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Introduction

Abstract: Chemistry instrumentation constitutes the technological backbone upon which modern
chemical research, industrial quality assurance, and environmental monitoring are founded. Over
the past half-century, advances in spectroscopic, chromatographic, electrochemical, and imaging
technologies have transformed every sub-discipline of chemistry—from organic synthesis and
inorganic materials science to physical chemistry, polymer engineering, colour science, and
analytical methodology. Despite this progress, a consolidated review that catalogues the principal
instruments across all major chemistry branches, traces their historical development, and critically
appraises their contemporary relevance is lacking. This review addresses that gap by presenting a
systematic survey of instrumentation classified across five key domains: organic chemistry,
inorganic chemistry, physical chemistry, polymer and colour chemistry, and analytical chemistry.
For each domain, the review provides a detailed inventory, often representative instruments,
documenting their primary applications, approximate years of original manufacture, and most
recent commercially available models. Furthermore, the review critically discusses the role of each
instrumental class in advancing both fundamental understanding and applied technology, examines
cross-disciplinary convergences enabled by hyphenated and miniaturized techniques, evaluates the
integration of artificial intelligence and machine learning into instrumental workflows, assesses
the growing emphasis on green and sustainable analytical practices, and considers the pedagogical
implications of modern instrumentation for chemistry education. The analysis draws upon peer-
reviewed literature published between 2022 and 2026 and concludes with an outlook on emerging
trends that are poised to shape the next generation of chemical instrumentation.

Keywords: Spectroscopy; Chromatography; Analytical techniques; Hyphenated methods; Green
analytical chemistry.

instrumentation is not just supportive but
central to discovery across all branches of

The development of chemistry has
always been closely tied to advances in
instrumentation, from early tools like

Lavoisier’s balance to modern
technologies such as high-field Nuclear
Magnetic Resonance (NMR)
spectrometers (Skoogetal.,2024). These

innovations have progressively expanded
the ability of chemists to observe, measure,
and understand chemical systems. Today,

chemistry, including organic, inorganic,
physical, polymer, colour, and analytical
chemistry  (Harvey, 2022). Beyond
research, chemical instrumentation plays a
critical role in industry, regulation, and
education. It underpins quality control in
pharmaceuticals, environmental
monitoring, food safety, and forensic
analysis through validated methods. In
industrial settings, process analytical
technology enables real-time monitoring,
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improving efficiency and product quality.
In education, access to modern instruments
enhances student training and prepares
graduates for a technology-driven
workforce. Despite its importance, there is
a lack of comprehensive reviews that
integrate instrumentation across multiple
chemistry sub-disciplines. Most existing
studies focus on individual techniques or
specific application areas. This review
addresses that gap by providing a unified
survey of key instruments across major
fields of chemistry. It is structured around
five ~ comprehensive  tables,  each
cataloguing ten principal instruments
relevant to a major chemistry sub-
discipline, together with their primary uses
and approximate years of original and
modern manufacture. Each table is
accompanied by an extended critical
discussion that examines the relevance of
these instruments to both fundamental
research and technological application.
Subsequent  sections address  cross-
disciplinary themes including hyphenated
and coupled techniques, miniaturisation
and  portable instrumentation,  the
integration of artificial intelligence, green
and sustainable analytical chemistry, and
the role of instrumentation in chemical
education. The review draws exclusively
upon literature published between 2022
and 2026 and concludes with a forward-
looking  perspective  on  emerging
instrumental frontiers.

Relevance and Advancement in Organic
Chemistry

Nuclear  magnetic ~ resonance
spectroscopy remains essential for organic
structure determination, enhanced by new
high-field instruments improving
sensitivity and resolution for complex
molecules  (Claridge, 2022).  The
introduction of dissolution dynamic
nuclear polarization (d-DNP) allows real-
time metabolic monitoring, advancing
metabolomics and diagnostics. Mass
spectrometry, enhanced by high-resolution
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accurate-mass instruments, is vital for
reaction optimization and metabolite
profiling, with  ambient ionization
expanding direct analysis capabilities.
Infrared spectroscopy has improved with
quantum cascade laser systems enabling
detailed chemical imaging (Baker et al.,
2024). Modern flash chromatography
systems and microwave reactors have
significantly accelerated purification and
reaction processes in laboratories.
Relevance and  Advancement in
inorganic chemistry

Inorganic chemistry has shifted
from traditional wet-chemical methods to
instrument-driven characterization due to
the increasing complexity of coordination
compounds, metal-organic frameworks
(MOFs), and nanomaterials (Housecraft &
Sharpe, 2022). X-ray diffraction, both
powder and single crystal, remains the
gold standard for definitive structure
determination.  Modern  single-crystal
diffractometers equipped with high-flux
micro-focus sources and hybrid photon-
counting detectors (e.g., Bruker D8
VENTURE with PHOTON IIl detector)
now collect complete datasets on crystals
smaller than 10 pum within minutes, a task
that formerly required days of synchrotron
beam time (Sheldrick,2024). Inductively
coupled plasma techniques are crucial for
elemental analysis, with advanced ICP-MS
instruments achieving extremely low
detection limits. Single-particle ICP-MS
provides  detailed information  on
nanoparticles. Advances in electron
paramagnetic  resonance  spectroscopy
allow detailed analysis of paramagnetic
metal centers, while SQUID
magnetometers are used for studying
magnetic materials. Thermogravimetric
analysis, often paired with  mass
spectrometry or infrared spectroscopy,
provides insights into thermal stability and
decomposition of materials.
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Relevance and Advancement in Physical
Chemistry

Physical chemistry is
fundamentally ~ concerned  with  the
measurement of thermodynamic, Kinetic,
and transport  properties, and its
instrumentation reflects this focus on
quantitative precision (Atkinsetal.,2023)
Differential scanning calorimetry (DSC)
has advanced to allow detailed analysis of
thermal events and transitions in complex
systems. Isothermal titration calorimetry
(ITC) is preferred for its comprehensive
thermodynamic profiling, requiring
minimal sample quantities. Techniques like
dynamic light scattering now offer
advanced characterization of colloids and
nanoparticles with minimal user input.
Electrochemical workstations have
evolved, enhancing research in batteries
and catalysis. Time-correlated single-
photon counting spectrometers  study
ultrafast processes with high temporal
resolution. Surface area and porosity
analysers remain vital for material science,
with heightened precision in measurements.

Relevance and Advancement in Polymer
and Colour Chemistry

Polymer  characterization  has
advanced with techniques like gel
permeation chromatography (GPC), which
now uses multiple detectors to provide
comprehensive data on molecular weight,
viscosity, and branching in one run. The
coupling of GPC with online mass
spectrometry  (GPC-MS) has further
enabled the identification of individual
polymer chains within complex fixtures,
facilitating the study of copolymer
sequence distribution and end-group
functionality (Barner-Kowollik et al.,
2022). Dynamic mechanical analysis
(DMA) probes polymer viscoelasticity and
IS now capable of characterizing materials
under realistic conditions. Melt flow
indexers are key for polymer quality
control, with updated methods enhancing

Yakubu R., et. al., 2026

their relevance for high-molecular-weight
materials. Digital spectrophotometry has
improved color measurement, especially
for effect pigments in cars and cosmetics.
Accelerated weathering chambers simulate
environmental exposure to test long-term
durability of materials, and advancements
in gloss measurement streamline quality
control in finishes.

Relevance and Advancement in
Analytical Chemistry

Analytical chemistry has advanced
significantly with instrumentation
developments. Orbitrap mass spectrometry
now offers high-resolution and accurate
mass measurement, previously limited to
specialized labs, enhancing the analysis of
complex molecules. The coupling of
orbitrap technology with ion mobility
separation, it's more precise in identifying
isomers and protein structures
(Gabelicaetal.,2024).  Scanning electron
microscopy provides detailed
morphological and compositional data,
achieving near-nanometer resolution while
minimizing sample damage. Atomic force
microscopy now includes techniques for
mapping mechanical, electrical, and
electrochemical properties at the nanoscale.
Raman spectroscopy has seen growth with
innovations like SERS and TERS for
enhanced chemical imaging. X-ray
photoelectron spectroscopy remains key
for surface analysis, now allowing real-
time studies under realistic conditions with
NAP-XPS. Despite not being at the
forefront of instrumentation innovation,
Karl Fischer titration, often overlooked in
reviews of advanced instrumentation,
remains indispensable  for  moisture
determination in pharmaceutical,
petrochemical, and food industries, with
coulometric instruments achieving
reproducible water content measurement
down tolppm (Scholz, 2024).
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Table 1: Organic Chemistry Instrumentations, Uses, and Years of Manufacture

Primary Uses

Yakubu R., et. al., 2026

Year of Manufacture

Instrument

Nuclear Magnetic
Resonance (NMR)
Spectrometer

Determination of molecular  structure,
functional group identification,
stereochemistry  analysis, and reaction

monitoring in organic compounds

1952 (First
commercial); modern:
Benchtop NMR (2026)

Fourier-Transform

Identification of functional groups (C=0, O—

1969 (first commercial

Infrared (FTIR) | H, N-H), monitoring of organic reactions, | FTIR); modern:

Spectrometer polymer characterisation, and quality control | Thermo Fisher Nicolet
Summit (2026)

Mass Spectrometer | Molecular weight determination, | 1918  (first ~ MS);

(GC-MSILC-MS)

fragmentation pattern analysis, compound
identification, metabolomics profiling, and
purity assessment

modern: Agilent 6546
LC/Q-TOF (2025)

High-Performance Separation, identification, and quantification | 1967 (first HPLC);

Liquid Chromatograph | of organic mixtures; pharmaceutical analysis; | modern: Waters

(HPLC) natural product purification ACQUITY  Premier
(2026)

Gas  Chromatograph | Separation and analysis of volatile organic | 1952  (first ~ GC);

(GC) compounds, essential oils, petrochemical | modern: Shimadzu

analysis, and environmental monitoring

Nexis GC-2030 (2026)

Rotary Evaporator

Efficient solvent removal from organic
reaction mixtures under reduced pressure for
concentration and purification

1957 (first design);
modern: Buchi R-300
Pro (2025)

Ultraviolet—Visible Conjugation analysis, concentration | 1941 (Beckman DU);

(UV-Vis) determination using Beer—Lambert law, | modern : Agilent Cary

Spectrophotometer reaction Kinetics monitoring, and | 3500 (2026)
chromophore characterisation

Circular Dichroism | Determination of absolute configuration, | 1960s (commercial);

(CD) Spectrometer

enantiomeric excess measurement, protein
secondary structure analysis

modern: Jasco J-1500
(2024)

Automated
Chromatography
System

Flash

Rapid purification of synthetic organic
products with automated gradient elution and
fraction collection

1978  (Still  flash
chromatography);
modern: Biotage

Selekt (2025)

Note: Years indicate initial commercial availability and the most recent model iteration as of 2023.
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Table 2: Inorganic Chemistry Instrumentations, Uses, and Years of Manufacture

Primary Uses

Yakubu R., et. al., 2026

Year of Manufacture

Instrument
Inductively ~ Coupled
Plasma Optical

Emission Spectrometer
(ICP-OES)

Multi-element  analysis of metals and
metalloids in  solution; trace element
quantification; environmental and geological

analysis

1975 (first ICP-OES);
modern: Agilent 5800
ICP-OES (2026)

Inductively Coupled
Plasma Mass
Spectrometer (ICP-MS)

Ultra-trace elemental analysis, isotope ratio
measurement,  speciation  analysis, and
nanoparticle characterisation

1983 (first ICP-MS);
modern: Thermo Fisher

iCAP TQ (2026)

X-ray  Diffractometer | Crystal ~ structure  determination,  phase|1912 (Laue method);
(XRD) identification, lattice parameter calculation, and | modern: Rigaku
mineral characterisation SmartLab SE (2026)
X-ray Fluorescence | Non-destructive elemental analysis of solid | 1948 (First
Spectrometer (XRF) samples, geological survey, cement quality | commercial); modern:
control, and alloy composition verification Bruker S8 TIGER
(2026)

Atomic Absorption | Quantitative  determination of metal | 1955 (Walsh); modern:

Spectrometer (AAS) concentrations in solution using flame or|Agilent 280Z AA
graphite furnace atomisation (2026)

Electron Paramagnetic | Detection and characterisation of paramagnetic | 1944 (Zavoisky);

Resonance (EPR) | species, free radicals, transition metal | modern: Bruker

Spectrometer complexes, and defect centres ELEXSYS-II E500
(2026)

Mdssbauer Determination of oxidation state, coordination | 1958 (Mdssbauer

Spectrometer environment, and magnetic properties of iron-| effect); modern:

containing compounds Wissel/SEE Co.

systems (2025)

Thermogravimetric
Analyser (TGA)

Determination of thermal stability,
decomposition profiles, and composition of
inorganic and coordination compounds

1915 (Honda); modern:
TA Instruments TGA
5500 (2025)

Single Crystal
Diffractometer

X-ray

Complete three-dimensional molecular
structure determination of crystalline inorganic
and organometallic compounds

1953 (first automated);
modern:  Bruker D8
VENTURE (2026)

Superconducting
Quantum Interference
Device (SQUID)
Magnetometer

Measurement of magnetic susceptibility and
magnetisation ~ of  inorganic  materials,
coordination compounds, and nanomaterials

1964 (first SQUID);
modern: Quantum
Design MPMS3 (2026)

Note: Years indicate initial commercial availability and the most recent model iteration as of 2023.
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Table 3: Physical Chemistry Instrumentation, Uses, and Years of Manufacture

Instrument

Primary Uses

Year of Manufacture

Differential Scanning
Calorimeter (DSC)

Measurement of heat capacity, phase transitions,
glass transition temperatures, reaction enthalpies,
and crystallisation Kinetics

1962 (Watson &
O’Neill); modern: TA
Instruments DSC 2500
(2026)

Isothermal Titration | Direct measurement of binding thermodynamics | 1968 (First
Calorimeter (ITC) (AH, AS, Ka) for molecular interactions, protein—| microcalorimeter);
ligand binding, and self-assembly modern: Malvern
MicroCal PEAQ-ITC
(2025)
Dynamic Light Scattering | Determination of particle size distribution, | 1960s (commercial);

(DLS) Analyser

hydrodynamic radius, and polydispersity of
nanoparticles and colloids in solution

modern: Malvern
Zetasizer Ultra (2026)

Surface Tensiometer

Measurement of surface tension, interfacial
tension, and critical micelle concentration
(CMC) of surfactant solutions

1845 (du Nodly ring);
modern: Biolin Scientific
Sigma 700 (2025)

Rheometer Measurement  of  viscosity,  viscoelastic| 1940s (first controlled-
properties, and flow behaviour of complex |stress); modern: TA
fluids, gels, and soft materials Instruments DHR-3

(2026)

Fluorescence Lifetime | Measurement of fluorescence decay Kkinetics,| 1971 (first TCSPC);

Spectrometer (TCSPC) Forster resonance energy transfer (FRET), and | modern: Edinburgh
excited-state dynamics Instruments FLS1000

(2026)

Stopped-Flow Measurement of fast chemical reaction kinetics | 1923 (Hartridge &

Spectrometer on millisecond timescales through rapid mixing | Roughton); modern:
and spectroscopic detection Applied Photophysics

SX20 (2026)

Brunauer—-Emmett—Teller | Determination of specific surface area, pore size | 1938 (BET  theory);

(BET)  Surface  Area| distribution, and pore volume of catalysts and | modern: ~ Micromeritics

Analyser adsorbent materials 3Flex (2026)

Quartz Crystal | Real-time measurement of mass changes at| 1959 (Sauerbrey);

Microbalance (QCM)

surfaces  with nanogram  sensitivity  for

adsorption, thin film, and biosensor studies

modern:; Biolin Scientific
QSense Pro (2024)

Electrochemical
Workstation
(Potentiostat/Galvanostat)

Cyclic  voltammetry,  chronoamperometry,
impedance spectroscopy, and corrosion studies
for electrochemical characterisation

1942 (first potentiostat);

modern: Metrohm
Autolab PGSTAT302N
(2026)

Note: Years indicate initial development/commercialisation and the most recent model iteration as of 2023.
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Table 4: Polymer and Colour Chemistry Instrumentation, Uses, and Years of Manufacture

Instrument

Primary Uses

Year of Manufacture

Gel Permeation
Chromatography
(GPC/SEC) System

Determination of molecular weight distribution

(Mn, Mw, PDI), molecular weight averages, and
polymer architecture characterization

1964 (Moore); modern:
Agilent 1260 Infinity 1l
MDS (2026)

Dynamic
Mechanical Analyser
(DMA)

Measurement of storage modulus, loss modulus,
glass transition temperature, and viscoelastic
behaviour of polymers

1909 (Poynting concept);
modern: TA Instruments
DMA 850 (2026)

Melt Flow Indexer
(MFI)

Determination of melt flow rate and melt volume
rate  for quality control and processability
assessment of thermoplastic polymers

1953 (ASTM standard);
modern: Instron CEAST
MF30 (2026)

Spectrophotometer
(Colour
Measurement)

Objective colour measurement in CIELab,
CIELCh colour spaces; metamerism evaluation;
colour difference (AE) calculation

1948 (Hunter colorimeter);
modern: Datacolor 850
(2026)

Capillary Rheometer

Measurement of melt viscosity, shear rate
dependence, and die swell behaviour of polymer
melts under processing conditions

1950s (first commercial);
modern: Malvern RH2000
(2026)

polymer composites

Colour Matching | Visual assessment of colour under standardised | 1960s (first standardised);
Cabinet (Light | illuminants (D65, TL84, CWF, UV) for|modern: VeriVide DigiEye
Booth) metameric pair evaluation (2026)

Muffle Furnace /| Determination of ash content, inorganic filler | 1900s (early muffle
Ashing System content, and thermal degradation residue in | furnaces); modern:

Nabertherm L 9/11 (2026)

Film Applicator and
Drawdown Bar

Preparation of uniform thin films and coatings of
controlled thickness for colour, opacity, and film
property evaluation

1920s  (early  designs);
modern: Elcometer 4340
Motorised (2026)

Weathering /
Accelerated Ageing
Chamber

Simulation of UV exposure, temperature cycling,
and humidity effects on polymer and coating
colour stability and durability

1918 (Atlas  Weather-
Ometer); modern: Q-Lab
QUV/spray (2026)

Gloss Meter

Measurement of specular gloss at 20°, 60°, and
85° geometries for quality control of paint,
coating, and plastic surfaces

1922 (Pfund glossmeter);
modern: Rhopoint 1Q-S
(2026)

Note: Years indicate initial development/commercialisation and the most recent model iteration

as of 2023.
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Table 5: Analytical Chemistry Instrumentation, Uses, and Years of Manufacture

Instrument

Primary Uses

Year of Manufacture

High-Resolution ~ Mass | Accurate mass determination, molecular | 2005 (first Orbitrap); modern:
Spectrometer formula assignment, structural elucidation, | Thermo  Fisher  Orbitrap
(HRMS/Orbitrap) proteomics, and metabolomics studies Exploris 480 (2026)
lon Chromatograph (IC) | Quantitative analysis of anions (F-, CI,|1975 (Small, Stevens,
SO+") and cations (Na‘, K', NH.") in |Bauman); modern: Thermo
environmental, pharmaceutical, and food | Fisher  Dionex 1CS-6000
matrices (2026)
Capillary Separation  of charged species by |1981 (Jorgenson & Lukacs);
Electrophoresis (CE) | electrophoretic mobility; chiral separations; | modern: Agilent 7100 CE
System DNA and protein analysis; pharmaceutical | (2026)
impurity profiling
Atomic Force | Nanoscale surface topography imaging, force | 1986 (Binnig, Quate, Gerber);

Microscope (AFM)

spectroscopy, mechanical property mapping,
and surface roughness measurement

modern: Bruker Dimension

Icon (2026)

Scanning Electron | High-resolution  surface  imaging  and | 1965 (first commercial SEM);
Microscope with EDS | simultaneous elemental composition mapping | modern: JEOL JSM-IT800
(SEM-EDS) of materials at micro- to nanoscale resolution | (2026)

Total Organic Carbon | Determination of organic carbon content in| 1970  (first commercial);
(TOC) Analyser water for pharmaceutical water quality, | modern: Shimadzu TOC-L
environmental monitoring, and process | (2026)

control
Karl Fischer Titrator Precise determination of water content in|1935  (Fischer = method);
samples ranging from 1 ppm to 100% using | modern: Metrohm 917
volumetric or coulometric methods Coulometer (2026)
Inductively Coupled | Interference-free ultra-trace analysis with | 2012 (First ICP-QQQ);
Plasma Tandem Mass | reaction/collision cell ~ technology for | modern: Agilent 8900 ICP-
Spectrometer (ICP- | complex matrices (e.g., As, Se, Cr speciation) | QQQ (2026)
MS/MS)
X-ray Photoelectron | Surface chemical composition and oxidation | 1954 (Siegbahn); modern:
Spectrometer (XPS) state analysis within top 1-10 nm of material | Thermo  Fisher K-Alpha+
surfaces for catalysis and thin film research | (2026)

Raman
(Confocal)

Spectrometer

Non-destructive molecular fingerprinting,
polymorphic  form identification, stress
analysis, and in situ reaction monitoring

1928 (Raman effect); modern:
Renishaw  inVia  Qontor
(2026)

Note: Years indicate initial development/commercialisation and the most recent model iteration

as of 2023.
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Hyphenated and Coupled Techniques

The coupling of two or more
instrumental techniques into a single
analytical workflow is termed hyphenation,
it represents one of the most consequential
developments  in modern  chemical
instrumentation (Moldoveanu & David,
2022). Hyphenated techniques exploit the
complementary strengths of individual
methods:  chromatographic  techniques
provide separation, while spectroscopic or
spectrometric detectors deliver identification
and structural information. The most
established hyphenated systems—GC-MS,
LC-MS, and GC-FTIR—have been
augmented by increasingly sophisticated
configurations including LC-NMR, LC-
MS/MS, GC-MS/MS, TGA-FTIR, TGA-MS,
and GPC-MALS-viscometry (Moldoveanu
& David, 2022). Particularly noteworthy is
the emergence of multidimensional
chromatographic  techniques, such as
comprehensive two-dimensional gas
chromatography (GCxGC) coupled with
high-resolution time-of-flight mass
spectrometry (GCxGC-HRTOFMS), which
provides extraordinary peak capacity for the
resolution of complex mixtures encountered
in  petrochemistry, metabolomics, and
environmental analysis (Cordero et al.,
2023). In the inorganic domain, laser
ablation ICP-MS (LA-ICP-MS) has become
the technique of choice for spatially
resolved elemental and isotopic analysis of
solid samples, from geological thin sections
to biological tissues, with lateral resolution
approaching 1 um (Chew et al., 2024).
Miniaturisation and Portable
Instrumentation

Advancements in technology have
led to the miniaturization of chemical
instruments, resulting in portable, handheld
devices for field use (Crocombe,2023).
These include  lightweight ~ Raman
spectrometers for detecting counterfeit
pharmaceuticals and hazardous materials,

Yakubu R., et. al., 2026

and NIR spectrometers integrated into
smartphones for analyzing food, soil, and
pharmaceuticals. Paper-based analytical
devices offer low-cost solutions for assays

in resource-limited environments,
showcasing the move towards accessible
chemical measurement. Additionally,
screen-printed electrodes have become

commercially viable for various assays in
environmental, clinical, and food safety
applications.

Artificial Intelligence and Machine
Learning in Instrumentation

The integration of artificial
intelligence (Al) and machine learning (ML)
algorithms into chemical instrumentation
workflows represents a transformative
paradigm shift that is reshaping data
acquisition, processing, and interpretation
across all branches of chemistry (Butler et
al.,, 2023). In spectroscopy, deep learning
models trained on large spectral databases
can now automatically identify compounds
from NMR, IR, Raman, and mass spectra
with accuracy approaching that of
experienced spectroscopists, dramatically
accelerating structure elucidation workflows
in  natural  product chemistry and
pharmaceutical development (Shen et al.,
2024).

Machine  learning has  found
particularly  impactful applications in
chromatographic  method development,
where Bayesian optimisation and neural

network models can predict optimal
separation  conditions from  minimal
experimental data, reducing method

development time from weeks to hours
(Haddad et al., 2023). In imaging modalities

such as SEM, TEM, and AFM,
convolutional neural networks (CNNSs)
enable automated feature recognition,

particle counting, and defect classification,
transforming previously subjective and
labour-intensive  image  analysis  into
reproducible quantitative workflows
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(Kalinin et al., 2024). The emerging concept
of the self-driving laboratory—in which
robotic platforms coupled with Al-directed
experimental design autonomously plan,
execute, and interpret chemical
experiments—represents the logical
culmination of these trends, with early
demonstrations in materials discovery,
catalysis optimisation, and organic synthesis
(Abolhasani & Kumacheva, 2024).

Green and Sustainable

Chemistry

Analytical

Sustainability — considerations are
increasingly influencing the design and
operation of chemical instrumentation. The
principles of Green Analytical Chemistry
(GAC), formalised by Galuszka et al. (2023),
advocate for the reduction or elimination of
toxic solvents and reagents, minimization of
energy consumption and waste generation,
preference for direct and in situ analytical
methods, and the use of multianalyte
techniques that maximise information per

measurement. Modern HPLC practice
reflects these principles through the
widespread  adoption  of  ultra-high-
performance liquid chromatography

(UHPLC), which achieves equivalent or
superior separations with reduced column
dimensions, lower flow rates, shorter run
times, and consequently diminished solvent
consumption (Fekete et al., 2022).

Supercritical fluid chromatography
(SFC), which employs carbon dioxide as the
primary mobile phase, has experienced a
resurgence driven by improved
instrumentation reliability and the growing
demand for sustainable chiral separations in
pharmaceutical manufacturing (Desfontaine
et al., 2024). In spectroscopy, the transition
from dispersive to  Fourier-transform
instruments inherently improved energy
efficiency through the multiplex and
throughput  advantages, and current-
generation FTIR spectrometers further
reduce environmental impact through the
elimination of liquid nitrogen cooling via

10
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thermoelectrically cooled MCT detectors
(Griffiths & de Haseth, 2023). The
development of solvent-free or minimal-
solvent sample preparation techniques—
including  solid-phase  microextraction
(SPME), stir-bar sorptive extraction (SBSE),
and direct analysis in real time (DART)
lonisation—further reduces the
environmental  footprint of  analytical
workflows (Pawliszyn, 2024).

Instrumentation in Chemistry Education

The pedagogical aspect of chemistry
instrumentation needs focus as the gap
between teaching tools and those used in

modern research and industry grows
(Kelley,2024). Effective chemistry
education  involves  both  theoretical

understanding and practical skills in using
instruments, data interpretation, and method
validation. Problem-based learning with
real-world tasks is more effective than
traditional lab exercises (Goh & Sze, 2023).
Virtual and remote  instrumentation
platforms  supplement hands-on labs,
especially after global disruptions to in-
person teaching. They allow institutions
without costly equipment to provide
meaningful experiences through remote
operations (Kennepohl,2023). Digital tools
like simulated interfaces and augmented
reality enhance learning, but hands-on
experience with physical instruments is
crucial for developing essential practical
skills (Harvey, 2022).

Emerging  Frontiers and  Future

Perspectives

Emerging instrumental technologies
are set to revolutionize  chemical
measurement. Quantum sensing with NV
centres in diamonds allows for nano scale
magnetic resonance detection (Degen et al.,
2023), while attosecond spectroscopy, noted
for its Nobel Prize recognition, offers
insights into electron dynamics (Krausz &
Ivanov, 2024). The convergence of
instrumentation with digital technologies—
including the Internet of Things (IoT), cloud
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computing, and blockchain-secured data
provenance—is generating the concept of
the connected laboratory, in which
instruments communicate seamlessly with
laboratory information management systems
(LIMS), electronic laboratory notebooks
(ELN), and regulatory databases (Schith et
al., 2024). Standardised data formats such as
the  Analytical Information  Markup
Language (AnIML) and the Allotrope Data
Format facilitate interoperability and long-
term data preservation, addressing the
growing concern of data reproducibility in
chemical research (McEwen et al., 2023).

Finally, the democratization of tools
through shared-access and open-hardware
initiatives is making advanced
instrumentation more accessible globally,
aiding equitable research (Lancaster 2024).
This evolution of technology, computation,

and education will propel chemical
discovery forward.
Conclusion(s)

This review provides a
comprehensive  survey  of  chemistry
instrumentation  across  various  sub-
disciplines, highlighting historical

developments and current technological
relevance. Key themes include the enhanced
analytical capabilities through hyphenation
and multi-modal  coupling, increased
miniaturization and portability for wider
application, and the integration of Al and
machine learning for improved data
processing and experimental  design.
Sustainability is increasingly influencing
instrument design and practice, and there is
a need for innovation in educational
curricula to prepare students for evolving
instrumental technologies. These
instruments remain essential in addressing
major  challenges like  antimicrobial
resistance, climate change, energy storage,
and sustainable materials.
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