traditional pharmaceutical

manufacturing plants

The figure shows one of the advantages of continuous
manufacturing - the very significant reduction in the
size of the manufacturing space required. The main-
tenance and operation of pharmaceutical manufactur-
ing operations is expensive so such reduction potential
is highly beneficial. The design of these systems also
makes it possible to use the same equipment both in
research and manufacturing. In research work, the sys-
tem could be run to manufacture tablets for 5 — 10
minutes (Rangel-Gil et al., 2024), while in manufac-
turing it could be run for 120 hours, or more, to manu-
facture millions of tablets (Holman et al., 2021).
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With such a setup, tablets can now be made within
minutes of starting an integrated continuous manu-
facturing system. Novel design of continuous processes
is now possible through a thorough understanding of
the physical properties of active pharmaceutical ingre-
dients and excipients (Razavi et al., 2022). Therefore,
transfer of continuous processes from research and
development to manufacturing is now facilitated and
effectuated with extreme ease. Continuous processes
can be used to respond to drug shortages and make
needed products easily available to patients worldwide
(Lee et al., 2015; Romanach et al., 2023). Continuous
manufacturing is a valuable asset to address future
pandemics.
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8. PAT opens up new vistas through in-
teraction with TOS

It should be obvious why PAT is nowadays often used
to monitor and control such continuous processes. Var-
iographic analysis, as will be described below, provides
valuable information of continuous processes. The po-
tential benefit from the marriage PAT-TOS is almost
unlimited.

9. Encountering TOS

The author’s first encounters with TOS occurred in 2010
thanks to an invitation to write a chapter on sampling
and validation of powder blends (Cullen et al., 2015).
The invitation was for writing about “the general sam-
pling approaches, sampling probes, errors and indeed
sampling with NIR". The initiating literature search
for this chapter revealed that many published papers
and book chapters on sampling were mostly repetitive
and without a progressive outlook — indeed discussing
spoon sampling, coning-and-quartering and several
other methods that were not practical in an industrial
setting. There had to be a better approach!

The literature search revealed an application of TOS by
Merck scientists (Green et al., 2005) to understand the
sampling errors observed during fluid bed drying. This
study was the first to introduce the concept of sam-
pling errors to pharmaceutical applications and stated
that “even the most “homogeneous”, well-controlled
processes are prone to sampling errors”. The study
included a first order approximation of sampling er-
rors for a 300-L scale fluid bed dryer, indicating that
the effect of sampling errors were reduced as moisture
content became more uniform when the final moisture
level was approached. The study also described efforts
to reduce the sample mismatch error between spectra
measured in-situ by near infrared spectroscopy and the
Karl Fischer reference method which is based on ex-
tracted ‘samples’ and is done in the laboratory.

The second clue was from a seminal book that pre-
sented the golden rules of sampling (Allen, 2003):
“A powder should always be sampled when in mo-
tion”.
“The whole of the stream of powder should be taken
for many short increments of time in preference to
part of the stream only being taken for the whole
of the time".

These early Golden Rules of Sampling also indicated:
“Observance of these rules, coupled with an under-
standing of the manner in which segregation takes
place, leads to the best sampling procedure. Any meth-
od that does not follow these rules should be regarded
as the second-best method, liable to lead to errors.
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Finally, the need for care and skill in abstracting sam-
ples cannot be over-emphasized.” For connoisseurs of
TOS, these are remarkable insights regarding process
sampling, but here promulgated within an industry
sector unknown to the TOS community.

The Allen book cited the second edition of Pierre Gy's
book Sampling of Particulate Matter, Theory and Prac-
tice, published in 1982, and a 1953 article by Pierre Gy.
The present author was able to obtain another book by
Pierre Gy (1998), his famous “Sampling for Analytical
Purposes” which marked his official start in studying
the Theory of Sampling (TOS) in full earnest.

The first golden rule is addressed through “Lot Dimen-
sionality Transformation, one of the governing princi-
ples of TOS. This golden rule is for example followed
when near infrared spectra of flowing powders are ob-
tained using the stream sampler designed in our labo-
ratory, see further below.

The second golden rule presents another way of ex-
pressing the Fundamental Sampling Principle (FSP),
which is met when a sampling process ensures that
all extracted increments have an identical, non-zero
extraction probability while covering the entire width
and depth of the streaming material that is sampled
(Danish Standard 3077, 2024). The second golden rule
also seeks to avoid increment delimitation errors, when
demanding that the whole of the stream (width and
depth) should be sampled instead of only a part of the
stream being taken for the whole of the time. Com-
plying with this rule/principle effectively transforms a
3-D lot (e.g., on a conveyor belt, or in a pipeline) into
a 1-D lot. Sampling will then only be a feature along
the direction of movement (the process direction); this
has a tremendous simplification potential, see the TOS
literature (Esbensen, 2020).

In 2014, the author had the honor (and pleasure) of
organizing the International Diffuse Reflectance con-
ference in Chambersburg, PA. The author had a great
scientific advisory group which suggested inviting the
editor of SST, professor Esbensen, to the conference.
The conference was organized without scheduled pres-
entations in the afternoons providing a safe space for
amenable conversations away from the stressful en-
vironments of offices and research laboratories. These
fruitful conversations helped the author start to un-
derstand the intricacies of the deeper layers of Theory
of Sampling. The present author is now a student and
fan of ‘Strategic Doing’, a method for developing col-
laborations (Morrison, 2021).
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Step 1 in Strategic Doing is to create and maintain a
safe space for conversations of ideas. This safe space is
essential for scientists and investors to think and de-
velop new ideas. The different meetings and discus-
sions with Prof. Esbensen at the World Conferences
on Sampling and Blending have been very helpful in
bringing together the governing principles and sam-
pling unit operations of TOS for specific use and ap-
plication within pharma.

10. The stumbling block to TOS Acceptance

The author’s own stumbling block to accept TOS was
that composite sampling would hide the heterogeneity
of pharmaceutical blends. A quiet meeting in a brewery
(before happy hour) in New Brunswick, NJ provided the
safe space needed to overcome this stumbling block in
a very relaxed conversation with Prof. Esbensen.

The author’s concern was based on previous experi-
ence and research with pharmaceutical powder blends
and reading of reports that indicated that “blending
equipment is poorly characterized”, and “questions
and issues that are often ignored include dead spots;
scale-up”, and “products’ tendency to segregate, ag-
glomerate or break” (Timmermans, 2001). Therefore,
there is a need to determine whether pharmaceutical
blends contain poorly mixed areas which could lead to
an over or underdose for a patient. How could compos-
ite sampling be implemented without the risk of hid-
ing heterogeneity that could affect patients? This was
a serious concern for the author.

The pharmaceutical blends which become tablets will
always have some degree of heterogeneity at various
scales between lot size and final tablet volume (Es-
bensen et al., 2016); therefore, it will not be homoge-
neous as is otherwise a much-declared goal within the
traditional pharmaceutical realm. Heterogeneity will
always exist as indicated by TOS (Gy, 2004), it is only
a matter of to which degree, at which scale (Esbensen
2020). The issue is to evaluate the heterogeneity that
is acceptable for drug products or other commercial
materials.

The author finally understood that different composite
sampling approaches could be evaluated through the
concept of Lot Heterogeneity Characterization (one of
the six Governing Principles of TOS). A composite sam-
pling scheme can be designed to assure that a product
is manufactured within its expected specifications, and
composite sampling schemes could then be applied to
evaluate the material produced. Composite sampling
is critically needed to overcome the effect of hetero-
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geneity (not to hide it), as otherwise the use of grab
sampling (process of extracting a singular specimen),
will always lead to a different, unreliable analytical re-
sult (Danish Standard 3077, 2024). Of course, com-
posite sampling shall always comply with the Funda-
mental Sampling Principle. Once this stumbling block
was overcome, the author continued on a much happier
trajectory internalizing more and more of TOS.
Heterogeneity and Sampling Errors

Heterogeneity is in fact an unavoidable characteristic of
all pharmaceutical manufacturing (at the process scale)
(Romaiiach & Esbensen, 2015). Heterogeneity is also
a feature of drug particles. The drug, often called the
active pharmaceutical ingredient (API), is usually syn-
thesized and purified at an industrial site apart from
the plant that manufactures the final dose a patient
receives (e.g., tablet, ointment, injectable). The API will
need to be stored to be transported to the manufac-
turing site. Drug particles may vary in terms of par-
ticle size for which reason transport will often induce
at least some form of segregation heterogeneity. Het-
erogeneity will occur as the API on the top of the stor-
ing container will be more exposed to moisture from
the environment, while particles on the bottom of the
container will be more protected from moisture. Drug
particles may also exhibit polymorphism, with more
than one crystal form of the drug (Reid et al., 2025).
Therefore, heterogeneity is a ubiquitous feature at all
scale levels including compositional variability within
the final particles themselves.

Heterogeneous drug particles are usually mixed with
various excipients. The tablet that a patient takes is not
composed solely of drug particles. Some of the tablets
have very small amounts of a potent drug and a diluent
is needed to create a mass that can be compressed and
then handled by the patient. Lactose and microcrystal-
line cellulose and two of the most common diluents,
also called fillers. The blend may also include excipients
to improve the flow of the particles or facilitate their
disintegration. Excipients are essential in pharmaceuti-
cal manufacturing and will also show significant het-
erogeneity. Pharmaceutical processes further include
mixing unit operations (Figure 3). Pharmaceutical unit
operations such as milling and mixing are also viewed
as part of the complement of five Sampling Unit Oper-
ations (SUO) in TOS (Esbensen, 2020; Danish Standard
3077, 2024). Correct representative sampling - and
analysis - of pharmaceutical blends destined to be-
come tablets have constituted the major objective for a
dominating part of the research effort of our lab during
the past 25 years.
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11. Composite Sampling through Spec-
troscopy — a novel TOS perspective?

Composite sampling does not necessarily require phys-
ical extraction of materials from a manufacturing pro-
cess — PAT to the fore! Composite sampling may for
example be achieved though repeated real time spec-
troscopic measurements of a process: Radiation from
a near infrared or Raman spectrometer interacts with
a small superficial mass of blend being transported or
processed. These spectrometers average a number of
scans into a spectrum, thereby improving analytical
quality by increasing the spectral signal-to-noise ratio.
If the powder flows or moves over a conveyor belt while
repeated scans are acquired, this is spectral composite
sampling, as illustrated in Fig. 4.

Figure 4 shows a blend with 20% (w/w) of the analyte.
However, the results predicted through analysis of a
single increment (grab sampling) are never 20% (w/w).
The central illustration shows an example where the
NIR radiation finds a 50% (w/w) concentration of the
analyte. However, this is not an analytical error, as it
rightly represents the true concentration of the analyte
within the field-of-view (FOV) increment - this is a
sampling error that can be reduced through the use of
composite sampling. Figure 4 also shows an extraneous
particle that will not be detected by the NIR radiation.

This extraneous material will be present in the final
product received by a patient, but it will not be detect-
ed in the PAT quality monitoring. This example is not
a case where the NIR spectrometer is failing, it is again
a spectral FOV sampling error. The concept of sampling
errors is still relatively new to the analytical and phar-
maceutical community, where focus overwhelmingly
has been on validation of analytical methods. TOS is a
welcome new scope in the pharmaceutical sector.

The mass of the material characterized by spectral
sampling can be estimated through the equation shown
in Figure 5. However, the most important aspect is to
obtain a meaningful average spectrum in the form of a
composite sample.

The understanding that composite sampling is possible
with spectroscopy, which is highly desirable in phar-
maceutical manufacturing, first came about in 2014
(Coldn et al., 2014). A calibration model correlating
features in NIR spectra with drug concentration was
developed for powders moving over a conveyor belt and
also for a static powder mixture deposited over a tray.

Stream of powder blend to be sampled

Y

Willnot
be detected

A J

A J

Analytical 75% 50% 25% 0%
results analyte analyte analyte  analyte

Figure 4: Principal sketch that has been helpful in describing sampling errors to chemical analysts.
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Figure 5: Sketch showing composite sampling through replicated spectroscopy of a moving target.

The results for spectra acquired while the powder was
moving were three times more accurate than for the
static powders deposited on a standard laboratory tray.
The present author could not believe the results and
spent several days trying to improve the chemometric
calibration models developed by the graduate students,
but without any success. The original hypothesis was
that a higher signal to noise ratio would be obtained for
the spectra of the static powder mixture (deposited in
the tray), resulting in more accurate results. However,
the 12 scans of the static powder mixture were ob-
tained for exactly the same material and could there-
fore not counteract the effect from the heterogeneity
of the blend.

Later systematic studies have shown that a 2-level (2-
step) sample composite is possible with spectroscopic
measurements. Each ‘individual’ spectrum obtained for
a calibration model is already a composite sample in
the above sense in which a certain number of scans is
averaged. However, the next level of composite sam-
pling is also achieved when multiple such spectra are
obtained for each calibration blend (Esbensen et al.,
2018). As an example, 16 scans may be used to obtain
a spectrum of a flowing powder blend, thereby obtain-
ing a composite sample. This could be called the first
level of composite sampling.
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In total 200 spectra were obtained for each blend in the
calibration set. These 200 spectra represent the second
level (step) in composite sampling (Rangel-Gil et al.,
2024).

12. Lot Dimensionality Transformation in
Pharmaceutical Manufacturing

Lot Dimensionality Transformation (LDT) occurs ‘natu-
rally’ in pharmaceutical manufacturing. Raw materi-
als, blends and/or intermediate products will flow to
the unit operation where the final product is made.
Pharmaceutical blends should not be sampled from
pre-selected sampling locations using a sample thief,
which for decades has been the paradigm within the
traditional pharmaceutical realm. One cardinal reason
why not, is that this approach results in particles being
dragged from one location of the blender to another
(Muzzio et al., 1997). There are several other disad-
vantages, including the fact that pharmaceutical blends
are not prepared with the intent to remain in blenders.
They must unavoidably flow out to compressing ma-
chines to make the tablets that patients receive. This
necessary flow provides the opportunity needed (LDT)
to perform the optimal sampling known to TOS: pro-
cess sampling (Alvarado-Hernandez et al., 2020; Si-
erra-Vega et al., 2019; Sierra-Vega, Romanach, et al.,
2020; Rangel-Gil et al., 2024).
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Lot dimensionality transformation makes it possible
for all parts of the blend in an otherwise 3-D mixer to
have the same opportunity of being selected as part
of a sample via the moving 1-D setup. There now ex-
ist multiple published studies showing how sampling
may be performed with spectroscopic methods at the
feed frame of a tablet press, immediately before tablets
are produced (Harms et al., 2019; Li et al., 2018, 2019;
Sierra-Vega et al., 2019).

However, changes take time and unfortunately thief
(spear) sampling is still used in most pharmaceutical
processes (Timmermans, 2001; Pinzon de la Rosa et al.,
2017).

13. Most recent development — back to
mining

The pharmaceutical industry now has continuous
mixing facilities (e.g., Figure 3) which are thoroughly
characterized as fit-for-purpose, and which has also
addressed issues related to dead-spots or scale up dif-
ficulties (Osorio et al., 2015; Osorio & Muzzio, 2016;
Roth et al., 2017).

Figure 6 shows a sketch of continuous mixing equip-
ment in the laboratory compared to lot dimensionality
transformations as typical in the mining industry. The
top part shows loss-in-weight gravimetric feeders.

Feeders 3D lot

Chute

Hopper ' 3p 1ot

Chute

Mixer

Stream 1D lot
sampler

In most processes one of these feeders will hold the
drug particles. The other feeders will deliver the excipi-
ents which are required to dilute the drug particles and
facilitate tablet compression. The drug and excipient
particles stored in the feeders may be considered 3D
lot systems. Lot dimensionality transformations occur
as soon as the powder flows to the feeder as shown in
Figure 6. In fact, lot dimensionality transformation oc-
curs more than once in the continuous pharmaceutical
manufacturing system. When observing crushed rocks
(mineralizations, ores) moving over a conveyor belt in
a mining operation (Petersen et al., 2005) have been
discussed at World Conferences of Sampling Blending,
this author always thinks of a continuous manufactur-
ing pharmaceutical system — The dualities and simi-
larities are striking!

But the lot dimensionality transformation is not unique
to the mining and pharmaceutical industry - indeed
all of the Governing Principles (GP) and Sampling Unit
Operations (SUO) in the framework of TOS are generic
and find application across a wide swath of techno-
logical and industrial sectors (Danish Standard 3077,
2024).

Once the importance of understanding 1-D transporta-
tion from the viewpoint of TOS, the following ‘discov-
ery’ was inevitable.

1D lot

1D lot

3D lot

uonewrIojsues} £}[eUOISUSWIP 307

Figure 6: Parallel application of the lot dimensionality transformation principle in the pharmaceutical manufacturing system
and in a mining/minerals processing operation (photos courtesy KHE Consulting Teaching Collection).
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14. Variographic Analysis for Pharmaceu-
tical Manufacturing

Variographic analysis is practically custom made for the
sampling and analysis of the powder blends that flow
to a compressing machine and has recently become a
highly valuable asset in the evaluation of continuous
manufacturing(Nasrala-Alvarez et al., 2025; Rangel-
Gil et al., 2024; Romafiach et al., 2018; Sanchez-Pa-
ternina et al., 2019; Vargas et al., 2018).

A variogram is based on the sequential order of sam-
ples/analytical results. NIR or Raman spectra obtained
while monitoring a continuous mixing process are digi-
tally stored and the time ordering when they are ac-
quired is known. The variogram concept requires that
a monitored process is stable. In continuous manu-
facturing a steady state is achieved where the input
and output flows are constant over time, and the mass
flux realized is constant over time (Ganesh & Reklaitis,
2020). However, in the granular reality the system is
always subject to input fluctuations. Engineering sys-
tems have been developed to dampen these so that the
resulting output deviations are acceptable (Singh et al.,
2014).

NIR spectroscopy is now used to sample-and-analyse
drug concentrations in continuous 1-D mixing pro-
cesses (Movilla-Meza et al., 2025). The use of NIR
spectroscopy makes it possible to determine the drug
concentration every 1 — 5 seconds (depending on the
spectrometer used) during the continuous mixing pro-
cess, which is a landmark speeding up of pharmaceuti-
cal process monitoring. Variographics to the fore!

However, use of standard variographic analysis in PAT
applications in pharma has required adapting the vari-
ogram equation slightly as the mass analyzed through
near infrared or Raman spectroscopic methods can be

1 @Total —F
S ()
D= 3= 2y (e ™)

estimated but it is not known (Sdnchez-Paternina et
al., 2019)

where h_ and h, are the heterogeneity contributions
in each sampling location evaluated to measure the
analyte, j is the lag distance (the inverse of the sam-
pling frequency). Q, .., is the total number of analytical
increment results acquired. V(j) represents the vari-
ance between extracted increments. The V(j) values are
calculated in this study with drug concentration val-
ues predicted by chemometric NIR calibration models.
The lag distance (j) is the inter-distance between pairs
of API concentrations predicted by the NIR calibration
model.
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V(j) for a lag of 1 is calculated for the sum of squares
of the differences between the first and second NIR
prediction, the second and third, the third and fourth,
and continues until the last two predictions. V(j) for a
lag of 2 refers to the differences between the first and
third NIR prediction, the second and fourth, the third
and fifth, and continues until the last two predictions.
There are scores of explanations of variographic analy-
sis in the TOS literature, to which further attention is
directed(Esbensen & Paasch-Mortensen, 2010; Minnitt
& Esbensen, 2017; Sanchez-Paternina et al., 2019).

Figure 7 shows a variogram from a recent continuous
pharmaceutical manufacturing run. Variograms are al-
ways presented together with standard control charts of
the results from real time predictions obtained through
a NIR or Raman spectroscopic method. Thus, the left
side of the Figure 7 shows the results for a blend pre-
pared with 50% (w/w) of the drug. The left side pro-
vides a blending profile that is considered adequate
for this formulation, as all drug concentration results
within 5% (w/w) of the target concentration (50%
w/w). However, the variogram provides a complemen-
tary profile characterizing the blending process in more
comprehensive detail. The variogram obtained is an in-
creasing variogram where the difference between the
increments is increasing as the process progresses. The
variogram indicates that the mixing process has a large
range, the inter-sample distance at which the mix-
ing product becomes stable; this information is of key
importance in monitoring and optimizing the specific
mixing process.

Variographic analysis has shown its value in detect-
ing subtle variations that are not so easily perceptible
in the blending profiles (Nasrala-Alvarez et al., 2025;
Vargas et al., 2018).

15. The Stream Sampler

The drug content of the tablets that a patient takes
depends on two factors. The first is the tablet weight,
which must be controlled when the tablet is com-
pressed. The second factor is the uniformity of the
blend that is compressed as a tablet. If the drug is not
distributed uniformly in the blend the patient could re-
ceive a higher or lower dose of the medication.
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Left: Standard control chart of drug concentration results obtained during continuous mixing (steady state).

Right: Increasing variogram characterizing the mixing process in more detail.

Sampling and analysis of the powder blends that will
be compressed as tablets is required by the current
Good Manufacturing Practices to assure uniformity of
the drug (National Archives, 2025). The sampling and
analysis of the powder blends that become tablets has
been the major thrust of our research lab for the past
25 years.

This research has resulted in a patented sampler for
powder blends (Nasrala Alvarez et al., 2024; Romanach
& Mendez, 2019). The sampler is now commercialized
as the Stream Sampler Kit (SSK) and has one paddle
wheel that moves counterclockwise at 9 - 18 RPM to
move the blend. The wheel has 20 paddles or blades
forming twenty sectorial gaps that are filled with the
powder blend. The flowing powder is confined within
the paddles. The studies performed so far have shown
that the physical properties of the blend are not af-
fected by the flow through the sampler (Nasrala Alva-
rez et al., 2024). Figure 8 shows photographs of the
current Stream Sampler Kit interfaced to three differ-
ent spectrometers. The design of the sampler makes it
possible to obtain a very steady powder flow even at 30
kg per hour.

The sampler is designed to avoid recirculation of the
powder blend. Near infrared or Raman spectra are ob-
tained at 180 degrees from the entrance of the powder
to the sampler as shown in Figures #and #. The powder
exits the stream sampler at 270 degrees from its en-
trance. As a result of the design, the powder blend is
always entering and exiting the sampler, avoiding re-
circulation of any part of the powder mixture.
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The sampler permits a large number of measurements
of the blend uniformity through a NIR or a Raman spec-
trometer. These spectrometers are capable of providing
spectra every 1 — 5 seconds depending on their design.
The drug concentration can then be determined using
multivariate calibration models (partial least squares
regression a.o.). Figure 8 shows the stream sampler
connected to three different spectrometers in the lab,
and to the continuous mixer (MODCOS Dry Mixer 70,
Glatt®, Germany).

The sampler was designed taking into consideration
the principles of TOS. All parts of the batch or lot have
the same opportunity of flowing into the sampler and
interacting with the NIR radiation. The radiation from
the spectrometers is not able to interact with the entire
cross section of the flowing blend, but the sampler has
been designed to minimize the thickness of the powder
flow.

The development of the stream sampler has been
pursued while developing a new generation of phar-
maceutical scientists capable of moving PAT and TOS
into commercial pharmaceutical manufacturing. The
professors have not abandoned the University to pur-
sue the development of the stream sampler. Instead,
the stream sampler is currently training students from
both chemistry and chemical engineering programs as
shown in Figure 9, and in collaboration with a local en-
gineering company.
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Figure 8: Stream sampler connected to three different spectrometers capable of providing real time spectra for flowing
powder mixtures. Left) Margmetrix (now Thermo) Raman spectrometer, middle) Viavi MicroNIR, and right Bruker
Matrix Fourier Transform near infrared spectrometer.
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Figure 9: Graduate student Dhavalkumar Patel explaining the system. Left to right: graduate student Maraliz Rivera Santiago
(Chemical Engineering), and undergraduate students:Edwin Tafion Flores (Chemistry), Daianne L. Negron Martinez
(Chemical Engineering) Carlos Feliciano Lépez, (Chemistry) and Diego Rodriguez Perez (Chemical Engineering).
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16. Quality and Sampling in the Pharma-
ceutical Industry

The recent Covid pandemic crisis (2020-2022) showed
the extreme importance of pharmaceutical manufac-
turing and of having a pharmaceutical industry able to
respond to a global, regional or local health crisis. The
right pharmaceutical products need to be accessible to
patients the world over.

Since 2001, leading regulatory agencies have empha-
sized the need to guarantee the quality of pharmaceu-
tical products through the QbD concept (quality by de-
sign) instead of quality by testing (European Medicines
Agency, 2017). One of the tenets of this initiative is
that science and regulatory agencies must protect pa-
tients (Woodcock, 2014). Even the most knowledgeable
pharmaceutical scientist cannot evaluate the quality
of a pharmaceutical product when lying in the inten-
sive care unit: Scientific understanding and regulatory
agencies are needed.

Quality by Design also requires sampling by design.
Representativity depends on the sampling process.
Representative samples only occur as a result of a rep-
resentative sampling process (Danish Standard 3077,
2024).

17. Process Analytical Technology system
solution in pharma

The developments described in this article were select-
ed to showcase key examples of PAT solutions while
also taking care of the specific analytical and IDE/IEE
issues facing pharmaceutical systems. The still re-
maining issue is the partial thickness coverage (IDE/
IEE) of the stream flow. However, there are still other
TOS principles and ideas that need to be considered in
pharmaceutical manufacturing. Additional research is
needed.
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18. Future goals

The next big goal is to include TOS in analytical chem-
istry books. It is very difficult for an analytical chem-
ist whose entire training has been in wet chemistry
and instrumental analytical methods to comprehend
and visualize a sampling error. Chemists often believe
that method validations already cover sampling errors.
TOS needs to be incorporated into analytical chemistry
textbooks to foster curiosity towards sampling errors
early in the career of young chemists. These textbook
chapters are the next big challenge.

The recent Euroanalysis2025 conference in Barcelona
provided the opportunity to deliver three lectures on
TOS: Claudia Paoletti presented on “The new frontiers
in food and feed risk assessment”, Kim Esbensen on:
“Why analysis needs the Theory of Sampling (TOS)

— the importance of the ‘before analysis’ domain”,
and the present author on “Innovation & Collaboration
for Process Analytical Technology & Advanced Phar-
maceutical Manufacturing”. The audience’s response
to these presentations was encouragingly positive. The
audience recognized that sampling is essential and that
the concepts and ideas discussed in the three presenta-
tions need to be included more in analytical chemistry.
A textbook chapter would certainly help develop TOS
within the analytical community and spark genuine
scientific curiosity.

The challenges and rewards of representative sampling
need to be highlighted. Sampling has to be shown to be
scientifically, technologically and economically attrac-
tive in spite of all the hard work needed. TOS cannot
afford to be viewed as but a set of mandated high-level
rules that must be followed, or a as a set of articles
on the theme “I told you so, you should have followed
TOS”. The web site of the International Pierre Gy Samp-
ling Association (IPGSA) and the new journal Sampling
Science and Technology (SST) will certainly contribute
to meeting this challenge. The reader is invited to join
in this endeavor.

ISSUE 4 - DECEMBER 2025+ SSi



ARTICLE I

ACKNOWLEDGEMENT

The funding of the Puerto Rico Science and Technology Trust through grant 2024-00182 is acknowledged. The
continuous manufacturing equipment was obtained through Economic Development Administration through in-
vestment opportunity 01-79-14889. The great training of Dr. Juan Figueroa on SBIR proposals is acknowledged, and
the NSF SBIR Phase | grant (SBIR Phase | Award 1D:1621688).

This article is possible thanks to the efforts of over 30 graduate students who have contributed to the research since
1999. The collaboration with Dr. Rafael Méndez of the UPRM Chemical Engineering department has been essential
for this study. As a result of this support, we now have a research lab dedicated to the training of both chemistry
and chemical engineering students, and a commercial Stream Sampling Kit for use in the pharmaceutical industry
The article is dedicated to the first students work on sampling together with the present author on this journey:
Manuel Popo AmU, Angel Martinez Herndndez, and Saly Romero-Torres. Manuel, the one of the author’s first
graduate students, was a devoted family man who recently passed away in his native Colombia. Angel Martinez
Hernandez obtained his M.S. in Chemistry in our group and is successfully leading the manufacture of pharmaceu-
tical products. Saly Romero-Torres, a devoted mother and community leader, was the first undergraduate student
to select our group and is currently a chemometrics and data science expert who leads her own consulting company.

Dhavalkumar Patel is thanked for the wonderful work with the figures.

The author also thanks the members of the IPGSA for their warm welcome into the community of samplers.

Stream Sampling Kit (SSK)
Confined Powder Flow

2. NIR/PAT /
Instrument |

50 150
Sample Order

Powder flows from a hopper or a continuous mixer to the stream
sampler kit

Powder is confined within paddles (designed to eliminate wave
pattern)

NIR or Raman spectra obtained at 180° from inlet

Powder leaves the system at 270° after its entry, avoiding

recirculation (different from a Feed Frame) I
i

Tel. (787) 399-2902, (787) 687-7918
Rangel-Gil, R. S., N. O. Sierra-Vega, R. J. Romafiach and R. Méndez (2023). "Assessment of blend uniformity in a stream sampler . ( ) ( )
device using Raman spectroscopy.” International Journal of Pharmaceutics 639: 122934. Email:

US patent 10,520,400.

www.condeinduservices.com




BN ARTICLE

References

Allen, Terence. (2003). Powder sampling and particle size determination. Elsevier. https://doi.org/10.1016/BQ78-0-444~51564~
3.X5000-1

Alvarado-Hernandez, B. B., Sierra-Vega, N. O., Martinez-Cartagena, P., Hormaza, M., Méndez, R., & Romafiach, R. J. (2020).
A sampling system for flowing powders based on the theory of sampling. International Journal of Pharmaceutics, 574, 118874.
https://doi.org/10.1016/j.ijpharm.2019.1188

Berman, J. (2001). The Compliance and Science of Blend Uniformity Analysis. PDA Journal of Pharmaceutical Science and Tech-
nology, 55, 209—222.

Boehm, G., Clark, )., Dietrick, )., Foust, L., Garcia, T., Gavini, M., Gelber, L., Geoffroy, J.-M., Hoblitzell, )., Jimenez, P., Mergen, G.,
Muzzio, F., Planchard, J., Prescott, )., Timmermans, J., & Takiar, N. (2003). The Use of Stratified Sampling of Blend and Dosage
Units to Demonstrate Adequacy of Mix for Powder Blends. PDA Journal of Pharmaceutical Science and Technology, 57(2), 64.
http://journal.pda.org/content/57/2/64.abstract

Booksh, K. S., & Kowalski, B. R. (1994). Theory of Analytical Chemistry. Analytical Chemistry, 66(15), 782A-791A. https://doi.
0rg/10.1021/aco0087a718

Brown, T. (2009). Change by Design: How Design Thinking Transforms Organizations and Inspires Innovation (First). Harper
Business.

Callis, J. B., Illman, D. L., & Kowalski, B. R. (1987). Process analytical chemistry. Analytical Chemistry, 59(9), 624A-637A.
https://doi.org/10.1021/ac00136a001

Ciurczak, E. W., Igne, B., Workman, J., & Burns, D. A. (2021). Handbook of Near-Infrared Analysis (E. W. Ciurczak, B. Igne, Jr.
Workman, & D. A. Burns, Eds.). CRC Press. https://doi.org/10.1201/b22513

Coldn, Y. M., Florian, M. A., Acevedo, D., Méndez, R., & Romaniach, R. J. (2014). Near Infrared Method Development for a Con-
tinuous Manufacturing Blending Process. Journal of Pharmaceutical Innovation, 9(4), 291—301. https://doi.org/10.1007/s12247~
014-9194-1

Constable, G. (2014). Talking to humans: success starts with understanding your customers. In Giff Constable (Vol. 1).

Cullen, P. J., Romafiach, R. J., Abatzoglou, N., & Rielly, C. D. (Eds.). (2015). Pharmaceutical Blending and Mixing. Wiley. https://
doi.org/10.1002/9781118682692

Dahm, D. J., Dahm, K. D., & Norris, K. H. (2000). Test of the Representative Layer Theory of Diffuse Reflectance Using Plane
Parallel Samples. Journal of Near Infrared Spectroscopy, 8(3), 171—181. https://doi.org/10.1255/jnirs.276

Danish Standard 3077 (2024) Representative Sampling--Horizontal Standard, DS project: M374267, Fonden Dansk Standard,
Copenhagen, DK.

Esbensen, K.H. (2016). Pierre Gy (1924—2015): a monumental scientific life. TOS Forum, 2013(1), 39. https://doi.org/10.1255/
tosf.92

Esbensen, K.H. (2018). Pierre Gy (1924-2015): The Key Concept of Sampling Errors. Spectroscopy Europe, 30(4), 25—28. https://
doi.org/10.1255/sew.2018.a1

Esbensen, K.H. (2020). Introduction to the Theory and Practice of Sampling. IM Publications Open, Chichester, UK.

Esbensen, K. H. (2025). Data Quality: Importance of the ‘Before Analysis’ Domain [Theory of Sampling (TOS)]. Journal of Ch-
emometrics, 39(4). https://doi.org/10.1002/cem.70021

Esbensen, K. H., & Paasch-Mortensen, P. (2010). Process Sampling: Theory of Sampling — the Missing Link in Process Analytical

Technologies (PAT). In Process Analytical Technology (pp. 37—80). Wiley. https://doi.org/10.1002/9780470689592.ch3

Esbensen, K. H., & Romanach, R. J. (2021). A Framework for Representative Sampling for NIR Analysis - Theory of Sampling
(TOS). In E. Ciurczak, B. Igne, J. Workman, & D. Burns (Eds.), Handbook of Near-Infrared Analysis, 4th Ed., 415—461.

36 ISSUE 4 - DECEMBER 2025+ SSi


https://doi.org/10.1016/B978-0-444-51564-3.X5000-1
https://doi.org/10.1016/B978-0-444-51564-3.X5000-1

ARTICLE I

Esbensen, K. H., Romafiach, R. J., & Roman-Ospino, A. D. (2018). Theory of Sampling (TOS): A Necessary and Sufficient Guar-
antee for Reliable Multivariate Data Analysis in Pharmaceutical Manufacturing. In A. Ferreira, M. Tobyn, & J. Menezes (Eds.),
Multivariate Analysis in the Pharmaceutical Industry, Elsevier, 53—91, https://doi.org/10.1016/B978-0-12-811065-2.00005-9

Esbensen, K. H., Roman-0spino, A. D., Sanchez, A., & Romafach, R. J. (2016). Adequacy and verifiability of pharmaceutical mix-
tures and dose units by variographic analysis (Theory of Sampling) — A call for a regulatory paradigm shift. International Journal

of Pharmaceutics, 499(1—2), 156—174. https://doi.org/10.1016/}.ijpharm.2015.12.038

Esbensen, K., Paoletti, C., Vogel, D. A., Brochot, S., Bruce, T., Carrasco, P., Carrasco, P., Davin, P., Dehaine, Q., Dominguez, O.,
Dominy, S., Frangois-Bongarcon, D., Gouws, M., Holmes, R., Huachang, L., Jara, E., Lischka, M., Lyman, G., Mingwei, Z., ... Ark-
enbout, A. (2021). Economic arguments for representative sampling. In K. H. Esbensen (Ed.), Spectroscopy Europe Special Issue.

Spectroscopy Europe, 11, https://doi.org/10.1255/sew.2021.a30

European Medicines Agency (2014). Guideline on the Use of near Infrared Spectroscopy by the Pharmaceutical Industry and the
Data Requirements for New Submissions and Variations, EMEA/CHMP/CVMP/QWP/17760/2009 Rev2., https://www.ema.europa.

eu/en/use-near-infrared-spectroscopy-nirs-pharmaceutical-industry-data-requirements-new-submissions-variations-scien-

tific-guideline#document-history-revision-2-8915

European Medicines Agency (2017, June). ICH Guideline Q8 (R2) on Pharmaceutical Development Step 5, https://www.ema.
europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-

pharmaceuticals-human-use-considerations-ich-guideline-q8-r2-pharmaceutical-development-step-5_ en.pdf

Food and Drug Administration (2004, Sept.) Guidance for Industry: PAT—A Framework for Innovative Pharmaceutical Develop-
ment, Manufacturing, & Quality Assurance, U.S. Department of Human Services, Food and Drug Administration, Center for Drug
Evaluation and Research, Center for Veterinary Medicine, Office of Regulatory Affairs, Pharmaceuticals CGMPs, https://www.fda.
gov/media/71012/download

Food and Drug Administration (2021, Aug.) Guidance Document, Development and Submission of Near Infrared Analytical
Procedures, Guidance for Industry, FDA-2015-D-0868, Center for Drug Evaluation & Research, https://www.fda.gov/regulatory-
information/search-fda-guidance-documents/development-and-submission-near-infrared-analytical-procedure

Food and Drug Administration (2025, Jan. 7). Lifecycle of an ETP Technology. https://www.fda.gov/about-fda/center-drug-
evaluation-and-research-cder/lifecycle-emerging-technology-program-etp

Ganesh, S., & Reklaitis, G. V. (2020). Basic Principles of Continuous Manufacturing. In Z. K. Nagy, A. El Hagrasy, & J. Litster
(Eds.), Continuous Pharmaceutical Processing (pp. 1—21). Springer International Publishing. https://doi.org/10.1007/978-3-030~
41524-2_1

Green, R. L., Thurau, G., Pixley, N. C., Mateos, A., Reed, R. A., & Higgins, J. P. (2005). In-Line Monitoring of Moisture Content in
Fluid Bed Dryers Using Near-IR Spectroscopy with Consideration of Sampling Effects on Method Accuracy. Analytical Chemistry,

77(14), 4515—4522. https://doi.org/10.1021/ac050272q
Gy, P. (1998). Sampling for Analytical Purposes. John Wiley & Sons., Chichester, UK. ISBN: 978-0-471-97956-2

Gy, P. (2004). Sampling of discrete materials—a new introduction to the theory of sampling. Chemometrics and Intelligent

Laboratory Systems, 74(1), 7—24. https://doi.org/10.1016/j.chemolab.2004.05.012

Harms, Z. D., Shi, Z., Kulkarni, R. A., & Myers, D. P. (2019). Characterization of Near-Infrared and Raman Spectroscopy for In-
Line Monitoring of a Low-Drug Load Formulation in a Continuous Manufacturing Process. Analytical Chemistry, 91(13), 8045—
8053. https://doi.org/10.1021/acs.analchem.8b05002

Holman, )., Tantuccio, A., Palmer, )., van Doninck, T., & Meyer, R. (2021). A very boring 120 h: 15 million tablets under a con-

tinuous state of control. Powder Technology, 382, 208-231. https://doi.org/10.1016/j.powtec.2020.12.073
IDEO (n.d.). IDEO, A Global Design and Innovation Company. retrieved 2025, October 8 from: https://www. ideo. com/.

Invest Puerto Rico, P. I. A. (2025). Benchmarking Puerto Rico’s Pharma Sector. https://www.investpr.org/wp-content/up-
| 2022/02/Benchmarking-PuertoRicos-Pharma- r-PlA-In PR.pdf

SSt - ISSUE 4 - DECEMBER 2025 37


https://doi.org/10.1255/sew.2021.a30
https://www.ema.europa.eu/en/use-near-infrared-spectroscopy-nirs-pharmaceutical-industry-data-requirements-new-submissions-variations-scientific-guideline#document-history-revision-2-8915
https://www.ema.europa.eu/en/use-near-infrared-spectroscopy-nirs-pharmaceutical-industry-data-requirements-new-submissions-variations-scientific-guideline#document-history-revision-2-8915
https://www.ema.europa.eu/en/use-near-infrared-spectroscopy-nirs-pharmaceutical-industry-data-requirements-new-submissions-variations-scientific-guideline#document-history-revision-2-8915
https://www.fda.gov/media/71012/download
https://www.fda.gov/media/71012/download
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/development-and-submission-near-infrared-analytical-procedures
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/development-and-submission-near-infrared-analytical-procedures

BN ARTICLE

lyer, M., Morris, H. R., & Drennen, J. K. (2002). Solid Dosage Form Analysis by near Infrared Spectroscopy: Comparison of Reflec-
tance and Transmittance Measurements Including the Determination of Effective Sample Mass. Journal of Near Infrared Spec-

troscopy, 10(4), 233—245. https://doi.org/10.1255/jnirs.340

Lee, S. L., O’Connor, T. F., Yang, X., Cruz, C. N., Chatterjee, S., Madurawe, R. D., Moore, C. M. V., Yu, L. X., & Woodcock, J. (2015).
Modernizing Pharmaceutical Manufacturing: from Batch to Continuous Production. Journal of Pharmaceutical Innovation, 10(3),
191—199. https://doi.org/10.1007/s12247-015-9215-8

Li, Y., Anderson, C. A., Drennen, J. K., Airiau, C., & Igne, B. (2019). Development of an In-Line Near-Infrared Method
for Blend Content Uniformity Assessment in a Tablet Feed Frame. Applied Spectroscopy, 73(9), 1028 —1040. https://doi.
0rg/10.1177/0003702819842189

Li, Y., Anderson, C. A., Drennen, J. K. I. I I, Airiau, C., & Igne, B. (2018). Method Development and Validation of an Inline Process
Analytical Technology Method for Blend Monitoring in the Tablet Feed Frame Using Raman Spectroscopy. Analytical Chemistry,
90(14), 8436—8444. https://doi.org/10.1021/acs.analchem.8b01009

Lugo, J. E., Zapata-Ramos, M. L., & Perez-Vargas, M. ). (2016, August 21). Promotion of Innovation and Entrepreneurship in
Engineering Design by Synchronizing Engineering and Business School Courses. Volume 3: 18th International Conference on
Advanced Vehicle Technologies; 13th International Conference on Design Education; 9th Frontiers in Biomedical Devices. https://
doi.org/10.1115/DETC2016-59701

Martinez-Cartagena, P. A., Sierra-Vega, N. O., Alvarado-Hernandez, B. B., Méndez, R., & Romafach, R. J. (2021). An innovative
sampling interface for monitoring flowing pharmaceutical powder mixtures. Journal of Pharmaceutical and Biomedical Analysis,
194, 113785, https://doi.org/10.1016/j.jpba.2020.113785

Minnitt, R., & Esbensen, K. (2017). Pierre Gy’s development of the Theory of Sampling: a retrospective summary with a didactic
tutorial on quantitative sampling of one-dimensional lots. TOS Forum, 2013(1), 7. https://doi.org/10.1255/tosf.06

Morrison, E. (2021). Strategic Doing: A Strategy Model for Open Networks. University of the Sunshine Coast.

Movilla-Meza, N. A., Patel, D. S., Méndez, R., & Romanach, R. J. (2025). PAT for monitoring the state of control in continu-
ous manufacturing of solid oral dosage forms. Analytical and Bioanalytical Chemistry. https://doi.org/10.1007/s00216-025~
06012-w

Muzzio, F. J., Robinson, P., Wightman, C., & Dean Brone. (1997). Sampling practices in powder blending. International Journal of
Pharmaceutics, 155(2), 153—178. https://doi.org/10.1016/S0378-5173(97)04865-5

Nasrala Alvarez, J. M., Mendez Roman, R., & Romanach, R. J. (2024). A stream sampler for Process Analytical Technology of

Powder Blends. The 11th World Conference on Sampling and Blending , 217—224. https://www.saimm.co.za/wcsb11-20242limit2
=1008&limitstart2=0&resetfilters=1

Nasrala-Alvarez, ). M., Patel, D., Flores, C., Romafach, R. J., & Mendez, R. (2025). Effects of the Operating Parameters for a High
API Concentration Continuous Mixing Process Feasibility Study. Journal of Pharmaceutical Innovation, 20(3), 102. https://doi.
0rg/10.1007/512247-025-10013-8

National Archives (2025, Sept.29) Code of Federal Regulations, Chap.1, Subchapter C, Part 211, Subpart F, § 211.10, Sampling and
Testing of in-Process Materials and Drug Products.

National Science Foundation, R. from: https:

vation-research-small-business. (2025a, October 9). Small Business Innovation Research Program.

National Science Foundation, R. https://www. nsf. gov/funding/initiatives/i-corps. (2025b). NSF 1-CorpsTM program.

Oka, S., & Muzzio, F. J. (2022). Introduction. In How to Design and Implement Powder-To-Tablet Continuous Manufacturing
Systems (pp. 1—8). Elsevier. https://doi.org/10.1016/B978-0-12-813479-5.00008-2

Ortega-Zuiiiga, C., Reyes-Maldonado, K., Méndez, R., & Romaiiach, R. ). (2017). Study of near infrared chemometric models with
low heterogeneity films: The role of optical sampling and spectral preprocessing on partial least squares errors. Journal of Near
Infrared Spectroscopy, 25(2), 103—115. https://doi.org/10.1177/0967033516686653

38 ISSUE 4 - DECEMBER 2025+ SSi


https://doi.org/10.1007/s12247-025-10013-8
https://doi.org/10.1007/s12247-025-10013-8

ARTICLE I

Osorio, J. G., & Muzzio, F. J. (2016). Effects of Processing Parameters and Blade Patterns on Continuous Pharmaceutical Powder
Mixing. Chem. Eng. Process., 109, 59.

Osorio, J. G., Vanarase, A. U., Romanach, R. J., & Muzzio, F. J. (2015). Continuous Powder Mixing. In Pharmaceutical Blending and

Mixing (pp. 101—127). Wiley. https://doi.org/10.1002/9781118682692.ch6

Paoletti, C., Heissenberger, A., Mazzara, M., Larcher, S., Grazioli, E., Corbisier, P., Hess, N., Berben, G., Liibeck, P. S., De Loose,
M., Moran, G., Henry, C., Brera, C., Folch, I., Ovesna, J., & Van den Eede, G. (2006). Kernel lot distribution assessment (KeLDA):
a study on the distribution of GMO in large soybean shipments. European Food Research and Technology, 224(1), 129-139.
https://doi.org/10.1007/s00217-006-0299-8

Penn Center for Innovation. (2025, October 30). Penn Ceter for Innovation https://pci.upenn.edu/.
Petersen, L., Minkkinen, P., & Esbensen, K. H. (2005). Representative sampling for reliable data analysis: Theory of Sampling.
Chemometrics and Intelligent Laboratory Systems, 77(1—2), 261—277. https://doi.org/10.1016/j.chemolab.2004.09.013

Pinzon de la Rosa, C., Rodriguez, V., Hormaza, M. L., & Romaiiach, R. J. (2017). TOS MEETS THE NSF I-CORPSTM PROGRAM. 8th
World Conference on Sampling and Blending, 351—354.

Popo, M., Romero-Torres, S., Conde, C., & Romanach, R. J. (2002). Blend uniformity analysis using stream sampling and near
infrared spectroscopy. AAPS PharmSciTech, 3(3), 61—71. https://doi.org/10.1208/pt030324

Ramirez, J. L., Bellamy, M. K., & Romafach, R. J. (2001). A novel method for analyzing thick tablets by near infrared spectros-

copy. AAPS PharmSciTech, 2(3), 15—24. https://doi.org/10.1208/pt020311

Rangel-Gil, R. S., Nasrala-Alvarez, J. M., Romafach, R. J., & Méndez, R. (2024). Blend uniformity monitoring in a continuous
manufacturing mixing process for a low-dosage formulation using a stream sampler and near infrared spectroscopy. Interna-

tional Journal of Pharmaceutics, 661, 124478. https://doi.org/10.1016/j.ijpharm.2024.124478

Rangel-Gil, R. S., Sierra-Vega, N. O., Romafiach, R. J., & Méndez, R. (2023). Assessment of blend uniformity in a stream sam-
pler device using Raman spectroscopy. International Journal of Pharmaceutics, 639, 122934. https://doi.org/10.1016/j.ijp-
harm.2023.122934

Razavi, S. M., Oka, S., Escotet-Espinoza, M. S., Wang, Y., Li, T., Futran, M., & Muzzio, F. J. (2022). Characterization of mate-
rial properties. In How to Design and Implement Powder-To-Tablet Continuous Manufacturing Systems (pp. 9—28). Elsevier.

https://doi.org/10.1016/B978-0-12-813479-5.00002-1

Reid, D. L., Faul, M. M., Lépez-Mejias, V., Agarwal, P., Bergauer, M., Blue, L. E., Chaves, M. K., Chung, J., Cooke, M., Farrell, R.
P., Huckle, ). E., Kelly, R. C., Kiang, Y.-H., Li, W., Ortiz, A., & Wu, Q. (2025). Application of an Interdisciplinary Approach to
Form Selection in Drug Development. Organic Process Research & Development, 29(2), 237—254. https://doi.org/10.1021/acs.
oprd.4c00320

Romafiach, R., & Esbensen, K. (2015). Sampling in pharmaceutical manufacturing—Many opportunities to improve today’s prac-
tice through the Theory of Sampling (TOS). TOS Forum, 2013(1), 5. https://doi.org/10.1255/tosf.37

Romafiach, R. J. (2014). IDRC-17 (Chambersburg), 2—8 August 2014. NIR News, 25(4), 23—25. https://doi.org/10.1255/nirn.1449

Romaniach, R. J. (2015). Sampling and Determination of Adequacy of Mixing. In Pharmaceutical Blending and Mixing (pp.
57—78). Wiley. https://doi.org/10.1002/9781118682692.chs4

Romafiach, R. J. (2017). Theory of Sampling - from missing link to key enabler for process analytical technology. Eighth World
Conference on Sampling and Blending (WCSBS8), 63—68.

Romafiach, R. J. (2021). Sampling in pharmaceutical manufacturing: a critical business case element. Spectroscopy Europe, 33,
67-69.

Romafiach, R. J. (2025). Process Analytical Technology |—Theory of Sampling in PAT. Pharmacopeial Forum (PF), 51(3). https://
doi.org/10.31003/USPNF__S203344_010101_ 01

Romanach, R. J., Sanchez-Paternina, A., & Esbensen, K. H. (2018). Variographic Analysis of 1-D lots in Pharmaceutical Manufac-
turing (Powder Mixing). American Pharmaceutical Review, 21(1), 22—26.

SSt - ISSUE 4 - DECEMBER 2025 39



BN ARTICLE

Romafiach, R. J., Stelzer, T., Sanchez, E., & Muzzio, F. (2023). Advanced pharmaceutical manufacturing: A functional definition.

Journal of Advanced Manufacturing and Processing, 5(2). https://doi.org/10.1002/amp2.10150

Romafiach, R., Joubert Castro, A., & Esbensen, K. (2021). WHAT are sampling errors—and WHAT can we do about them? Part 1.
Spectroscopy Europe, 33(2), 36—42. https://doi.org/10.1255/sew.2021.a11

Romanach, R., & Mendez, R. (2019). Stream Sampler — Mass Reduction System for Flowing Powders (Patent US 10,520,400 B1).
United States Patent Office.

Roth, W. J., Almaya, A., Kramer, T. T., & Hofer, ). D. (2017). A Demonstration of Mixing Robustness in a Direct Compres-
sion Continuous Manufacturing Process. Journal of Pharmaceutical Sciences, 106(5), 1339—1346. https://doi.org/10.1016/].

xphs.2017.01.021
Sanchez-Paternina, A., Sierra-Vega, N. O., Cardenas, V., Méndez, R., Esbensen, K. H., & Romaiiach, R. J. (2019). Variographic

analysis: A new methodology for quality assurance of pharmaceutical blending processes. Computers & Chemical Engineering,
124, 109—123. https://doi.org/10.1016/j.compchemeng.2019.02.010

Sierra-Vega, N. O., Martinez-Cartagena, P. A., Alvarado-Hernandez, B. B., Romaiiach, R. J., & Méndez, R. (2020). In-line
monitoring of low drug concentration of flowing powders in a new sampler device. International Journal of Pharmaceutics, 583,
119358. https://doi.org/10.1016/j.ijpharm.2020.119358

Sierra-Vega, N. O., Romanfiach, R. J., & Méndez, R. (2019). Feed frame: The last processing step before the tablet compac-
tion in pharmaceutical manufacturing. International Journal of Pharmaceutics, 572, 118728. https://doi.org/10.1016/}.ijp=
harm.2019.118728

Sierra-Vega, N. O., Romaiiach, R. )., & Méndez, R. (2020). Real-time quantification of low-dose cohesive formulations within a
sampling interface for flowing powders. International Journal of Pharmaceutics, 588, 119726. https://doi.org/10.1016/j.ijp-

harm.2020.119726

Singh, R., Sahay, A., Karry, K. M., Muzzio, F., lerapetritou, M., & Ramachandran, R. (2014). Implementation of an advanced hybrid
MPC—PID control system using PAT tools into a direct compaction continuous pharmaceutical tablet manufacturing pilot plant.
International Journal of Pharmaceutics, 473(1—2), 38 —54. https://doi.org/10.1016/j.ijpharm.2014.06.045

Timmermans, J. H. (2001). PQRI Workshop on Blend Uniformity. Pharmaceutical Technology.

Tittlemier, S. A., Blagden, R., Chan, )., Drul, D., Gaba, D., Huang, M., Richter, A., Roscoe, M., Serda, M., Timofeiev, V., & Tran, M.
(2024). Contaminants and residues have varied distributions in large volumes of wheat. Food Additives & Contaminants: Part A,

1—11. https://doi.org/10.1080/19440049.2024.2417394

United States Pharmacopeia (1S) (2020) General Chapter, (856) Near-Infrared Spectroscopy. USP-NF. Rockville, MD: United
States Pharmacopeia https://doi.org/10.31003/USPNF_M8189_ 03_ 01

United States Pharmacopeia. (2025). (1037) Process Analytical Technology—Theory and Practice. Pharmacopeial Forum (PF),
51(3). https://doi.org/10.31003/USPNF__M18295_ 010201_01

U.S. Bureau of Labor Statistics. (2025, July 25). Puerto Rico: Price Movements of Top Exports and Other Highlights. , https://
www.bls.gov/mxp/publications/regional-publications/puerto-rico-exports.htm.

Vargas, J. M., Nielsen, S., Cardenas, V., Gonzalez, A., Aymat, E. Y., Almodovar, E., Classe, G., Coldn, Y., Sanchez, E., & Romafiach,

R. J. (2018). Process analytical technology in continuous manufacturing of a commercial pharmaceutical product. International
Journal of Pharmaceutics, 538(1—2), 167—178. https://doi.org/10.1016/j.ijpharm.2018.01.003

Wheeler, O. H. (1959). Near Infrared Spectra of Organic Compounds. Chemical Reviews, 59(4), 629—666. https://doi.
0rg/10.1021/cr50028a004

Wheeler, O. H. (1960). Near infrared spectra: A neglected field of spectral study. Journal of Chemical Education, 37(5), 234.
https://doi.org/10.1021/ed037p234

Woodcock, J. (2014). The Concept of Pharmaceutical Quality. American Pharmaceutical Review 7(6), 10—15.

40 ISSUE 4 - DECEMBER 2025+ SSi


https://doi.org/10.1080/19440049.2024.2417394

ARTICLE I

SST - ISSUE 4 - DECEMBER 2025 41



BN ARTICLE

The Fundamental Sampling Principle (FSP) for PAT

By Kim H. Esbensen’

DOI: 10.62178/sst.004.005

ABSTRACT

The critical success factor in Process Analytical Technology solutions, whether this is in the form of analysis of an
extracted process sample brought to the laboratory, or in the form of a calibrated sensor analytical prediction char-
acterising an in-situ stream segment, is the performance of the process sampling interface. The role of the interface
is closely related to the Fundamental Sampling Principle (Theory of Sampling, TOS) regarding both stationary as
well as moving lots. This article argues that the functionality of the process sampling interface determines whether
Process Analytical Technology solutions can be implemented to furnish analytical fit-for-purpose representativity,
or not. Non-compliance with a simple geometrical requirement results in biased analytical determination with una-
voidable reduction in representativity. This criterium determines the fate of Process Analytical Technology solutions
and their engineering implementations for most vibrational spectroscopic modalities. Thus, a single TOS-informed
inspection of a process sampling interface is able to render a principal qualifying/disqualifying assessment regard-
ing representativity - but there are important exceptions in the radio wave and gamma ray parts of the electro-
magnetic spectrum. This is all about the inherent heterogeneity of the material subjected to PAT sensor technology.
This article presents TOS’ Fundamental Sampling Principle for the Process Analytical Technology realm. There is still
a way to go for further process sampling interface development.

1. Introduction 2. Physical sampling

he Theory of Sampling (TOS) distinguishes between

two types of lots, stationary vs. moving lots; sam-
pling from the latter is also known as process sam-
pling. Process sampling is a core element in Process
Analytical Technologies (PAT): samples are either ex-
tracted and brought to the laboratory for analysis, or -
the ultimate PAT goal - an analytical sensor facilitates
‘spectral characterisation’ of a material process sample
without bringing anything to the laboratory.

This article presents the apparent duality between a
physical sampling process and a PAT spectral sampling-
and-analysis equivalent ‘spectral sampling’, Fig. 1, in-
tended to help appreciating the key role of the process
sampling interface (PSI) to be more fully explained. The
key understanding is that both the ‘dual’ sampling ap-
proaches (physical vs. spectral) are subject to - and can
be characterised by the same TOS sampling errors.

In the TOS realm, process sampling is traditionally
thought of as how to extract a physical sample from a
moving stream of matter (a process lot), aimed at sub-
sequently to be characterised (analysed) in the labora-
tory [1-4]. For the present purpose there is no need
to focus on the subsequent sub-sampling steps/opera-
tions involved in getting to the final analytical aliquot
as these steps are governed by the exact same TOS
principles as the primary sampling step, only scaled
down, size-wise [5,6].

3. Fundamental Sampling Principle (FSP)
for stationary lots

The FSP stipulates that all potential increments of any
lot shall have an equal probability for being physically
extracted and aggregated to form a composite sample
under the condition that the extracted Q increments
must cover the entire lot volume with a uniform den-
sity.

1 KHE Consulting, Copenhagen, Denmark
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A fundamental sampling duality: Physical increment!
sample exiraction vs. sensor signal acquisition (PAT)

TO5: |dentical sampling errors with, as without sensor technologies (PAT) |

Figure 1:

The apparent duality of physical sampling from -, and spectral characterisation of a process stream.

With TOS’ discriminating point-of-view, ‘sampling’ may be correct and representative or it may be imperfect, biased
and therefore not representative. In Fig. 1 both illustrated sampling operations are non-representative
(complementary representative sampling modes are shown in Fig. 3). Caveat: examples are meant for illustration of
principles only; no identification of company, personnel or equipment brand is intended).

It is not only the number of increments that define
the quality of the composite sample, but equally their
mandated geometrical coverage. Both these attributes
need to be optimised in order for the resulting com-
posite sample to be representative of the whole lot.

Note: The representativity status of an individual sam-
ple cannot be ascertained if removed from the context
of its sampling-and-analysis pathway. It is not possi-

ble to discern the representativity status of any sample
in isolation. The attribute ‘representative’ can only be
accorded to a sampling process if/when in compliance
with all demands specified by TOS.

Fig. 2 shows a generic stationary lot (a schematic up-
per half-sphere is a stand-in for a general stockpile),
showing the number of increments (Q) to be extract-
ed to form a composite sample; for details on how to
determine the optimal Q, see [2,3,5]. The sample to
be extracted from an original lot is called the primary
sample, which can be either a grab sample (a ‘specimen’
in TOS’ language) or a composite sample (always to be
preferred). TOS describes how grab sampling cannot be
representative under any condition, for which reason
only composite sampling is allowed [7,8].

Fig. 2 is a graphical rendition of the Fundamental Sam-

pling Principle (FSP) for stationary lots, which is com-
pared with its process lot equivalent below.

SST - ISSUE 4 - DECEMBER 2025

4. PAT sampling / Sensor analysis

If the primary sampling step were to be effectuated

in the PAT realm, process sampling would be in the

form of acquisition of a spectral characterisation of a

segment of the moving stream of matter. The support

for this spectral characterisation could be an extracted
physical increment (a segment extracted from the
moving stream) or it could be an in-situ segment of
the moving flux (in-situ process increment). In the
latter case, the desired PAT situation, the role of a
process sampling interface comes to the fore.
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Figure 2:

Graphical rendition of the Fundamental
Sampling Principle (FSP) for a stationary lot.

The Q increments to be extracted must cover the
full lot volume with a uniform spatial density.
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Conveyor belt
sampling
interface

PAT sensor
sampling interface
(NIR, RAMAN, XRF)

PAT sensor FoV volumes (blue)
are non-representative, under-

volumed stream increments!

Credit: KHE Consulting Education Collection; used with permission.

Figure 3: Graphical rendition of the Fundamental Sampling Principle (FSP) in the PAT realm, governing the role of the process
sampling interface as either delineating i) transverse conveyor belt increments, or ii) facilitating equivalent cross-
section increment cuts from ducted flow through a pipeline, the geometry of which is colloquially termed an ‘ice-

hockey puck’.

Below is demonstrated the critical importance of prop-
er stream segment delineation for 1-D moving lots, ei-
ther of the conveyor belt — or the pipeline type, Fig. 3.

The primary role of the process sampling interface is
to delineate either a transverse conveyor belt incre-
ment, or to facilitate delineation of the equivalent
cross-section cut from ducted flow f.ex., through a
pipeline; this latter volume is colloquially known as an
ice-hockey puck. It is convenient to imagine this puck
volume moving along with the ducted stream. Note
how the ideal orthogonal transverse increment traces
(the ‘stopped belt increment configuration’) across the
stream become oblique because the increment cutting
is taking place when the process stream is moving. This
has no effect on the quality of cross-stream cuts; fully
realised oblique cuts are equally good representatives
of a complete slice of a flowing stream.

The TOS literature is abundant with serious warn-
ings that the practical way many cross-belt samplers
are designed and implemented are in fact biased and
cannot deliver representative increments [2,3,5]. Fig.
4 is an anonymised illustration of a so-called ham-
mer sampler - unfortunately popular in many practi-
cal installations in the mining and minerals processing
industry, likely because of aggressively marketed low
costs. But cost is not a driver for representativity!
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The hammer sampler is an example of a Process Sam-
pling Interface (PSI) for material streams conducted on
conveyor belts, or on gravity driven or vibrating slides
a.0. Fig. 4 serves to illustrate the important point that
although the concept of a correct process increment
may appear simple (like in the left part of Fig. 3), prac-
tical designs and implementations are not necessarily
successful without OEMs being fully competent with
respect to TOS. The underlying demand is of being able
to extract a cut in the form of a full slice of the stream-
ing matter (explained in full detail below). The issue
here is about due diligence regarding the non-negotia-
ble need to eliminate the two Incorrect Sampling Errors
IDE and IEE during increment cutting - which is not the
case for cross-belt samplers, while fully complied with
for cross-stream samplers. For the present purpose it
suffices to note that the physical realisation of incre-
ments can be lacking regarding representativity even
for the apparently simple case of 1-D lots moved by
conveyer belts: unmitigated Incorrect Sampling Errors
may easily generate a biased sampling procedure, as-
suredly non-representative, see [2,3,5,7,8] for full in-
troduction to TOS’ arguments.

The similar situation regarding a material lot experi-
encing ducted flow, e.g., through a pipeline can be used
to present the increment geometry needed to comply
with the full cross-section demand, materialising a full
slice.
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Figure 4: Anonymised illustration of a particularly popular type of cross-belt sampler, the hammer sampler. For very many
designs, brands and implementation this type of equipment cannot deliver a representative cross-belt cut, as
extensively described, documented and warned against in the TOS literature [2,3,5]. Caveat: this example is meant
for illustration of principles only; no identification of company, personnel or equipment brand is intended.

For a PAT solution designed to extract a representa-
tive physical sample from a pipeline flow, the full slice
increment demand translates into the form of a warped
ice-hockey puck, Fig. 3 (righthand side). At present
there are no OEM PAT solutions in compliance with this
demand; there does not exist a physical equivalent to
the archetype cross-stream cutter able to cut and ex-
tract a correct warped puck slice from a pipeline flow!
But contending alternatives have been put forward try-
ing to obtain a closely similar solution, e.g., by using a
bypass loop. Alas ...

However, the vast majority of PAT solutions being of-
fered today are designed around using an analytical
sensor, a probe, either to be inserted into a pipeline
ducting the 1-D lot, Fig. 1., or this solution is realised by
way of a Process Sampling Interface (PSI), Fig. 5.

One of the much-lauded advantages of the ‘PAT revo-
lution’ is that application of sensor technology elimi-
nates the need for sampling, i.e. eliminates the need
for extraction of a laboratory sample. While the latter
is true, the first is very much not [9,10-12] — to be
explained below.

SST - ISSUE 4 - DECEMBER 2025

Figure 5:

Examples of process sampling interfaces (PSI)
designed to be installed as part of ducted flow.
Note how flanges allow flush implementation
in pipelines, while offering openings and
fixtures allowing to project sensor radiation
orthogonally across the material flow a.o.
Caveat: these examples are meant for illustration
of principles only; no identification of company or
equipment brand is intended.
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5. The PAT realm

In the PAT realm, the role of the process sampling in-

terface (PSI) is dual:

1. Correct delineation of representative process seg-
ments to be analysed

2. Facilitating analytical interaction of a beam of
sensor radiation with the material support volume
realised by the sensor FoV

The potential mismatch between delineated vs. real-

ized analytical volume is the key topic of this article.

Here is the crucial issue:

Is the PAT sensor radiation beam able to interact ana-
lytically with the full support volume (puck volume)
delineated by a specific PSI? If yes, the PAT system is
unbiased (sampling wise) — if no, the PAT system is
biased (to an unknown degree), because being fraught
with unmitigated IDE/IEE deficiencies; full background
argumentation in [9,10-12].

5.1 Terminology overview

In order to avoid unnecessary confusion, a distinction
must be made between no less than three types of
sampling:

1. Physical sampling, which could be called
sampling,

2. PAT sensor sampling, which shall be called
sampling,,,

3. Statistical sampling, which could be called
sampling,, .

The many different usages and meanings of the term
‘sampling’ is a historical result of independent devel-
opment in diverse scientific disciplines; the reader is
referred to [13] for in-dept discussion. Here we only
need to focus on the relationship between the first two
variants: sampling . vs. sampling,,..

5.1.1 The many meanings of the term ‘sample’

TOS stipulates that the term ‘sample’ shall only to be
used in the meaning of a representative sample. This
ties in exactly with TOS’ other liberating imperative,
that only a sampling process can be assigned the at-
tribute representative — Ergo: a representative sam-
ple cannot be defined by any inherent attribute but is
to be defined solely as the product of representative
sampling processes. This goes for both stationary and
moving, dynamic process lots — and in the laboratory
as well, where samples are usually affixed with the pre-
fix “sub” (sub-sample).
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All types of extracted material portions that cannot be
shown to be the result of a representative sampling
process shall, in the name of clarity, henceforth be
termed ‘specimens’. Sub-samples derived by a non-
representative mass-reduction process in the labora-
tory may well also have to be termed sub-specimens ...

For the present purpose, there is one last specification
of importance in order to appreciate the current topic:
“There are sample cells - and there are sampling cells”
(the latter in the form of a sampling interface (PSI). To
highlight this crucial distinction, please compare Fig-
ures 5 and 6.

Figure 6: llustrations of a number of sample cells; compare
with Fig. 5. Caveat: these examples are meant for
illustration of principles only; no identification of
company or equipment brand is intended.
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There is empowering clarification in acknowledging the
distinction between a sample cell, into which is placed
an already sampled aliquot, and a sampling cell (a sam-
pling interface) the task of which is *both* to delineate
the increment to be analysed and to facilitate sensor
beam interaction with precisely this material volume
flowing through the interface [7,8].

Sensor radiation travelling through the PSI, as well as
absorbed and reflected signal impulses, define an ‘ana-
Iytical pathway’ through the geometrically delineated
increment volume. For the present purpose it is useful
to imagine this pathway in the form of a (roughly cylin-
drical) radiation beam penetrating from one side to the
other of the increment boundaries, extending across a
full cross-section distance. Contrarily, the penetration
depth of reflection spectroscopic modalities (diffusion
reflection, specular reflection) will only extend along
a fraction of this distance, effectively interacting with
only a reduced volume element in front of the sensor
head, see Fig. 3 (blue circles).

As exemplification, the following argumentation fo-
cuses on NIR spectroscopy: The vagaries of NIR pen-
etration depth(s) were described powerfully in the
‘Handbook of NIR Analysis’ (4.ed) [12], from where a
famous quote will help to make explain the situation
(p. 434-435). Concerning analysis of a powder mixture:

“The NIR beam penetrates perhaps as much as 5 mm within
the powder mixture. But the radiation that returns to the NIR
spectrometer is mostly from the top 2 mm of a typical sam-
ple cell. The material in the sample cell may have to be ana-
lysed by a reference method (a HPLC method for example
or other), which typically has the entire aliquot (extracted
increment) volume as its support. If not carefully choreo-
graphed, a systematic support volume mismatch error will
be committed because the support volumes analysed with
different methods (PAT vs. lab reference) are not identical.
It also needs to be considered that as the radiation inter-
acts with the top layers, less radiation will be available to
interact with the bottom layers of material. The amount of
material analyzed may be less in the lower layers of mate-
rial. In TOS’ parlance this is a classic IDE/IEE, here termed a
support volume mismatch error in a new disquise in the PAT
realm, which did not exist when the classic sampling errors
were defined and named in TOS”.

The advent of this type of volume mismatch error will

open up for clarification re. the TOS-PAT interrelation-
ships, which are the main present topic.
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“The mass analysed by the radiation may be estimated in
some cases, ibid., but is generally not known in detail. Most
analytical chemists know exactly the material that is ana-
lysed. In NIR spectroscopy, the situation is rather the oppo-
site. Indeed, NIR spectroscopists are spectacularly the most
successful analysts that do not know the exact sample mass
being analysed!”.

Now, what is the case for NIR spectroscopy can also oc-
cur for any other PAT spectroscopic modality for which
penetration depth is a function of a.o. material density,
composition, physical make-up (grain size distribu-
tion), top-bottom self-shielding a.o.

The only exception would by penetrating radio waves,
which is much used for volume moisture determination
— and, at the other end of the electromagnetic spec-
trum, very energetic gamma ray Neutron Activation
Analysis (NAA) for example, see the article by Kurth in
this issue.

5.2 TOS as a contributor to PAT

The Theory of Sampling (TOS) is the comprehensive,
necessary and sufficient framework stipulating the
principles, unit operations and error management rules
necessary to be able to extract a representative physi-
cal sample from any stationary lot [1,2,3,5]; the exact
same framework guides sampling and sub-sampling in
the analytical laboratory as well [6-8]. TOS is com-
prised of six Governing Principles (GP), five Sampling
Unit Operations (SUO) and a set of Sampling Error
Management rules (SEM) [5,10,11]. For the purpose of
illustrating the interrelationship between samplingTOS
and sensor samplingPAT it suffices to introduce the
GP#1 and SUO#2, the Fundamental Sampling Princi-
ple (FSP) and the sampling process termed composite
sampling, respectively. Both these elements were il-
lustrated in Fig. 2. A quick overview of the entire TOS
framework is given in [8].

Because there is a physical limit for the possibility of
sampling 3-D lots (stockpiles) according to the FSP as
lot size go up, it is instructive to note how TOS goes
about facilitating how to extract the ‘internal’ Q incre-
ments in practice - TOS’s principle ‘Lot Dimensionality
Transformation’ to the fore: The ‘impossible-to-sam-
ple’ 3-D lot is instead placed in a 1-D transportation
modus, e.g. placed on a conveyor belt, whence all Q
internal increments will eventually be available for
sampling when passing muster in front of a suitable
process sampling facility (not a cross-belt sampler, but
a representative cross-stream sampler — or a fully-
fledged PAT solution).
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In this fashion Lot Dimensionality Transformation
will make all internal increments available for ei-
ther physical extraction, sampling . - or will pre-
sent these as stream segments readily available for
sampling,,.. This operation is also what opens up
for variographic process characterisation - the most
powerful part of process sampling [2,3,5,9-12]; see
the article by Romanach in this issue on ‘how phar-
ma discovered variographic process characterisa-
tion’.

A highly beneficial advantage with TOS is that the
basic how-to-sample framework for stationary lots
can be directly carried over to the realm of process
sampling as well [5,9,10], described more fully in
[10-12]. A broad-scoped literature illustrating TOS’
role when applied in PAT can be found in [11,12,14~
18].

But in the PAT realm, does the PSI design allow the
sensor beam to interact with the entire ice-hockey
puck volume? This is the (critical) question ...

5.3 Preamble to the key discriminating
argument for assessing PAT solutions

All stream increments must be cut in the form of a
full slice of the moving, or ducted, material (visualised
in the form of an ice-hockey puck) because the ma-
terial stream is heterogenous: There is no guarantee
that a material stream ipse facto has a homogenous
cross-section. If/when a sensor is only able to analyse
a part of the necessary puck volume, Fig. 3, this is a
lack of analytical due diligence. Systematic parts of the
series of pucks passing in front of a PAT sensor head,
i.e. those parts not intersected by the analysing beam
volume, will never be able to contribute to the sen-
sor signal. This means that the sensor signal cannot
be representing the full series of cross-sections of the
flowing 1-D lot — which is tantamount to saying that
the whole 1-D lot is structurally not being represented.
This type of beam-limited sampling,,, configuration
is not representative. An attempt to illustrate current
beam vs. cross-section geometries for many PAT so-
lutions offered (and incorrectly championed) on the
marketplace has been compiled in Fig. 7 below.
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It is fair to point out that in the PAT community there
is considerable debate as to how debilitating the het-
erogeneity argument above is in practice. For example,
it is often stated that in ‘many industrial situations’
the unit operation ‘mixing’ has been invoked thereby
reducing the heterogeneity of the streaming matter:
“sensor results may still give a good indication of the

current state of the system, which is not possible with
end-of-process testing”. While such arguments may
be of merit in specific cases (above all typically in the
pharmaceutical realm), this is not a justification for
liberal generalisations, as there are indeed an almost
unlimited number of types of powders .... This is rather
a matter for practical empirical justification, enter the
Replication Experiment (RE).

5.4 The discriminating PAT argument

The degree to which an implemented PSI creates a sen-
sor beam pathway across the increment cross-section
in such a way the analysing volume fails volumetrically
to correspond to the full ice-hockey puck geometry,
thereby leaving parts of the increment volume without
the possibility to interact with the analysing radiation,
is a manifestation of a classic bias-generating IDE/IEE.
The PAT sensor advantage runs a high risk of being
forfeited on the grounds of a volume mismatch alone -
unless the specific sensor solution has been thoroughly
vetted by a dedicated Replication Experiment (RE). The
key argument is pivoting around the volume mismatch
between the sensor analysing beam volume (the loca-
tion and implementation of which is an integral part
of the geometrical design of the PSI) and the stream
increment delineated simultaneously by the PSI.

The case where a sensor’s active analysing volume does
not penetrate fully across the cross-section, shown
in Fig. 3 as the blue volumes immediately in front of
the sensor heads, is likely the largest potential volume
mismatch error imaginable. Clearly what the sensor
‘sees’ in such cases is only a very small part of the fully
delineated increment volume. There is manifestly no
way the spectroscopic sensor signal from such a PAT
solution can claim to be representative of the complete
puck volume.

The above analysis of the PSI geometry necessary to
guarantee representative sensor signals pertaining to
the full cross-sections of moving heterogeneous 1-D
flows leads to a definition of what shall be termed the
Fundamental Sampling Principle (FSP) for the Process
Analytical Technology realm (PAT).
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5.5 The Fundamental Sampling Principle (FSP)
for PAT

The ‘identical volumes’ demand constitutes the PAT
realm equivalent to the Fundamental Sampling Prin-
ciple (FSP) for stationary lots. IF/WHEN the analysing
sensor volume (radiation footprint x effective penetra-
tion dept = ~ radiation beam volume) is not identical to
the volume of the full delineated increment geometry
(box, ice-hockey puck, orthogonal or warped), there
are unavoidably significant fractions of each increment
(the sampled flow segment) which is structurally un-
able to contribute to the sensor signal — which makes
the PAT sensor signal biased. Despite many hopeful,
but ill-informed claims that powerful chemometric
data modelling (specific data pre-processing) can cor-
rect for a spectral sampling bias, the TOS explains with
scientific logic and force that no sampling bias can ever
be corrected for a posteori by any means; the interested
reader can find a comprehensive exposé and full argu-
mentation in a recent ‘Perspective’ paper [7].

The reason behind the ‘equal volumes’ imperative fol-
lows from the fact that all materials met with in sci-
ence, technology and industry are heterogeneous - it
is only a matter of to which degree, and at what scale
[1-5]. Heterogeneity constitutes one of two main hur-
dles for representative sampling (the other is grab
sampling, which can never be representative and which
is therefore never an acceptable sampling procedure).

5.6 Heterogeneity — the adversary that easily
may destroy PAT solutions

There is never a guarantee that a contemporary cross
section of a moving flux of matter is homogenous.
Material heterogeneity is a 3-D characteristic (at all
scales). But when the width-depth heterogeneity of a
streaming or ducted material is ‘covered’ completely by
a correct geometrical form/volume extraction of the
sampling increments, this is successful process sam-
pling without IDE/IEE. This leaves only the remaining
1-D heterogeneity along the transportation direction to
be dealt with — which is exactly the objective of process
TOS.

Any vibrational spectroscopy modality being channeled
by way of a PAT sensor is subject to the FSP for PAT.
In Figure 3, note that a sensor can have a limited pen-
etration depth, oftentimes resulting in what can only
be described as sensor grab sampling (blue volumes in
front of sensors). It is regrettably fair to say this insight
is not widespread within the PAT community, nor in
the relevant OEM industry.
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To bring home this sweeping statement, Fig. 7 shows
many examples of PSI configurations in which the ra-
diation beam pathways are manifestly not identical to
the contemporary increment volumes (all examples
are culled from [20], but brought here in anonymised
form).

5.7 Is all lost? - What can be done?

There are many PSI designs in use as part of a plethora
of PAT solutions offered on the market, but many are
regrettably afflicted with the IDE/IEE flaws pointed out
in this article. Is there any chance some of them can
still be used without sampling biases ruining the(ir)
complete business? There is both good news (YES) and
bad news (NO)!

The capital question: “Is the performance of *this*
specific PAT solution [your company / equipment /
brand name here] acceptable, or not, can be answered
very easily by applying the Replication Experiment fa-
cility. This will render an authoritative verdict w.r.t. fit-
for-purpose representativity: pass or fail.

5.7.1 Replication Experiment

The Replication Experiment (RE) is described in a num-
ber of TOS publications at all levels, e.g. [2,5,7,8,12],
of which [5] is likely the most relevant in the present
context: DS3077, 2024, (p. 55-57). The simple RE de-
livers a %-age quality index for comparison with an a
priori fixed representativity threshold, below which the
particular performance can be declared fit-for-pur-
pose, while a higher index value (higher %-age value)
signifies that this quality attribute has been forfeited,
i.e. the sampling method tested is not representative.
Not testing existing PAT solutions with the simple RE
facility is tantamount to not performing analytical due
diligence!

5.8 Heterogeneity — good or bad?

The unresolved situations described above are caused
by cross-section material heterogeneity which re-
duces the penetration depth performance of PAT sen-
sors. But, on the other hand, on-line PAT solutions are
highly valuable in enabling efficient process/product
monitoring allowing inherent heterogeneity along the
process transportation direction to be controlled to the
benefit of many technological and commercial objec-
tives; these advantages are described in more detail in
[9,11,12]. So is heterogeneity a friend, or an enemy?
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Figure 7 shows a number of beam (red) vs. flow cross-section geometries for PAT solutions offered (and wrongly
championed) on the marketplace. All examples are of flawed PSI solutions not facilitating TOS-compliant FSP
demands but instead resulting in a variety of sensor grab sampling manifestations compromising representativity to
various degrees. lllustrations were originally culled from the internet and here anonymised. Caveat: these examples
are meant for illustration of principles only; no identification of company or equipment brand is intended.
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All materials, process intermediates, products of inter-
est in technology and industry are characterised by a
significant (:= not neglectable) heterogeneity, which
may differ in nature and magnitude across the infi-
nitely many materials met with in science, technology,
industry, commerce, trading, society, but which must
never be willingly ignored. For all these the Fundamen-
tal Sampling Principle for PAT cannot be ignored, lest
a sampling bias be created, which will also characterise
the final analytical results. In all these situations, there
is no rescue: If-and-when the Replication Experiment
does not return the verdict fit-for-purpose, the tested
PAT solution does not live up to its representativity ob-
ligation. In all such cases there will be practical and
indeed painful economic consequences to be faced!

6. Some relief - after all

However, there are redeeming issues that may bring
relief.

As heterogeneity goes down, PAT systems merit go
up. Indeed, many current PAT solutions and types of
equipment were originally designed for expressly man-
ifest low heterogeneity (liquid, two-phase systems,
slurries) cases only.

Many current PAT solutions owe their success to the
fact that these are only addressing materials with
‘practically neglectable’ heterogeneity. There is an
enormous range and contrast concerning inherent het-
erogeneity across the almost infinite number of mate-
rials for which analytical determination within the PAT
scope is of interest (or will potentially come into in-
terest, as technologies develop). Heterogeneity ranges
from extreme, high, intermediate, significant, low — to
‘practically neglectable’. Baring the last, this article
specifically addressed the realm of significant hetero-
geneity (because this is where the biggest scientific and
technological challenges lie) and illuminated the dire
consequences if/when sampling is based on proce-
dures and equipment not in compliance with TOS.

Fig. 7 show that a large proportion of current PSI ge-
ometries suffer from significant volume mismatch
IDE/IEEs. This is an inconvenient truth which is
better faced directly than attempted to be sweet-
talked away: “My materials are only of (very) small
heterogeneity ...”; “My materials are (always) very
well mixed ..."”; “In Pharma we are only processing
and sampling already well-mixed, low heterogeneity
powders ..."
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While such Hail Marys may be true (in specific cases),
they could just as well just represent a tradition for
ignoring the hard problems illuminated in this article.
Without being subjected to a stringent RE, many cur-
rent PAT solutions are of inconclusive merit.

Although gas mixtures are often considered to be of
very low heterogeneity, gas systems also have special
challenges [20]. Sampling and analysis of materials in
the gas phase is not covered in general sampling stand-
ards and guides, due to the often complex sampling
conditions experienced. Most gas-phase materials ex-
ist in the region from ambient temperatures (~300 K)
to combustion temperatures typically around ~1200 K.
Common to both temperature margins, though pre-
dominantly for hot gases, or smokes, is the fact that
continuous reactions often take place in material mov-
ing at high speeds, as well as when samples are cooling
down to ambient temperatures, e.g. due to condensa-
tion at different due point temperatures, ibid.

7. Going forward

PAT is not a finished, fully developed enterprise, on the
contrary. The interesting scientific, technological and
commercial challenges mainly lie where forward-look-
ing agents are searching to transgress today’s bounda-
ries for PAT application - necessarily often with re-
spect to innovative technological developments trying
to deal with increasing material heterogeneity, as more
and more new product categories come into view under
industry 4.0

But developments are also closely related to continu-
ing analytical developments, which have been left out
completely in this article. There is great inspiration to
be found in a recent complementary review covering
the last 20 years’ development as concerns the specifi-
cal analytical aspects of PAT [21].

FURTHER READING

An article complementary to the current “PAT” theme:
“Sampling for Glaciological “erratic rock” Provenance:
the brilliance of Danish Geologist Arne Noe Nygaard”
was published in Sampling Science & Technology, April
2025(3), 26-33. Despite its apparently very different
subject matter, here can be found a surprising PAT
analogue (section 5). The process sampling interface
is diachronic, with a time frame between delineation
and analysis spanning ~800 years — yet constituting a
bona fide PAT scenario!

https://doi.org/10.62178/s5t.003.003
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ABSTRACT

Process analytical technologies (PAT) are utilised when continuous knowledge of quality is needed in a timely man-
ner for bulk conveyed flows of matter, usually solid mixtures of highly varying heterogeneities. Reliable, representa-
tive monitoring of material quality variability is the target of implementing an online PAT solution, but the material
variability itself also has significant effects on the measurement process performance. Many sampling and analytical
procedure elements need to be competently designed, managed and controlled for any specific PAT solution.
Conveyed bulk flows consist of materials with characteristics influencing their ability to be appropriately and effec-
tively sampled. The value of the final data is to a large degree determined by its purpose for the PAT system user.
This article covers the demands on real time measurement system management where material quality needs to be
known with high confidence to influence the technological or industrial processes involved and allow subsequent
decision-making. Every process is sensitive to some degree on the nature and specifics of its input parameters. The
characteristics that affect online measurement performance cannot always be characterised in a manner like labora-
tory measurement systems, and various assessment approaches characterise competing system vendors. This article
covers some technology opportunities and challenges applicable to conveyed flows that have proven beneficial in
this PAT domain as outlined in many case study examples supplied and referenced.

1. Introduction 2. How to develop confidence in selected
process analytical technologies
promising representative real time
measurement of conveyed flows

N\ining, minerals processing and many other pro-
cesses often utilise conveyors in bulk materi-
al handling between discrete unit operations. These
may include quarrying or mining, simple screening,

o . 2.1 The Problem
more complex beneficiation stages, concentrating, re-

cycling, smelting or refining. Process analytical tech-
nologies (PAT) can play a role in measuring the bulk
material in real time to help monitoring and mana-
ging process feed, process performance, and product
quality. Sampling may not be an effective solution for
quality management if real time and continuous moni-
toring of quality variability are needed. Sampling may
be difficult to implement where coarse material (up to
-350mm) is conveyed at high tonnage rates and with
highly variable particle size and composition. Effective
control can more likely occur when appropriate pro-
cess analytical technologies are selected (or developed)
that provide representative, precise, and timely reliable
measurements.

Many material handling situations involve highly het-
erogeneous material at every particle size scale present.
Material ‘quality’ and its variability have major effects
on process performance. How can material quality be
characterised representatively to enable the process
to achieve a controlled quality at the scale that causes
minimal disruption and optimal performance?

The solution should include process analytical tech-
nologies that are not affected by the physical char-
acteristics of the material, i.e., quality variability e.g.,
segregation effects.

1 Scantech International Pty Ltd, Australia
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To be representative PAT measurements must comply
with the principles stipulated in the Theory of Sam-
pling (TOS), which first and foremost demand that any
material component is accorded an equal probability to
be included in the support of the physical measure-
ment (physical, or virtual, sample volume). Successful
measurements must be shown to be independent from
operational handling variability, or sufficiently account
(correct for) for variabilities stemming from include
e.g., mass flow, particle size distribution (PSD), mois-
ture content, natural or imposed segregation (layering
of different materials onto the same conveyor).

Many of the parameters mentioned are the results
of upstream processes: 1) PSD as a function of blast-
ing, comminution stages and materials handling, 2)
mass flow as a function of how material is handled
and whether surging is controlled, or a result of choke
feeding, 3) moisture as a function of below ground wa-
ter level mining, 4) clay content or dust management
steps (water sprays), and 5) segregation. These vari-
abilities may be imparted for example due to multiple
flows of materials with different characteristics added
in a sequence ... causing layering, or through natural
effects of vibration and movement during conveying.
All such ‘detracting’ variabilities must be optimally
counteracted and corrected for a successful PAT solu-
tion for one or more focused analytes.

3. Developing PAT technologies

3.1 Compositional and distributional
heterogeneity

High compositional heterogeneity is arche-typical in
natural geological materials (ores) and in many other
bulk commodities in trade and processing technology,
which are characterised by coarse particle size (e.g.,
shredded scrap). Such features will effectively rule out
any method that only senses the surface of a conveyed
flow.

Conveyed flows are quite effective at self-sorting by
particle size, shape, density and parameters affecting
aggregation and segregation, such as moisture, or clay
content, due to vibration and movement. Fines and
more dense components commonly migrate down-
wards, and coarse particles migrate upwards. This can
occur immediately the material is placed on the con-
veyor belt through particle filtering and chute flow de-
sign; this results in induced vertical distributional het-
erogeneity.

SSt - ISSUE 4 - DECEMBER 2025

ARTICLE

The horizontal composition distribution can also be
modified depending on distance material is conveyed,
which can result in the same between-particle differ-
ences mentioned above.

In many mines the fines are considered as of consist-
ently higher quality than the coarser fraction(s), which
are often more competent, being less mineralised rock
with lower grades, or vice versa depending on miner-
alisation style.

The conclusion of the above considerations is that pen-
etrative technologies would be needed to provide even
the first opportunity for a representative measurement
regime - before even considering which parameters to
measure and how to quantify composition. The specific
design of the process sampling interface is critical (Es-
bensen & Sivalingam, 2022).

The measurement parameter of interest (aka ‘the ana-
lyte') may be aspects of the chemistry, mineralogy or
other information that sensors currently are not able
to provide, such as ore textures and mineral (spatial)
relationships within a particle that affect liberation and
recovery processes. Currently there is no technology
available to provide a full mineralogical analysis of a
flow of rocks through the full depth of conveyed ma-
terial in real time. This has resulted in application of
off-line technologies such as QEMSEM to characterise
the material using ‘selected’ samples (sample selection
better be representative). Consequently, existing tech-
niques that penetrate and measure elemental content
are the main solution adopted for compositional analy-
sis. The challenge has been to prove they provide rep-
resentative analysis by preventing biased measurement
of any components of the flow. Prompt Gamma Neu-
tron Activation Analysis (PGNAA) and Pulsed Fast and
Thermal Neutron Activation (PFTNA) have been the
preferred technologies to consider for elemental analy-
sis. Magnetic Resonance (MR) can be considered when
only one mineral of interest is required to be measured
(this is of course one that is able to be sensed with an
appropriate technique).

The suitability and performance of penetrative meas-
urement techniques to characterise the composition of
conveyed material can be assessed in various ways. It
should be noted that, unlike laboratory technologies
that measure samples prepared carefully and consist-
ently through a specified process, conveyed flow is
highly dynamic and many variables can affect analyser
(process analytical technology) performance.
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FACTBOX - Specific analytical neutron activation issues

PGNAA/PFTNA and related neutron or thermal activation techniques are dependent on a number of
random processes which include the number and energies of neutrons emitted from a “source” per
second, the proportion of neutrons captured by elemental nuclei, generation of gamma energies emit-
ted from “excited nuclei”, measurement of the emitted gamma energies by the detector or detectors
in the analyser, and the conversion of the collected spectral response through some calibration process
to represent elemental proportions. Analyser calibrations use reference spectral elemental libraries to
break down the measured spectral response into its components. An analyser is calibrated for the ele-
ments known to occur in @ material that can be successfully measured, i.e., have a good response to the
technique and are likely to be present at measurable concentrations. The analyser calibration can be
customised to the expected composition ranges for each element of interest to improve measurement
precisions. Each element has a fingerprint, or multi-peak response with peaks over a range of gamma
energies at consistent proportions to each other. The consideration of the full spectral response for an
element will improve the ability to determine its proportion in the combined response rather than us-
ing only its primary or secondary energy peaks. Elements respond differently and therefore some ele-
ments are more challenging to measure than others while some do not respond to the technique at all.
Elements are continually being added to spectral libraries, and some analysers have unique capabili-
ties, e.g., direct gold measurement, due to their configuration, components and/or calibration software.
Theoretical gamma responses are available for most elements but possible recognition by a specific
analyser model will vary. Some analysers can detect elements well that others struggle to measure, e.g.
aluminium, magnesium, phosphorus, carbon, etc.

The source type and size determine the number and energy of neutrons emitted. Californium-252 (Cf-
252) is the dominant source used in PGNAA analysers. Cf-252 produces neutrons with 2.1 MeV energies,
which are ideal for this technique. The neutrons are easily thermalised or moderated to make capture
by atoms in the conveyed flow more efficient. In this process, high-energy neutrons are slowed down
through elastic collisions with a neutron moderator, such as graphite. 50 micrograms of Cf-252 pro-
duces about 115 million neutrons per second, about 2,000 times more neutrons than the same amount
of Americium-Beryllium (AmBe). Self-shielding occurs when neutrons and gamma rays are absorbed
by the material rather than penetrating further into the material and this effect is normally modelled
through Monte Carlo simulations so it can be accounted for in the analyser calibration process. This is
why higher activity sources are often more appropriate for thicker conveyed beds and why a single pass
configuration is used rather than a backscatter process: In a single pass, the source is on one side and
the detector array on the other. In a backscatter configuration the source and detectors are on the same
side of the material to be measured and consequently may bias measurement to the portion of material
closest to the source and detectors which generates a larger proportion of the measured signal. Detec-
tors cannot determine where in the material profile the signals have originated so correcting for such
bias is problematic.

Smaller sources have lower activity and emit fewer neutrons. Neutron generators emit neutrons at much
higher energies (14.1 MeV) that may reduce the fraction able to be captured by elements as most may
pass through the material “uncaptured”. The number and type of detectors affect the efficiency of the
gamma measurement and resolution of gamma energies into the number of channels being recorded.
Digital Multi-Channel Analyser (DMCA) count rate capacity determines how many counts are recorded
and accumulated in the combined spectral response over a measured timeframe.
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Pulse pile-up occurs when more gamma rays are generated and penetrate a detector crystal than can
be counted, so the solution has been to use more detector-DMCA combinations using smaller detector
crystals rather than larger detector crystals and fewer DMCAs. The conversion and calibration software
plays a major role in the optimal derivation of the final data. If the spectral response is optimised and the
highest resolution is available, then elemental characterisation can be improved, and the analyser ac-
curacy and precision can be optimised. The process relies on atoms in the material having approximately
equal probability of being “sensed” and therefore the design of the analyser system, the relative position
of sources to detectors, and of course the degree of shielding to maintain a safe area around the analyser

while operating are important considerations.

Static calibration does not assess the responsiveness of
a technology in recognising changes in material com-
position or compensating for changes in the mass be-
ing measured. The mass flow input from a belt weigher
is used to tonnage weight spectral responses to ensure
elemental proportionality is correct during a measured
increment (using a time-based accumulation of spec-
tral response).

Not all vendors are focussed on best measurement ca-
pability for various reasons, just like some sampling
systems fail to comply with all TOS' requirements. It
is not always about building the best performing sys-
tem as clearly some systems are built to a price point
for meeting a particular marketing strategy (i.e., where
customers compelled to accept the cheapest tendered
price are targeted), while others may be designed with-
out safety as a primary consideration, i.e., safety is left
to the client to manage — large exclusion zones, ac-
cess restrictions, are only safe when turned off, etc. The
‘best’ performing system may not even be the most
expensive. The buyer must develop sufficient knowl-
edge to be able to perform adequate due diligence to
select the best solution for them. There are no stand-
ards available to assess and directly compare meas-
urement performance and each vendor quotes on a
different precision, accuracy or repeatability basis for
different analytical measurement periods. Each vendor
may also specify that a set of performance estimates is
valid at or above a certain belt load (e.g., 60 kg/m) and
measurement time. Lower belt loads generate fewer
gamma responses, and the configuration of a system
will determine the minimum required for confidence in
the results. Some systems can measure reliably at belt
loads as low as 10 kg/m.
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Ideally the analyser will provide certain performances
for the desired application given the conveyed flow
characteristics: mass flow rate and variability, com-
position range required to be measured relative to the
purpose of the data produced, any required off-line
time for calibration or maintenance, operating cost,
etc. Measurement time affects the size of the measured
increment and whether data can be used effectively to
manage overall quality. Very few conveyed flows have
consistency in mass flow rate over time. The calibra-
tion of an analyser using only static samples of known
composition (preprepared standards) can generate re-
peatability results to assess analytical accuracy and can
compare measurements at certain concentrations to
claimed accuracies, but these may not cover the full
calibrated range or assess responsiveness of the system
to normal dynamic conditions (like testing a car under
ideal operating conditions and extrapolating its ex-
pected performance to reality of all-purpose driving).
Off-line static calibrations, such as when the analyser
is removed from the conveyor and a standard sample
placed on it, offer even less relevant calibration as the
conveyor belt composition’s dynamic changes (wear
over time, or joins or repairs added) and those effects
on overall measurement will be excluded. The calibra-
tion and performance evaluation processes of the pro-
cess analytical technology should be understood in the
necessary context, so limitations on performance can
be used to assess suitability for each specific applica-
tion.

Dynamic calibration using normal/typical material on
the conveyor, in the analyser, under normal opera-
tions, enables the impact of dynamic conditions on the
measurement to be comprehensively understood and
accounted for, to improve analyser performance.
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The presence of a suitable physical sampler (must of
course be TOS-compliant) or periodically stopping a
belt (during scheduled plant shut-downs for routine
maintenance), to extract measured material for sub-
sampling and assay allows a suitable number of com-
parison points to be used to validate calibration and
measurement performance. This methodology has al-
lowed better precisions than any static calibrations to
be achieved over larger compositional ranges in mul-
tiple commodities where these systems have been
implemented. The ultimate usefulness of all dynamic
compositional measurement systems will be reflected
in accuracy of the ultimate analytical results with re-
spect to the actual physical material on the belt.

Figure 1 shows how factory test work on a small num-
ber of samples can be used to determine approximate
measurement performance expectations. The PAT
measurements are compared to assayed results for
samples and a preliminary calibration developed for the
material. This can be assessed using supplied samples
without assay information (blind samples) to ensure
the PAT can measure the material reliably. In many
cases the suitability of the analysis results is a judg-
ment the end user makes based on the measurement
performance able to be demonstrated for a technol-
ogy and its implications for the quality management
process. After installation of the PAT the collection of
samples from the conveyed flow that are sub-sampled
and analysed can be compared to PAT measurements
to ensure there is confidence in the PAT data, knowing
that some variations between results will be expected
due to total sampling error in determining the assay
result and instrument errors in the PAT.

The RMSD values represent a confidence level in the
measurement and typically correlate well in a suitably
designed and calibrated analyser. PAT procurement
generally includes requirements for meeting expected
performance criteria and an agreed evaluation process
should ensure a robust assessment of the PAT.

3.2 Accuracy and precision

Terms used to quantify PAT performance are intended
to be objective, however, this is relative to the pro-
cesses used and different vendors recommend differ-
ent approaches. “Accuracy” assumes a comparison of
measurement performance to an absolute value. To
do this a sample is normally synthetically created at
a known composition for all important elements to be
measured. The repeated measurement by the PAT pro-
duces a distribution of results with a mean and stand-
ard deviation. The standard deviation is a measure of
repeatability at a known concentration. Therefore, the
accuracy can be quantified as the difference between
the mean measurement and the absolute known com-
position. Statistical processes applied to the measure-
ment results assume that 95% of the measurements
should be within two standard deviations of the mean.
Accuracy issues can sometimes be addressed by apply-
ing offsets to the PAT results, assuming the difference
is always constant, in one direction, however, repeat-
ability may be more random for example because of
internal PAT processes in deriving each result. Assess-
ing PAT performance at a single composition is decid-
edly inferior, as it does not cover the operational range
required for the PAT application.
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Left graph shows factory static measurement on 200kg samples using customer assay data to develop a preliminary

calibration with an RMSD of 0.03 %Cu for copper ore for New Afton mine, Canada, and measurement of three blind
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Robust assessments require testing and evaluat-
ing PAT performance over the range of its intend-
ed application. Taking measurements over a range
of different materials as presented in the conveyed
stream allows comparison of PAT measurements to
laboratory analysis based on sampling of the same
analysis period for the material. While more resource
intensive, this process provides a range of results for
multiple estimates of the measured material qual-
ity to generate a measure of PAT precision for each
element and relative to the composition range in the
measured and sampled material. These precisions
have been found to be a better indicator of measure-
ment performance especially when the technology is
required to guarantee the average quality of a meas-
ured batch. The ideal outcome of course is a good
accuracy and a good precision in the PAT measure-
ment. Dynamic changes can significantly affect ma-
terial measurement, and the precision estimates be-
come a better indicator of performance “robustness”
where such variability is present, i.e., in most conveyed
flows in the resource sector. Accuracies and precisions
achieved with PATs are influenced by the amount of
signal received per measurement period, resolution
of the gamma energies to enable spectral interroga-
tion, weighting of spectral response through mass flow
changes, and the customisation of the calibration to the
material. Releasing valid accuracy and precision evalu-
ations are a major competitive issue between vendors.

Development of customised calibrations and expansi-
ons to element spectral libraries, to include elements
additional to the standard ones needed in the “traditi-
onal” coal and cement industries where the technology
has been applied, has resulted in broader applications
for more commodities. The technology has been used
successfully for bulk commodities such as iron ore, bau-
xite, manganese, chromium, phosphate rock and others
(physically manifesting a relatively low heterogeneity)
as well as more heterogeneous materials such as base
metal ores (copper, zing, lead, nickel), precious metals
(silver and gold), platinum group elements (platinum,
palladium) and specialised applications (lithium, dia-
monds).

Calibration is seen as the greatest challenge for obvi-
ous reasons. The process analytical technology needs to
have its performance calibrated by comparing measu-
red results to known compositions.
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CASE STUDY 1: CEMENT INDUSTRY

Dynamic calibration assesses dynamic parameters and
can for example be used to monitor and hence guaran-
tee the average composition of a stockpile measured in
the longitudinal transportation dimension using a spe-
cific analyser. In the cement sector, the GEOSCAN-C
is the only product, and Scantech is the only company
on the market, to provide composition guarantees for
created limestone stockpiles. This provides high levels
of confidence the analyser is performing well. For ma-
terials such as limestone, the variability is predomi-
nantly bimodal (calcium carbonate and quartz are the
main compositional components) as the mineralogy is
less complex than for many mineral commodities.

As an example, the known composition of a 50kg re-
ference (or calibration) sample will be critically depen-
dent on its full sampling history (it must be prima-
ry, secondary and tertiary sampled, sub-sampled and
assayed representatively) - and this process must ca-
refully be repeated in an identical fashion for at least
thirty samples to cover the full intended measurement
range.

The RMSD (root mean squared deviation) can be used
as a measure of similarity between two sets of analyses
of the same sample set (reference analytical values vs.
corresponding process analytical results). The reference
assay data is subject to sampling, sub-sampling and
analytical errors whereas the calibrated PAT analyser
measurement is mainly subject to instrument error (a
combination of many smaller components) and errors
related to the assay data used in its calibration. Assu-
ming the analyser is calibrated well to the samples, the
largest error is how well the samples represent the full
flow that an analyser interrogates through its measu-
rement technique.

Dynamic calibration can be improved by diligent sam-
ple preparation to minimise sub-sampling errors. The
normal site primary sampling protocols are followed
by crushing, splitting, pulverising and sub-sampling to
the site’'s standard process or international standards
for that type of material or commodity. Dynamic ca-
libration is therefore much more difficult with highly
heterogenous ore (such as precious metals with high
coarse gold content).
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FACTBOX - Validation of sampling vs. analytical error effects

Experience (Scantech) has shown that the sampling error comprises about half the RMSD magnitude
(when samples are taken from a period of conveyed flow for comparison to analyser measurement for
the same material). Sampling errors have been determined using a duplicate samples approach, and
the analytical errors originate from the use of multiple laboratories and different assay techniques for
various elements. A typical sampling error evaluation process incorporates operators taking multiple
samples from a section of conveyed flow over hours, days or even weeks. Each sample is split and one
half sent to one commercial laboratory and the other half to another laboratory. Results are compared to
evaluate analytical error. Sub-sampling error is evaluated by splitting samples further and sending these
sub-samples to each laboratory. The multiple analyses of the same samples can be assessed using the
three instrument Grubbs estimation method (Grubbs, 1948) and when applied to available data often
demonstrates the analyser provides a better precision then either of the two laboratories. This issue has
been partially addressed using prepared standards with known composition and statically measured by
the analyser. As discussed previously, this does not allow for calibration to dynamic conditions seen in
the conveyed flow, which may likely have much larger effects on how well the analyser data represents
the conveyed material composition. This is a standard process sampling and analysis aspect within the

Theory of Sampling (TOS).

For this calibration process it is proposed to utilise a
non-destructive analytical technique, such as photon
assay (where suitable for the required analytes), so
that the full sample size (typically this is equivalent
to one metre of belt load) analysed statically in the
analyser is removed and crushed to minus 3mm and
split into 500gram sub-samples where each sub-
sample is assayed by photon analysis and a tonna-
ge weighted average derived for the original sample
(Dominy et. al., 2024). Sufficient comparison points
(samples) are used to develop what is expected to be
the best available calibration for such material.

Ore blending has improved the consistency of pro-
cess feed quality, reduced plant upsets and improved
process performance. Feedback of conveyed material
quality to mining operations has improved ore re-
conciliation and mine scheduling performance. Feed
forward of the digital data has enabled process plant
operators to modify feed rates, blends and reagent
settings to optimise plant capacity and performance.
High performance process analytical technologies
enable responses in real time allowing for lag time in
process changes to take effect.
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CASE STUDY 2: GOLD ORE

Despite the high errors involved in sampling gold ores,
the GEOSCAN GOLD has been able to demonstrate gold
measurement to as low as 0.2ppm and measurement
RMSD of 0.25ppm over ranges of up to 5ppm gold.
These verification processes have involved meticulous
preparation of samples for sub-sampling and assay. At
least half of the precision value, estimated using the
RMSD, is still expected to be sampling and analytical
error, even when 30 or more assay comparison points
are used. TOS indicates that most of the total sampling
error originates when the primary samples are extrac-
ted from the lot. Difficulty in reducing the magnitu-
de of that error suggests that the comparison of PAT
measured results to those of correctly selected, prepa-
red and assayed samples may be the best for of com-
parison for calibration improvement purposes.
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CASE STUDY 3: IRON ORE AND BASE METALS

Assmang Khumani, South Africa (Matthews & Du Toit, 2011). Assmang utilises elemental and moisture analysers
to measure:

Mined ore for diversion: approximately 33% of final production bypasses full beneficiation saving around USD 5M
per year in unnecessary operating costs. Only material needing beneficiation is diverted to the jig circuits. Ore
characterisation studies recognised the potential for this and allowed a smaller plant to be constructed saving
significant CAPEX.

Ore feed to jigs and product from jigs: upgrade factors for different ore types can be well controlled to optimise
recovery.

Product quality to stockpiles: quality of each stockpile is known, so stocks can be monitored in real time.
Loadout quality from stockpiles to train: allows the tonnage and quality of each train load to be deducted from
the relevant stockpiles to manage stocks but also enables that load to be correctly allocated to stockpiles at the
port.

The measurement at over 20 locations in the plant using GEOSCAN analysers also allows Assmang to perform real
time multi-elemental balance of feed materials from each mine through to product and reject flows to optimise
quality management through the complete process. Benefits provided by the mined ore diversion application alone
resulted in an effective payback for the equivalent of over 20 analysers across the site in a period of less than one
year.

Iron Ore — FMG, WA (Balzan, Beven & Harris, 2015). Fortescue Metals Group applied elemental and moisture analys-
ers to their operations in the Pilbara region of Western Australia to monitor mined ore quality and product quality.

Measurement data is visible by remote access on personal devices. Resource Strategy Director (J. Clout, pers. com.)
while travelling in China to meet customers was monitoring product analyser measurement results and noticed low
grades being detected on the conveyor feeding the product stockpile. After contacting the site, it was found the
mining block had been mistakenly allocated as high-grade ore instead of waste. The cessation of conveying waste
onto the product stockpile prevented hundreds of thousands of tonnes of production being out of specification. This
proved equivalent to an analyser payback period of one day.

Copper — Sepon, Laos (Arena and McTiernan, 2011. Balzan et. al., 2016). Measurement of crushed ore feed to a mill
and leaching circuit for copper production.

Blending ores from stockpiles is controlled each 30 minutes using feedback from an analyser located after crush-
ing. Heterogeneity within the piles is large and sections of each pile may not reflect the expected average quality.
Blending ore from piles averaging 1% copper up to 13% copper allows a consistent copper metal feed rate to the
process to prevent exceeding its metal capacity and avoiding direct copper metal losses. Measurement of calcium,
magnesium and manganese, correlated with acid-consuming gangue content of the ore, combined with moisture
measurement data assisted in controlling acid addition to maintain target pH. The ferric leach process required py-
ritic material addition from a separate stockpile and its proportion in the feed was controlled using iron and sulphur
measurement data from the analyser. Benefits resulted in an analyser payback period of approximately one month.

Lead-zinc — Glencore, QLD (Patel, 2014). Measurement of crushed ore feeding a heavy medium preconcentration
plant (HMP).

Feed forward control enabled the optimisation of HMP density cut point control to minimise ore losses and max-

imise waste reject in lead-zinc ore that previously rejected a fixed 30% feed by volume, irrespective of ore quality.
A significant increase in performance was achieved in plant operations.
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Gold ore — Newmont, WA (Balzan et al, 2022). Measurement of crushed gold ore from underground mining feeding

the Telfer process plant.

Newcrest (now part of Newmont) assisted in the development of direct gold measurement capability using GEO-
SCAN at Cadia and Telfer sites in Australia. Development of a spectral library for gold as an element was followed
by extensive test work to validate measurement results. Since that time gold measurement has been successful
at each site; the technology has been installed with measurements achieving precisions of as low as 0.2 ppm gold
over calibrated ranges of nearly 5 ppm gold. This development is expected to improve further as better gold assay
techniques are adopted to reduce sampling error components. See figure 2.
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Figure 2: Cross-section through GEOSCAN GOLD high specification PGNAA analyser showing main components and an

example of elemental results for a 30 second measurement period; for direct gold measurement over ten minutes.

3.3 Moisture measurement

Moisture content is one of the few parameters than
can change during sampling and sample handling.
Ambient temperature and humidity can easily affect
the moisture of material while being sampled and/or
analysed, particularly in hot, dry climates where many
mining and processing operations are often located.
Free moisture is usually assessed by weighing a sample
as supplied, then drying it for a set period at 105 de-
grees Celsius, and reweighing when dry to determine a
moisture percentage. Any moisture losses or additions
between the sampling and the first weighing will con-
tribute to the overall measurement error. Moisture can
be lost through evaporation simply by disturbing the
conveyed flow. Errors can be reduced by capturing a
sample into a sealable container before transporting to
a laboratory.

Moisture is rarely distributed evenly through a con-
veyed profile.
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Particle size distribution affects the migration of mois-
ture: e.g., finer materials, capillary action and vibration
causing water to migrate upwards (similar to tapping a
bucket of wet sand), while ambient temperatures, air
flow and coarser material results in dryness near the
surface while moisture is retained in the finer materials
towards the base of the flow cross-section.

The focus needs to be on developing representative
measurement techniques to avoid any such obvious
measurement bias(es). This eliminates any surface-
based measurement techniques because any assumpti-
on that a conveyed flow surface, or for that matter the
moisture at any vertical position within a flow, repre-
sents the average moisture in the full profile is prone to
large errors, indeed suspect in the extreme. Continuous
full depth measurement is possible using microwave
transmission if carefully calibrated to the material and
moisture range.
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The full width and depth of a flow cross-section is
not necessarily covered by the technique due to the
lens shaped measurement volume and surface wa-
ter accumulating at the edges (in the gullies where
the material meets the conveyor) and may thus not
be fully represented in the analysis, violating against
TOS' imperative demand for a complete stream slice
(Esbensen 2022).Still this technique has proven more
reliable for moisture measurement than many others
when effectively calibrated.

Not all materials are suitable for the application of
microwave transmission moisture measurement, so
sometimes alternative radiometric techniques need
to be used. These tend to include collimated beams
which are targeted at the deepest part of the flow,
and hence they may not provide the lateral coverage
to give representative results, although continuous
measurement has proven to correlate well with average
moisture over short, measured parcels. These approa-
ches have been successfully applied to measurement of
moisture in coke and magnetite concentrates. The ap-
plication on less heterogeneous materials such as me-
talliferous concentrates, results in very precise moistu-
re measurement particularly when excessive moisture
(literally flowing on top of the conveyed material) is
absent.

Moisture analyser calibration is a crucial element to
ensure that compositional results are indeed represen-
tative. Sealable plastic bags with a known weight of
dried site material allow moisture content to be adjus-
ted over a desired range and the analyser calibrated to
known contents. Mineralogy may affect the moisture
measurement technique, so such effects must also be
accounted for in relevant calibrations. Looking for uni-
versal solutions within the panoply of heterogeneous
materials in science, technology and industry is a futile
exercise — but dedicated solutions commensurate with
specific material compositions and local, site-specific
measurement conditions is the only way.
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CASE STUDY 4: MOISTURE

In some cases, compositional changes in material that
relate to different moisture properties can be determi-
ned using an external sensor and the moisture analyser
informed on which of a set of pre-validated calibra-
tions to use for a certain material. This approach has
been successfully applied to iron ore in Western Aust-
ralia where the elemental analyser measurements are
used to communicate an ore type category (goethite-
rich or hematite-rich) to the moisture analyser so the
relevant calibration customised for that ore type can be
applied for that material parcel. The benefits of such
synergies in sensor data (sensor fusion) can apply to
many applications of process analytical technologies.

Vendors compete based on science-backed method
descriptions, and generous comprehensive calibration
and validation information to customers.

Moisture measurement is critical for dry tonnage de-
termination for metal accounting and ore reconciliati-
on at mines. It is used to monitor TML (transportable
moisture limit) in shipping and trucking of bulk car-
goes, as well as dust management for conveyed mate-
rials. Moisture measurement in dewatering operations
can be used to optimise filter or dryer cycle times and
throughput to ensure target moisture levels are achie-
ved in bulk product.

In each case there needs to be a high confidence in the

moisture data for proper process control responses to
be effective in achieving the desired benefit.
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Credit: Bozbay and Moyo, 2019; used with permission.
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CASE STUDY 5: NGM

Cortez Gold Mine (Bozbay & Moyo, 2019) as part of a continuous improvement process.

The site had a regulatory limit on monthly throughput rate in dry tonnes.
A conservative moisture factor was used to estimate dry tonnes so that it was kept below the limit, but moisture

was not routinely measured with any confidence.

This represented a huge opportunity for a site producing well over one million ounces of gold per year.
Due diligence involved multiple vendors, some of which were found to be unable to effectively calibrate their

moisture analysers at other sites.

Scantech ReadiMoist TBM 210 was chosen and within a month of commissioning and calibration the site was
able to increase the feed tonnage and stay below the regulatory limit (Figure 3).
Real time moisture analysis contributed to a three percent increase in annual feed tonnage and gold production,

valued at that time at USD 75M per year.

Permit lifted 520 P
for a mont Usmg
TBM
650 TBM Installation
6l
610
505
501
&00 597 597
a8 SRS
I
O 550
=8
F—-
(]
S00
450
S5ep-16 Oct-16 MNov-16 Dec-16 lan-17 Feb-17 Mar-17 Apr-17 hay-17
Figure 3: Improvement of 19 DTOH (dry tons per operating hour) following moisture analyser installation at Barrick Gold

Cortez operations in Nevada without exceeding permit limit.

3.4 Particle size distribution

There is no technology currently on the market that
measures particle size distribution (PSD) of conveyed
material through the full conveyed flow. Particles co-
vering the surface area visible to cameras (or lasers)
are normally measured and a relationship with the PSD
derived from a sieve analysis of a full cross-sectional
segment of the flow is used to extrapolate the mea-
sured PSD to that of the full volume for several belt
cuts. This type of proxy calibration process has proven
reliable in many cases.
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Any number of cameras applied to the flow, even for
the falling stream, may not cover the full flow volume,
hence achieving a representative PSD analysis remains
a challenge. This is not to say there are no benefits in
the use of existing technologies.

Most systems on the market have cameras with ca-
pability limitations that result in a minimum particle
size that is much larger than a client may wish to de-
tect and hence any material recognised as being finer
than 15mm, for example, may be classified as “fines”.
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Credit: Arnaud and Gagnon, 2015; used with permission.

Credit: Scantech; used with permission.

The camera resolution may also limit the belt speed
at which measurement of particles becomes less dis-
tinguishable. The application of these sensors may be
focussed on the coarser size fractions or detection of
“oversize” material to prevent damage to equipment
downstream of the measurement location. Hence, the
technology may prove fit for purpose for that specific
aspect alone. Other benefits of these sensors include
their capacity to measure conveyed volume and belt
speed sufficiently well to calculate a mass flow to gre-
ater reliability than a belt weigher. The sensed PSD can
inform the bulk density value used in the mass flow
calculation for a given material type. The main error
will be through assumptions on a “usual, average” bulk
density based on typical fragmentation and specific
gravity of the various components. The dangers invol-
ved are obvious!

Figure 4:

Figure 5:
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There is a wide opportunity for vendors to compete on
the basis of comprehensive sampling -, analytical me-
thod - and site-specific knowledge and experience.
The SizeScan is a 3D infrared camera-based PSD ana-
lyser using advanced algorithms and was previously
known as AGFeed (for Autonomous Grinding mill Feed
analysis). It was developed by COREM in Canada (an
industry funded research group based in Quebec City)
(Faucher et. al., 2015). It was developed due to limi-
tations associated with segmentation software applied
to 2D camera images which miscalculated PSD in flows
with largely bimodal size distributions because areas of
fines with little colour contrasts were considered to be
a single large particle and facets in large particle sur-
faces were misinterpreted as smaller particles (Figure
4). Image processing improvements allowed the ima-
ges to show elevation associated with surface changes
that better characterised particle size (Figure 5).

Photo of a segment of conveyed flow clearly showing multiple large rocks and a segmentation software
representation of the same image showing incorrect determination of particle size.

Photo of a conveyed flow image and SizeScan analysis clearly showing large rocks and correct determination of

particle size despite minimal colour contrast being present in such materials as coke, anthracite and magnetite ores.
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3.5 Validation of PAT solutions

All process analytical technology systems and so-
lution are critically dependent on proper calibration
and validation. The best way to assess performance
is to extract representative samples in full compli-
ance with TOS protocols and comparing the associ-
ated laboratory analysis to the PAT analyser data for
a period of flow using a minimum of 30 comparison
points (an industry developed standard number of re-
ference points); Esbensen (2024). There is today no
excuse for not complying with TOS - since 2024 the
world has access to a fully comprehensive universal
standard for sampling, DS 3077:2024, stipulating all
principles and unit operation needed for defensible
representative sampling (Danish Standards, 2024).
‘Stopped belt’ sampling and analysis permits the ana-
lysis of a short interval of flow, for example one metre,
to be PAT analysed statically and then moved along so
it can be removed from the flow for further sub-samp-
ling and assaying (Figure 6). This has been successfully
applied where mechanical samplers are not available. A
sufficient number of samples needs to be taken for this
to be effective in calibration verification.

The most effective measurement of a sample’s quali-
ty in highly heterogeneous commodities, such as gold
ores, may require the removed sample to be assayed in
full, such as through a non-destructive offline analy-
sis process, e.g., by photon assay. All of the removed
sample of coarse ore can be photon assayed to provide
an analysis of the one metre of conveyed flow. This is
expected to be the method of choice that minimises
sampling, sub-sampling and analytical errors for gold
ores.

Other solutions are needed where the samples cannot
be taken that are representative of the flow quality. In
some cases, there is a need to calibrate analysers stati-
cally using samples with known composition which are
often finely ground and homogenised. While not pre-
ferred, it may be a practical solution that can be used
but most emphatically only if/when diligently valida-
ted. The analyser measurement of conveyed material
should account for the conveyor composition through
background measurements on clean, empty belts to
remove background signal during normal flow measu-
rement etc. The inability to account for other compo-
nents of the conveyor belt, such as steel cords or chlo-
rinated content, may, and does, result in poor analyser
performances. Robust analyser design and calibration
techniques have enabled these conveyor characteris-
tics to be determined and accounted for in calibrations.
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CASE STUDY 6: PSD

PSD analysis in a lithium operation in Western Australia
ensure any oversize material, which normally migra-
tes to the surface through the conveying action, visible
to the camera, is detected prior to material entering a
high-pressure grinding roll (HPGR) comminution sta-
ge. The HPGR can be damaged if material exceeding a
certain size enters the system. It should be noted that
a moisture analyser is also used as high moisture ma-
terial can be detected which may cause clumping and
blockage in the HPGR. Both systems provide operatio-
nal protection from damage and or blockages.

Scantech has demonstrated the ability to distinguish
elements such as sodium and potassium in potash ore
where chlorine is often present at concentrations in ex-
cess of 30 percent. There is here a great opportunity for
creative technological improvements.

Experience with various analyser technologies suggests
that sampling is least effective for moisture analy-
ser performance evaluation as moisture content can
change during a sampling and handling processes and
that change (error) cannot be accurately determined.
Many operating sites only perform a mass balance in-
frequently and once a moisture content is determined it
is continuously applied as the average moisture factor.
No consideration is given to seasonal changes, or dust
management applications of water. Moisture content
is generally found to be more variable than typically
assumed or expected. In figure 7 the moisture measu-
rements are for one-minute averages of flow, and the
laboratory results are for samples taken during these
same respective measurement periods. The PAT data is
an average of a much larger amount of material than
that included in the samples intended to represent the
same flow.

Elemental composition and PSD are affected to a much
smaller degree during any proper (TOS-compliant)
sampling processes. Offline sieve analysis is used for
calibrating the full volume of a segment of flow to the
surface-measured signature for PSD analysers. The
type of PSD analysis technology will dictate the fre-
quency of required calibration. The SizeScan system re-
quires only a single calibration after installation.
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Credit: Scantech; used with permission.
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Figure 6: Example of stopped belt sampling to remove a stream cut from a conveyed flow as fully as possible to compare with
PAT measurement data from the same segment to reference laboratory assay results.
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Credit: Scantech; used with permission.

Figure 7: Moisture measurement results for hematite iron ore from a microwave transmission-based moisture analyser and
laboratory analysis of sampled material showing higher variability in laboratory results.
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4. Summary

Process analytical technologies (PAT) are utilised when
continuous knowledge of quality is needed in a time-
ly manner for conveyed or flowing streams of matter,
usually solid mixtures of significantly very varying he-
terogeneities. Reliable (indeed representative) monito-
ring the magnitude and periodicity of material quality
variability is the necessary attribute for implementing
an online PAT solution - but the material variability
itself also has significant effects on the measurement
process performance, which must be reduced, con-
trolled or eliminated. Many sampling and analytical
components need to be competently designed, mana-
ged and controlled for any specific PAT solution.

Specifically, conveyed flows are made up of materials
with many characteristics adversely influencing their
ability to be appropriately and effectively sampled, alt-
hough this article argues that the main limitations are
engineering and cost.

The value of the final sample assay data is to a large
degree determined by its purpose for the PAT system
user. This article covered the needs of real time mea-
surement system management where material quality
needs to be known with high confidence to influence
the technological or industrial process/processing in-
volved. Every process is sensitive to some degree on the
nature and specifics of its own input parameters. The
characteristics that affect online measurement process
performance cannot always be characterised in a man-
ner similar to that for laboratory measurement sys-
tems, and this is where various assessment approaches
characterise competing system vendors. This article
covered the main technology opportunities and chal-
lenges applicable to conveyed flows that have proven
beneficial in the PAT domain as outlined in many case
study examples supplied and referenced.

FACTBOX - Commercial documentation

The application of high specification PGNAA for many elements able to be used as proxies for parameters
that cannot be directly measured (e.g., Lithium or Platinum) has resulted in over 140 installations of the
GEOSCAN-M or GEOSCAN GOLD in the minerals sector for over a dozen trading commodities. The tech-
nology has also found applications in other sectors, such as recycling, where materials may be even more
challenging to sample (such as shredded scrap metal, e-waste, non-ferrous scrap). It has been applied
successfully to many applications where representative sampling is costly and technically challenging
and where calibration solutions have involved extraordinary effort. The effort has proven worthwhile as
paybacks on these applications has been as short as a few weeks in several industries. The real time data
provided from such systems and the confidence developed by the users has allowed the technology to
find many new beneficial applications. The ability to measure representatively over shorter time incre-
ments has generated bulk diversion opportunities to remove waste from ore to upgrade plant feed qual-
ity, improve plant utilisation, increase metal recoveries and prevent unnecessary processing of material
for no value, consuming resources and generating fine tailings.
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PAT: Misconceptions, Blind Spots and Forgotten Basics
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ABSTRACT

Why process understanding, measurement location, and proper sampling are just as important in PAT as our belov-
ed (but often expensive) analytical equipment: the PAT sensors. Here is presented issues that are equally important
for optimal PAT solutions as the analytical instrumentation and its performance.

1. Introduction — PAT Is More Than
Device Technology

I n PAT implementations, identical misconceptions oc-
cur again and again in large and small companies. De-
scribed below are three typical misconceptions | have
encountered many times in practice:

1. The belief that you “already know” the process

2. Neglecting the critical role of optimal measure-
ment location.

3. The technology trap: TOS as a misunderstood
foundation.

These misconceptions are closely linked: those who be-
lieve they already know the process, tend to plan sam-
pling and measurement location less carefully — and
quickly decide on a technology that ultimately does not
fit optimally.

1.1 Common Reasons for Choosing PAT

The most common reason to engage with PAT is the
desire to replace off-line laboratory analytical samples
with direct at-, on- or in-line process measurements.
This is of course justified in many projects because it
clearly relieves laboratory and operational staff of many
work tasks and burdens, improves occupational safety
(no hazards from sampling perhaps under dangerous
conditions), gives faster analysis results, supplying
measurement 24/7 ... so aiming for a PAT solution is
often also a powerful driver for automation.

However, before starting down this road, one would
often benefit by asking oneself three seemingly simple
‘what* questions (Eifert, Erens and Gerlach, 2023):

1. What is the measurement task?
2. What is the core of this measurement task?
3. What is really the core of this measurement task?

Yes — this question is deliberately asked three times,
but with slightly different emphasis. Why this repeti-
tion?

This question is designed to prevent implementing
an unsuitable measurement concept. Analysis of the
measurement objective must start here: Why should a
specific measurement be taken at exactly this process
step (and exactly at this location)?

PAT Insight #1: Before assuming you already know the
process, please ask yourself: What is the actual goal
— not the technical one, but the value-creating goal?

Many PAT projects fail when they chase numbers in-
stead of purpose!

1 Consulting-DK, Salach, Germany
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Credit: Kessler, 2001; used with permission.

ARTICLE I

Design

Step 1 -

v

Raw Material

Step 2

Product

v

v

Feed

Back Feed

Imput Control Forward

100%

Feed

Back Feed
Forward

Output Control
100%

Figure 1:

2. CPP and CQA in the Context of the
FDA Framework (2004)

According to the 2004 FDA Framework (FDA, 2004)
Critical Process Parameters (CPP) and Critical Quality
Attributes (CQA) can be used as key variables to moni-
tor and control a manufacturing process in real time,
for example in order to ensure consistent product qual-
ity. The FDA Framework was written for the pharma-
ceutical industry, but the definitions of CPP and CQA
are highly useful across all industrial sectors.

In the context of product specification and prop-
erty design, it is important that the collected meas-
urement data are used in both feedback and feed-
forward control loops to automate the process
— ideally without operator intervention (Kessler, 2001).

However, this approach is based on an ideal model that
presupposes that processes and workflows are compre-
hensively known and understood.

Field Lesson #1: The smartest PAT engineers choose
tools based on fitness for purpose, not on trend or

brand. Sometimes a €5000 conductivity sensor adds
more control value than a €50,000 spectrometer.

2.1 Dangerous Belief: “Already Knowing” the
process

A typical scenario is that of a PAT expert asked
whether measurement principle X or Y can be in-
stalled at a specific measurement point — usually ex-
actly where laboratory samples have been taken so
far. When the expert asks why, the answer often is:

SST - ISSUE 4 - DECEMBER 2025

Graphic illustrating of feedback and feedforward control loops.

“Because there was a ball valve there, or it was the eas-
iest location for sampling for the lab. But when asked
where the process model or a proper process under-
standing would actually suggest to measure, it often
turns out that this is not the optimal location. Nev-
ertheless, it often happens that a new and expensive
PAT technology is installed right at such a location —
sometimes even replicating the laboratory measure-
ment principle 1:1.

PAT Insight #2: Measurement in-line is not automati-
cally real-time. True real-time means that the entire

signal-to-action chain — from measurement, through
data interpretation, to process response — works with-
out delay.

The problem: The decisive question — whether this lo-
cation is even suitable for capturing CPP or CQA in real
time — is not asked. Instead of defining a measurement
strategy, a device is selected directly (all to hastily).

2.2 Unavoidable PAT Uncertainties

In practice it often turns out that the current theoretical

assumptions about the process are not correct. Here are

three examples of incorrect assumptions:

- There are in practice gas bubbles where none should
be

+ There are solid sediments that were not anticipated

+ There are in fact “wandering” chemical reactions,
i.e. reactions taking place along with material trans-
port through the pipeline(s)
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Therefore, preliminary tests and trial installations (al-
ways including critical validations) are essential parts
of PAT planning. Preliminary, trial tests should clarify
whether a measurement location and measurement
principle work under real conditions, and consequently
help avoid costly misinvestments.

3. The Measurement Location Trap:
TOS as a Misunderstood Foundation

Representativity and homogeneity are crucial — both
in the lab and for in-line, in situ and on-line meas-
urements. The role of sampling ‘before analysis‘ (for
laboratory analysis) is replaced by PAT measurement
location selection (in-line measurements) or physical
sample extraction (on-line measurements). Location
errors at this stage can so easily render even the most
precise measuring instrumentation worthless.

PAT Insight #3: Combine simple, robust signals instead
of overengineering. Clever pairings, e.g., conductiv-
ity + density or/and refractiv index often outperform
complex systems while saving significantly on cost and
maintenance.

The Theory of Sampling (TOS) states that samples
must be acquired, or PAT measurement locations se-
lected, allowing PAT sensor signals to represent a com-
plete cross-section of the streaming material.

Inline Online

Seconds to minutes

Atline

g,

Minutes to hours

Otherwise, systematic errors arise causing biased sam-
pling which of course undermine any process monitor-
ing and control (Kessler, 2001; Esbensen, 2025).

3.1 Relevance of TOS Principles for in-line, in-
situ, and on-line PAT measurements

In PAT, measurement strategies are typically catego-
rized as in-line, in-situ, or on-line, depending on how
and where data are collected with respect to the pro-
cess. While in-line/in-situ sensors measure directly
within the process stream or reactor without physical
sampling, on-line systems extract a sample automati-
cally for external analysis.

Based on Table 1 it becomes clear that in-line and
in-situ measurements avoid many of the sampling-
related errors typical of conventional approaches (IDE,
IEE, IPE) and often offer practical advantages. However,
their actual superiority strongly depends on the ho-
mogeneity of the process material and the representa-
tiveness of the measurement location. For example, in
poorly mixed systems an on-line measurement with
defined sample conditioning may even provide more
reliable result.

Interferences caused by gas bubbles or solid particles
(e.g., catalysts) can, for instance, increase signal noise
in optical measurements, even though they do not
contribute to the actual analyte value. In such cases, a
sample conditioning step in an on-line system can help
achieve more stable readings.

Offline

Hours to days

Figure 2: Graphic illustration of in-line, on-line and at-line measurement setups.
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Table 1:
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TOS Criteria and Their Relevance for in-line/in-situ and on-line PAT measurements

TOS Criterion Definition / Typical Source

Relevance for

Relevance for Comment / Example

in-line/in-situ  on-line PAT

PAT
FSE — Fundamental  Statistical variance due to limited Partly relevant  Relevant Sensor measures locally — reduction
Sampling Error sampling volume in a heteroge- possible through turbulence or mixing

neous system
GSE — Grouping & Occurs when components are Partly relevant  Relevant Common in multiphase or partially
Segregation Error clustered or segregated unmixed flows (e.g. suspensions,
slurries, melts)

IDE — Increment Caused by poorly defined sample Relevant Relevant Sensor position, sensor field-of-view

Delimitation Error or sampling volume boundaries

(FOV) and flow profile critical

IEE — Increment
Extraction Error

Error during physical extraction
of a sample

Not relevant

Highly relevant Inline sensors have no extraction step

IPE — Increment
Preparation Error

Error during sample preparation,
dilution, sieving

Not relevant

Sometimes relevant Occurs only in on-line systems with
conditioning

MEE — Measurement Instrumental or analytical error  Relevant

Error during signal generation

Calibration and environmental com-
pensation required

Relevant

IWE — Increment

Weighting Error or sub-samples

Unequal weighting of increments Not relevant

Partly relevant In-line sensors integrate over time;
on-line systems analyze discrete

volumes

TEE — Error due to non-representative  Critical

Transformation Error measurement variable

Critical Indirect measurement (e.g., refractive
index or ultrasonic signal) may not

fully reflect the true concentration.

Of course, this modification always comes with trade-
offs, such as time delays and additional effort in sys-
tem design, maintenance, and servicing

3.2 Example from practice: in-line ultrasonic
concentration measurement

Inhomogeneities do not only occur in solid mixtures or
during powder handling. Liquids, suspensions, emul-
sions, slurries and gas—liquid systems can likewise
present significant challenges for PAT measurements.
Local or transient variations in composition, density, or
temperature will strongly influence measurement sig-
nal quality and representativity and must therefore be
considered with great care.

This is particularly relevant for ultrasonic concentration
measurement, where the propagation of sound de-
pends on the local physical properties of the medium.
The positioning of the sensor and the representative-
ness of the measurement volume are critical success
factors.
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Improper placement or flow conditions can lead to bi-
ased, unstable readings, especially in multiphase or
poorly mixed systems.

Ultrasonic concentration measurement is a physi-
cal measurement principle based on the propagation
of sound waves in liquids. A transducer emits ultra-
sonic pulses travelling through the medium, and from
the measured sound velocity and signal damping, the
measurement system (NB must be suitably calibrat-
ed, and validated) can derive quantities such as den-
sity, concentration, or compressibility.

This approach relies on well-defined relationships be-
tween sound velocity and material properties of the
liquid phase. Since the propagation of sound is influ-
enced by density, temperature, and medium elasticity,
variations in these parameters are directly reflected in
the acoustic response.

73



BN ARTICLE

In contrast to spectroscopic techniques, ultrasonic
methods do not provide molecular information; they
measure macroscopic physical properties of the flu-
id. Because the sensor operates without optical ac-
cess and without the need for reagents, it is often
used for continuous monitoring of homogeneous and
two-component liquid systems, for example in pipe-
lines or reactors, where robust, real-time information
on concentration or density is required.

Typical sources of inhomogeneity include:

-+ Gas bubbles: Even small fractions of entrained gas
strongly attenuate or scatter the ultrasonic signal,
resulting in unstable, biased readings.

+ Pressure variations: In zones of reduced pressure
(e.g., after valves, or at pipe outlets) degassing may
occur (dissolved gases come out of solution), form-
ing bubbles that disturb measurement stability.

+ Poor mixing: In areas with insufficient turbulence or
incomplete forced mixing, stratification or phase
separation can occur, producing locally different
concentration profiles.

- Deposits (fouling): Over time, precipitations and
sediments on sensor surfaces can further dampen
the signal and shift readings.

Installation recommendations from manufacturers re-
flect these challenges: ultrasonic probes should pref-
erably be installed downstream of pumps. Pumps not
only provide sufficient mixing but also increase the
local pressure, keeping gases dissolved and minimiz-
ing bubble formation. Likewise, vertical installation
positions help bubbles escape upward, away from the
measuring zone. By contrast, locations directly after
throttling devices, in dead zones or at pipe outlets, are
especially prone to degassing; therefore, unsuitable for
reliable ultrasonic measurement.

4. Manufacturer Guidelines and the Link
to TOS Principles

Manufacturers of in-line ultrasonic systems explic-
itly address the same physical challenges described
by the Theory of Sampling (TOS) — i.e., avoidance
of Fundamental Sampling Error (FSE) and Grouping and
Segregation Error (GSE) effects, which is caused by lo-
cal inhomogeneous material and/or irregular process
conditions.

The sampling and service documentation provided by
ultrasonic equipment manufacturers shows critical
awareness of the effects from the Increment Extraction
Error (IEE) and the Increment Preparation Error (IPE).
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A typical example would be from the compa-
ny LiquiSonic® which instructs users to log both
the controller timestamp and the distance be-
tween probe and sampling point when taking ref-
erence samples, ensuring time-aligned compari-
son between in-line readings and laboratory data.
This structured correlation of field and lab measure-
ments strengthens traceability and enables identifica-
tion of localized inhomogeneities that might otherwise
remain undetected in continuous operations.

Figure 3 shows typical installation guidelines high-
lighting suitable (green) and unsuitable (red crosses)
positions for in-line ultrasonic concentration meas-
urement. The reliability of the measurement strongly
depends on sensor placement and local material and
flow conditions. Positions (1), (3), (4), (6), and (9) are
considered unsuitable, as they are prone to degassing,
turbulence, or stagnant flow (e.g., near valves, outlets,
or at the reactor bottom). Positions (2), (5), (7), and
(8) are recommended, as they provide stable flow and
opens up for optimised reproducible conditions. In par-
ticular, position (5) downstream of the pump ensures
sufficient mixing and pressure to minimize gas bubble
formation.

These installation principles (as illustrated by the
company SensoTech), reflect general good practice for
achieving stable and reproducible ultrasonic concen-
tration measurements in pipelines and reactors.

Overall, these manufacturer’s approach embodies key
TOS principles in a practical, industrial context: en-
suring representative measurement conditions, docu-
mented traceability, and active error monitoring. Such
design features transform the TOS from a theoretical
sampling framework into an operational quality assur-
ance tool for modern PAT installations.

While these measures significantly reduce the main
sampling-related errors (FSE, GSE, IDE), TOS' principles
cannot be fully fulfilled in in-line ultrasonic measure-
ments, since the sensor head here only probes only a
local section of the process stream rather than the nec-
essary complete tream section (see further below and
in another article in this issue (Esbensen, 2025).

4.1 Example from practice — on-line gas com-
position measurements

Anon-line gas measurement probe was installed imme-
diately after a pipe bend. The results were precise — but
not accurate, sometimes too low, sometimes too high.
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Figure 4: lllustration of on-line and in-line PAT sensor installations in an inhomogeneous gas/gas mixture stream.

The reason was that flow velocity locally influenced the
gas composition, i.e., there were actually inhomogenei-
ties even though this was a supposedly well-mixed gas
flow. Indeed focused investigations revealed formation
of channled flow patterns. The remedy in this case con-
sisted in installation of up-stream static mixers, and of
a different PAT probe at another measurement location.
Lesson learned (a reflection of a much broader gen-
eral problem): An in-line measurement would not have

SST - ISSUE 4 - DECEMBER 2025

been better here because most in-line probes are also
point measurements. Very many in-line methods, e.g.,
laser spectrometers, pH meters, focused PAT probes
result in ‘point measurements' - essentially optical
grab samples (Esbensen, 2025) - that are completely
unable to represent a complete stream segment (see
another article inthis issue). An early overview of TOS
as applied to gas and gas mixture characterisation was
given by Larsen and Esbensen (2020).
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5. Business Case Aspects

Selection of incorrect, non-optimised measurement

location not only runs a high risk of significant wastes

the equipment budget, but also invites unnecessary

risks for:

+ Production time losses (through misinterpretation)

« Production of scrap (due to inferior or incorrect pro-
cess/product control)

- Additional costs (for unnecessary modifications)

+ Reduced trust in PAT performance

The last point in particular — trust — must not be un-
derestimated. Once lost, it is difficult to rebuild trust in
technical solutions, making new projects harder to ini-
tiate, or even impossible (before a new management is
in place — which is a much bigger project to undertake).

5.1 Practical Example — Costly correction of
measurement location

In a chemical company, new measurement technology
was installed to capture a critical quality parameter di-
rectly in the process. The investment for equipment,
integration, and commissioning exceeded €80,000.
The measurement location was initially identical to
where laboratory samples had previously been ex-
tracted — without detailed verification of whether this
location was truly suitable also for continuous process
monitoring. The company was only interested in a spe-
cific analyte occuring in one of the mixture compo-
nents.

After commissioning the following became clear:

- The medium at this location was not sufficiently well
mixed. But this heterogeneity did not raise alarms,
because it did apparently not impact on the manual
sampling, as the analytical aliquot was taken after
phase separation in the lab.

+ Occasional gas bubbles in the product stream se-
verely compromised the optical measurement prin-
ciple. Again, this was not an issue for the subsequent
manual sub-sampling for the analytical aliquot.

- Temperature fluctuations were greater than expect-
ed, significantly impairing measurement stability.

This all resulted in significantly varying, unreliable
measurement results, indeed they were unsuitable for
process control. After weeks of troubleshooting, the
measurement point was moved several meters to an-
other location with (more) uniform flow, (more) stable
temperature, and no air entrainment. Additional modi-
fication costs surpassed €20,000.
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Field Lesson #2: A short pilot (or perhaps an instru-
ment on loan) would have revealed this problem in-

stantly. Precautionary early testing first — even with
soft sensors or simple devices — prevents expensive
rework later.

5.2 How could this have been avoided?

+ Atargeted preliminary study of the planned new in-
stallation condition would have been an easy option
e.g., focusing on flow simulation and visualization,
temporary test measurement with a mobile device

- Automatic locating a new PAT measurement point
at exactly the same existing lab sampling point is
very often dramatically inferior to determining the
optimal position analytically (for the probe and the
process).

+ Interdisciplinary coordination is always good, as
between process engineering, plant operations, the
laboratory and the PAT team - to validate theoreti-
cal assumptions against real process conditions.

Such preliminary checks can save not only the extra
costs but also weeks of project delay.

6. QbD and Regulatory Frameworks

In the pharmaceutical industry, measurement strate-
gies are an integral part of validation. Quality by De-
sign (QbD) and Process Analytical Technology (PAT)
are closely interlinked — both require a solid process
understanding before any technology decision will be
made.

Regulatory authorities, such as the FDA and EMA, ex-
pect that the criteria for measurement location se-
lection and data usage are documented in a traceable
manner. The QbD concept requires that all CPPs and
CQAs are identified, comprehensively understood, and
monitored with appropriate measurement approaches
already during the development phase (FDA, 2004).
This last demand makes eminent sense: only those who
understand and fully model a process from the outset
can later operate reproducibly within a defined “design
space.”
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In practice, however, this is often more difficult. Sub-
sequent changes to measurement points, sensors, or
process parameters in a validated environment are la-
borious, requiring extensive documentation, testing,
and re-approval.

This is sometimes called the “validation pain” — the
effort can be so high in practice that necessary adjust-
ments are delayed or avoided entirely: double jeopardy!
(Dahlgren et al., 2020).

The idea, of course, is to understand the process so well
before validation that later changes are unnecessary.
But often “all theory is grey.” Even carefully planned
QbD approaches encounter unexpected effects, devia-
tions, or new insights in reality, forcing adjustments.

PAT can help here, but only when measurement points
and principles are chosen so that they continue to de-
liver relevant and usable data even when requirements
change.

PAT Insight #4: Early PAT during Research and devel-
opment reduces validation pain later. Once a system is

validated, changes are expensive — learning early al-
lows simpler, cheaper sensors in production.

7. Forgotten Basics: Soft Sensors and
Data Integration

In addition to classic measurement technology, using
existing process data combined with operators vast and
valuable experiences offers an often underestimated way
to gain additional insights and improve process control.
This is where so-called soft sensors come into play.

ARTICLE

Existing process data and the empirical knowledge of
operators can be used to calculate virtual measurement
values.

Surprising insights often emerge when talking to op-
erators and specifically asking how they steer produc-
tion at present.

Examples:

- Calculation of viscosity from physical measurements
(temperature, torque, rotational speed, power con-
sumption of mixers and pumps)

+ Moisture estimation (from dew point and tempera-
ture measurements)

- Concentration calculations (via material balance
models)

PAT Insight #5: More data do not necessarily mean

better control. A signal must be representative, robust,
and interpretable — otherwise it only adds noise.

7.1 Control charts as a complement:

Data obtained via soft sensors, or direct measurement,
can be effectively monitored with control charts. Con-
trol charts are statistical process monitoring tools used
to distinguish between random (common-cause) and
systematic (special-cause) variation in time-series
data. They are based on continuous plotting of meas-
urement results (or derived quantities such as model
residuals) compared with statistically defined control
limits, typically set at +3 standard deviations (UCL)
from the mean (Control Line: CL). Deviations beyond
these limits, or persistent drifts within them, indicate
that a process may have shifted from its expected state
(in a trending or in a more fluctuating fashion).

Soft Sensors combine Indirect Measurements

Temperature Data

Pressure Data

create a virtual
measurement of a
variable that is not
directly measurable
online (eg. viscosity,

concentration, product quality
attributes).

e.g. Empirical Models,
Correlation Models,

or Balances

Rotational speed / RPM
(agitators, centrifuges, pumps)

Figure 5: Schematic illustration of the soft sensor principle.

SST - ISSUE 4 - DECEMBER 2025 77



BN ARTICLE

10 \ /\ A A A 2 A /\ hd
—-Value ==CL (Mean) =UCL (+30) ==LCL (-30)
Figure 6: lllustration of control chart, typically set at +3 standard deviations (UCL) from the mean (CL).

Several types of control charts exist, each suited to dif-
ferent data characteristics:

- Shewhart charts visualize pointwise deviations and
are well suited for detecting sudden changes or out-
liers.

« CUSUM (Cumulative Sum) charts integrate small
deviations over time, enabling early detection of
gradual drifts.

+ EWMA (Exponentially Weighted Moving Average)
charts smooth short-term variability and empha-
size recent data, which makes them effective for
trend monitoring in continuous processes.

Data obtained via soft sensors or direct PAT meas-
urements can be effectively monitored using such
charts. They provide not only current values but also
reveal trends, process shifts, and emerging deviations,
quite often before they become apparent in conven-
tional quality checks. In this way, control charts sup-
port both early process intervention and validation of
long-term measurement stability. But there is also an
important limitation: The quality of soft sensors and
derived control charts depends directly on the quality
of the data and its representativity (Esbensen, 2025).
With the right methodology and motivated data analy-
sis, meaningful monitoring values can often be deter-
mined surprisingly well and can be statistically sub-
stantiated.

78

7.2 Examples

In emission analytics, CUSUM (Cumulative Sum) con-
trol charts are frequently used to track slow drifts in
analytical systems. They provide early indications of
the need for necessary maintenance, recalibration, or
instrument adjustment well before threshold limits are
exceeded. Their continuous nature makes them par-
ticularly suitable for long-term monitoring of sensor
stability and process performance.

Control charts are also increasingly used within Process
Analytical Technology (PAT) frameworks to ensure the
robustness of inline and online measurements. A com-
mon approach involves Multivariate Statistical Process
Control (MSPC), where data from spectroscopic sen-
sors (e.g., NIR, Raman, or UV/Vis) are condensed into
principal components (PCA/PLS). Control charts based
on principal components help distinguish random vari-
ation from systematic drift, and provide a quantitative
basis for model maintenance and recalibration deci-
sions.

Furthermore, CUSUM-type charts have been explored
for monitoring residuals from chemometric prediction
models, improving the sensitivity for small shifts in
complex data streams.

Many examples can be found in the chemometrics
textbook (Al-Rashed, Al-Mutairi & Al-Attar, 2019).
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7.3 Checklist — Measurement Location
Planning

A well-thought-out measurement location plan de-
termines whether a PAT system will later be able to
deliver useful and reliable data. Before a decision is
made, the following points should be clarified:

« Clear definition of the goal and benefit of the
planned measurement
Has it been specified why the measurement is
to be carried out and how the data will be used
(distinguish between monitoring, control, release,
prediction, alarm)

« Are CPP/CQA known and measurable?
Are critical process parameters (CPP) and critical
quality attributes (CQA) for the specific application
clearly defined, described and directly/indirectly
measurable at the planned location?

- Flow and mixing conditions as well as process
engineering constraints?
These topics include temperature/pressure profiles,
phase states, gas bubbles, sedimentation, installa-
tions, dead volumes, delays in bypasses, cleaning/
fouling, materials, safety issues

+ Theory of Sampling criteria fulfilled?
Ensuring representativity for in-line and on-line
measurements are de rigeur. This includes sub-
sampling, sample preparation, return of residual
sample material. Data quality is a critial attribute
spanning three domains, see Esbensen 2025.

- Validation concept in place?
The following must always be planned a priori:
calibration, validation, verification, acceptance cri-
teria, maintenance, drift monitoring, data integrity,
change control.

Field Lesson #3: No sensor is truly calibration-free.
Factory settings and self-monitoring can help, but
verification and periodic validation remain essential,
especially when process data drive important and criti-
cal decisions (e.g., release decisions in pharma) (FDA,
2011; EMA, 2015).

8. What does all this mean in practice?

A measurement only has real value if it effectively con-
tributes to monitoring, control, release, or optimiza-
tion. Target outcomes can include shorter cycles, lower
energy consumption, higher yield, less raw material
usage and/or less scrap, and consistent quality.
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A salient practical example would be the use of an in-
line NIR or laser diffraction device (PAT) in the mixing
segment of an emulsion production, providing an early
correlation with droplet size distribution. This infor-
mation allows agitator speed and dosing profiles to be
adjusted during batch production instead of waiting for
laboratory tests. The result is more stable quality and
less rework. Another example would be regulation of
an evaporator stage, not simply by temperature but di-
rectly by solids content using conductivity or NIR sig-
nals. This enables the same product quality at lower
temperatures, saving energy and reducing thermal
damage of the product.

The goal of a measurement should therefore never just
be “to produce a number,” but to enable a model or
control strategy that leads to improved process man-
agement and resource use.

Equally important is to define CPPs and CQAs correctly
and not to confuse them with final product specifi-
cations. CPPs and CQAs relate to what is required for
process control. Final product specifications are criti-
cally important for product chances on the market, but
they often do not help for production or manufacturing
control.

A polymerisation example will illustrate this well: final
molecular weight is determined in the lab and is deci-
sive for, say, product release, but it cannot be measured
in-line. Instead, an IR band correlated with monomer
conversion can be measured in-line and used for pro-
cess control. The final CQA remains a release criterion,
but the CPP-related IR signal allows stable operation
and fewer off-spec batches.

9. Flow, mixing, and process conditions
are further decisive factors

Local inhomogeneities, installations, and operating
states can massively influence the measured value.

One example was the above-mentioned gas probe in-
stalled behind a pipe bend that produced local inhomo-
geneity streaks caused by secondary flows. Only after
installing a static mixer and relocating the sampling
point to before the bend were stable values obtained.
Another case would be an in-line NIR probe, disturbed
by gas bubbles in the product stream. The solution was
a physical bypass with degassing, a modified installa-
tion position of the window, and a slight pressure in-
crease.
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Dead volumes and delays in by-passes can also cause
practical problems.

An on-line analyser with twelve meters of sample tub-
ing had a residence time of several minutes, making
process control impossible. Only by shortening the
tubing and increasing the flow rate could the the delay
time be reduced to under the required one minute.
Similarly, temperature and pressure fluctuations can
cause spectral shifts if not accounted for in calibration,
or stabilized by tempering the measuring cell. Finally,
fouling and deposits on windows are a frequent reason
for drift and upsets. Flushing, anti-fouling coatings, or
Clean-in-Place (CIP)-capable designs are essential in
these cases.

10. TOS thinking — is good for PAT

Applying correct TOS principles is often the decisive
point in practice but is sadly, frequently neglected.

For example, a NIR system may be calibrated with lab-
oratory samples extracted after filtration, while the in-
line probe interacts the unfiltered stream. The result is
likely to show significant systematic errors and shifts.
The correct approach would be calibration with pro-
cess-representative samples from the same environ-
ment. Alternatively, an online system with controlled
sample preparation can be implemented to ensure that
the measured stream closely reflects the true process
composition.

In gas analytics, another example concerns isokinetic
sampling: if the sampling velocity does not match the
flow, certain particle or droplet fractions are over- or
underrepresented in the extracted sample volume,
leading to the dreaded sampling bias, dreaded because
it can never be corrected for. In emulsions, sampling
itself can change the sample when pumps or lines in-
troduce shear which may alter droplet size distribution,
an illustrative example of an Incorrect Extraction Error
(IEE) in the PAT domain. In all cases, the rule is clear:
contemporary process representativity is mandatory,
otherwise even the most expensive measuring devices
are worthless.

Validation must not be considered only at the end of
a project. Acceptance criteria, test plans, and proof
procedures should be carefully defined from the start
of any PAT project. For an in-line sensor, this means
predefining the desired limits for measurement un-
certainty, recovery, stability, drift, and failure rates al-
ready during the planning phase.
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The system’s entire lifecycle — from initial and ongo-
ing calibration through regular verification and main-
tenance to spare parts strategy and data integrity —
all must be most carefully documented a priori. Any
changes to the process or product recipes must feed
back and influence validation through meticulous
change control.

Typical pitfalls in practice include carrying “laboratory
thinking” into the process, i.e., calibrating with non-
representative samples, or simply reusing laboratory
sampling points as process measurement locations.
Equally problematic are long or poorly designed by-
passes that cause delays and dead volumes, as well as
ignoring temperature and pressure effects, or underes-
timating fouling. Countermeasures include calibration
and validation with process-representative samples,
flow- and mixing-aware placement of measurement
points, minimizing dead volumes, considering tem-
perature and pressure effects in the model, planning
cleaning strategies, and integrating maintenance from
the beginning.

The numerous practical examples above show that
these issues are not merely of theoretical importance.

11. Conclusions

Some of the most often forgotten basics, misconcep-
tions and blind spots regarding PAT system design and
implementation were presented. PAT does not start
with buying a ‘powerful analytical device' in isolation
- but instead starts with analysing the measurement
task, the measurement location, and the physical and
chemical process reality. Only in this way can robust,
economical solutions be created that enable appropri-
ate, improved process control.

The conclusions are clear: Before any procurement,
three decision gates must be passed.

1. Is the technical suitability proven, i.e., representa-
tivity, flow and mixing conditions, T/P effects, de-
lay time, and is maintainability demonstrated by
tests and pilot trials?

2. Is the economic benefit shown and compelling,
i.e., are the expected savings in scrap, energy, or
time versus CAPEX/OPEX, environmental impact
calculated realistically?

3. s validation and routine operation conditions en-
sured with the desired bracketing attributes, i.e.,
calibration, proper validation, verification, accept-
ance limits, alarms, data integrity, and change
control sufficiently documented?
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Only when a system passes all three decision gates FINAL THOUGHT

will procurement be worthwhile. Only then will the

likelihood be high that a new PAT solution will genu- Even the best PAT setup fails without ownership. Every
inely and effectively contribute to improved process successful project has a PAT champion who connects
control. proper planning, QA, TOS, lab, maintenance with pro-

duction and logistics — and keeps the system alive af-
ter commissioning.
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ABSTRACT

The implementation of Process Analytical Technologies (PAT) has not been possible without a symbiotic relation-
ship with chemometrics — multivariate data analysis and modelling. This article complements the context for this
issue of SAMPLING SCIENCE and TECHNOLOGY (SST), ‘The PAT issue’, by introducing a compact brief of chemomet-
rics: defined as the extraction of information from chemical data for the purposes of making informed decisions,
especially when integrated with PAT, where quality decisions are made in real-time on the current state of the
process. Using predictive chemometric models, changes can be made to the process so as to minimise the risk of

deviations and out-of-specification (OOS) material.

1. Introduction

mplementation of process analytical technology

(PAT) is not plug’n’play! As is evident from the articles
presented elsewhere in this issue of Sampling Science
and Technology, only in the rarest of cases concerning
extremely low material heterogeneity will direct inser-
tion of a PAT probe into a process stream result in the
acquisition of representative spectral data. This article
gives a perspective of what happens on the ‘other side’
of a successful PAT sensor implementation, where raw
spectral data has been generated for the development
of data models for prediction of analytical concentra-
tion (calibration of analytical instrumentation). For this
ultimate PAT step chemometric multivariate calibra-
tion (and validation) come to the fore.

Chemometric data models have been instrumental for
the successful development of PAT (see several other
articles in this issue). The standard, proven chemomet-
ric data analytic approaches include methods such as
Principal Component Analysis (PCA), Multiple Linear
Regression (MLR) and Partial Least Squares regression
(PLS) that are not only simple in application but are
easily interpretable and can be validated to any con-
textual level.

This latter in deliberate opposition to current Artifi-
cial Intelligence (Al) and Machine Learning (ML) ap-
proaches that are wonderfully efficient data-wise, but
which mainly work in the dark. By their nature these
approaches are not amenable to proper validation.

A comprehensive introduction to chemometric MVDA
is Esbensen and Swarbrick (2018), in which all relevant
aspects regarding MVDA data models are presented in
an authoritative context, including the critical sampling
and model validation issues in full (chapters 3 and 6
respectively).

For all PAT implementations, there are a number of
prerequisites that must be met with:

1. There must be a physico-chemical relationship
between the PAT signal and the analyte(s) of in-
terest.

2. There must be a 1:1 volume correspondence be-
tween the sample(s) characterised by the PAT
sensor (either on an extracted sample or as a spec-
tral signal [X] pertaining to a relevant stream seg-
ment) and the aliquot used for reference analysis
[yl. [X,y] are the complementary matrix/vector
data needed for the generation of chemometric
models.

1 KAX Group, Penrith, Australia.
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3. The samples used to generate a calibration MVDA
model must span the greatest relevant range of
analyte concentrations as defined by the PAT ob-
jective; for example, if a regulatory specification
requires the range 75-125% of the target analyte
concentration, the calibration sample set must
span this range as well (analytical range and in-
ternal validation).

4. The calibration data set [X,y] must fit the relevant
form of the MVDA model (for example, a straight-
line fit for a linear model). If the model shows
non-linearities, these must be addressed using an
appropriate and interpretable set of pretreatment
data transformations and/or by using an extra
number of data analytical components.

The model must generate reliable prediction concen-
tration results when applied to new samples which are
independent of the calibration set (test set, or external
validation).

It is of key importance for steps 3-5 to be reliable, that
steps 1 and 2 are complied with without exception.
There is an alarming recent trend where newcomers
to PAT/ chemometrics are looking for automated ways
of generating models - and ditto: automated way of
validating model performance without putting in the
effort to understand what a particular model is doing
and why the particular preprocessing method applied
is relevant.

There is a vast range of preprocessing methods availa-
ble for this purpose, but their use requires considerable
insight and experience. Even more alarming is today’s
indiscriminate use of non-linear, Al and Deep Learning
approaches, which will fit any data set, but provide lit-
tle or no interpretation insight, hence they have little
or no scientific value.

Before providing examples of the way PAT has been
implemented and the perils of poor sampling, the next
section defines a compact roadmap for chemometric
data modelling based on sound sampling practices. A
first set of introductory literature references for new-
comers to chemometrics can be found in (Wold, 1995;
Esbensen and Swarbrick, 2018), augmented by four
historical and general background references (Mar-
tens and Naes, 1991; Massart, 1997; Adams, 2004;
Hoskuldsson, 2024).

2. A Concise Introduction to
Chemometrics Methods

Chemometrics is not application of mathematics — ch-
emometrics is the prime data analytical tool for ex-
traction of information from chemical data. While there
is a mathematical component involved, chemometrics
is very much also dependent upon knowledge and ex-
perience about spectroscopy, chemistry and pattern
recognition - all bought together such that essential
subject-matter interpretations can be made.

CHEMISTRY MATHEMATICS

General General

Chemistry Statistical

Knowledge Knowledge
INTERPRETATION

CHEMOMETRICS

FUNDAMENTALS General General Linear

Spectroscopy Algebra

Knowledge Knowledge

Figure 1: Chemometrics was born as a branch of chemistry conce
experimental and empirical data contain the maximum

rned with the analysis of acquired data and ensuring that
information [3]. Since its inception in 1972 chemometrics

has developed into a general data analytical approach long since transgressing the boundaries of chemistry.
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Figure 1 provides an infographic of how the disciplines
of chemometrics come together to achieve the goal of
understanding data structures embedded in data tables
(data matrices), e.g., [X] and [X,y].

For the present compact perspective, chemometrics
can be sub-divided into three main areas (Esbensen
and Swarbrick, 2018; Martens and Naes, 1991; Massart,
1997; Hoskuldsson, 2024; Adams, 2004):

1. Exploratory Data Analysis (EDA): This type of
analysis is used to detect trends and patterns in
spectroscopic and other types of multivariate data.
Data may typically come from discrete samples
generated at different locations or may be data
generated over time from a process line.

2. Regression Analysis: Predictive models are gener-
ated from paired spectroscopic and ‘reference’ data
[X,y] acquired on the same sample. In this way,
the calibrated spectroscopic data [X] can generate
many more predictions [Y] = [y1, y2, y3....] com-
pared to physical sampling and sending samples to
a reference laboratory.

3. Classification: The uniqueness of spectroscopic
and other multivariate data for grouping into spe-
cific sample classes is used to develop discrimina-
tion models that can classify new, unknown sam-
ples w.r.t. known training classes. Training classes
are bound by statistical limits, therefore providing
a level of confidence to the predictions.

Exploratory Data Analysis (EDA)

Explores data internal structure

X (Data)

Structure Ifl}l Noise

ARTICLE

No matter which approach is used, chemometric data
models follow the same foundational principle of par-
titioning data into a systematic structure part (the in-
formation part) and a noise part, Fig. 2.

In the general case of EDA, the data are partitioned into
the structure part, i.e. groups, trends etc. and a noise
part that the model cannot explain.

In the Regression/Classification case, a functional re-
lationship between X- and Y-Data is established. The
better fit of the data to the model, the less noise in-
fluences the model. However, if there is no subject-
matter 1-to-1 information in the data, the noise part
will be inflated and the resulting model performance
will necessarily be poor.

Even if there is a lot of information in the data, or
there is a strong relationship between X- and Y-Data,
if proper sampling methods were not effectuated when
generating the samples, the resulting analytical data
will inherently be more influenced by noise than need
be. In such cases, chemometric modelling will partition
most of the data structure into the noise part — and the
potential for generating a useful and acceptable model
is often forfeited. It is never a good idea to ignore the
good sampling imperative! A good primer for connect-
ing the sampling, analysis and the data analysis realms
can be found in (Esbensen, 2025a; Esbensen,2025b).

Regression/Classification Analysis

Relates one data table to another

=

Model Ifl}l Noise

X (Data) Y (Data)

Data = Information + Noise

(Structure, Model)

(Un-modelled)

Figure 2: The general structure vs. noise decomposition assumption behind all chemometric data modelling
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Generic example showing how spectroscopic data can be decomposed into structural patterns for classification or

regression prediction. A multivariate chemometric model detects many feature the human eye does not, which is

why these methods are called latent methods.

Fig. 3 shows illustrative examples of the regression and
classification/EDA objectives in terms of chemometrics’
key graphic performance facility, the so-called scores
plot and the predicted vs. reference plot, which are
common to methods such as PCA and PLSR. Full in-
troduction in (Esbensen et al., 2018; Esbensen 2025a).

This brief chemometric overview has not considered
the preprocessing, interpretation, optimisation and
validation efforts which are also required to generate a
reliable analytical prediction model.

In general, for most data analysis objectives, there is
no need to look for more complex, non-linear, or more
advanced methods to “sort through the rubbish” - if
sampling is addressed and the right PAT technology
is chosen( Esbensen and Swarbrick 2018; Esbensen,
2025a; Danish Standard, 2024).

The prime hallmark of chemometrics is the insistence
of proper validation of all data models of whatever type
(Esbensen and Geladi, 2010). Recently the place and
role of multivariate data modelling/chemometrics was
described in a broader philosophical perspective (Es-
bensen, 2025a; Esbensen 2025b).
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Chemometric models can, in some sense, be viewed
as a subset of Machine Learning (ML) models but by
including the important aspects interpretability, prob-
lem-dependent outlier detection and proper valida-
tion they are in a class of their own. Chemometrics was
founded in 1972; referral can be given to a bonanza
of introductory literature developed over more than 50
years (Martens and Nzes, 1991; Massart, 1997; Adams,
2004; Esbensen and Swarbrick, 2018; Hoskuldsson,
2024; Danish Standard, 2024; Esbensen, 2025a; Es-
bensen 2025b) and further references herein.

3. Five “R’s” of Chemometric Model
Development

One of the most influential documents used as a guide-
line for the development of reliable analytical models
was developed by the International Conference of Har-
monisation of Technical Requirements for Pharmaceu-
ticals for Human Use (ICH) in the Q2(R2) (ICH, 2008)
document.
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This document, entitled “Validation of Analytical Pro-
cedures” and its latest counterpart ICH Q14 “Analytical
Procedure Development” (ICH, 2022) have been refer-
enced in many other regulatory documents, including
the European Medicine Agency’s guidance on the de-
velopment of near infrared (NIR) spectroscopic meth-
ods (European Medicine Agency, 2014) and may be
condensed into the four R’s of analytical development.

1. Repeatability: Can the same aliquot be remeasured
in a short time period and generate predictions
that are not significantly different, typically at the
95% confidence level, or with a relative standard
deviation < 2% (PAT instrument analytical preci-
sion).

2. Reproducibility: Typically relates to the transfer
of a method from one PAT instrument to another.
Reproducibility is an assessment of prediction ac-
curacy and precision with respect to the aliquot
mass.

3. Robustness: Does the PAT approach generate sta-
tistically similar results when small, but deliber-
ate changes need to be accepted regarding the
full measurement system (lot-to-aliquot). This is
partly also an assessment of the reliability of the
sub-sampling system implemented to generate
the stable raw spectral data.

4. Reliability: Typically relates to the precision and
accuracy statistics of the calibration model and the
method ability to predict new samples (external
validation).

5. Representativity. This the forgotten “R” which is
the focus of this SST issue. Representativity relates
to the support mass/volume for PAT sensor signals
(can either be defined w.r.t. an individual stream
segment (increment) or the full length of the
streaming material batch, see (Esbensen 20253,
Esbensen 2025b) for a detailed discussion). Rep-
resentativity of any analytical result must point
back to the original target material or lot.

PAT representativity must be seen in relation to the po-
sitioning of the sampling sensor in the process stream
and the ability to establish a representative process
sampling interface, see Esbensen in this issue. This last
point is of overwhelming importance for PAT, typically
requiring ~75% of any PAT method development ef-
forts. This also reinforces the old saying, “Garbage in,
Garbage Out”. If the data being generated are not rep-
resentative, one cannot expect the chemometric model
to perform miracles.
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4. The Chemometric Model Development
Roadmap

Armed with this information and a systematic ap-
proach to method development, the workflow in Figure
4 summarises the development effort required to gen-
erate reliable, robust and representative chemometric
analytical prediction models.

[ Feasibility ]

Representative I
Sampling

[ Scan Samples ] ‘ Reliable

Reference Data

[ Preprocess Data ]

Optimise [ Validate Model ]

[ Create Model ]

[ Use Model ]

Figure 4: Generic workflow for developing reliable
chemometric prediction models.

A brief substantiation of Figure 4 is as follows.

1. Feasibility Study: It is not necessarily an easy choice
to find a candidate sensor, considering the very
many sciences and applied fields which are open-
ing up for PAT, e.g., biology, pharmaceutical, met-
allurgy, geoscience (minerals, commodities, ores),
processing industry. A feasibility study is used to
verify that the signal from the selected PAT sen-
sor is indeed related in the physical, chemical or
subject-matter sense to the analyte(s) of interest.

2. Representative Sampling: Is the PAT instrument lo-
cated correctly in the process, and does it generate a
response that is a true representation of the aliquot
delineated by the process sampling interface (Es-
bensen in this issue). Be aware that it is not always
possible to extract the exact same sample from the
process that was characterised by the PAT sensor
(volume mismatch error introduced in Esbensen this
issue). Representativity is very much also related to
the procurement of sample data sets (chemometrics:
training and validation data sets) used to extend the
range of constituent analytical min/max values.
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Sample scanning: This is the critical element in
analytical due diligence: proper optimisation of
spectral acquisition parameters. This is the core of
the analytical domain (Hoskuldsson, 2024). Fail-
ure to optimise analytical instrument parameters
will lead to the generation of imprecise raw spec-
tral data, which cannot but influences negatively
on the relevance and power of chemometric pre-
diction models.

Reliable Reference Data: There must be a strict
1:1 reference sample-to-analytical-aliquot corre-
spondence as any misalignment or disconnect be-
tween the two will result in imprecise and biased
data. The reliability of the reference method [y]
must also be established to generate the Standard
Error of Laboratory (SEL) value. Without a criti-
cal evaluation of SEL, the precision and accuracy
of the final prediction model cannot be properly
assessed.

Preprocess Data: Preprocessing is *not* a super-
market of methods used in random combinations
to generate a ‘cleaned up’ dataset. Proper applica-
tion of preprocessing is intimately related to both
spectroscopic type and wavelength region. Pre-
processing is used to minimise the effects of re-
sidual spectral acquisition effects and can often be
helpful in bringing out more clearly the subject-
matter (e.g., chemical/biological) information in
the acquired data. N.B. Preprocessing is no substi-
tute for representative sampling!

Establish -, Validate -, Optimise Model: This is the
iterative cycle of proper chemometric model devel-
opment where fine tuning is applied to wavelength
region selection, or to preprocessing methods such
that the minimum number of components/factors
are used in the final model and so the calibration
and validation prediction statistics are as close (in
the statistical sense) to the SEL as possible. Ide-
ally one would prefer complete similarity, but this
would be dependent upon successful elimination
of all sampling, sub-sampling, all spectral acquisi-
tion errors, as well as all data modelling errors — a
complete impossibility for the degree of complex-
ity met with in technological and industrial data
sets. The optimisation step results in a model that,
when applied to a new, external sample set, will
generate predictions that can meet the validation
criteria defined for the model, often a minimum
prediction error measure is used.

7. Model in use, Model Maintenance: The only way
to improve a(ny) model in practice is by learning
through its application. This is the Model Mainte-
nance stage and must be implemented as a lifecy-
cle model (Flaten, 2018). The model maintenance
stage allows a user to identify whether process
changes have occurred that result from identifi-
able causes, e.g., raw material changes, or observ-
able changes that may indicate the need for PAT
instrument maintenance, or changes pointing to
the need for re-calibration and renewed qualifica-
tion. This stage is obviously where informed com-
petence and the largest possible experience with
model use in practice will be of key importance.

5. Chemometrics for PAT - in practice

The following two examples illustrates the result of
not following the above approach, i.e., of neglecting
the principles of Good Data Modelling Practice (GDMP)
outlined above.

5.1 Consequences of incorrect PAT Sampling
for Chemometric Models

An important distinction: PAT is not about bringing
the quality control laboratory to the process (an of-
ten-used euphemism) but is about PAT'’s ability to as-
sess the current state of a process or a product. In this
sense there are PAT implementations that work in an
at-line capacity (Esbensen in this issue) where a speci-
fied number of representative samples are drawn from
a process and measured at predefined intervals.

5.2 The Divided Sample Dilemma

This type of sampling error has been observed in so
many PAT implementations that it is worthy of some
consideration. This type of mistake typically occurs
when newcomers to PAT are sold an instrument with
the prospect of it generating more results so that ‘fast-
er and more informed quality decisions’ can be made.
In this case, a specimen (grab sample) has been taken
from the factory floor and sent to the QC laboratory for
reference analysis (primary sample). Here a sub-sam-
ple is taken (alas also by grab sampling) from the pri-
mary sample which is used to generate reference val-
ues [y] (secondary aliquot). Then a second sub-sample
is drawn from the primary sample for generating data
on the at-line PAT instrument; this is done by grab-
sampling.
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This setup results in just about a maximum of errors
committed:

Mistake 1: The primary sample is a grab sample; it is
therefore not representative of the lot.

Mistake 2: The two sub-samples (one of which in this
case is actually the analytical aliquot) are also grab
samples (grab sub-samples), and thus neither are rep-
resentative.

Mistake 3: The 1:1 reference-to-PAT [y-X] corre-
spondence is lost as the sub-sample used for reference
measurement (y] is different from the one used to ac-
quire the sensor signal [X].

The result of this fatally misguided approach typically
results in decreased precision in the fit of the data to
the model due to the inflated uncertainty induced by
the various sampling errors. Figure 5 shows the impact
of this practice on the resulting chemometric model.

The regrettable consequence behind this situation is
that both PAT and chemometrics get a bad name and
the typical advice provided by non-experts is to acquire
more samples and add more components/factors to the
model to improve precision.

Combined Sampling Error and
Total Analytical Error (TAE)

Predicted Value

This imprecision cannot be modelled out using

more components/factors or by preprocessing

Reference Value

Figure 5: Impact of non-representative sampling/sub-
sampling and the loss of the 1:1 reference-to-
PAT correspondence.
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This is poor advice indeed as chemometric modelling
and preprocessing methods cannot model the hetero-
geneity- induced sampling errors.

Figure 6 illustrates the performance of the same pre-
diction model after making the following four changes
to the methodology,

1. Acquire a proper primary sample from a repre-
sentative sampling device. The Theory of Sam-
pling (TOS) to the fore, see e.g., (Masser, 1997;
Esbensen and Swarbrick, 2018; Hokuldsson, 2024;
Esbensen in this issue).

2. Generate the analytical aliquot(s) using a repre-
sentative sub-sampling procedure and equipment
(Massert, 1997; Esbensen and Swarbrick, 2018).

3. Scan the analytical aliquots on the PAT instrument
using optimised spectral data acquisition param-
eters.

4. Acquire the reference data on the same aliquot
used to generate the PAT sensor data.

Figs. 5,6 illustrates how the only way to improve model
precision is through due diligence in the pre-analysis
sampling/sub-sampling domain (Esbensen, 2025a). It
is fair to state that this understanding is not all-per-
suasive in today’s PAT realm!

Better indication of Total
Analytical Error (TAE)

Predicted Value

Improved precision is solely the
result of representative sampling

Reference Value

Figure 6: Prediction model generated using representative
sampling and optimised spectral data acquisition
parameters.
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5.3 In-Line PAT Implementation - numerous
problematic issues

This example represents a hybrid between at-line and
in-line PAT sampling in the pharmaceutical industry.
The manufacture of oral solid dose (OSD) formulations
for pharmaceutical tablet production always requires
a blending step of the powder components used for a
specific formulation. In batch processes, this blending
is typically performed using a rotating blending sys-
tem (‘V-blender’ or IBC type) until a suitable endpoint
has been reached. It is problematic that there are still
organisations that attempt to sample such a 3-di-
mensional lot using non-representative insertion thief
systems that not only generate biased results but also
segregate the local blend through the introduction of
a physical device into the powder bed. The use of this
kind of device has resulted in endpoint times being
set too high and this can result in degradation of the
powder blend due to attrition, resulting in changes in
particle size distributions and de-mixing phenomena
(Muzzio, et al., 2003).

This problem has been somewhat reduced by the intro-
duction of NIR spectrometers that can rotate with the
blender and obtain a spectrum for the blend for each
rotation. This single measurement represents a sensor
grab sampling situation, but a new twist of aggregating
a number of spectra, to generate a ‘block’, has led to
implementation of the Moving Block Methods (MBM)
approach for real-time detection of blend endpoints
(Besseling, et al., 2015).

However, there are a number of optimisation steps
that must be performed to generate reliable PAT data
in this fashion of which the most important is block
size, which must be validated with the aim to become
representative of a unit dose prior to industrial imple-
mentation.

The major advantage of a PAT in-line NIR method is
that there is now no disturbance of the powder bed
during sampling. Provided the raw materials used in
the blend are of similar particle size distribution, and
the blender is not rotated too quickly, it is claimed from
driven OEMs that repeatable estimates of blend end-
points can now be obtained. Perhaps ....

But there is still a remaining downside: There is still
no way to extract a 1:1 correspondence sample for
reference analysis. The European Medicines Agency
(EMA) has addressed this situation in its NIR guidance
document and terms such methods as “Dynamic PAT
Methods”(European Medicines Agency, 2014).
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In particular (excerpt from this guidance),

“Because PAT NIRS procedures are specific to the nature
of the manufacturing processes (e.g. sampling frequency
adapted to process dynamics), it is not appropriate to pre-
scribe exact requirements for such procedures in this guide-
line.

An example of the use of NIRS in a PAT application is the
monitoring of a powder blend for homogeneity. The blend
may be monitored in terms of the measurement of the
change of the NIR signal (e.g. its standard deviation) over
time (also called moving block standard deviation (MBSD)),
where this has been shown to be a valid measure of homo-
geneity.”

Notice the improper use of the word ‘homogeneity’ in
the context of the Theory of Sampling (TOS) in chap-
ter six of Multivariate data Analysis: an introduction to
multivariate analysis process analytical technology and
quality by design (Esbensen and Swarbrick, 2018). But
that aside, the guidance clearly states in section 5.1.
that representative sampling of a 3-dimensional lot is
difficult. But EMA states that this is impossible!

So, how can a quantitative measure of blend poten-
cy be made using PAT if proper sampling is impos-
sible? This is where the risk-based approach of PAT
must be considered. Figure 7 provides an example of a
blend uniformity curve, measured by NIR spectroscopy
combined with the Moving Block Standard Deviation
(MBSD) measure.

The main assumption is that any point below the End-
point Detection Limit represents a state of powder
uniformity (N.B. not homogeneity!). This blend is now
transferred to a compression room where the powder is
either gravity fed, or vacuum transferred to the tablet
press.

Endpoint Detection Limit

Number of Rotations/Block Size

Moving Block Standard Deviation (MBSD)

Figure 7: A blend uniformity endpoint curve using the
Moving Block Standard Deviation (MSBD) measure.
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Figure 8: Sampling implementation strategy for assessing powder blend uniformity using PAT, a) NIR system attached to a
rotating blender, b) NIR system implemented into a feed frame, c) a feed frame simulation device for calibration
development and d) assessing pressed tablets using an at-line NIR spectrometer. Caveat: examples are meant for
illustration of principles only; no identification of company, personnel or equipment brand is intended).

A tablet press can be considered to be a compacting
spinning riffler (Romanach, 2015) and thus, a single
tablet may be considered to be a representative sam-
ple. There is here a powerful opportunity in measuring
a series of tablets and analyse the residual variabil-
ity using a variogram (Esbensen and Swarbrick, 2018;
Danish Standard, 2024). From a variogram can be es-
timated a Minimum Possible Error (MPE), which repre-
sents the minimum remaining total uncertainty due to
sampling-and-analysis.

But there is even another approach than measuring
discrete tablets - which is to place an in-line PAT NIR
analyser into the feed frame of the tablet press. This
is the spinning riffler section of the press and it is a
bona fide representative sampling system (see e.g., the
article by Romafiach in this SST issue). To comply with
the 1:1 correspondence between PAT measurement and
reference analysis aliquot, there are two approaches,

1. A timing sequence can be implemented where a
tablet(s) is extracted from the press which cor-
responds to the time the PAT measurement was
made, or,

SST - ISSUE 4 - DECEMBER 2025

2. Use of a feed frame simulator (Expo Process Ana-
Iytics, 2025) to make blends of various concen-
trations and measure them — ‘as is’ - in the feed
frame using the full-scale on-line PAT device.

The impact of using a grab sampling approach for
measuring powder characteristics in hoppers or chutes
prior to tablet compression and analysing these sam-
ples using a reference method leads to the same ad-
verse calibration model results as was shown in Fig-
ure 5 for the at-line case, whereas, using a feed frame
simulator, or analysing ‘timed’ discrete tablets against
the feed frame results in resolved calibration situations
as depicted in Figure 6.

Figure 8 presents a potpourri of equipment and ap-
proaches for the entire process of calibration develop-
ment using PAT for powder uniformity and quantita-
tion. Caveat: examples are meant for illustration of
principles only; no identification of company, personnel
or equipment brand is intended).
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The final implementation can be used as a PAT ap-
proach for two-fold assessment of blend and content
uniformity of pharmaceutical powder blends, and can
be summarised as follows,

1. Use the results of in-line NIR for endpoint detec-
tion of powder blending.

2. Develop a representative calibration on powder
blends covering the specified analytical range us-
ing either a feed frame simulator or by imple-
menting a PAT sensor directly into the full-scale
feed frame and collecting compressed tablets for
reference analysis.

3. Develop an at-line method based on tablets gen-
erated from production batches (and from batches
made on the feed frame simulator as a back-up
method).

4. Run the feed frame NIR during production to look
for process trends and deviations.

5. Compare the batch process feed frame trends to
the NIR blend uniformity data for joint assessment
of blend uniformity and content uniformity.

6. Conclusions and Future Perspectives

It does not matter if a PAT approach is at-line, in-line
or on-line, the principles of proper sampling and vali-
dation must be complied with in all cases. PAT analys-
ers must be implemented and validated in the same
way as any other analytical method, the main differ-
ence if that a PAT instrument is designed to measure
continuously outside of a laboratory.

This requires that the PAT instrument is robust to its
surroundings (see e.g., the article in this SST issue by
Dusko Kadijevic) and must be positioned and imple-
mented to be able to characterise a sample volume that
is representative of the current state of the process
— this can only be accomplished by a proper process
sampling interface (Esbensen in this issue). Therefore,
most of the development work behind chemometric
PAT calibrations is often focused on acquiring a rep-
resentative sample. There is absolutely nothing special
about PAT in this regard.

The extraction of an analytical aliquot for sensor as-
sessment has been the topic of endless debate and in-
numerable articles within the realm of PAT, but only a
very few are based on full understanding of the three-
domain complexities involved (sampling / analysis /
data modelling), ibid.
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The economically dominating pharmaceutical blend
uniformity problem raises several issues that are also
documented in foundational NIR method guidance
documents. In particular, the extraction of aliquots us-
ing sample thieves results in the extraction of speci-
mens with no certain provenance; and they disturb the
uniformity of the entire 3-dimensional lot through in-
duced segregation.

The blend uniformity problem requires some thinking
outside the box and mandates correct usage of guidance
documents to devise a risk-based strategy to achieve
the critical objectives of assessing blend uniformity and
content uniformity. A solution based on commercially
available systems was indicated here, a solution that
goes a long way to minimise sampling errors and focus
the PAT measurements on the chemistry/biology of the
samples being measured.

Future sampling systems must be designed where the
exact aliquot measured can indeed be extracted from
the sampling device without committing Incorrect
Sampling Errors (ISE) (TOS) to improve the 1:1 sample
to PAT correspondence. This will avoid situations where
newcomers will be less tempted to use wrong preproc-
essing methods or revert to automated modelling sce-
narios based on Al that not only over-complicate the
calibration development but are in reality black box in
nature, are rarely interpretable, and cannot be properly
validated. All these concerns will first be eliminated if/
when a perfect process sampling interface is introduced
— OEMs take notice!

Reliable PAT chemometric model development starts
with selection of the optimal sensor technology for ac-
quiring the most relevant multivariate sample spectra
that are guaranteed representative of the contem-
poraneous process stream segments (see Esbensen in
this issue) - and finishes with reliable prediction of
analytical results, generated by properly calibrated and
validated chemometric prediction models (Martens and
Naes, 1991; Wold, 1995; Massert et al., 1997; Adams,
2004; Esbensen and Geladi, 2010; Esbensen and Swar-
brick, 2018; Hoskuldsson, 2024).

There is no short cut to the competences needed. The
analytical domain notwithstanding, chemometricians
have a lot to teach samplers about the power of mul-
tivariate spectra, but the opposite relationship: proper
sampling before analysis, before data analysis is even
more important. We are all in this together!
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ABSTRACT

Wind turbine failure is causing debilitating equipment/operational downtime and is always very costly due to the
exceptional efforts required for repair or replacement — especially so for offshore turbines. Condition based moni-
toring (CBM) of grease lubricated turbine components (main and blade bearings) can greatly improve turbine reli-
ability and reduce costs when properly applied. In-service monitoring of grease lubricated bearings is a win-win
benefit at all levels. But is it possible to apply a PAT approach for in-service grease monitoring to develop a reli-
able warning system before breakdown? Alas, not directly - it turns out that certain necessary modifications to the
standard PAT concept are needed. Here we present the development history of a manual process sampling solution
for in-service PAT inspection and monitoring of grease lubricated main components in wind turbines.

1. Introduction

y demand for continuous operation 24/7/365, wind

turbines can only operate with the necessary reli-
ability if serviced by targeted condition monitoring
of grease lubricated main components. This stringent
demand is critically dependent upon reliable monitor-
ing of the state of the grease in the bearings involved.
Wind turbine grease lubricated bearings therefore need
reliable monitoring, which must be as logistically easy
as possible. For onshore wind turbines this is a fairly
easy practical task (easy access), while for marine in-
stallations, offshore wind farms, this constitutes a sig-
nificantly bigger logistical and engineering challenge
(accessibility, weather, safety).

The task of inspection and monitoring both on-and
offshore wind turbine grease lubricated bearings can
be viewed under the general scope of Process Ana-
Iytical Technology (PAT). Monitoring of a manufactor-
ing/processing compositional component, or an active
structural process component over time is usually a
comparatively easy task provided there exists a rel-
evant ‘PAT sensor’able to interact with (in the present
case) the in-situ grease located between the rollers and
raceways of blade and main bearings in real time.

Preferentially a sensor yielding a multivariate spectral
signal, which would allow a ‘classic‘ spectroscopic PAT
approach, calibrated and validated with chemometric
models (Esbensen and Mortensen, 2010). Developing
such a sensor would be truly revolutionary for the tri-
botechnology sector and its desire to offer the best,
most efficient in-situ monitoring approaches.

Alas ... this has not been possible because of the over-
powering practical difficulties involved in extract-
ing either a spectral signal, or a physical sample from
in-service grease lubricated bearings, far less a docu-
mentable representative signal/sample (sensu TOS).

The purpose of the present process sampling of in-ser-
vice grease is to facilitate condition monitoring of the
targeted bearings. The primary marker for any bear-
ing’s condition is the number, size, and morphology of
wear debris in the active grease.

For these reasons the tribotech sector has for 15 years
been involved in developing a manual alternative but
with all the desirable benefits of PAT monitoring intact.

1 Partner TriboTech Aps, Arhus, Denmark
2 KHE Consulting, Copenhagen, Denmark
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The present authors have reported from this challeng-
ing journey at three LUBMAT conferences (Mgller et al.,
2012; Moller et al., 2014; Mgller et al., 2016). Here we
describe the objectives for this technological journey
and summarise key findings and results. Our specific
viewpoint is to develop an alternative manual process
sampling solution for in-situ PAT inspection and mon-
itoring of wind turbine grease lubricated bearings. The
main thrust of the present article is to explain how,
confronted with insurmountable obstacles for stand-
ard PAT, it has never-the-less been possible to find
creative alternative engineering manual approaches
obtaining the same solution benefits.

2. Summary of leading up history

This article presents the challenges and achievements
over a period of 10+ years of developing an approach
for representative sampling of grease from blade bear-
ings based on the principles of the Theory of Sampling
(TOS) (which is not necessarily a feature in current
‘solutions’) for condition assessment of blade bearings
based on advanced grease analysis. Below, we focus on
manual PAT monitoring of blade bearings. But first a
brief introduction is provided of the main components
of a modern offshore wind turbine.

An offshore wind turbine consists of the following main
components, as shown in Fig. 1:

1. rotor blade assembly (hub and three blades)

2. nacelle

3. tower

4. transition piece

Figure 1:
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The rotor blade assembly comprises three blades, each
with a bearing at its root. Blade bearings serve two
purposes: i) connecting the blades (the unit that cap-
tures energy from the wind) to the nacelle; ii) enabling
the blade to rotate around its longitudinal axis, i.e. to
change its pitch (defining the wind attack angle with
respect to the blade surface). For this reason, blade
bearings are often alternatively termed ‘pitch bearings’,
Fig. 2.

Since pitch bearings, by their nature, do not rotate
continuously but only oscillate through a few degrees,
conventional PAT-related monitoring methods such as
vibration monitoring are not applicable. Therefore, the
method described below is currently the best and most
well-documented method for condition monitoring of
blade bearings.

When a blade bearing has been assembled at a con-
struction site, it is no longer possible to access its ac-
tive part, i.e., the space between the outer and inner
races to extract grease samples. However, in operation
there is a continuous supply of new grease to the bear-
ing, while the excess grease is pressed out and collected
in containers located on either the outer or inner race
of the blade bearing. These containers are accessible
for extracting in-service samples, Fig. 3.

rotor blade assembly

nacelle

tower

transition piece

Main structural components of an offshore wind turbine.
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Figure 2: Rotor blade assembly (left) and a blade (=pitch) bearing (right). Note the raceway between the outer and inner
races, from where samples of the active grease shall be extracted.

Grease cups — collectors of used grease from blade bearings

Figure 3: Blade bearing in a 3.6 MW turbine with grease collecting devices (“Grease cups”) fitted to the inner ring. These
grease cups are accessible for sampling of in-service grease samples used for condition monitoring, see Figure 5.
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For calibration of the present new sampling approach,
it was possible to carry out a comprehensive 3-D het-
erogeneity characterization of the grease in the 360
deg active zone of blade bearings; this was reported in
an earlier study (Mgller et al., 2016). A summary will
suffice for the present purpose.

With a bearing dismantled for onshore inspection, it
was possible to conduct sampling of the active raceway
in a representative fashion in full compliance with TOS,
as illustrated in Fig. 4. Dismantling allows sampling
and full characterization of the variation and properties
of the grease along the full 360-degree active zone of
the bearing in the space between the raceways. This
sampling scheme, here termed the 3-D heterogeneity
characterization, forms the reference against which the
in-service grease cup sampling can be compared and
evaluated.

From a TOS point of view, the in-service grease cup
sampling, and analysis (performed in the analytical
laboratory) is fit-for-purpose representative (Esbensen
and Mortensen, 2010); therefore, it is the best available
proxy for direct characterization of the properties of
the active raceway grease - be this in the form of an
average over the full circumference, or as a mapping
of the peripheral compositional variation in the active
zone between the raceways (Mgller et al., 2016).

The analytes used in the reference characterization
were i) content of ferro-magnetic iron, ii) water con-
tent, and iii) particle size distribution of wear debris.

In total 175 grease samples were included in this com-
prehensive reference study.

2.1 In-service, in-situ condition monitoring

Blade bearings have an atypical mode of operation, as
they do not normally rotate when the turbine is in op-
eration. This means that traditional, highly successful
vibration analysis is not an option. Physical sampling
(and analysis) of grease from the active blade bear-
ings is therefore the only useful method for obtaining
reliable data for assessment of current operating con-
ditions. The most important analytes for this purpose
is the content of wear particles, their size distribution
and their morphology. Dedicated laboratory procedures
have been developed, which have proven to be suit-
able for this purpose. It is the experience that only wear
particles larger than ~100 pm are relevant for a condi-
tion check of blade bearings (Megller et al., 2012, Mgller
et al., 2014, Mgller et al., 2016).

2.2 Grease cup samples - a match to PAT pro-
cess samples

As a rule, during inspection visits to active offshore
windmill nacelles, which takes place for other monitor-
ing purposes as well, grease extraction is also routinely
performed from two randomly selected grease cups
along the complete inner raceway of a given bearing,
Figs. 3,5. These samples form bona fide PAT samples
extracted from the process.

Figure 4: Representative reference grease sampling from a dismantled 3.6 MW blade bearing. Increments from every second
ball support hole were used for 3-D heterogeneity characterization of the grease in the complete 360 degree active
zone in the space between the raceways. This is a 1-to-1 match analogue to “stopped belt” sampling in conventional
PAT.
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Credit: Photos by Mr. Ole Grosser; used with permission.

Bore hole through bearing Grease cup

raceway for collecting used
grease in grease cup

Figure 5:
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Incremental composite
sampling from bore hole

Grease tube for regular
relubrication of blade
bearing

Manual PAT at work in the Baltic Sea. Inspection and monitoring crew visiting the nacelle of windmill Redby 2,

Baltic Sea is extracting composite samples from grease cups holding used blade bearing grease (see also Fig. 3).

We refer to (Meller et al., 2016) for technical descrip-
tion of three case histories documenting the calibrat-
ing comparison between the reference and the present
grease cup sampling. Here it was demonstrated how
this approach can accurately determine the physical
condition of the targeted bearings. These comprehen-
sive results led to the conclusion that ‘grease cup’ sam-
pling is a satisfactory proxy for representative sampling
from an active raceway.

3. Discussion

Based on the Theory of Sampling (TOS), it has been
possible to develop an alternative method for acquir-
ing representative samples of active grease from blade
bearings in offshore wind turbines. This is a crucial
prerequisite for development of a practical, economi-
cally reasonable and logistically operational condition
monitoring approach of in-service blade bearings. The
new method has been compared and evaluated to a
comprehensive, fully TOS-compliant refence sampling
performed on dismantled bearings; this reference sam-
pling is a direct analogue to ‘stopped belt' reference
sampling in the conventional PAT context, allowing re-
alistic calibration and evaluation.

SST - ISSUE 4 - DECEMBER 2025

4. Conclusions

It has been possible to develop a fully validated manual
process sampling solution for PAT in-situ inspection
of wind turbine bearing grease. This is the only possi-
ble approach for Condition Monitoring of in-operation
wind turbines.

5. Perspective

Globally, in many countries, offshore wind turbines are
becoming an increasing part of the technical backbone
for the necessary transition to a CO2- free renewable
energy supply. Offshore wind turbines are extremely
capital-intensive investments, for which reason cost-
effective methods for operating and monitoring these
assets are highly desirable. To solve this task, many
different analytical tools (physical, chemical, Al) are
used today to process today’s readily available on-line
data remotely onshore (with obvious needs for auto-
mation).

However, there are still main components, for which
no documented method for continuous operational
monitoring exists — yet. To monitor the state of the
crucial blade bearing components, the authors consider
regular in-service physical PAT sampling and analy-
sis of bearing grease to be the most suitable method
available today.
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Giants of Sampling 4: Robert Hallowell Richards

By Alan F. Rawle’

DOI: 10.62178/sst.004.010

1. Introduction

Robert Hallowell Richards was an early but crucial con-
tributor to the theory of sampling. There are several
interesting points associated with him:

+ He lived to be over 100 years old, born in 1844 (Au-

gust 26), he died in 1945 (March 27).
He was in the very first group of students at MIT
(Massachusetts Institute of Technology) when it
opened in 1865 and graduated in 1868. He then
spent 46 years working at MIT before retirement
in 1914.

« His first wife, Ellen Swallow Richards, has had much
more written about her than her husband as she
(among other things) coined the term ecology (al-
though spelled she first spelled it ‘oekology’). She
was the first female instructor at MIT in 1873 and
had published far more extensively than Robert
(See: https://en.wikipedia.org/wiki/Ellen_ Swallow__
Richards).

{wwwwwwwwwww
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ROBERT
HALLOWELL
RICHARDS
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He grew up with the Massachusetts Institute of Tech-
| nology from its very beginning, he stayed with it till
he retired, and now he tells the story of forty-nine

years’ association with it and with the men who have

taught or studied there. He tells, too, of work in field,

ming, and mill, with many amusing happenings by the
way, of his avocations and his quiet pleasures. He gives
us, also, his philosophy of old age and of eternal youth.
Here is the record of a teacher, scientist, inventor and
pioneer in the field of education.

Figure 1:

With regard to sampling, Richards inadvertently re-
wrote the laws of physics for convenience, and we'll
explore that point later.

In terms of source material, Robert Richards wrote an
autobiography (Robert Hallowell Richerds His Mark
(Boston Little, Brown and Company 1936) Original
cost $3). In contrast, Ellen Swallow Richards has had at
least 5 biographies and similar books written about her.
Richards’ autobiography is written in more of a story-
like, rather than scientific, manner and may reflect the
fact that Richards was 92 or so years old when the book
was published.

In the Technology Review (an MIT publication), Arthur
Winslow (a graduate of 1881) wrote, in July 1908, an
article commemorating 40 years of Richards' service
with MIT, so we have plenty of source material to use.

Dust jacket of Richards’ autobiography together with the inset picture.

1 Retired. Hardwick, Massachusetts, USA.

SST - ISSUE 4 - DECEMBER 2025

101



BN ARTICLE

1 LT TR S A
T L HEA AN

1 Frwery & co Zipn, Fostim

Hon R.H.GARDINER'S

e bk e

RESIDENCE. :

Figure 2: Birthplace of Robert Hallowell Richards: Oaklands, Gardiner, Maine as it was in 1852 or so (woodcut from J W Hanson
History of Gardiner, Pittston, and West Gardiner Published William Palmer 1852).

2. Early life and education

Robert Hallowell Richards came from a privileged
background. 2 towns in Maine were named after his
ancestors — Gardiner, Maine (where he was eventually
buried) was named after his great-great grandfather,
Dy Sylvester Gardiner, and Hallowell (from which his
middle name originated) was named after great-great
grandfather, Benjamin Hallowell.

The family owned a large estate called “Oaklands” on
the Kennebec River. Maine and it was here that Robert
was born on August 26, 1844 the sixth child of Anne
and Francis Richards.

He was sent to school in England (in 1857 at age 13)
with his brother, Harry (“Richards Major and Richards
Minor”) thanks to his father’s interest in the country
and lived at Cadlington, Horndean (home of Sir Michael
Seymour) for one year before moving to Moorland Cot-
tage, Purbrook, Hampshire (and hearing his first night-
ingale sing there).

His 4th and 5th years in England were spent at Wel-
lington College, Berkshire where he was influenced by
a Mr. Daykyns (“made me study”). Richards states “Mr.
Daykyns was also very fond of nature. | once threw
a stone at a bunch of sparrows and chaffinches that
sat on a hedge. | laughed at my prowess, but he rep-
rimanded me, saying it was wrong to mistreat birds.
To this day | have not forgotten the change that was
wrought in me by that simple remark”.
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Figure 3: Oaklands today HABS 1962 (Public Domain
Wikipedia)

He returned to the US in 1862 (aged 18) where he
moved with his mother to Boston. He tried to get into
Harvard aged 19 and failed while his brother, Harry,
was very successful there. He then attended Phillips
Exeter Academy where, apparently, he was a com-
plete misfit. He states, “I could not adapt myself to the
method of education which revolved around learning
dead languages by heart”. These ‘dead’ languages were
Latin and Greek.
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He also tells a story about a mathematics teacher there
(called ‘Bull’ Wentworth) where the conversation went:

“Well, Richards, where did the Pilgrims land?”

“1, having just returned from five years in England, did
not know there were such things as Pilgrims”. | replied
solemnly “On the shore, sir”

In February 1865, his mother sent him a letter inform-
ing him that a connection and friend, Professor William
Barton Rogers, was just starting the Massachusetts In-
stitute of Technology (MIT) Boston, and she thought
that this school might satisfy his needs better than Har-
vard. She was correct in that opinion and Robert thrived
from the practical “observe, study, and record” manner
of education. He learned the usefulness of the German
language as his textbook on ore dressing was written in
that language (Peter Ritter von Rittinger's Lehrbuch der
Aufbereitungskunde?). Richards remarks “The method
of teaching was completely new to all of us.

We found ourselves bidding goodbye to the old learn-
by-heart method and beginning to study by observing
the facts and laws of nature” and “We learned... how
to observe, how to record, how to collate, and how to
conclude”. He states in his autobiography “Education
ceased to be a plague spot and became a delight”.

After graduation in 1868, Richards was asked to con-
tinue at MIT as an instructor and thus began 46 years
of service. “In 1870, Professor Rogers suffered a stroke.
Professor Runkle was elected to succeed him. Storer,
the best professor of chemistry the school ever had,
was so bitterly opposed to this move that he put on his
overcoat and walked out of the school, never to cross
its threshold again”. “I, being the senior young man in
his department, found myself acting head of chemistry
of four months in the spring of ‘71, not be appoint-
ment, but by circumstances. It was a case of the old

nn

adage: “Nature abhors a vacuum””.

1871 — 3 years after graduating Richards found himself
in charge of a department of mining engineering... He
continued in that department until retirement in 1914.

He documents his time as follows:
1871 — 1873 Mineralogy, assaying, mining labora-
tory, metallurgical laboratory
1873 — 1878 Mineralogy, mining engineering, min-
ing laboratory, metallurgical laboratory

- 1878 — 1883 mining engineering, mining laboratory,
metallurgical laboratory, Secretary of the Faculty
1883 — 1889 mining engineering, metallurgy and
the two laboratories
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1889 — 1901 mining, and non-ferrous metallurgy,
and the two laboratories
1901 — 1914 ore-dressing and the two laboratories

He determined the settling/sedimentation curves of
materials settling under gravity in water, thereby es-
tablishing the fundamental principles of sorting ore by
means of jigs and other machines. Indeed, in the days
that | took an Extraction Metallurgy course at univer-
sity we used his classic galena and quartz system as an
example of mixed density settling and separation. This
is the hindered settling principle where in free settling,
a quartz particle (s.g. 2.6) 3.5 times the diameter of a
galena particle (s.g. 7.6) settles at the same rate. Under
hindered settling conditions (e.g. in a medium of high-
er density or concentration) the particle of quarts can
be 7 times the diameter of the galena particle to set-
tle at the same rate. This has great implications in the
concentration and separation of ores and is the basis
of the hydraulic classifier. During the period 1895 and
1900 Richards developed the so-called Richards Pulsa-
tor Classifier and Pulsator Jig for size and separation of
minerals from gangue. The pulsator principle of up-
ward-rising water currents a jig bed can be active 100%
of the time a doubling in improvement over the earlier
Harz jig. Richards also studied boat paints by running
boats though water to see what friction was gener-
ated. From these tests he developed a graphite-based
paint with the friction about 3/4's of that of comparable
paints. He had a wide range of interests including na-
ture (which included hunting and fishing), astronomy,
photography, and glassblowing. He was very much an
expert in the latter and demonstrated this in several of
his metallurgical classes.

Earlier, in 1869 Richards had developed a filter pump
for laboratory use which led to later improvements in
the form of a jet pump using the injector principle.

Richards served as president of the American Insti-
tute of Mining Engineers (AIME) in 1886. He published
around 35 original papers in the Transactions of AIME.
In 1915, Richards was presented with a gold medal from
the Mining and Metallurgical Society of America. The
award was under the topic of “Advancement in the Art
of Ore Dressing”.

Richards main claim to fame, other than being a grad-
uate of the first year of MIT in 1858, was his 4 substan-
tial volumes entitled ‘Ore Dressing’ (5 volumes if you
include the separate index) published initially in 1908
or 1909. Later editions attempted to condense these
into 2 or 1 volume as was the forerunner (2 volume
set) edition published by The Engineering and Mining
Journal in 1903.
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He did not take royalties on these publications to re-
duce costs for his students. These have been developed
into print on demand and Google Books downloads, but
I still retain an original full set plus the index. The per-
tinent volume dealing with sampling issues is Volume
2. The page numbering and sections are somewhat
confused (IMHO) and thus care needs to be taken in
looking through the different volumes from the differ-
ent years and compilations.

Richards begins his introduction to sampling with the
sentence “Sampling consists in obtaining, from a lot of
ore, a small portion to weigh out for assay, which shall
represent as perfectly as possible the exact proportions
of the constituents in the original batch of ore”. He
then runs through standard manual (e.g., cheese scoop
sampler, shoveling) and automated methods (Vezin,
Snyder, Collom, Brunton) before proving a table of
minimum masses linked to top end size of the sample.
| have used this table many times.

Let us examine how the calculation was made. Rich-
ards explains the calculation thus: “First, to decide
what weight (w) should be taken for assay or analysis
after the ore has been ground to 100-mesh (approxi-
mately 0.125 mm. diameter) ; second, to compute the
number (n) of maximum sized grains passing through
a 100-mesh screen that would weigh (w); and third, to
cut down to a weight after each crushing which will be
equal to n of the maximum sized particles”.

My first clue was that the sample size for a top end of
1mm (1000 microns) was stated to be ~ 1.5 kg.

Table 1:

Early in the 1990’s I'd carried out similar calculations
used in an old Malvern Instruments’ application note.
I'd come up with a minimum mass of ~ 1.36 kg based on
a density of 2.6 g/cm3 (approximation to silica) which
is in the same ballpark. The basis for my calculation
was a standard error of 1% (SE is proportional to n/? so
a 1% SE requires 10000 particles) based on the 99th
percentile of the distribution. This requires 10000 par-
ticles in the x_+ part of the distribution (which makes
up 1% of the total mass so we need to multiply by 100
(98 is the actual correct factor as shown by Gy), so we
can calculate a theoretical minimum mass for a 1mm
top end as (with the size in mm converted to cm):

M

S

10000*100%*(7/6)*(1000*1074)3 *2.6
1361 g ~ 1.36 kg

It is the easy to spreadsheet the calculations to allow
a simple comparison with the stated table and those
numbers supposedly given by Vezin in the Richards’
table.

We note that the comparison is excellent and could be
made identical by a change in assumed density from
2.60 g/cm3 to 2.86 g/cm3.

After giving us this important table, Richards then
states” The above rule demands finer crushing than
practice indicates to be necessary, and it is, therefore,
more expensive than is wise”. He further states ref-
erencing Brunton “Brunton’s results, however, show
quantities that are largely in excess of practice”.

Minimum masses of sample required according to Richards (1903/1908)

This rule may be said to use a constant number of particles whatever their

size.

The following figures show the weights of different sizes required by this

rule on the basis of 0.1 assay ton (2.917 grams) of ore through a 100-mesh screen

(0.125 mm.):
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Table 2:  Comparison of the Richards’ table with calculations based on a standard error of 1% on the x99
(assumed spherical particles).

d (um) d/10000 dAas Density (g/cm3) 10000*100*(7/6) Minimum Mass (g) Vezin (1865/1866) Vezin/Rawle

1 0,0001 1E-12 2,6 523598,7756 0,000001

10 0,001 1E-09 2,6 523598,7756 0,001361

100 0,01 0,000001 2,6 523598,7756 1,36

125 0,0125 1,9531E-06 2,6 523598,7756 2,66 2,92 1,10

200 0,02 0,000008 2,6 523598,7756 10,89

250 0,025 1,5625E-05 2,6 523598,7756 21,27 23,3 1,10

500 0,05 0,000125 2,6 523598,7756 170,2 186,7 1,10

1000 0,1 0,001 2,6 523598,7756 1361,4 1493 1,10

1500 0,15 0,003375 2,6 523598,7756 4595

2000 0,2 0,008 2,6 523598,7756 10891 11950 1,10

4000 0,4 0,064 2,6 523598,7756 87127 95570 1,10

5000 0,5 0,125 2,6 523598,7756 170170

8000 0,8 0,512 2,6 523598,7756 697015 764600 1,10

10000 1 1 2,6 523598,7756 1361357

Richards work-around is to take a mass based on the the approval of practising engineers; and which have a
square of the largest particles diameter: “By adopting definite basis, and thereby do away with a great deal of
the rule that the weight shall be proportional to the guess work”. He then provides a table (his table 369)
square of the diameter of the largest particles, we shall and graphical plot based on this assumption.

obtain a set of figures that will in all probability meet

Table 3:  Richards ‘ Table 369 on sampling weights

TABLE 369.—WEIGHTS TO BE TAKEN IN SAMPLING ORE.

Weight. Diameters of Largest Particle.
Very Loﬁ g"‘de Low Grade or Rich or Ewsglgr
or ve niform ‘“Spotted |
Grams. Pounds. %m Uniform Ores. Medium Ores. %om- S%Ortét:d
Mm. Mm. Mm, Mm, Mm.
20,000 207 114 76.3 50.8 81.6 5.4
10,000 147 80.8 58.9 85.9 0.4 3.8
5,000 104 56.8 88.1 2.4 15.8 2.7
2,000 65.6 85.9 4.1 16.1 10.0 1.7
1,000 46.4 25.4 17.0 11.4 7.1 1.2
500 82.8 18.0 12.0 8.0 5.0 0.85
200 20.7 11.4 7.6 5.1 3.2 0.54
100 14.7 8.0 5.4 8.6 2.2 0.38
50 10.4 5.7 8.8 2.5 1.6 0.27
20 6.6 8.6 2.4 1.6 1.0 0.17
10 4.6 2.6 1.7 1.1 0.7 0.12
5 3.3 1.8 1.2 0.80 0.50 |.oiiiiiniininnnn
2 2.1 1.1 0.76 0.51 0.32 |.iiiiiiiinnnnnn.
1 1.6 0.80 0.54 0.38 0.2 Jooieiiiininnenns
0.5 1.0 0.67 0.38 0.25 016 J.iiiiiiiiiinnnn,
0.2 0.68 0.36 0.24 0.16 0.10 |iiiiiiiiiininnn,
0.1 0.46 0.25 0.17 (175 ) N PO P Ceenen
0.05 0.83 0.18 L1 I S O S PO
0.02 0.21 (L b B RS aEnnoa00 | Bao6anaac 500l laoooonoaso s lo00oo0ans0an00a
0.01 9.15 0000CEO08000008 [bensacaooaas 0000000000 [BEB000EB0EaA] BE0BEABEa0A0000
0.005 0.10 O00008000000000! D00EAEEBEEEaLE0nEaARaE0aOLN AN6ABABSEHLA B0 E00aCIBABON
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FIG. 485.—S8IZES AND WEIGHTS OF ORE FOR SAMPLING,

Figure 4: Richards’ graphical representation of sizes and weights of ore for sampling
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Again, we see the focus on the type of ore to be sam-
pled, and these assumptions have bedeviled sampling
theory since the early days. We also note that the ba-
sis for these calculations is usually the derivation of
the fundamental sampling error (FSE) ignoring the fact
that this is usually the error (or variable) amenable to
calculation and only 1 of 7 or 8 other errors which are
often considerably larger than this.

The pertinent rules for how much (mass) of sample
to take for it to be representative of the whole are
based on how many particles are present in the top
size (band) to be considered together with the desired
precision (expressed as the standard error in statistics).
These larger particles may be few in number but make
up a substantial portion of the mass or volume of the
total system in comparison to the finer or dust-like
particles that may be present in the millions or billions.
However, we do note that, in many ore dressing sce-
narios, the material of interest may be softer, denser
and thus present in the finer/finest fractions than the
unwanted gangue material (typically harder and less
dense, if quartz or aluminosilicate).

It is worth exploring in some detail this M_ ~ fD? for-
mula (where f is a form (shape) factor - 1 for cubes and
1t/6 or ~ 0.524 for spheres) multiplied by the density
of the material — converts volume to mass - and a is a
constant (exactly 3 in theory). Richards had ‘amended’
this to M_ ~ fD? on the basis of engineering convenience
perhaps indicating the essential differences between
a physicist/chemist (exact) and an engineer (empiri-
cism). Thus, I find in my university extraction metal-
lurgy notes from the late 1970’s “the minimum mass
requirement of “M_= kD" where n = 2 to 3, theoretically
3...". This is perhaps an area where the old saying ap-
plies “In theory, theory and practice agree. In practice
they do not”.

Going back to 1922, not long after the publication of
Richards’ Ore Dressing tomes, we have Demond and
Halferdahl in their 2 papers (“Mechanical sampling
of ore” Engineering and Mining Journal-Press, v. 114,
no. 7, p. 280-284 & “Sampling spotty gold ores” En-
gineering and Mining Journal-Press, v. 114, no. 22, p.
948) on the mechanical sampling of ore working on
the expression:

W = kD?

where W is the weight of ore, D is the diameter of the
largest particle, and k and a are constants. They tabled
sampling data for several crushing plants, where a, the
exponent to which the diameter is raised, ranged from
1.0 to 3.76.
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They claimed that an a as low as 1.4 should never be
used and that a should never be as great as 3.0. Again,
we see the difference between scientific exactness and
an empirical or convenient approach. This ‘convenience’
lasted from Richards’ time to the 1950s’ when Pierre Gy
got us back to the correct theoretical approach.

Richards mentions Brunton in his ore dressing books
but not in his autobiography, so we don’t know if they
actually met. We assume that they did. Richards cer-
tainly had met Vezin and quotes: “Henry A Vezin was
an old friend of mine for many years. In the early days,
he knew more about ore-dressing, as practised in Ger-
many, than almost anyone in that country. He was
educated there. He was always visionary, however. My
first introduction to him was in 1872, riding over the
Rocky Mountains in Colorado with two men. We came
to a place called Montezuma, where we were treated
badly. Vezin told us was that there was one man with
us who had written bad things about the place” and
continues ““Vezin was a mining expert, mainly a spe-
cialist in concentrating. | last met him in Denver, not
long before he died, and had a very funny interview
with him. It was very characteristic of the man. He was
so overjoyed at seeing me that he could hardly contain
himself, and he began to tell me a story, and that re-
minded him of another; he began to tell me that one,
and it reminded him of still another and so on. When |
left, | concluded that he must have started about fif-
teen stories and not finished one”.

On June 4, 1875, Robert (Bob) Hallowell Richards mar-
ried Ellen Swallow. The ‘courtship’ had lasted 2 years or
so and seemed to be an intellectual match. In his au-
tobiography Richards wrote, “I had no ideas of what a
wife ought to be to me, or what | ought to be to a wife,
but | knew that Ellen Swallow’s aims in life were along
the lines which mine had seemed to follow. | admired
her pioneer spirit, and | think she respected me for the
hard work which | was doing. The inevitable happened,
and one day in the laboratory (June 6th, 1873) shortly
after she had received her B.S., | asked her to become
my wife. She wished to think it over for a little, and to
my everlasting joy, she decided to accept my offer”. He
was 3 years younger than she was.

Ellen (or Nellie as she was known) has had far more
books published about her than many other women.
She published extensively and we could write 5 or 10
times more about her than her less famous husband. |
would recommend the book by Pamela Curtis Swallow
entitled ‘The remarkable life and career of Ellen Swal-
low Richards’ (Wiley TMS 2014).
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Figure 5:

An early book on Ellen (Caroline L Hunt “The Life of EI-
len H. Richards” Whitcomb & Barrows, Boston (1918))
— my copy was never removed from the library — is
also recommended.

Ellen was the first woman admitted to any scientific
school in the United States and the first female gradu-
ate of MIT. She was the first woman to be elected to
the American Institute of Mining Engineers. She was
also elected a fellow of the American Association for
the Advancement of Science, an unusual honor for that
time. She developed courses of study, set standards for
the training of teachers, organized a professional or-
ganization, and edited a journal. The research that she
and her colleagues had done clearly showed that ex-
posure to contaminated air, water, food, and soil made
people sick. She believed that people had a right to
know what they were breathing, drinking, and eating.
In a forward-looking speech she wrote:

The quality of life depends on the ability of society to
teach its members how to live in harmony with their envi-
ronment — defined first as the family, then with the com-
munity, then with the world and its resources.

In the last decade of her life, she earned a substantial
income from teaching, writing, and consulting. When
she died of heart disease at the age of 68, she left vir-
tually no estate. She had given all her money away.

As a part of the Massachusetts exhibit at the Chicago
World's Fair in 1893, Mrs. Richards operated a “Rum-
ford Kitchen,” named for the Yankee-born Count
Rumford who had pioneered the science of nutrition.
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The life of Blen H, Richards

Biography of Ellen (Swallow) Richards — never removed from the library and withdrawn (Rawle own copy).

Visitors could watch the expert preparation of food and
buy 979.3 calories’ worth of baked beans, brown bread,
butter, and apple sauce for thirty cents. See: http://
www.jphs.org/people/2005/4/14/ellen-swallow-rich-

ards-the-first-oekologist.html

The food was served in portions containing a definite
amount of nutrition, and the menu card on each ta-
ble gave the requirement for one-quarter of one day‘s
ration, with the weight and composition of each dish
composing the meal. A choice of two or three lunch-
eons, for which the price was thirty cents, was given
each day, each containing three or four dishes, though
an extra price was made for a glass of milk, for a cup
of cocoa, tea or coffee. See: https://libraries.mit.edu/
archives/exhibits/esr/esr-rumford.html

In Hunt's book (see above: pages 220 and 221) it is
stated “The man, too, from Southern Europe who de-
fiantly said, “You needn’t try to make a Yankee of me
by making me eat that,” pointing to baked Indian Pud-
ding...” | ate Indian Pudding at Durgin Park Restaurant,
Boston after my US Naturalization ceremony in Faneuil
Hall, Boston in 2008.

One of her main claims to fame though, was in de-
tailed water analyses of Massachusetts. From 1884
until her death, Ellen was an instructor in the newly
founded laboratory of sanitary chemistry at the Law-
rence Experiment Station, the first in the United States
and headed by her former professor, William R. Nichols.
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Figure 6: Ellen ‘Nellie’ Swallow and Robert Richards (Courtesy MIT Museum)
Original url: http://libraries.mit.edu/archives/exhibits/wbr-visionary/

In 1887, the laboratory, directed by Thomas Messing-
er Drown, conducted a study under Richards of water
quality in Massachusetts for the Massachusetts State
Board of Health involving over 20,000 samples, the
first such study in America. Her data was used to find
causes of pollution and improper sewage disposal. As a
result, Massachusetts established the first water-qual-
ity standards in America and its first modern sewage
treatment plant at Lowell, Massachusetts. She was a
consulting chemist for the Massachusetts State Board
of Health from 1872 to 1875 and the Commonwealth‘s
official water analyst from 1887 until 1897.
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Ellen was a founding ecofeminist who believed that
women'‘s involvement within the home was a vital as-
pect of the economy. Her interests in this regard includ-
ed applying scientific principles to domestic situations,
such as nutrition, clothing, physical fitness, sanitation,
and efficient home management, creating the field of
home economics. But she was also a pragmatist, saying
“You cannot make women only contented with cooking
and cleaning, and you need not try.” See: http://www.
usasciencefestival.org/schoolprograms/2014-role-
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Figure 7:

The Vine-Covered Dining Room

Figure 8:
last picture from Google Streetview

Their house (“rented and later bought”) - 32 Eliot
Street, Jamaica Plain, Boston - became an important
icon. The house was added to the National Register of
Historic Places and declared a National Historic Land-
mark in 1992 (the Ellen Swallow Richards House). In
her honor, MIT designated a room in the main building
for the use of women students. In 2023 the address
was up for sale at approximately $2.1 million.

Note the woman with the ax — bottom left (Courtesy

: MIT Museum). Ellen Richards is at the far top left.

32 Eliot Street, Jamaica Plain, Boston First 2 drawings from Drawings from Ellen H Richards’ biography and

In “His Mark” pages 157 — 158, Robert Richards states:
‘It was my wife's idea to build an addition to our din-
ing room, in order to have sufficient room for the stu-
dents who used to visit us”. “When we first moved to
32 Eliot Street, there was an old well under the corner
of the kitchen. It was necessary to pump water by hand
into a tank in the attic for the bathroom upstairs. We
had city water about 1878. From the start we had gas
for light, and after a while bought a gas stove”.
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In 1973, on the occasion of the hundredth anniversary of
Richard's graduation, MIT established the Ellen Swallow
Richards professorship for distinguished female faculty
members. In 2011, she was listed as #8 on the MIT150
list of the top 150 innovators and ideas from MIT.

Nellie died comparatively young of the same heart ail-
ment as Vezin and was buried in Gardiner, Maine. Rob-
ert followed much later in 1946 and was buried next
to her. Shortly after Nellie’s death, Robert married Lil-
lian Jameson, a former secretary to Ellen. Lillie (born
July 14, 1866) died on March 31, 1924, but is buried
in Woodbrook Cemetery, Woburn, Middlesex County,
Massachusetts. W T Sedgwick in an eulogy entitled
“Mrs. Richards‘ Unique Position: An appreciation of her
work at the Institute by Prof. Sedgwick” Boston Tran-
script, March 31, 1911 stated: “Many gaps left by death
are not difficult to fill, but this is not the case with Mrs.
Richards. Her position in the Institute and her work in
the world were both unique. No one can fill her place.
Other women may become experts in water analysis
and preside over laboratories, but no one hereafter can
possibly gain the peculiar historic equipment which fell
to Mrs. Richards. Other women may, and no doubt will,
make addresses and write books upon sanitation and
the home, but no one else can ever do these things
as Mrs. Richards has done them, for the reason that
she was herself an evolution and represented an epoch.
We are always too prone to undervalue things famil-
iar and near at hand, and Boston and Massachusetts
have never adequately appreciated Mrs. Richards or her
work. But now that she is gone and no one can possibly
take her place, we may begin to realize the extent of
our loss”.

ARTICLE

On August 26, 1944, Roberts Richards celebrated his
100th birthday. He was 100 years old. Interestingly,
10 years earlier on August 26, 1934, he had celebrated
his goth birthday. In his autobiography (page 278),
Richards tries to explain in a humorous fashion how
he managed to reach that grand old age: “After do-
ing all the things | could think of to help me live to 90
years old, I finally said, “Why do we men have to have
our shoulders all covered up when the girls are going
with their low necks and short sleeves which toughen
them so finely?” So, | started going to bed without any
body clothes on, to come as nearly as possible to the
girls’ result. Upon which, when my lovely opposite girl
neighbor heard of it, she wrote:

“I wear my pink pajamas

In the summer when it’s hot

| wear my flannel nightie

In the winter when it’s not
Sometimes in the springtime

And sometimes in the fall

I jump right in between the sheets
With nothing on at all”

Earlier in the text, he outlined his philosophy for health:

Food

Exercise
Amusement
Sleep

Task (or work)

| suspect that this was really Ellen Swallow’s statement
taken from her home economics courses.
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Figure 9: Robert Richards on his 100th birthday (courtesy MIT Museum GCP-00024309 ).
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Robert Hallowell Richards died on March 27, 1945, and
is buried next to his first wife (and soul mate), Ellen
Swallow in Christ Church Cemetery, Gardiner, Kennebec
County, Maine close to his birthplace. Lillian Jameson,
who died on March 31, 1924, in Washington DC is bur-
ied separately in Woodbrook Cemetery, Woburn, Mid-
dlesex County, Massachusetts.

AIME honored Dr. Richards® memory in 1948 by es-
tablishing the Robert H. Richards award as the premier
award in the field of ore processing.

Further Source Material

In 1946, AIME published a classic volume (‘Richards
Memorial Volume' No. 169) on Milling and Concen-
tration with a biography written by one of his former
students, Frank E. Shephard, mainly based on extracts
from Richards’ autobiography. This volume contains

2 classic papers (one by Fred Bond and one by Risto
Tapani (R T) Hukki — with Gaudin) on comminution.
An earlier biography was written by Arthur Winslow in
July 1908 to commemorate Richards’ 40 years of ser-
vice to MIT. This was published in ‘The Technology Re-
view’ (the official MIT journal) Volume X No. 3 249 —
257 with a facing portrait at the beginning.

12

For Ellen Swallow Richards, see: “Ellen Henrietta Rich-
ards, A.M., Sc.D.: A biographical sketch of her life - Her
remarkable career and her many public activities” MIT
Technology Review Volume XIlI, 365-373, (1911) plus
the many biographies (Google or Abebooks search!).

A publications list for Ellen Swallow Richards is
shown at: http://libraries.mit.edu/archives/exhibits/
esr/esr-bibliography.html
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NEWS I

WCSB12 — Sampling for a Sustainable World

DOI: 10.62178/sst.004.011

e are pleased to announce that

WCSB12, originally scheduled
to take place in summer 2026 in
Cornwall (UK), has been relocated to
Burlington House, Piccadilly, London
on 25-27th November 2026.

The conference will be organised by
the Geological Society of London.

WCSB12 aims to bring together the
diverse international sampling com-
munity to present and debate con-
cepts and ideas for a standardised
approach to sampling embodied in
the Theory of Sampling (TOS).

The opportunity to meet, exchange
ideas, and share practical experi-
ences will be a significant benefit for

attendees. The Conference will pro- LSSl

vide understanding and insights for 25th to 27th November 2026

practitioners, academics, manufac- Geological Society of London , Burlington House, Piccadilly, London, UK.
turers and engineering firms aiming

to achieve representative sampling

through TOS.

We look forward to meeting in the new location to ex- For updated information, stay tuned on the IPGSA and
plore and discuss the new frontiers of sampling and GSL webpages: intsamp.org and geolsoc.org.uk

blending!
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https://www.intsamp.org/
https://www.geolsoc.org.uk/
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Esbensen, Kim H.

Dr Kim H. Esbensen has been research professor in Geoscience Data Analysis and
Sampling at GEUS, the National Geological Surveys of Denmark and Greenland (2010—
2015), chemometrics and sampling professor at Aalborg University, Denmark (2001—
2015), professor (Process Analytical Technologies) at Telemark Institute of Tech-
nology, Norway (1990—2000 and 2010—2015). From 2015 he phased out a 35 year
academic career for a new quest as consultant and independent researcher. But as he
could not terminate his love for teaching, he is regularly active as an international
visiting, guest and affiliate professor. A geologist/geochemist/metallurgist/data ana-
lyst of training, he has been working 20+ years in the forefront of chemometrics, but
since 2000 has devoted most of his R&D to the theme of representative sampling
of heterogeneous materials, processes and systems: Theory of Sampling (TOS), PAT
(Process Analytical Technology) and chemometrics. He is a member of several scien-
tific societies and has published over 250 peer-reviewed papers and is the author of
a widely used textbook in Multivariate Data Analysis, which was published in its 6th
edition in 2018. He was chairperson of the taskforce behind the world's first hori-
zontal (matrix-independent) sampling standard DS3077 (2013), 3rd. ed. soon to be
inducted as an ISO standard. In 2020 he published the foundational “Introduction to
the Theory and Practice of Sampling”. Since 2013, he was editor of TOS forum and
Spectroscopy Europe/World “Sampling Column”, from 2024 amalgamated and meta-
morphosed into “Sampling Science and Technology” (SST). Kim received the Pierre Gy
Gold Medal in 2013 and received the IPGSAs first Distinguished Service Medal in 2024.

@ khe.consult@gmail.com

@ https://orcid.org/0000-0001-6622-5024

Kadijevic, Dusko

Dusko Kadijevicis alaboratory managerand process analytics consultant with more than
17 years of experience in industrial analytical technology, quality control, and process
optimization. After many years at BASF in various analytical and process development
roles, he joined Menzel Metallchemie as head of laboratory, focusing on automation,
lubricant development, and the implementation of efficient analytical workflows.

As founder of Consulting-DK, he advises companies on process analytical technol-
ogy (PAT) and digital transformation in laboratory and production environments. His
work emphasizes the practical integration of sensors, automation, and data-driven
decision systems to improve process understanding, reliability, and economic per-
formance. He also contributes to the dissemination of applied sampling science as a
supporting framework for robust analytical design.

@ d.kadijevic@consulting-dk.com
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Kurth, Henry

Henry Kurth is a geologist with 15 years in mining geology in base metals, gold and
coal. The roles involved volcanogenic massive sulphides in Tasmania, SEDEX Mount
Isa lead-zinc and copper, gold at Norseman in the Western Australian Goldfields, and
coal in Queensland’s Surat Basin. This provided exposure to existing sampling prac-
tices and understanding by mining professionals and much frustration with process
professionals. After several technical sales roles with chemical companies over seven
years, Henry found a niche at Scantech International Pty Ltd where he grew the com-
pany’s real time analysis technology sales in the minerals sector to the current world-
leading position. With 19 years at Scantech, he is currently Chief Marketing Officer
and Minerals Consultant helping clients with real time measurement solutions for
mined ore quality and expanding applications into the growing recycling sector. The
proven solutions for continuous and representative conveyed material compositional
analysis have many operational benefits he could only dream of as a mine geologist.

@ h.kurth@scantech.com.au

Moller, Hans S.

Hans Meller holds an MS in physics and chemistry. As a chemical engineer at Danish
thermal power plants, he has worked on many aspects of analytical chemistry. When
coal became the main fuel for Danish power plants, he got involved in designing and
operating mechanical sampling systems for hard coal, which were established at all
power plants and the coal import harbor. These systems were designed according to
the principles of ISO 13909, a standard Denmark helped develop from 1985 to 2009.
Over time, he established the field of Applied Tribology, focusing on lubrication is-
sues in large industrial facilities like steam and gas turbines, thermal power plants,
and power transformers. Wind energy has long been a key part of Denmark’s industry,
with companies like Vestas and Siemens, and he has contributed to many studies on
lubricating oils in wind turbine gears, recently developing advanced methods for con-
dition monitoring of grease-lubricated main components in wind turbines. A common
challenge across these activities is obtaining representative samples, whether for ac-
ceptance testing of steam coal, hydraulic oils from turbines, or grease from main and
blade bearings in wind turbines. Today, he is a co-owner of TriboTech, a company
providing Applied tribology consulting services to a wide range of energy companies.

@ hsmo@tribotech.dk
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Rawle, Alan F.

In May 2024, Alan Rawle put down (or hung up) his spatula, scoop, and spinning riffler (3
Sampling S's) for the last time after 34 years tied to the particle characterization industry, a
topic he'dfirstencountered in his Ph.D. at the very end of the 70°s (not his 70‘s but the 1970°s).
He has now taken up a full-time career in cat herding and bird watching. In the context of
contributing articles to magazines, his nom-de-plume is Phil Space. Alan has a degree in
industrial chemistry and a Ph.D. in supported alloy catalysts, both acquired at Brunel Uni-
versity, London, UK. From 1990 to 2024, Alan was with Malvern Instruments (now Malvern
Panalytical) and was the Applications Manager based in Westborough, MA, USA since 2003.
Dr. Rawle had spent many years working with the 1SO TC24/SC4 (Particle Charac-
terization) standardization committee, assisting with the writing of documentary
standards in light scattering, small-angle X-ray scattering, image analysis, zeta po-
tential, and dispersion, as well as his own interest in the theory and practice of sam-
pling. He presented Short Courses at Pittcon for over 10 years on these topics.
Dr. Rawle was (2005 — 2022) Co-Chair of E 56.02, the Characterization SubCommittee of
the ASTM E56 Committee on Nanotechnology. He was the Technical Author (i.e., writer)
for ASTM standards in particle sizing, zeta potential, size distribution calculation, among
others. In 2023 Alan received ASTM's highest honor - the Award of Merit - and is thus
a Fellow of ASTM (FASTM). Dr. Rawle is also a Fellow of the Royal Society of Chemistry
(FRSC), a Distinguished Fellow of the International Engineering and Technology Institute
(DFIETI), and a regular contributor to ResearchGate.

@ alan.rawle1954@verizon.net

@ https://www.linkedin.com/in/alanrawle/

Ritchie, Gary E.

Gary is an internationally recognized expert In pharmaceutical analysis with a focus on
vibrational spectroscopy and multivariate analysis, process analytics, quality control, and
assurance, Gary’s experience includes increasing responsibilities in quality control, techni-
cal services, research and development and new technologies with Schein Pharmaceuticals
and Purdue Pharma. Gary served as Scientific Fellow for Process Analytical Technology and
Liaison to the General Chapters, Pharmaceutical Waters and Statistics Expert Committee’s
from 2003 through 2008 for the United States Pharmacopeia (USP). Gary served as Direc-
tor of Scientific Affairs for InfraTrac from 2009 through 2015, and Directir of Operations for
Dynalabs feom 2015 to 2017. Currently, Gary serves as a consultant with GER Compliance.
Gary has more than twenty-five peer reviewed papers and book chapter contributions; four
issued patents, numerous industry journal articles, and has been invited to give conference
and symposia presentations worldwide. He was President of The Council for Near-Infrared
Spectroscopy (2012-2014). Gary’s combined experience in industry and regulatory agen-
cies has allowed him to quickly see through problems and provide solutions. Gary has a
deep appreciation for pharmaceutical regulatory science. This coupled with his hands on
experience in pharmaceutical and process analysis allows him to provide solutions that are
both practical and compliant. Gary has demonstrated leadership and organization skills at
both the domestic and international levels, having led a 47 member consortium of phar-
maceutical industry and regulatory bodies to revise a national standard for the USP. He has
chaired committees for the ASTM International and the International Diffuse Reflectance
Conference (IDRC). Gary received his Bachelor of Arts and Masters of Science in Biology at
the University of Bridgeport, Bridgeport, Connecticut.

@ gary.e.ritchie@gmail.com
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Romanach, Rodolfo

Dr. Romanach is Professor of Chemistry at the University of Puerto Rico — Mayagiiez
Campus. He worked in the pharmaceutical industry for over 12 years before joining
the Chemistry Department in 1999. He achieved his mission of training a new gen-
eration of pharmaceutical scientists capable of moving the analytical chemistry labo-
ratory into the manufacturing area. His research is described in over 140 publications.
He now wants to develop stronger industry and university collaborations.

@ rodolfoj.romanach@upr.edu

Swarbrick, Brad

Brad Swarbrick is the Managing Director and cofounder of KAX Group, an global com-
pany that provides multivariate data analysis (MVDA) software and solutions for a
number of industries, mainly focussed on pharmaceutical applications of Chemomet-
rics, PAT and QbD when applied to spectroscopic and process data.

Brad has over 25 years of experience in the application of Chemometrics and Design
of Experiments (DoE) methodology in a wide range of industries, including agricul -
ture, petrochemical and pharmaceuticals. Until recently, Brad was the Chief Operating
Officer of a world leading provider of the Chemometrics software prior to founding
KAX Group where he successfully brought a number of new software developments
and large projects to commercial reality. Brad worked in the pioneering Pfizer Process
Analytical Technology (PAT) group, developed the entire NIR program for Sigma (now
Aspen) pharmaceuticals and worked as a GMP consultant for one of SE Asia’s largest
pharmaceutical consultancy groups.

Brad has a unique combination of technical and business skills that have allowed him
achieve the many business objectives that his clients are now enjoying. Brad is a glob-
ally recognized expert trainer in Chemometrics and Design of Experiment methodol-
ogy and has many years of expertise in Near-infrared (NIR) spectroscopy and Process
Analytical Technology (PAT). Brad is the current section editor of pharmaceuticals,
for the Journal of Near Infrared Spectroscopy, has co-written the well-known Multi-
variate Data Analysis in Practice (6th Edition) with Professor Kim Esbensen and has
also written a number of textbook chapters on NIR and Chemometrics, in particular
the popular short book “Multivariate Analysis for Dummies” and most recently has
contributed two chapters on NIR spectroscopy and Chemometrics into the Handbook
of Measurement in Science and Engineering (Volume 3).

Brad has a Ph.D. in Biospectroscopy and Advanced Chemometrics and also holds a
Bachelor of Science degree, majoring in Chemistry and an honours degree in Chemo-
metrics.

@ brad@kaxgrp.com
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How to contribute

Sampling Science and Technology (SST) serves as a
collaborative platform fostering scientific and tech-
nological engagement within the global sampling com-
munity. Our primary objective is to have a significant
educational impact, catering to various levels of inter-
est.

SST embraces didactic studies, practical insights, illus-
trative case histories, and occasional theoretical articles
tailored for the sampling community in both strict and
broad senses. Your valuable contributions play a pivotal
role in our mission to cultivate professional sampling
competence across diverse societal sectors where sam-
pling holds significance — spanning science, technolo-
gy, industry, trade, food/feed, public health, and more.

Sampling Science and Technology (SST) values scien-
tific literacy and celebrates sincere and honest writing
efforts. SST values human learning experiences, human
skills, and the unique human abilities to associate, to
make inference. SST encourages human educational and
didactic enterprises - in deliberate opposition to artifi-
cial intelligence (Al) offering lazy technological short-
cuts that undermines creative, professional reflection
and dismisses the expertise of trained, hard-working
scientific and technological authors. SST is very little
interested in Al‘s millifluous language (which indeed
is impressive), but there are of course many technical
benefits from Al, which should all be fully used, but
only with educated, careful supervision and oversight.

Papers in Sampling Science & Technology (SST) are
published under a Creative Commons license. Using the
CC BY-SA license we make sure that credit must be
given to the authors and adaptations must be shared
under the same terms.

More information regarding this license can be found
here: https://creativecommons.org/licenses/by-sa/4.0/
legalcode.en

If you are interested in contributing to SST, we pro-
vide all the necessary information about article format
specifications and guidelines as well the mandatory
publication agreement as downloadable documents on
our website at sst-magazine.info/contribute.

If you have scientific questions regarding a con-
tribution, please contact the Editor-in-chief at
khe.consult@gmail.com.
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