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ABSTRACT

This comprehensive review synthesizes the theoretical foundations, core physical assumptions, and
standardized experimental protocols required for defensible Brunauer-Emmett-Teller (BET) surface
area determination and adsorption kinetic analysis. The work addresses critical methodological gaps
in porous materials characterization, focusing on recurring pitfalls such as conflating mathematical
goodness-of-fit (R?) with true physical mechanism and applying fixed relative-pressure windows or
linearized regressions without regard to data error structure. A systematic review and critical
evaluation framework was employed, compiling authoritative guidelines, IUPAC technical
recommendations, ISO 9277:2022 standards, and interlaboratory consensus studies published
between 2015 and 2026. The evaluation reveals that unstandardized sample degassing protocols and
arbitrary pressure-interval selections can induce discrepancies exceeding 30% in reported BET
surface areas. Furthermore, algebraic linearization of non-linear kinetic frameworks (pseudo-first-
order, pseudo-second-order, Elovich, and Weber-Morris intraparticle diffusion) severely distorts
error distributions, resulting in biased rate constants and flawed mechanistic interpretations. To
establish rigorous characterization standards, BET analysis must objectively implement Rouquerol
consistency criteria, select appropriate probe gases (e.g., argon at 87 K for micropores or krypton for
low-area solids), and incorporate complementary porosity techniques such as t-plot or NLDFT
kernels. For kinetic modeling, non-linear regression must be prioritized alongside multi-metric
statistical evaluations (such as chi-squared and residual sum of squares) corroborated by
independent spectroscopic or structural evidence. The study concludes that strict adherence to
standardized reporting guidelines, complete metadata disclosure, and FAIR data principles using
Adsorption Information File (AIF) repositories are essential for ensuring international comparability
and academic integrity, particularly when evaluating locally sourced bio-derived adsorbents and
novel functional porous materials for environmental and energy applications.

Keywords: Adsorption kinetics; BET surface area; bio-derived adsorbents; gas adsorption;

IUPAC recommendations; physisorption; porous materials; reproducibility

Introduction

Porous materials underpin many modern engineering technologies, from
catalytic converters and carbon-capture systems to water-purification filters and
battery electrodes. Their performance depends heavily on two interrelated
properties: the total accessible surface area available for interaction with guest
molecules, and the rate at which those molecules adsorb onto, or diffuse through,
the material structure. As global efforts to mitigate climate change, improve
industrial sustainability, and expand access to clean water accelerate, the demand
for materials with precisely tailored porosity and surface reactivity has grown
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rapidly across both academic research and industrial development (Chun et al.,
2022; Jiang et al., 2024).

For more than eight decades, the Brunauer-Emmett-Teller (BET) gas-
adsorption method has remained the IUPAC-endorsed standard for quantifying
specific surface area and, in combination with complementary analyses, for
characterizing pore-size distribution in porous solids (Chrouda et al., 2025; Yek et
al., 2020; K. Zhang & Zhang, 2025). Even with advances in alternative techniques,
including positron-annihilation lifetime spectroscopy, high-resolution electron
tomography, and molecular simulation; BET analysis continues to serve as the
primary benchmark for comparing materials across laboratories worldwide.
Nonetheless, major collaborative studies have highlighted significant
inconsistencies in how the method is applied: BET areas calculated from identical
isotherms can differ substantially from one laboratory to another, and reported
surface areas for nominally identical reference materials can vary by tens of percent
depending on the relative-pressure range selected, the sample-pretreatment
protocol, and the software settings used (Al Rammah et al., 2025; Osterrieth et al.,
2022; Xia et al., 2024). These findings underscore the need for strict adherence to
standardized, criterion-based procedures. Researchers have also noted that total
BET surface area often correlates poorly with functional performance in real
applications such as CO, capture or selective adsorption, where pore geometry,
surface chemistry, and accessibility play decisive roles (Mgbemena et al., 2013;
Odeh et al., 2025).

Alongside surface-area measurement, adsorption-kinetic modelling provides
insight into the rate-limiting steps and interaction mechanisms between adsorbate
and adsorbent, informing both fundamental understanding and practical process
design. While the classical Lagergren pseudo-first-order, Ho-McKay pseudo-
second-order, Elovich, and Weber-Morris intraparticle-diffusion models remain the
most widely applied frameworks, recent reviews emphasize that statistical
goodness-of-fit alone cannot establish a mechanism; complementary evidence from
spectroscopy, microscopy, or isotherm analysis is essential for robust interpretation
(Revellame et al., 2020; Vareda, 2023; Yazidi et al., 2026). Emerging approaches
increasingly combine kinetic models with machine learning or density-functional
theory to distinguish surface reaction, film diffusion, and pore diffusion, but these
require well-designed datasets and transparent reporting of assumptions to yield
reliable results.

These characterization tools are particularly relevant to ongoing research
across sub-Saharan Africa, where locally sourced biomass, agricultural residues,
and natural minerals are being developed as low-cost, sustainable adsorbents for
water treatment, environmental remediation, and energy storage. Recent work has
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demonstrated the potential of materials derived from baobab shells, Canarium and
Ricinodendron seed husks, date pits, and chitosan-biochar composites; however,
consistent and defensible adsorption characterization remains a persistent
challenge, limiting international comparability and broader adoption of these
promising materials (Bourafa et al., 2024; Chin et al., 2022; Ezenwa et al., 2024; C.
Liu et al., 2023; Ndukwu et al., 2022; Odeh et al., 2025; Offiah & Falade, 2023).

This review synthesizes core principles, practical guidance, and critical-
interpretation rules as used in peer-reviewed surface-science and materials-
engineering research, drawing on authoritative guidelines and recent consensus
studies from 2015 to 2026. It proceeds from fundamental theory through
experimental execution, data analysis, and responsible reporting, with specific
notes on what constitutes valid academic practice and, on the challenges, commonly
encountered when working with novel or locally engineered materials.

Research Methods

A general review and synthesis approach was used to assess the current
practices for surface area and adsorption kinetic characterization. The authors
review, compile and critically evaluate the current theory, underlying assumptions
and standardised procedures based on the latest results in the literature from
IUPAC recommendations, interlaboratory comparisons, and peer-reviewed
consensus studies, rather than create new laboratory data. The analytical
framework consists of two main parts. In Part I, the Brunauer-Emmett-Teller (BET)
gas-adsorption method is explored in detail, providing a discussion of basic
thermodynamic concepts, pretreatment procedures, and methods of data
validation, with particular emphasis on the objective methods such as the
Rouquerol consistency rules and appropriate relative-pressure range selection. The
adsorption kinetics are discussed in Part II, which involves the mathematical
derivation, limitations of application and structure of error of various models such
as pseudo-first order, pseudo-second order, Elovich, intraparticle-diffusion model.
The methodology is systematic, with issues of mathematical goodness-of-fit as
physical mechanism and poor linearization discussed throughout. Lastly, it gives
context to these challenges to the locally sourced and bio-derived porous adsorbents
to set up reproducible, internationally comparable characterization standards.
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Results and discussion
Part I — BET Surface Area Analysis
2. Theoretical Background
2.1 Origins and Core Concept

The Brunauer-Emmett-Teller (BET) theory represents one of the most
significant advances in surface science, first published in 1938 by Stephen Brunauer,
Paul Hugh Emmett, and Edward Teller (Brunauer et al., 1938). Brunauer and
Emmett developed the experimental foundation of the method at the U.S.
Department of Agriculture’s Fixed Nitrogen Research Laboratory in Washington,
D.C., while seeking a reliable means of measuring the surface area of ammonia-
synthesis catalysts; the physicist Edward Teller contributed the statistical-
mechanical derivation that generalised the Langmuir treatment to multilayer
adsorption. The theory was developed explicitly to address a fundamental
limitation of the Langmuir adsorption model, which had dominated the description
of gas-solid interactions since 1916. Langmuir’s theory assumes that adsorption is
limited to a single molecular layer, that every adsorption site is energetically
identical, and that adsorbed molecules do not interact; conditions rarely satisfied in
practice, especially on high-surface-area materials or at higher pressures (Langmuir,
1917).

The BET model extends this framework by introducing multilayer adsorption.
It posits that adsorption proceeds in successive stages: the first layer of adsorbate
molecules binds directly to the solid surface through van der Waals or, in some
systems, chemical forces; once the first layer is partially or fully occupied, incoming
molecules adsorb onto already adsorbed molecules, forming second, third, and
subsequent layers. A key physical distinction is embedded in the model: the
enthalpy of adsorption for the first layer differs from that of all subsequent layers,
which are assumed to interact with one another with the same energy as the bulk
liquefaction of the adsorbate. This assumption is consistent with the observation
that physisorbed layers beyond the first behave much like a thin liquid film.

Experimentally, the method relies on measuring the volume of gas adsorbed
onto a solid sample as a function of pressure at constant temperature; an adsorption
isotherm. Nitrogen at its boiling point (77 K under atmospheric pressure) is the
traditional standard probe gas, chosen for its chemical inertness, well-characterized
molecular size, and suitable vapour-pressure range at cryogenic temperatures. It is
now recognised, however, that the quadrupole moment of N, produces specific
interactions with polar surface sites and functional groups, which can bias the
orientation and packing of adsorbed molecules and hence the effective cross-
sectional area. For this reason, current IUPAC guidance recommends argon at 87 K
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for high-resolution micropore analysis, and krypton at 77 K for materials of very
low surface area (see Sections 2.2 and 3.1).

The linear BET equation, derived by balancing the rates of adsorption and
desorption for each molecular layer, is expressed as:

P 1 (c-1ny P
V(Po—P)  VpC + VinC x P, 1)
Where:

P = Equilibrium pressure of the adsorbate gas at the measurement point

P, = Saturation vapour pressure of the pure adsorbate at the experimental
temperature

V =Total volume of gas adsorbed at Pressure P, expressed at standard temperature
and pressure

Vin = Hypothetical volume of gas required to form a single, complete monolayer
covering all accessible surfaces of the sample

C = Dimensionless BET constant, related exponentially to the difference between
the enthalpy of adsorption of the first layer (AH;) and the enthalpy of liquefaction
of the bulk adsorbate (AH;,) such that:

C x< exp (%) (2)

on the vertical axis

When experimental adsorption data are plotted with - )

and Pi on the horizontal axis, a linear relationship should emerge within a defined
0

pressure interval. The values of 1}, and C are then derived algebraically from the
slope and intercept of the best-fit straight line:

= €D =1
Slope = v’ Intercept = Ve
From these the monolayer volume is calculated as:
1
Vm - Slope +Intercept (3)

2.2 Main Assumptions and Limitations

The utility of the BET model rests on a set of simplifying assumptions that
enable mathematical treatment but also define its boundaries of applicability. These
assumptions are frequently overlooked in routine analysis, leading to flawed or
misleading results:

i.  Surface energetic homogeneity. The model treats the entire solid surface as
having uniform adsorption energy, with no preferential sites or structural
heterogeneity. Most materials, including zeolites, metal-organic frameworks
(MOFs), biochars, and engineered catalysts, exhibit a distribution of surface
energies arising from defects, edges, crystal faces, and functional groups.

ii.  Absence of lateral interactions. Adsorbed molecules are assumed to exert
no attractive or repulsive forces on one another. While reasonable at low
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coverage, this breaks down at higher loadings where molecular proximity
increases.

iii. =~ Constant enthalpy for upper layers. All layers beyond the first are assumed
to have an adsorption enthalpy identical to the heat of condensation of the
bulk adsorbate. Deviations occur when pore dimensions approach the size
of the adsorbate molecule, where overlapping attractive forces from opposite
pore walls alter adsorption energetics.

iv.  Unrestricted multilayer formation. The model implicitly assumes that layers
can grow without bound, which is not true in confined spaces such as
micropores or narrow mesopores, where pore walls are separated by only a
few molecular diameters.

A robust body of interlaboratory work confirms that correct selection of the
relative-pressure range is the single most critical factor in obtaining reliable BET
data. For nonporous, macroporous, and many mesoporous solids, approximately
linear behaviour is observed between P/P, = 0.05 and 0.35, and this interval is a
reasonable default (Osterrieth et al., 2022; Thommes et al., 2015). It is essential to
recognise, however, that this window is not universal. Below the lower bound,
enhanced adsorption in micropores or on high-energy sites departs from multilayer
behaviour; above the upper bound, capillary condensation in mesopores
fundamentally alters the mechanism and invalidates the model. For microporous
materials (Type I isotherms), the applicable BET interval typically lies at
substantially lower relative pressures and must be identified using objective criteria
rather than assumed. Including points outside the valid window can introduce
errors in calculated surface area exceeding 30 %, even for well-characterized
reference materials.

To place the choice of range on an objective footing, the Rouquerol consistency
criteria should be applied when selecting the interval (Section 3.2). The BET constant
C also serves as a vital diagnostic of whether the model is appropriate for the
material:

i. A negative intercept on the BET plot indicates that the selected pressure
range is invalid, or that the material’s adsorption behaviour fundamentally
violates the BET assumptions, commonly seen in ultra-microporous solids or
materials with strong specific chemical interactions.

ii. A very high C value (> ~150-200) typically signals strong adsorbate-surface
interactions or dominant micropore filling and calls for complementary
methods, such as the t-plot, Dubinin-Radushkevich, or Horvath-Kawazoe
analysis, rather than standard BET interpretation.
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iii. A very low C value (< ~20) suggests weak surface-adsorbate interaction,
often found in non-polar or highly graphitized materials, where the linear
region may be narrower or less well defined.

2.3 Calculation of Specific Surface Area

Once the monolayer volume V;,, has been determined from a valid linear BET
plot, the specific surface area Sggr (in square metres per gram of solid) is calculated
from fundamental physical constants and the known molecular dimensions of the

adsorbate:

VmXNaXo (4)

S =
BET MX Vol

Where:

N =Avogadro’s constant (6.022 x 103 molecules mol™1), representing the number
of molecules in one mole of gas

0 = cross-sectional area of a single adsorbate molecule; for nitrogen at 77K, the
internationally accepted value is 0.162nm?, derived from the close-packed liquid
arrangement of nitrogen molecules

m = mass of the sample analyzed, measured after complete degassing to remove all
pre-adsorbed contaminants.

Vol = molar volume of an ideal gas at standard temperature and pressure
(22.414 x 1073 m®mol ™! or 22.414 L mol™1)

This calculation converts the measured gas volume into the number of
molecules required to form a single layer, multiplies by the area each molecule
occupies, and normalizes by sample mass to yield an intrinsic material property
independent of sample size. Because adsorbed-gas volumes are conventionally
reported at STP, the reference state must be applied consistently: in adsorption
practice, STP denotes 273.15 K and 101.325 kPa (for which Vo, = 22.414 L mol™),
and this convention should be stated explicitly to avoid ambiguity with the post-
1982 IUPAC definition of standard pressure (100 kPa).

It is important to emphasize that the resulting value is an apparent surface area,
derived from a simplified physical model and dependent on the probe gas and
experimental conditions. It does not represent an absolute “true” surface area, nor
does it account for pores smaller than the kinetic diameter of the adsorbate
molecule. Values should therefore always be reported as the BET specific surface
area, with clear specification of the adsorbate gas and temperature. Where
microporosity is significant, the total BET area should be accompanied by separate
estimates of external and micropore surface area obtained from complementary
methods.
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Figures 1-3 depicts the Nitrogen Adsorption-Desorption Isotherm, BET
Adsorption Isotherm and the Langmuir Adsorption Plot.

Nitrogen Adsorption-Desorption Isotherm
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Figure 1. Nitrogen Adsorption-Desorption Isotherm

BET Adsorption Isotherm

400 —
I
E
£ 300
(<3}
£
=
=)
= BET Linear Region
T 200 i i
-E ﬁl—. '
= : :
5 /
<

100 —

| | | | [ 5
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P,)

Figure 2. BET Adsorption Isotherm
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Langmuir Adsorption Plot
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Figure 3. Langmuir Adsorption Plot

3. Experimental Procedure and Best Practices
3.1 Sample Preparation

The reliability of all subsequent BET calculations rests on rigorous sample
pretreatment, widely recognised as the single greatest source of avoidable error in
gas-adsorption analysis. Before measurement, samples must be thoroughly
degassed to remove physisorbed moisture, atmospheric carbon dioxide, residual
solvents, and volatile organic contaminants that would otherwise occupy
adsorption sites, block pore entrances, or distort the measured isotherm. The
objective is to restore the material’s native accessible surface and pore network
without altering its intrinsic structure or chemistry.

Standard practice involves heating samples under dynamic vacuum (~1073-107" Pa)

or flowing high-purity inert gas (nitrogen, argon, or helium) for 4-12 hours.

Temperature must be matched to material type:

i.  Metal oxides, silicas, and most carbon materials: typically, 150-250 °C;
ii.  Zeolites, MOFs, COFs, and thermally sensitive frameworks: 80-150 °C,

validated to avoid structural collapse or ligand loss;

iii.  Polymers, bio-derived adsorbents, and organo-functionalised materials:
50-120 °C, often under reduced pressure only.

Insufficient degassing leaves contaminants in place, yielding artificially low
apparent surface area; conversely, excessive temperature or prolonged heating may
cause sintering, phase transformation, or pore collapse, giving artificially high or
244 | Tech : Journal of Engineering Science, Vol. 2, No. 2, 2026.
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misleading values. Interlaboratory studies confirm that variations in degassing
protocol alone can produce differences of 15-35 % in BET results for identical
reference materials (Osterrieth et al., 2022).. Where material stability is uncertain,
thermogravimetric analysis (TGA) is strongly recommended to establish safe
pretreatment limits before adsorption measurements.

Sample mass is another critical yet frequently overlooked parameter. ISO
9277:2022 and IUPAC guidance specify that the total absolute surface area of the
analysed portion should be at least ~1-20 m? to ensure an adequate signal-to-noise
ratio and accurate pressure measurement. For materials of inherently low surface
area such as dense ceramics, metals, coatings, or thin films, standard nitrogen
adsorption becomes unreliable because the quantity of gas adsorbed approaches the
instrument detection limit. In such cases, krypton adsorption at 77 K is preferred:
its much lower saturation vapour pressure increases sensitivity, enabling reliable
measurement down to ~0.05 m? g™*. This approach has proven valuable for thin
films, supported catalysts, and engineered surfaces where nitrogen yields poor
precision.

3.2 Measurement and Data Validation
Acquisition of a robust adsorption isotherm requires careful control of
experimental conditions and adherence to established protocols. For multipoint
BET analysis, the accepted standard is at least five, and preferably more, data points
should be collected within the validated relative-pressure range appropriate to the
material. Single-point measurements, though sometimes used for rapid screening,
are discouraged in formal reporting because they cannot verify linearity and
introduce systematic bias. The bath temperature must be held constant at 77 K
(liquid nitrogen) or 87 K (liquid argon) throughout the run; deviations alter
equilibrium pressures and invalidate the isotherm.
Once acquired, data must be validated before calculation:
1) Linearity. The regression coefficient (R?) of the BET plot should be = 0.995 as
a minimum, with > 0.999 preferred for high-confidence work. Lower values
indicate poor conformity to BET assumptions or inclusion of points outside
the valid range.
2) Rouquerol consistency criteria. The BET constant C must be positive, and
the transformed quantity V (Po — P)/P must increase monotonically with
P/P, across the selected range; the monolayer point (P/P, corresponding to
Vi) should fall within the chosen interval. These criteria, rather than a fixed
window, should govern range selection, especially for microporous
materials (Galarneau et al., 2018; J. Rouquerol et al., 2007).
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3) Model applicability. A negative intercept or an unreasonably high C signals

that the model is not physically appropriate, typically owing to dominant

micropore filling or strong specific interactions.

Crucially, the total BET area does not distinguish external from internal pore

surfaces, nor does it reveal how area is distributed across pore-size regimes. For

microporous materials, activated carbons, zeolites, MOFs, and biomass-derived

adsorbents, BET alone is insufficient, and supplementary methods are required:

i. t-plot method separates total area into external (meso-/macropore) and

micropore contributions, and estimates micropore volume;
ii. Dubinin-Radushkevich (DR) and Dubinin-Astakhov (DA) models:
provide more reliable assessment of micropore volume and characteristic

adsorption energy;
iii.

NLDFT / QSDFT kernel methods: deliver pore-size distributions across

micro-, meso-, and macropore ranges, consistent with current IUPAC

recommendations.

Figure 4 depicts the Adsorption Analysis methods.

Adsorption Analysis Methods
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Figure 4. Depiction of t-plot, DR & DA plot and NLDFT/QSDFT Kernel plots
3.3 Reporting Standards and Common Mistakes

Transparent, complete reporting is essential for reproducibility and

meaningful comparison across studies, yet surveys consistently show that a large
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proportion of published work omits critical details. To meet current standards and
peer-review expectations, manuscripts must state explicitly:
1) Pretreatment conditions: temperature, duration, atmosphere (vacuum or
flowing gas), and pressure level;
2) Adsorbate gas and experimental temperature;
3) Relative-pressure range: the selected P/P, interval, the number of data
points, and the rationale (including the criteria used) for range selection;
4) Derived parameters: slope, intercept, R?, Vi, C, and calculated S_BET with
units;
5) Complementary analyses: any t-plot, DR/DA, or NLDFT/QSDFT results
used to characterise porosity.
3.4 Frequent Errors That Undermine Academic Rigour
Common mistakes identified across recent BET reproducibility and error-analysis
studies include:
1) selecting pressure points arbitrarily, or adjusting the range solely to improve
R? without physical justification;
2) using ambiguous or non-standard units (e.g. failing to specify the STP
reference state for gas volumes);
3) reporting only the final surface-area value without supporting linearity
diagnostics;
4) treating BET values as an “absolute” surface area rather than a model-
dependent estimate tied to the probe gas;
5) ignoring the distinction between total, external, and micropore surface area,
leading to misleading functional interpretations.

3.5 FAIR Data Principles and Standardised Formats

Adherence to FAIR (Findable, Accessible, Interoperable, Reusable) data
principles, including depositing raw isotherm data in repositories and using
standardised formats such as the Adsorption Information File (AIF), is increasingly
recommended and sometimes required by journals to strengthen confidence in
reported results.

Part IT — Adsorption Kinetics
4. Theoretical Framework

Adsorption kinetics describes the rate at which an adsorbate transfers from the
bulk fluid phase to the adsorbent surface and identifies the step or steps that limit
the overall rate. Unlike adsorption thermodynamics, which establishes whether a
process is energetically favourable and the maximum uptake achievable at
equilibrium, kinetic analysis reveals how rapidly equilibrium is approached and
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provides mechanistic insight into mass transport and surface interaction. It is
essential for designing continuous-flow systems, estimating contact times, scaling
up treatment processes, and interpreting adsorbent performance under dynamic
conditions.

All widely used kinetic models are semi-empirical: derived from simplified
physical assumptions, they are evaluated by how well they align with experimental
data, but mathematical fit alone does not constitute proof of mechanism (Francis et
al., 2023; Goel et al., 2021; Hameed & Ahmad, 2009; T. Liu et al., 2022; Tong et al.,
2018; Wang et al., 2017). A further methodological caution applies to how these
models are fitted. Most are traditionally cast in linearized form and fitted by
ordinary linear regression; however, the algebraic transformations required to
linearize them distort the error structure of the data and can substantially bias the
estimated rate constants and equilibrium capacities. Current best practice is
therefore to fit the original (non-linearized) integrated or differential forms by
nonlinear regression, reserving the linear plots for illustration only, and to test
several models comparatively while corroborating conclusions with independent
evidence such as isotherm behaviour, surface spectroscopy, or direct visualisation
of pore structure (Intriago et al., 2026; Vashishtha & Kumar, 2026).

4.1 Pseudo-First Order (Lagergren) Model

Proposed by Lagergren in 1898, this is the earliest formalised model for solid-
liquid adsorption, derived by analogy to first-order chemical-reaction kinetics
(Lagergren, 1898). It assumes that the rate of adsorption is proportional to the
number of unoccupied adsorption sites, with the driving force being the difference
between the amount adsorbed at equilibrium and the amount adsorbed at time t.
The integrated linear form is:
In(qe — q¢) = Inqe — kgt ()
where:
qe = mass of adsorbate adsorbed per unit mass of adsorbent at equilibrium (mgg-
n;
q; = mass of adsorbate adsorbed per unit mass of adsorbent at time t (mg g™);
k; = pseudo-first-order rate constant (min-1)
The model assumes a reversible process governed solely by the rate of attachment
to surface sites, with no resistance from diffusion through fluid films or pore
networks. It is most often applicable only over the initial 20-30 % of uptake, where
surface binding is fastest and transport limitations have not yet become dominant.
A good linear fit is frequently reported, but comparison of the calculated and
experimental g, often reveals substantial discrepancy; the most common diagnostic
sign that the model does not describe the full adsorption process.
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4.2 Pseudo-Second-Order Model

Developed to address the limitations of first-order kinetics and popularised by
Ho and McKay (1999), this model assumes that the rate-limiting step involves
chemical interaction between adsorbate and adsorbent, with the rate proportional
to the square of the number of available surface sites (Ho & McKay, 1999). Its

linearized form is:
-1 .t
ac k2a5  de
where k, is the pseudo-second-order rate constant (g mg™ min™).

(6)

The model implicitly incorporates assumptions of chemisorption, electron
sharing or exchange, and rate dependence on the availability of reactive sites.
Unlike the first-order model, it typically predicts equilibrium uptakes that closely
match experiment for a wide range of adsorbate-adsorbent pairs. It is critical to
emphasize, however, that a good fit does not by itself confirm chemisorption as the
exclusive mechanism; physisorption on energetically heterogeneous surfaces, or
combined transport-reaction control, can also yield high correlation coefficients,
and the linearized form is mathematically predisposed to produce high R? values.
Reliable interpretation requires supporting evidence such as activation-energy
estimates, temperature-dependent studies, or spectroscopic identification of surface
bonds. Figure 5 shows the kinetic model comparison of the Pseudo-First-Order and
the Pseudo-Second-Order Model plots.

Kinetic Model Comparison
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Figure 5. Pseudo-First-Order vs. Pseudo-Second-Order Model plots
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4.3 Elovich Model

Originally formulated to describe gas-solid chemisorption on heterogeneous
surfaces and later adapted for liquid-phase adsorption, the Elovich equation
assumes that adsorption sites exhibit a continuous distribution of activation
energies that increase linearly with surface coverage, so that, as sites are occupied,
further adsorption requires progressively higher energy.
The Elovich equation is expressed as:

44t _ o p-Bar 7)
dt
Where:

a = Initial adsorption rate (mg/gmin), S = Desorption constant related to the
magnitude of the activation-energy increase with coverage (g/mg)

Integrating the equation and applying the boundary conditions yields the linear
form:

q; = %ln(aﬁ) + %m t (8)

A plot of g, versus Int provides f and @, which help in understanding the
adsorption process.

A strong linear correlation is widely interpreted as indirect evidence that the
adsorbent surface is energetically heterogeneous and that adsorption involves
chemical bonding or strong specific interactions. The model is particularly useful
for biomass-derived materials, layered clays, and functionalised carbons, where
surface functional groups and structural defects create a broad spectrum of site
energies. It is not suitable for purely physisorptive systems on highly uniform
surfaces (Ganguly et al., 2020; Pap et al., 2025; Ramezanipour Penchah et al., 2022).
Figure 6 shows the Elovich Model plot.

Elovich Kinetic Model Plot
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Figure 6. Elovich Model Plot
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4.4 Intraparticle Diffusion Model

In most practical systems the overall rate is controlled not by surface binding
alone but by sequential mass-transport steps: bulk diffusion through the fluid
phase, diffusion across the stagnant film surrounding each particle, diffusion within
the pore network, and finally adsorption at active sites. The Weber-Morris
intraparticle-diffusion model is the standard tool for identifying whether pore
diffusion contributes to rate limitation:
qe = kigt®® +C 9)
Where:
kiq= Intraparticle diffusion rate constant (mg/g min®%),
C = Intercept, representing the boundary layer effect

A plot of q; versus %5

provides k;; as the slope and C as the intercept. If the plot is
linear and passes through the origin (C = 0), intraparticle diffusion is the sole rate-
limiting step. If it deviates, other processes such as film diffusion or surface
adsorption are also involved.

Most real datasets produce multi-segment plots; an initial steep region
reflecting rapid external transport, an intermediate linear region dominated by pore
diffusion, and a final plateau approaching equilibrium. Relying exclusively on
reaction-based models and ignoring transport steps is a major source of mechanistic
misinterpretation in adsorption studies (Chu et al., 2025; Suneetha et al., 2015; H.
Zhang et al., 2022). Figure 7 shows a depiction of the Intraparticle Diffusion (Weber-

Morris) Plot.

Intraparticle Diffusion (Weber—Morris) Plot
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Figure 7. Intraparticle Diffusion (Weber-Morris) Plot
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5. Experimental Design and Data Analysis
5.1 Data Collection Requirements
Robust kinetic data depend on careful experimental design:

1) Sampling frequency: collect points at short intervals (every 1-5 minutes)
during the first 30-60 minutes, when uptake is fastest, extending intervals
gradually as equilibrium is approached, sparse early sampling
systematically distorts calculated rate constants;

2) Controlled conditions: maintain constant temperature, pH, agitation speed,
adsorbent dosage, and initial adsorbate concentration across all runs;

3) Replication: perform all experiments in at least triplicate, and report mean
values with standard deviation or confidence intervals;

4) Blanks and controls: include blank runs without adsorbent to account for
adsorbate loss by wall adsorption, volatilisation, or precipitation.

5.2 Model Selection and Evaluation
Statistical goodness-of-fit alone is insufficient to select the “best” model, and the
coefficient of determination is a particularly weak discriminator when computed on
linearized transforms. Modern practice requires comparison using multiple criteria,
computed wherever possible from nonlinear fits to the untransformed data:

1) Coefficient of determination (R?) and adjusted R?;

2) Standard error of the estimate;

3) Residual sum of squares (RSS):

2
RSS = Z?:l(qe,exp - Qe,cal) (10)
4) Chi-squared statistic (y2):
2
(XZ) — ?zl (Qe,exp_Qe,cal) (11)

de,cal
the percentage deviation between experimental and calculated equilibrium

uptake. It is important to avoid over-interpreting model preference: a model that
tits marginally better mathematically does not necessarily reflect the actual physical
process. All mechanistic claims must be supported by independent experimental
evidence, not curve-fitting alone.

1. Comparative Summary Tables
Table 1: Comparative Analysis of Adsorption Kinetic Models

Model Mathematical Core Physical Primary Best Practice
Form Assumptions Limitations Application
(Linearized)

Pseudo-First- log(g. — q¢) Rate proportional Fails past initial 20~ Initial kinetic rate

Order =logq, to unoccupied site 30% uptake; assessment;

(Lagergren) _ % " availability; systematically
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Pseudo-
Second-
Order

McKay)

(Ho-

Elovich
Model

Intraparticle
Diffusion

(Weber-

Morris)

qc
= ~In(af)

+—=Int

de
= kidtO.S +C

reversible process;
no diffusion
resistance.
Rate-limiting
chemisorption
step; rate
proportional  to
square of available

active sites.

Heterogeneous
surface  energy;
activation energy
increases linearly
with surface
coverage.

Pore diffusion is
the

limiting

sole  rate-
mechanism when
plots are linear and
pass through the
origin.

underpredicts
equilibrium
capacity.

High R? values are
mathematically
predisposed by
linearization; does
not prove
chemisorption
exclusively.
Inapplicable to
pure physisorption
on uniform, non-
porous surfaces.

Often yields multi-
segment plots
where boundary-
layer effects
complicate  direct

interpretation.

limited to early-
stage rapid uptake.

Broad
across

evaluation

systems,
provided non-
linear regression is
used for parameter

extraction.

Characterizing
complex materials
(biochars,
activated carbons,
layered clays) with
broad site energy
distributions.
Identifying mass-
transport regimes
and distinguishing

external film
diffusion from
internal pore
diffusion.

Table 2: Comparison of BET Analysis Parameters and Diagnostic Indicators

Diagnostic Standard Range / Physical Meaning Consequences of Violation /

Parameter /
Metric

Condition

Misinterpretation

Relative
Pressure
Range (P/P,)

BET
Constant (C)

Linear
Regression
(R?)

0.05 — 0.35 (Default for
non/mesoporous);
lower for microporous

20<C <150

= 0.995 (minimum), >

0.999 (high-confidence)

Valid region where
multilayer
physisorption
dominates without

micropore filling or
capillary condensation.

Exponentially related
to the difference
between first-layer
adsorption  enthalpy
and liquefaction
enthalpy.

Statistical measure of
linear conformance
within the selected
relative pressure
interval.

Selecting points outside the
range can introduce > 30%
error in calculated surface

area.

Negative intercepts
invalidate the model; C >
200 indicates dominant

micropore filling requiring
alternative models (DR, t-
plot).

Arbitrarily adjusting
pressure windows solely to
inflate R? yields
mathematically  optimized

yet physically invalid surface
areas.
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Critical Synthesis, Unresolved Issues, and Recommendations in Adsorption
Characterization

It is clear from the literature that there has always been a conflict between the
two empirical convenience and rigorous physical chemistry in characterization of
porous materials. Variations in pretreatment protocols, and arbitrary relative-
pressure windows, result in significant differences in the surface area reported in
landmark interlaboratory studies, which show that the Brunauer-Emmett-Teller
equation cannot be used as a black-box model of surface area, and that it fails to
capture important factors such as surface heterogeneity. Likewise, in turn historical
kinetic models are plagued by the use of linear regression, which is not critical and
leads to non-realistic error structures and correlation coefficients. This underscores
the methodological gap in characterizing locally-sourced bio-adsorbents since their
preparation varies for each location, making them incomparable globally.

The challenges are rooted in four issues that have not yet been resolved: first,
there is no consistency in the selection of pressure points that are reported; second,
there is the potential for “‘mathematical goodness of fit' to be confused with ‘true
physical mechanisms'; third, there are deficiencies of reproducibility due to the fact
that the complex bio-derived structures are evaluated without an accompanying
profile; and fourth, there are common omissions of operational metadata. These
inadequacies need to be addressed with the application of scientific norms and
scientific rigour. Recommendations for researchers include employing non-linear
regression for parameter extraction, objective range-selection criteria over fixed
pressure windows, multi-technique validation tools such as Fourier-transform
infrared spectroscopy and pore-size distribution kernel, and promotion of the use
of FAIR data principles through the use of existing Adsorption Information File
repositories. Adopting these technical standards ensures methodological
consistency in various scientific applications, improves professional skills, integrity
of data, and sustainable use of resources (Onyiorah, 2025; Ofozoba et al., 2025;
Emeasoba et al., 2026; Aguma et al., 2026; Alegbeleye et al., 2025; Ibeh & Akinyele,
2024)

Conclusion

BET gas adsorption and kinetic modelling remain indispensable tools for
porous-materials research, but their scientific value depends entirely on rigorous
implementation and thoughtful interpretation. Interlaboratory studies and the
current JUPAC recommendations have shown that deviations from standardized,
criterion-based procedures; whether in sample preparation, pressure-range
selection, fitting method, or reporting practice can introduce discrepancies
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exceeding 30 % in calculated surface area and lead to flawed mechanistic
conclusions from kinetic data.

For BET analysis, objective range selection via the Rouquerol criteria,
appropriate choice of probe gas (argon at 87 K for micropore analysis; krypton at 77
K for low-area samples), and transparent reporting of all experimental parameters
are essential (F. Rouquerol et al., 1999). Kinetic studies should fit untransformed
models by nonlinear regression, test multiple models, use complementary statistical
metrics, and avoid equating mathematical fit with proof of mechanism. Wherever
possible, findings should be corroborated by independent characterization of pore
structure and surface chemistry.

For emerging research areas, including locally sourced bio-adsorbents,
nanostructured catalysts, and hierarchical porous materials, greater emphasis on
interlaboratory calibration and open data sharing will be critical to improving
comparability and accelerating progress. Future advances are likely to combine
traditional adsorption measurements with in-situ imaging, computational
modelling, and machine learning to develop more accurate, mechanism-aware
characterization frameworks that better link material structure to functional
performance
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