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Abstract
Shale resources contain a significant quantity of clay minerals and organic matter. These material components influence
the evolution of intra- and inter-granular pore features. This study investigates the role of clay’s elemental concentration,
purity and types on its pore attributes. Four samples; illite, chlorite, montmorillonite, and kaolinite-rich clay samples were
studied. Clay elemental composition, purity, pore shape, and structural parameters were determined. X-ray fluorescence and
diffraction techniques were used to compute the elemental and mineralogical compositions of clay samples, respectively.
Rock surfaces were mapped using the energy dispersive x-ray spectroscopy and scanning electron microscopy to confirm
the distribution of elements and clay homogeneity, respectively in the four phyllosilicate materials. Total organic content
analysis confirms the quantity of organic matter. N2 adsorption/desorption experiment at 77 K and over a relative pressure
range up to 0.995 was executed with a surface area and porosity analyzer, to extract information regarding the pore shape, and
determine the pore volume and specific surface area. The interrelation of the purity and computed pore structure properties
was established. Mineralogy and elemental analyses showed that the studied samples with clay purities of 60–98% have a
combined 80–96 wt.% of Aluminum (Al), Silicon (Si), and Iron (Fe). The adsorption–desorption curve at p/po < 0.04 and
carbon content analysis indicate that clays accommodate negligible micropores. The type III and IV isotherms combined
with H1, H2, and H3 hysteresis loop implied that clay had connected complex pores with plate-like, uniform cylindrical, and
inkbottle shapes. Capillary condensation and evaporation curves revealed more mesopores and macropores of 2-50 nm and
> 50 nm, respectively. The pore distribution plateaued around an average of 100 nm, which confirmed the suitability of the
Barrett-Joyner-Halenda technique to characterize clay mesopores. Kaolinite has the highest capacity (74.43 cm3/g) to host N2

gas at a standard temperature and pressure followed bymontmorillonite (65.08 cm3/g), chlorite (21.01 cm3/g) and illite (16.59
cm3/g) in that order. The capacity of the pores to store fluid and their average size follow a similar pattern and increase with
aluminum and clay contents. A specific surface area of the non-micropores is directly related to silicon concentration. The
study provides an insight regarding the potential of kaolinite (with the highest aluminum concentration of 39.5 wt.%) as a good
catalytic material required to speed up the esterification reaction. In addition, it can serve as a waste repository and a material
for the treatment of phosphorus-containing contaminants in polluted areas. This research confirms that montmorillonite with
the largest specific surface area in non-micropores and silicon content of 63.9 wt.% promotes reactivity and cation exchange
interaction. However, this high basal spacing attribute of the material means that swelling will occur in the presence of water.
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List of Symbols

Am � 0.162 nm2 Is nitrogen molecule surface area at
77 K

cBET BET isotherm fitting constant
NA Avogadro’s number(

6.022 × 1022 number
mol

)

po Standard pressure of N2 gas
∼ 1.02 bar at 77.4 K

p/po Relative pressure of N2 gas between
0.001 and 0.995 and 77.4 K

r Pore radius (m)
R � 8.314 J/Kmol Is universal gas constant
sBET Total specific surface area (m2/g)
Sext Non-micropores specific surface area
Smic Micropores specific surface area
tads Statistical thickness of adsorbed layer

(Å)
T Temperature (K )
Vads Total volumeof adsorbedN2 gas atp/po

� 0.001–0.995 and 77.4 K (m3/kg)
Vm Monolayer adsorption capacity

(cm3/g)
Vmic Micropore filling volume
Vmol Molar volume (m3/mol)
α Shape factor of the gas/liquid interface

during adsorption
�Hm Heat of gas condensation
γ Surface tension of liquid nitrogen

(N/m)

Abbreviations

AFM Atomic force microscopy
APM Areal porosity method
BET Brunauer, Emmett and Teller
BJH Barrett, Joyner and Halenda
BSE Backscatter electron
DRIFTs Diffuse reflectance Fourier transform

infrared spectroscopy
EBSD Electron backscatter diffraction
EDX Energy-dispersiveX-Ray spectroscopy
EGME Ethylene glycol monoethyl ether
HCPC Hierarchical clustering of principal

components
IUPAC International union of pure and applied

chemistry
LEED Low energy electron diffraction
LOD Limit of detection
MIP Mercury injection porosimetry
NDIR Non-destructive infrared
NMR Nuclei magnetic resonance

QEMSCAN Quantitative evaluation of minerals by
scanning electron microscopy

SANS Small angle neutron scattering
SAXS Small angle X-ray scattering
SEM Scanning electron microscopy
SSA Specific Surface Area
SSM Solid sample measurements
STP Standard temperature and pressure
3D-SIMS Three-dimensional secondary ionmass

spectroscopy
TEM Transmission electron microscopy
TOC Total organic content
XRD X-ray diffraction
µXRF Micro- X-ray fluorescence

1 Introduction

Clayminerals can exist in both a free state and as components
of inorganic minerals present in shale reservoirs [1–3]. These
phyllosilicate materials possess sufficient surface area and
void spaces for fluid storage in compressed and sorbed phases
depending on their chemical composition [4, 5]. International
Union of Pure andApplied Chemistry (IUPAC) classified the
pores sizes in porous media into three basic categories such
as; micropores (< 2 nm), mesopores (2–50 nm), and macro-
pores (> 50 nm) [6, 7]. The IUPAC grouping will be used
throughout this article. X-ray Powder Diffraction (XRD) and
X-ray Fluorescence (XRF) techniques are widely used to
identify the minerals in clay [8, 9]. Srodon [10] employed
XRD and XRF analyses to identify and quantify clay min-
erals in pure and clay-containing rocks. Similarly, Mattioli
et al. [11] studied the 15 mixed and rich samples of illite,
chlorite, smectite and kaolinite claywith the same techniques
to understand the suitability of its mineralogy and chemi-
cal composition for cosmetic applications. Nevertheless, the
semi-quantitative data from such methods do not discrimi-
nate between the main phases of the identified minerals at
a much higher resolution. Further insights into the chemical
constituents and physical features of clay are generally pos-
sible using othermethods based on the principles of radiation
and penetrating-fluids.

There are many applications for some common radiation-
driven methods such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), nano- and
micro-CT scanning, nuclear magnetic resonance (NMR),
small-angle neutron scattering (SANS), and Small-Angle X-
ray Scattering (SAXS) for pore size characterization [12–14]
and fluid transport monitoring [15]. Other sets of techniques,
based on the principle of penetrating fluid and have been
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successfully applied to track pore distribution, Specific Sur-
face Area (SSA), and pore spaces are carbon dioxide (CO2),
Mercury Injection Porosimetry (MIP), nitrogen (N2), and
argon gas adsorption [5, 16–19]. Aringhieri [16] employed
an N2-adsorption experiment to investigate the distribution
of 1.5–100 nm pores in four clay minerals and soil samples.
Ross and Bustin [5] studied illite, montmorillonite, kaolinite
and chlorite clay structure using low-pressure N2 and CO2

sorption techniques. Kuila [18] employed the N2 adsorption
technique to determine the micropores and mesopores SSA
and size distribution in mixed illite–smectite, kaolinite clay
and shale rock. Wang [20] studied the micropores (< 1.0 nm)
in illite,montmorillonite, kaolinite, and illite–smectitemixed
layers using N2 and CO2 low-pressure adsorption.

Meanwhile, several studies are interested in characterizing
the pore structure, chemical composition and physical prop-
erties in clay by combining multiple approaches [21–25].
Hassan et al. [21] utilized both Atomic Force Microscopy
(AFM) and low-pressure argon adsorption analyses to deter-
mine the SSA of non-swelling kaolinite edge face coupled
with edge and basal face of illite. Chen [26] availed a coupled
nano-indentation, SEM, and Energy Dispersive X-ray Spec-
troscopy (EDX) to study the effect of crystalline Calcium
Silicate Hydrated (C–S–H) composite on the mechanical
properties of cement with a low water/cement ratio. Macht
[22] computed the edge and basal-specific surface area in
illite and montmorillonite clay using AFM, N2 gas adsorp-
tion, and EthyleneGlycolMonomethyl Ether (EGME) liquid
adsorption methods. Boulingui et al. [27] characterized the
mineralogy, physical and chemical of raw kaolinite and illite-
rich clay using XRD, Diffuse Reflectance Fourier Transform
Infrared Spectroscopy (DRIFTS) and SEM. The outcome
showed that Gabon-originated clays are rich in silicate and
poor in aluminum elements. Zaffar and Lu [28] integrated
MIP and N2 adsorption to study the pore distribution in three
clayey soils. Li [29] combinedSEM, focused ionbeam (FIB)-
SEM, areal porosity method (APM), and MIP to study the
organic and inorganic porosities in mudstone and dolomite.
Wilson et al. [30] employed Nano-Indentation and Quan-
titative EDX to study the micro-chemo-visco-mechanical
properties in a heterogeneous cement paste. Elgamouz [31]
studied the elemental oxides in clay and their relationship
with porosity and SSA usingXRD, thermal analysis, infrared
spectral and SEM techniques. Kariem [23] employed inte-
grated SEM, EDX, and XRD measurements to compute
the volume fractions of these mineral phases in fired clay
materials and the impact on their mechanical behavior. Qian
[32] summarized the application of surface analytical tech-
niques like low energy electron diffraction (LEED), Electron
Backscatter Diffraction (EBSD), Quantitative Evaluation of
Minerals by SEM (QEMSCAN), three-Dimensional Sec-
ondary Ion Mass Spectroscopy (3D-SIMS) and many others
for earth science applications. In addition, some researchers

have integrated the Nuclei Magnetic Resonance (NMR) in
addition to other radiation and/or penetrating fluid techniques
to investigate the clay pores structure [33, 34]. Thus far, there
are available experimental studies to determine the chemical
composition, physical properties and porous structure of dif-
ferent clay types using XRD/XRF, AFM, thermal analysis,
SEM, SEM–EDX, NMR, low temperature and pressure gas
adsorption and other methods. However, there are limited
integrated studies that investigate the role of clay chemical
composition and mineralogy on the development of intra-
granular pore volumes attributes in clay-rich shale. It is
notable that the role of kerogen types andmaturity [35–38] on
the pore development of organic-rich shale has been studied
in detail compared to clay-containing unconventional reser-
voirs. The insights in the establishment of the connection
between the pore structure properties, clay types and elemen-
tal analysis will advance the development of synthetic clay
materials with specific chemical compositions for improved
repositories and surface reactivity applications.

In this study, the role of purity and elements contained in
clays on their pore structural properties was investigated. The
four clay types utilized for the research are kaolinite, mont-
morillonite, chlorite and illite. Clay elemental concentrations
and purity were computed with Micro-XRF (µXRF) and
XRD, and confirmed using imagemaps fromXDS and SEM,
respectively. A low-temperature N2 adsorption/desorption
experiment was performed at 77 K and over a relative pres-
sure range up to 0.995. Pore shape was inferred from the
hysteresis loop and isotherm type.

Furthermore, the interrelation between the clay purity,
elemental concentration, specific surface area and pore vol-
ume at different pore-scale was established. This article was
outlined as follows: Sect. 2 provides the detail of the mate-
rials and methods utilized for this study such as, µXRF,
XRD, organic content analysis, SEM–EDX in addition to
low-pressure adsorption using nitrogen probes. Section 3
presents the mineral composition and clay purity results and
discusses how these concentrations relate to the average pore
size, pore volume, and specific surface area of studied clays.
Section 4 discusses the implications of using aluminum and
silica-rich clay in waste management and reaction processes.
Finally, Sect. 5 concludes this research with insight into
future research focus.

2 Materials andMethods

This study utilized four outcrops’ samples of clay-rich rocks
with different degrees of purity, obtained from a vendor in the
United States of America. The four samples include mont-
morillonite, kaolinite, chlorite and illite. All samples have
been pulverized with a mortar and pestle to improve the sur-
face area responsible for the interactions between fluid and
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rock. Crushed clay is widely used in the literature in adsorp-
tion studies and for XRD analysis [39, 40]. The phyllosilicate
materials were granulated in such a way as to maintain a rel-
atively large grain, with a mean diameter that is less than
250 µm to prevent inter-particle nanoporosity from form-
ing among the clay grains. The chemical composition and
mineralogical of the studied clay samples were determined
using µXRF and XRD techniques, respectively. The distinc-
tion between these samples was mapped using SEM–EDX
of QEMSCAN 650F. JEOL JCM-7000 NeoScope Benchtop
SEM was used to image the variation in the purity of the
studied samples at 200 µm resolution. Organic content anal-
ysis was performed on kaolinite, montmorillonite, illite and
chlorite-rich rocks. Surface area and porosity analyzer were
utilized to conduct N2 adsorption/desorption experiments at
77.4 K and over a range of relative pressure up to 0.995. The
experiments will be described in detail afterward.

2.1 µXRF Analysis

BruckerM4-TornadoµXRF instrumentwas utilized to deter-
mine the elements and oxides present in the clay materials.
The equipment contains a rhodium source with voltage and
current of 50 kV and 600 µA, respectively. In addition, the
device has a polycapillary optic that is around 20 µm spot-
size and two silicon drift detectors. Five spots were selected
randomly per sample to ensure reproducibility. Then, the
samples were scanned with a high-energy X-ray, followed
by the emission of a characteristic fluorescent X-ray. The
secondary rays emitted afterward were examined with the
ModuleM-Quant available in theM4 software package. This
software provides dependable results of the bulk samples’
composition, because it is based on the fundamental param-
eters models that use less standard analysis. Results were
presented as normalized percentages of the elemental con-
centration.

2.2 XRD Analysis

Malvern PANalytical Empyrean was used to identify and
quantify the mineralogical phases of the studied samples.
After pulverizing the samples, thisXRD instrument collected
the phase peaks,which have been spotted andmeasured using
the Highscore plus of PANalytical™ attached with ICCD
PDF-4+2022. Phase concentration was estimated by sum-
ming the XRD in automated full pattern summation mode.
The alignment or maximum shift was set at 0.3

◦
. A Limit of

detection, set at 1.0 wt.% was utilized during the fitting pro-
cess to evaluate the phase-detection limits. At the same time,
the reference patterns that are below the lowest concentration
were eliminated.

2.3 SEM–EDX and SEM Analyses

SEM–EDX of QEMSCAN 650 F was deployed to map the
elemental concentration in the clay samples. This instrument
operates on the SEM principles and is attached with two
Bruker EDX detectors. The capability and applications of
QEMSCAN 650F are present in the literature [41]. Before
SEM–EDX scanning, the same samples used for µXRF and
XRD analyses were compressed and coated with platinum.
The SEM backscatter electron (BSE) images and EDXmap-
pingwere generated at 15 kVwith a 13mmworking distance.

The compressed studied samples coated with platinum
were scanned via JEOL JCM-7000 NeoScope Benchtop
SEM. This technique was run on 15 kV and 12 working
distances to scan all the sampled surfaces.

2.4 Total Organic Content (TOC) Analysis

Carbon-containing rocks host significant micropores that
could impact clay pore size distribution. A detailed exam-
ination of clay micropore distribution will not be required
if the TOC < 1wt.% [42]. TOC analysis was performed
to determine the extent of the presence or absence of car-
bon compounds in the studied clay samples. This inspection
employs the principle of aerobic combustion of organic
compounds using a catalyst to produce CO2. A direct non-
dispersive infrared detection was utilized to determine the
produced carbon dioxide. Approximately 200 mg of homog-
enized and dried clay samples were weighed and placed
into a pre-combusted and clean carbon-free ceramic boat.
Afterward, the samples were treated with a small volume of
concentrated hydrochloric acid and at least 2 h were allowed
to remove the inorganic carbon from the sample completely.
Before the boats containing the inorganic carbon-free sam-
ples were placed on Shimadzu SSM 5000A assembly and
combusted at 900 ◦C in a streamofO2 gas, theywere dried on
a hot plate at 105 °C. Finally, a TOC-VCPH carbon analyzer
equipped with a non-destructive Infrared (NDIR) detector
was used to measure the produced CO2 for each sample.

2.5 Low-Pressure N2 Adsorption

Micromeritics ASAP 2020, an automatic surface area and
pore size analyzer was used for the measurements. Each clay
sample used was crushed to < 250 µm (about 60-mesh num-
ber). It is worthy to note that the surface area of grain utilized
for this analysis is at a scale where there is a negligible effect
of sedimentary or macro fabrics on the clays’ sorption capac-
ity [5, 18]. First, a dried and empty sample tube that contains
a filler rod and seal frit was weighed in an analytical balance.
The second stepwas to weigh and record an appropriate sam-
ple ranging from 0.20 to 0.35 g.
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Furthermore, the sample was added to the empty tube and
the new weight was recorded. The same procedure was used
for the other three samples. The claymaterials were degassed
under vacuum for 80 min at 220 ◦C. The weight employed
for analysis is the difference in sample weight before and
after degassing. After that, the sample analysis proceeded,
and N2 adsorption and desorption branch measurements
were accomplished at 77.4 K , between p ∼ 0.001po and
p ∼ 0.995po. Brunauer-Emmet-Teller (BET) equation,
Barrett-Joyner-Halenda (BJH) based on Kevin equation, and
Harkins and Jura t-plot method were used to determining the
SSA, pore distribution at various pore-scales, and microp-
ores properties, respectively. The theoretical foundation of
these constant temperature models will be expounded in the
subsequent subsections.

2.5.1 Brunauer–Emmett–Teller (BET) Equation

BET is a multilayer adsorption model that describes the
distinct energy of different adsorption sites. This isotherm
equation that is employed to compute the total SSA of meso-
porous to microporous materials [43] is as follows:

Vads � Vm
cBET(p/po)

(1 − p/po)(1 + (cBET − 1)p/po)
(1)

where Vm is monolayer adsorption capacity (cm3/g), p/po

is the relative pressure of nitrogen gas at a given pressure
and temperature. cBET � exp((�H1 − �Hm)/RT ) is con-
stant, �H1, is the heat of adsorption (J/mol), �Hm, is the
heat of gas condensation, R � 8.314 J/Kmol is a uni-
versal gas constant, T is the temperature (K ). Then,sBET �
VmVstdNAAm, is total specific surface area (m2/g), where,
(NA � 6.022 × 1022number/mol),Am � 0.162nm2 is
the surface area of nitrogen molecules at 77 K [44], and
Vstd � 22.4 × 103 cm3/mol of gas at STP. It is impor-
tant to state that the model is valid for 0.05 < p/po < 0.35.
To avoid a complexmodel fitting procedure, the original BET
Eq. (1) is re-written in a linear form [45, 46] as:

p/po

Vads.(1 − p/po)
� 1

Vm.cBET
+
cBET − 1

Vm.cBET
.
p

po
(2)

where the slope and the intercept of the plot of p
po versus

p/po

Vads.(1−p/po) are utilized to compute Vm and cBET, respec-
tively. To guide the selection of p/po fitting range, which
should not be the same for all materials, the criteria sug-
gested by Rouquerol et al. [47] must hold. First the cBET
must be positive. Second, the BET-plot intercept is positive,
and the term Vads(po − p) should continuously increasewith
p/po. Otherwise, if the conditions fail, the relative pressure
range should be narrowed, while the fitting is repeated. It is

worthy to note that themonolayer adsorption parameter over-
estimate the micropores volume by accounting for not only
the adsorbate filled in the micropores but also the content of
the statistical monolayer in the non-micropores [47].

2.5.2 Harkins and Jura t-Plot Model

‘t-plot’ is one of the models utilized to compute micropores
volume and specific surface area in a material. It captures
the amount of fluid that could be contained in supermicrop-
ores and some ultramicropores within 0.4–2.0 nm [46], and
is represented as a graph of adsorbed volume (Vads) versus a
statistical thickness (tads) of the adsorbed layer (angstrom).
The presence of these pore categories in this material will be
confirmed from TOC analysis, so that any need for microp-
ores characterization usingmore advanced techniqueswill be
justified.More importantly, there are several developedmod-
els to estimate tads. However, the Harkins and Jura thickness
equation, which is the most widely applied for N2 adsorption
[48] was utilized in this study.

tads �
[

13.99

0.034 − log(p/po)

]1/2
(3)

Interestingly, a t-plot for a material that hosts a negligi-
ble amount of micropores will produce a straight line that
passes through the point (0, 0) of the graph. Conversely, a
micropores-containing material shows a straight line and a
concave-down curve atmediumand lower tads values, respec-
tively.Meanwhile, a convexupdeviation from the linear trend
at higher tads indicates capillary condensation in mesopores.
The slope mtplot and intercept btplot of the straight-line por-
tion at the medium of tads were employed to compute the
external specific surface area, Sext � 15.47mtplot(m2/g) and
micropores volume of adsorbed gas, Vmic � 0.001547btplot
(cm3/g), respectively. Finally, the micropores SSA, Smic �
sBET − Sext, and sBET is the total SSA (sBET) while, Sext. is
the non-micropores SSA [18, 46].

2.5.3 Barrett-Joyner-Halenda (BJH) Equation

BJH method mainly characterizes the pore distribution in
mesoporous materials, and is based on Kevin equations in
cylindrical pores. Pore size distribution computed with this
model is possible by analyzing the capillary condensation
phenomenon in the net pore space after discounting tads from
pore radius, r .

ln
(
p/po

) � − αγ Vmol

RT (r − tads)
(4)

where α is the shape factor of the gas/liquid interface dur-
ing the adsorption process. Assumption of α � 1 is made in
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Table 1 Micro-XRF elemental composition in the four studied samples

Clay types/elements Al Si S K Ca Ti Mn Fe Mg Na Others

Illite 14.73 55.50 0.02 13.65 2.67 1.50 0.09 9.94 1.64 0.00 0.25

Chlorite 22.99 42.05 2.16 6.16 0.39 1.78 0.12 22.26 1.68 0.00 0.40

Kaolinite 39.49 55.67 0.01 0.00 0.10 3.44 0.01 0.80 0.00 0.00 0.47

Montmorillonite 17.89 63.90 0.51 0.94 2.29 0.26 0.10 10.74 1.91 1.31 0.14

the interpretation of the pore distribution with this method,
and it signifies that the interface has a cylindrical shape [49],
γ is the surface tension of liquid nitrogen (N/m), Vmol is
molar volume (m3/mol), r is pore radius (m). The shape
factor also denotes the topology and influences the interpre-
tation of the capillary condensation phenomenon.Depending
on the assumptions, the adsorption–desorption hysteresis
loop could be asymmetrical (ellipsoidal) for the pores with
constrictions and symmetrical for regular cylindrical pores
[49] because of condensation pressure difference for the two
cases. Kelvin-based model (Eq. 4) could underestimate the
pore volume in a material with almost 20–30% of micro-
pores because pore shape is usually asymmetric in small
pores. However, in mesopores- and macropores-dominated
structures, the consequences of this phenomenonwill be neg-
ligible. The results of the elemental and mineralogy analysis
coupledwith low-pressure adsorption/desorption studieswill
be presented in the results section. Integration of the clay
purity, the concentration of dominant elements and adsorp-
tion information will provide further insights into the storage
capacity in clay mineral grains and its associated properties
such as pore shapes complexity, pore volume and SSA at
multiscale.

3 Results and Discussions

3.1 Sample Characterization

The elemental concentration, clay purity and surface map-
ping of elements obtained from the µXRF, XRD and
SEM–EDX, respectively are summarized in this section. The
first subsection presents the elemental composition results
from µXRF. Furthermore, the X-ray diffraction results from
which the main minerals in the sample are identified by the
peak positions and with reference to an established literature
library are made available in the second subsection. The out-
come of the TOC analysis and mineralogy summary is also
presented in tabular form. In the final subsection, SEM–EDX
surface maps show the distribution of elements in the studied
clay samples.

3.1.1 Elemental Composition ofµXRF

Both Table 1 and Fig. 1a shows the elemental concentration
of µXRF in each clay-rich sample. The non-destructive ana-
lytical technique showed a significant quantity of aluminum
and silicon in the four clay samples. It is obvious from the
same figure that there is a great contribution of aluminum
and siliconwt.% compared toTitanium, Potassium,Calcium,
Manganese, Iron, Sulfur, Magnesium and Sodium elements
in clay. Si, Al and Fe, are the major sandstone components,
and account for over 80–96% of the studied clay samples.
The silicon high content provides the first hint that the mate-
rials will contain macropores, commonly associated with the
Silica found in quartz-rich rocks. The aluminum content is
fairly related to the clay purity in wt.% (Fig. 1b). In other
words, irrespective of the clay type, increase in clay purity
implies a higher aluminum concentration.

3.1.2 XRDMineralogy and TOC Analyses

XRDmineralogical analysis in Fig. 2 means that clay miner-
als are present in the samples of kaolinite, montmorillonite,
chlorite and illite. From the XRD data, the montmorillonite
sample has an average purity of 92.1% with traces of quartz
(av. 7.9%) and vermiculite clay minerals (av. 2.3%). The
kaolinite sample has an average of 97.2% purity, and a very
small amount of calcite (av. 2.2%) and strontianite minerals
(av. 0.6%). On the other hand, chlorite does not only contain
chlorite clay minerals (avg. 94%) but also minor fractions of
anorthoclase (av. 5.4%), pyrite (av. 0.5%) andquartzminerals
(av. 0.1%). Furthermore, illite average purity is 58.9%, quartz
(15.7%) and chlorite clay (6%). In the four samples, clay
crystalline materials account for about 58.9–97.2% weight.
TheTOCsof the four samples, ranging from less than 0.005%
to 0.76%, are generally low, implying that there are negligible
amounts ofmicropores, which are usually associatedwith the
organic matter constituents. For this reason, no further anal-
ysis will be required to uncover the amount of intra-granular
micropores in this study. Table 2 presents the TOC analysis
results and clay purity wt.% of the four samples obtained
from XRD.
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Fig. 1 a Elemental composition
by clay types, b relationship
between clay wt. % from XRD
and aluminum wt. % from µXRF
for chlorite, illite, kaolinite and
montmorillonite-containing clay
samples

Fig. 2 XRDpatterns frommontmorillonite, kaolinite, illite and chlorite-
rich samples

Table 2 TOC and clay purity from organic content and XRD analysis

Sample ID TOC, wt. % Clay purity,
wt.%

Others,
wt.%

Illite 0.005 58.9 41.1

Montmorillonite 0.010 92.1 7.9

Chlorite 0.750 94 6

Kaolinite 0.760 97.2 2.8

3.1.3 SEM–EDX Surface Elemental Mapping

Figure 3 depicts the images of the major elements in the
clay samples such as silicon, aluminum, iron, and others
contained in the studied clay samples. The dispersive x-ray
spectroscopy map is a better representation of the elemental
compositions in kaolinite, chlorite,montmorillonite and Illite
samples. The blue color signifies aluminum and confirms
the results from µXRF analysis (Table 1), that the aluminum
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Fig. 3 Images fromSEM–EDX showing aluminum (Al), silicon (Si), iron (Fe) and potassium (K) in clayminerals: a–e illite and f–jmontmorillonite,
k–o chlorite and p–t kaolinite samples

concentration is the highest in kaolinite, followed by chlorite,
montmorillonite, and the least in the illite clay sample. Sim-
ilarly, the silicon content representing the deepest red is the
highest in montmorillonite, followed by kaolinite and illite,
and the least in chlorite (Table 1).

3.2 Morphological Characteristics Using SEM

SEM images present themorphology of the studied clay sam-
ples in Fig. 4. The purpose of the mapping of the surface is to
show the material form, shape and structure. It is interesting
that kaolinite is more homogeneous and confirms the miner-
alogy results of the individual purity. Kaolinite clay has the
highest purity of 97.2%according toTable 2. In the sameway,
the pore shapes may be challenging to infer from a 200 µm
resolution of surface imaging. Thus, amore detailedmapping
of higher resolution will be required. However, the current
study is limited by the absence of solid samples for all the clay
samples under consideration. An alternative means of using
compressed pulverized material is utilized for this analysis
(detailed in Sect. 2). The dark features in Fig. 4 may repre-
sent artifacts like pores, carbon content or any other feature,
which will require further analysis to confirm. More impor-
tantly, detailed information regarding the physical properties
of clay structures like pore shapes will be determined from
the adsorption–desorption data.

3.3 Low-Pressure N2 Isothermal Measurements

Isotherms’ behavior depends on the pore morphology and
degree of interactions between the adsorbent and adsor-
bate system. In other words, the adsorbate-adsorbent system,
pore-size scale and storage mechanisms are inter-related. In
micropores, for instance, micropores filling is the control-
ling process, while capillary condensation and multilayer
adsorption are prevalent mechanisms in mesopores and
macropores respectively [18]. In the adsorption–desorption
curve, a reversible path occurs in < 2.0 nm pores filling pro-
cess at a very low relative pressure. However, at a higher
relative pressure p/po, capillary condensation and desorp-
tion occurs mainly in the 2–50 nm pores. At this stage, if a
limiting adsorption or plateau is observed, this indicates a
complete mesopores filling. Contrary to the behavior in the
available mesopores, the macropores in the materials will
exhibit a complete reversible isotherm. More description of
the pore shape complexity, pore size, specific surface area,
and volume can be obtained from the constant temperature
measurement [17–19]. According to the IUPAC classifica-
tion, the six types of adsorption isotherms and four types of
hysteresis loops, available to characterize the physisorption
mechanisms of porous solids are I to VI [18, 19] and H1
to H4 [50] respectively. Nitrogen adsorption and desorption
curves at STP for the different clay-rich samples in this study
are presented in Fig. 5. Based on these groupings, the mea-
sured adsorption isotherms depict a combination of type III
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Fig. 4 SEM images of L to R a illite and b montmorillonite, c chlorite and d kaolinite samples showing vividly the degree of homogeneity of the
clay materials

Fig. 5 The N2 adsorption and
desorption plots at standard
temperature and pressure (STP)
a chlorite, b illite, c kaolinite and
d montmorillonite rich samples
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Fig. 6 The relationship between
maximum adsorption capacity at
STP (p/po � 0.995) and clay
purity

and IV type, and are observed in the relative low-pressure
and intermediate-to-high pressure range respectively [50].
The isotherm types suggest that there is a negligible quan-
tity of micropores and a significant amount of mesopores in
the clay samples respectively. In other words, the property
of type IV is the hysteresis loop, which confirms the pres-
ence of mesopores in the clay samples studied. While type
III is characterized by a very small amount of microporous
materialswith negligible adsorption amount at relatively low-
pressure region p/po < 0.04. Besides, the organic content
analysis showed that the phyllosilicate material has a TOC
below 1%, and insinuates that the micropores usually present
in organic matter is negligible. There is a steady increase
in the adsorption amount after the very slight micropores
filling, and this reflects the stage of completing monolayer
adsorption. Then, the multilayer adsorption process is about
to commence. Capillary condensation ofN2 is the finalmech-
anism in the mesopores, and represents the filling of the
mesopores above 0.9 relative pressure (Fig. 5a–d). Never-
theless, no plateau was observed even at the experimental
relative pressure of 0.995, and this suggests an incomplete
multilayer adsorption in the large pores (macropores). At a
relative pressure of p/po ∼ 0.994, kaolinite hosts the highest
nitrogen adsorption capacity at STP (74.43 cm3/g) followed
by montmorillonite (65.08 cm3/g), chlorite (21.01 cm3/g)
and least in illite (16.59 cm3/g) (Fig. 6). Notably, there is
a relationship between the total adsorption capacity and the
clay purity wt.%.

Conversely, the desorption process starts from the macro-
pores as pressure declines. Interestingly, a gap was observed
between the adsorption and desorption path in the 2–50 nm
pores region. The space between the evaporation and conden-
sation phase in the mesopores is called the hysteresis loop.
Again, the loop existing at high relative pressure supports

the type IV adsorption isotherm class, and the size of the
envelope could infer the degree of 2–50 nm pores present
in the clay. Interestingly, this observation is consistent with
the adsorption–desorption study on clay minerals in the lit-
erature [20, 51]. Several reasons that explain the occurrence
of hysteresis include but are not limited to pore-blocking
effects, deformation of adsorbent, metastability of adsorbate
and adsorbate molecular chain length and so on. This pore-
blocking process by the mesopores could provide a good
reason for the absence of capillary evaporation in some large
pores. Precisely, the condensation pressure in larger pores is
higher than in small pores, which creates a prevention of cap-
illary evaporation from large pores by the liquid nitrogen in
the connected small pores. The small pores are required to be
emptied before desorption can take place in thosemacropores
compartments. The adsorption curve provides information
regarding the pore size distribution and rock properties.

Meanwhile, the desorption and hysteresis loops tell the
pore-blocking phenomenon [52]. From Fig. 5a, the illite
shows a smaller and asymmetric hysteresis loop of type H2
with a relatively less steep desorption branch, and hints at
inkbottle-shaped pores’ dominance. In addition, the absence
of an obvious limiting adsorption at high relative pressure
suggests the presence of some type of H3 slit-shaped pores
and/or macropores. A similar pattern was observed in the
chlorite (Fig. 5b). It contains the same degree of hysteresis
loop as illite, which means that the two samples may contain
relatively equal amounts of mesopores.

Contrariwise, the montmorillonite depicts a wide and
asymmetric loop in Fig. 5c, of type H2 with a steep des-
orption branch, and could hint that the rock contains mainly
inkbottle-shaped pores and more mesopores. Besides, there
is no horizontal peak at high relative pressure. The absence
of adsorption plateau similarly insinuates the presence of
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some typeH3plate-like pores and/ormacropores in themate-
rial. Again, these observations are consistent with previous
studies in clay [17, 20]. Finally, the sample with abundant
kaolinite clay showed a hysteresis loop but with a very small-
sized envelope (Fig. 5d). The narrow gap implies nearly
complete desorption and may infer the pore-scale homo-
geneity [52]. In other words, the kaolinite-rich material has
larger pores and as substantiated from the size distribution.
The interesting characteristic is the vertically narrow shape
that resembles type H1 loop, nevertheless does not exhibit a
plateau at high p/po. This feature matches type H3 loop or
slit-shaped/macropores.

Forced closure of the desorption branch is seen in Fig. 5a,
b and d at p/po ∼ 0.44, and it is called the ‘Tensile Strength
Effect’ due to the instability of the hemispherical meniscus
during desorption in pores with critical diameters of approx-
imately 4 nm (mesopores) [53]. It is noteworthy that the
volume of adsorbed nitrogen displayed in Fig. 5 was mea-
sured at standard temperature (0 °C) and pressure (14.7 psi),
above the two-phase critical temperature of N2 (-147 °C).
Since, gas expands and its volume increases with temper-
ature, the volume at STP is expected to be higher than the
volume at− 196 °C, the condition atwhich the pore attributes
were assessed. The actual pore structure characterization at
a temperature of 77.4 K will be discussed in Sect. 3.4.

3.4 BJH Pore Size Distributions (PSDs)

TheKevin-basedN2-BJH technique is reliable in the descrip-
tion of the capillary condensation phenomenon in cylindrical
pores [54], to accurately obtain the mesopores’ average sizes
and pore distribution. However, the Gurwitch rule assump-
tions of cylindrical and homogeneous pore geometry could
limit the model’s reliability. This premise is partially correct
in this study, as the hysteresis curves confirm the presence
of cylindrical-shaped pores to some degree depending on the
clay types. Furthermore, the BJH pore distribution (PSD)
data was verified with observations from the SEM. The chal-
lenge is accurately computing the pore volume evaluated at
77 K across the pore-scales ranges.

The area under the N2-BJH differential volume distri-
bution (Fig. 7) showed that mesopores and macropores
contribute significantly to the total volume available in
studied samples. Nevertheless, kaolinite has the highest dis-
tribution of large pores, followed by montmorillonite and
chlorite. Aside from kaolinite-enriched rock, the differential
volume of other clay samples reaches the peak and starts to
decline. This limiting distribution means that the 2–50 nm
volume capacity available in the materials is well character-
ized. There is a notable contribution of mesopores to the total
volume capacity, and the amount of pore volume above 50 nm
will be large in kaolinite compared to the three samples.

Fig. 7 The BJH pore distribution obtained by inversion of N2 gas
adsorption data at 77 K. a Chlorite, b illite, c kaolinite, d montmo-
rillonite

Figure 8 shows a direct relationship between the cumula-
tive pore volume and clay purity. Kaolinite has the highest
capacity to host fluid due to the significant mesopores and
macropores followed by montmorillonite, chlorite and least
in illite clay. The volume of 2–50 nm is highest in montmo-
rillonite/kaolinite and least in illite. Kaolinite has the largest
macropores volume and illite is the least. This observation is
also confirmed by theWang 2020 study [20]. Meanwhile, the
mesopores volume fraction is the least in kaolinite abundant
rock.

Figure 9 showed that the rock containing the highest
clay purity has the largest average pore size, while the least
amount of the element has the least average compartment
sizes. However, the average pore size computed with the
adsorption data will underestimate the volume of > 50 nm
pores present in the layered phyllosilicate structure, since
the N2-BJH model did not capture wider macropores (only
50–300 nm). The role of the clay chemical composition on
the pore attributes evolution, gas storage, and production will
be interesting to consider at typical reservoir pressure and
temperature conditions.

Ultimately, the type of clay present in shale and their rel-
ative elemental concentration significantly affect the storage
capacity and gas production. Several adsorption experiments
compute the sorbed and free gas capacity in pure clay or
clay-rich shale rocks at high pressure [39, 55]. However, the
capacity of the claymaterials to host fluid at high pressure has
not been connected with their elemental concentration and
clay purity. A similar pattern is expected with the adsorp-
tion of nitrogen at low-pressure STP. The limitation of the
BJH N2 adsorption model remains that it can only resolve
the minimum pore size of approximately 1.7 nm, and the
nitrogen probe is diffusion restricted in narrow micropores
(< 0.7 nm). CO2 adsorption at 273.15 K [20, 56] and Harkins
and Jura t-plot [57] are commonly employed in the literature
for characterizing materials with significant micropores.
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Fig. 8 The relationship between
the clay minerals and pore
volumes contribution from
macropores, mesopores, and
micropores in clay-rich samples
with a pore size range of
50 < d ≤ 300, 2 ≤ d ≤ 50, and
0.4 < d ≤ 2nm respectively,
evaluated at 77 K

Fig. 9 The average pore size
connection with clay purity in
wt. %. The measurement in this
study pore using the BJH method
considered the distribution of
1.7–300 nm, while the average
pore falls within the
mesopore-scale at 77 K

3.5 Micropores and Non-Micropores Specific Surface
Area

The relationship between the silicon concentration and spe-
cific surface area is provided in Fig. 10. The specific surface
area in non-micropores is referred to as the external SSA of
the clay. Montmorillonite has the highest value, and chlorite
contains the least. This trend is similar to the total spe-
cific surface area reported in the literature. The high SSA
in non-micropores of the montmorillonite is coming from

the edge and basal-specific surface area contributions. How-
ever, care must be taken to understand that the total SSA
using the N2 probe does not access the < 2.0 nm interlayer
spaces, even in swelling clay minerals like montmorillonite
and chlorite. Regardless, the SSA of illite and kaolinite are
reliable as they are non-swelling and theirmicrostructurewill
be unchanged if the sample is wet [58, 59]. Also, the rela-
tively large volume and specific surface area of micropores
in montmorillonite as shown in Fig. 9, is consistent with the
outcome ofWang’s studies [20]. Finally, in the same vein, the
micropores and non-micropores specific surface areas are in

123



Arabian Journal for Science and Engineering (2022) 47:12013–12029 12025

Fig. 10 The relationship between
the micropores and
non-micropores specific surface
area in clay and the amount of
silicon present evaluated at 77 K

descending order: montmorillonite > kaolinite > illite > chlo-
rite clay-rich samples. Finally, the clays purity, aluminum
and silicon concentration, specific surface area, average pore
size, TOC and pore volume at all pore-scales are presented
in Table 3.

4 Implications of Using Aluminum
and Silica-Rich Clay

Figure 2 and Table 3 show a direct association between the
aluminum content and clay purity. Kaolinite clay has the
highest aluminum concentration of 39.5 wt.% compared to
chlorite, montmorillonite and illite with 23.0, 17.9 and 14.7
wt.%, respectively. Figures 6, 8, and 9 revealed the connec-
tion that unites the clay wt.% and its pore structural attributes
such as the total pore volume, non-micropore volume and
average pore sizes, respectively. A combined analysis of all
the stated figures suggests that the capacity of clay to host
fluids is enhanced by the concentration of aluminum present
in the clay. This information is suitable for a meaningful
understanding of the storage capacity of clay-rich shale plays
depending on the clay types.

Additionally, the presence of aluminum in amaterial could
cause an acceleration of surface reactivity [60] and serve as
a reactant in the treatment of contaminants in polluted areas
[61, 62]. Fatimah andWijaya [60] study substantiated that the
increase in the quantity of aluminum in montmorillonite clay
speeds up the surface acidity reaction. Furthermore, Yang
et al. [61] and Wang et al. [62] confirmed that an aluminum
modified clay is applicable for phosphate and contaminant
removal in polluted areas in the absence of air.

At this point, it is clear from this research that kaolinite-
rich clay (with the highest aluminum concentration of 39.5
wt.%) has the potential to act as a good catalytic material
required to speed up esterification reaction. In addition, it can
serve as a waste repository and a material for the treatment
of phosphorus-containing contaminants in polluted areas.

The relationship between silicon content and clay struc-
tural properties was also studied. Montmorillonite (63.9
wt.%) has the highest amount of silicon followed by illite
(55.5 wt.%), kaolinite (53.7 wt.%), and chlorite (42.05wt.%)
in this order. The increase in this crystal-like mineral favors
the development of the specific surface area in the non-
micropores. Studies have shown the significance of silicon
in clay research [63, 64]. Depending on the clay type, the
presence of silica in clay can reduce the repulsive double-
layer forces and, at the same time improve the attractive force
between the replaced interlayer cation and clay surface. This
phenomenon increases stabilization and reduces pore throat
plugging in clay-rich shale [63]. Sadek [64] has also sup-
ported the observation that silica nanoparticles prepared at
200 °C contain macropores structure. However, these stud-
ies considered the use of silicon in pure form. Silicon in clay
exists as an impure form. The existence of silica in sand-
stone increases the volume of macropores attributed to the
high porosity in silicate-rich rocks [5]. In addition to the role
of surface charge density on the clay-specific surface area
[65], the concentration by wt.% of silica in clay was one
of the surface area controlling factors. This research con-
firms that montmorillonite with the largest specific surface
area in non-micropores and silicon content of 63.9 wt.% pro-
motes reactivity and cation exchange interaction. However,
this property of high basal spacing will prompt clay swelling
in the presence of water [66].
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5 Conclusions

In this research, four clay-rich rocks samples were char-
acterized using an integrated approach to understand the
relationship between aluminum, silicon concentration, clay
purity and the intra-granular pore structural parameters. The
combination of techniques such asµXRF,XRD, SEM–EDX,
and low-temperature adsorption analyses showed some inter-
esting relationship between their mineral’s composition,
specific surface area, pore distribution and volume. Further-
more, the following conclusions are drawn:

1. The results from mineralogy and elemental analyses
showed that the studied samples with clay purities of
60–98% have a combined 80–96 wt.% composition of
aluminum, silicon, and Iron. SEMbackscattered electron
image confirms the degree of sample clay homogeneity.
Similarly, the SEM–EDS images validate the elemental
analysis by µXRF.

2. Both the total organic content analysis and adsorp-
tion–desorption curve at p/po < 0.04, indicate that
clays accommodate negligible micropores.

3. The inferred adsorption isotherm types hint that themate-
rials contain a negligible amount of micropores and
may be undergoing some pore-blocking phenomenon.
Meanwhile, the hysteresis loop implies that clay has a
plate-like/larger pore system. This observation is consis-
tent in all the analyzed samples. Nevertheless, the pore
shape complexity depends on the clay type.

4. Capillary condensation and evaporation curves revealed
more mesopores and macropores of 2–50 nm and >
50 nm, respectively. The pore distribution plateaued
around an average of 100 nm. The limiting distribution
confirmed the suitability of the Barrett-Joyner-Halenda
technique to compute most of the fluid volume contained
in clay mesopores.

5. Kaolinite (74.43 cm3/g) hosts the highest amount of N2

adsorbed at STP followed by montmorillonite (65.08
cm3/g), chlorite (21.01 cm3/g) and illite (16.59 cm3/g)
has the least capacity. In the same vein, the pore capacity
to store fluid and average pore size assessed at 77.4 K
follow a similar pattern and increase with aluminum and
clay contents.

6. On the other hand, the specific surface area of the non-
micropores is directly related to silicon composition.
Montmorillonite with the largest specific surface area in
non-micropores has a silicon content of 63.9 wt.%.

7. The novelty of linking elemental composition and intra-
granular pore attributes in this study can be utilized to
develop synthetic clay materials with improved surface
and pore volume properties for waste treatment and cat-
alyst for accelerating chemical reactions.
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