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Abstract

Natural aggregates from sedimentary rock, like limestone and dolomite, are of a great use in various practical applications.
To evaluate their quality, among others, the test of methylene blue adsorption (MB value) using a filter paper is recom-
mended. However, one can consider it as a rough test. In this paper we wished to evaluate its quality by comparison with a
more precise spectrophotometric method, i.e., to perform adsorption isotherms of methylene blue from aqueous solutions, as
well as determine other parameters characterizing the aggregates. For this purpose, methylene blue adsorption on samples of
limestone and dolomite natural aggregates having various grain sizes were studied to assess quality (fine particles content) of
the manufactured aggregates. To determine the amount of adsorbed dye two methods were used: the methylene blue stain test
and the dye adsorption from its solutions at various concentrations under static conditions. From the linear form of Langmuir
adsorption isotherms of methylene blue, the monolayer capacity was determined, and then the specific surface areas of all
fractions of aggregates. The structural (N, adsorption/desorption), textural (SEM/EDS) and crystallographic structure of
the aggregates were studied. It was determined that the MB values for 0-2 and MBj, for 0-0.125 mm aggregates fractions
fulfill the criteria set out in the specifications required for pavement construction. A very good repeatability of the adsorbed
amount of methylene blue on the dolomite and limestone aggregates were obtained by these two different methods. These
results confirm the reliability of the method blue test used typically in industrial conditions. The measured specific surface
areas of limestone and dolomite using N, adsorption (Sgzy) are smaller than Sy;5 determined by methylene blue adsorption
from aqueous solutions. This is because in aggregates, apart from calcite and dolomite, there is a small admixture of quartz
and clay minerals. During N, adsorption in dry condition, the external surface of the grains is determined, while in the aque-
ous solution of methylene blue, both the external and inner surfaces of clay minerals are determined.

Keywords Adsorption - Methylene blue - Dolomite - Limestone - Aggregate - Langmuir adsorption isotherm - Specific
surface area

1 Introduction

Mineral aggregates constitute a large amount of all natu-
ral resources. Natural and broken aggregates are obtained
in quarries by opencast method, or from the bottom of
lakes, seas, oceans, or rivers (sand and gravel aggregates)
[1-3]. Aggregates are the most important raw material
of non-fuel minerals as for quantity and economy [4, 5].
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They are used as a basic material in construction and var-
ious industrial sectors. Moreover, in many applications,
the aggregates are main building construction materials.
According to the Annual Review of The European Aggre-
gates Association EUPG, approximately 30,000 tonnes of
the aggregates are used to build 1 km of motorway, while
the same length of railway for high-speed trains (TGV)
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needs three times more aggregates. 400 tonnes of them
are used to build a house, 3000 tonnes to build a school,
and 300,000 tonnes of these materials are needed to build
a sports stadium [6].

Furthermore, the construction aggregates are used to raise
the area and compact the soil beneath paving stones and/or
driveways, to create filtration layers. They are also added
to the so-called dry concrete, as a base for asphalt roads, as
well as, to manufacture concrete and asphalt [3, 7-12]. The
aggregates are also used to play a decorative role in gardens
and yards. The fine-grained aggregates are make-up of sub-
strates for numerous species of rock flowers. The application
of clay sedimentary rock in various cosmetic formulations
is also known [13-15].

Limestone and dolomite (carbonate rocks) are the most
important rock groups as a source of the aggregates [12].
They are classified as nonterrigenous sedimentary rocks
which are one of the most important rocks because they
cover as much as 73% of the earth’s crust [16]. However,
they constitute only 8% of the crust volume [17]. Carbonate
rocks mostly contain calcium carbonate (CaCO;) and a dou-
ble carbonate of calcium and magnesium (CaMg(CaCOs;),).
Limestones contain 50 or more percent of calcite and arago-
nite, while dolomite is formed by re-altering or replacing
limestone, i.e., during the process of diagenesis, dolomite
replaces calcite and aragonite in limestones [18].

There are rich deposits of limestones in the USA which
are mainly used in the form of natural crushed aggregate,
i.e., rubble. In Japan up to 1970s the aggregates from riv-
ers were used. Recently, to protect the natural environment
of rivers, the use of broken stones, including limestone,
has significantly increased [7]. In Poland carbonate rocks
are distributed quite evenly and are available in almost all
regions of the country. The richest dolomites and limestones
deposits are found in the regions: Swigtokrzyskie, Lower
Silesia, Silesia and Cracow. Limestone rocks have valuable
properties that enhance their use. Limestone still is used as
a natural building material because it plays an important role
in maintaining the safety of the building structure in case of
fire or exposure to high temperatures [19].

In industry, limestone among others is used in the produc-
tion processes of cement, glass, iron and steel, paper, leather,
water and wastewater treatment, flue gas desulfurization and
pH control [20-23]. Dolomite, a naturally siliceous mineral,
has also many industrial applications, either as pure dolo-
mite or processed/calcined, as a filler for concrete, paper,
plastic, rubber grout, asphalt, and roofing materials, and
for magnesia obtaining [24, 25]. Due to its low obtaining
costs, abundance, availability and high sorption properties,
dolomite can be also used as an adsorbent to remove Cu”*,
Pb?>*, Sr** and Ba** ions and dyes [26-30]. In agriculture
the limestone and dolomite are applied to level the soil acid-
ity, supplement calcium and magnesium, improve the soil
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structure and maintain or create favourable conditions for
absorbing of soil nutrients by plants [31, 32].

One of the most important applications of carbonate
rocks is manufacturing of the aggregates. The JaZwica mine,
located near Checiny in the Swigtokrzyskie Voivodship, pro-
duces broken aggregates [33] of various granulation. Par-
ticularly, fine aggregates (0—2 mm) for the bituminous mix-
tures, the round surface dressing and other surfaces designed
for traffic, aggregate with the continuous grain size (fraction
from 0 to 63 mm), coarse aggregate (various fractions from
2 to 63 mm) and unsorted and technological aggregates [23,
33].

The discussed rocks exposed in the quarry Jazwica
belong to the Middle Devonian (Eifel, partitus, and costa-
tus levels) [34, 35] and represent formations included in the
Kowali formation [36]. These formations were formed in a
warm marine reservoir (the shelf of the Malopolska block),
because of established transgenic pulses followed by stag-
nation and infilling of a carbonate platform-like basin with
the participation of marine organisms abundant in the area,
forming marly limestones and stromatoporoid-coral dolo-
mites of varying degrees. This sedimentation took place
under conditions of marine transgression on the inherited
paleotopography after the Caledonian movements and super-
imposed eustatic fluctuations creating local environmental
changes. This resulted in some facial differentiation of the
sediments of the mentioned quarry. The sedimentation in the
area was followed by two more-fold movements that took
place during the Hercynian and Alpine orogenesis (the latter
resulted in the tectonic rejuvenation of the area under discus-
sion). There was also migration in tectonic zones of hydro-
thermal solutions, which contributed to aggregate migration,
occurring in the vicinity of the exposures investigated [37],
as well as minor dacites of lamprophyres and diabases (in
more distant occurrences) [38].

Currently, the demand for broken aggregates is increas-
ing due to the increasing expansion of highways and other
construction projects, and the quality of aggregates is of
a great importance for their applications [39-41]. Under
the industrial conditions, testing of fine particles content is
carried out by determining the amount of methylene blue
adsorbed on the aggregate sample in accordance with the
EN 933-9 standard [42]. The methylene blue value (MBV) is
an important parameter that reflects the quality of the manu-
factured aggregates [38, 39, 43—47]. The methylene blue
stain test consists in titration of the aggregate suspension
with a methylene blue solution, and then applying its small
volume to the filter paper and observing the dye ring around
the aggregate sample [48].

The purpose of this paper was evaluation and comparison
of different methods used for the aggregates properties char-
acterization, such as adsorption capacity of methylene blue,
specific area, surface structure. Therefore, the methylene
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blue adsorption on the samples of natural aggregates (lime-
stone and dolomite) of various grain sizes from the JaZwica
mine (Poland) was investigated. To determine the amount
of adsorbed dye two methods were used: the methylene
blue stain test and dye adsorption under static conditions
from the solutions of various concentrations. It allowed the
determination of MB adsorption isotherm and the specific
surface area of the aggregates depending on the degree of
fragmentation. The equilibrium concentration of the dye was
determined by the spectrophotometric method, and the linear
form of the Langmuir isotherm equation was used to deter-
mine the monolayer capacity. To confirm the credibility of
the obtained values of the specific surface area of dolomite
and limestone aggregate, low-temperature nitrogen adsorp-
tion isotherms were also performed using the volumetric
surface analyzer ASAP 2420. To determine crystallographic
structure of the aggregates X-ray diffraction analysis (XRD)
was used. The morphology of limestone and dolomite pow-
ders was studied by scanning electron microscopy (SEM)
with an EDS attachment.

Fig. 1 Chemical structure of methylene blue dye

Fig.2 Photos of the limestone
and dolomite aggregates from
the Jazwica mine with the grain
sizes 0-2 mm (L-1, D-1),
0-0.5 mm (L-2, D-2) and
0-0.125 mm (L-3, D-3)

2 Experimental
2.1 Materials

Methylene blue is a heterocyclic aromatic chemical com-
pound with the molecular formula of C;4H;{N;SCI (Fig. 1)
and the molecular weight of 319.85 g mol~'. The dye was
purchased from Chempur (Poland).

Two natural limestone (L) and dolomite (D) aggregates
with the grain size of 0-2 mm from the JaZwica mine,
located near Checiny in the Swigtokrzyskie voivodship
(Poland) were used for the methylene blue adsorption.
After drying to a constant weight, the aggregates were sep-
arated into three fractions using a laboratory sieve shaker
Multiserw-Morek (Poland), thus obtaining the grain sizes
fractions: 0—2 mm (L-1, D-1), 0-0.5 mm (L-2, D-2) and
0-0.125 mm (L-3, D-3) (Fig. 2).

2.2 Aggregates characterization
2.2.1 Y-Ray diffraction analysis (XRD)

The XRD analysis of aggregates was performed by the
Empyrean multipurpose diffractometer (Malvern Panalyti-
cal, Almelo, The Netherlands) equipped with the Cu Ka
radiation (A=0.15406 n) operating at 40 kV and 30 mA.
The diffractograms were recorded at room temperature in
the 20 mode by scanning from 5° to 95° at the steps of
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0.02°/s. The analysis of the results was based on X-ray,
infrared, and EDS studies [49, 50].

2.2.2 Scanning electron microscopy

The morphology of limestone and dolomite powders was
studied by scanning electron microscopy using the Quanta
3D FEG apparatus (FEI, Hillsboro, USA) equipped with
the secondary electron detector (SED)—Everhart—Thorn-
ley detector (ETD). The beam operated at the voltage of
20 kV. Surface images were taken at the magnification of
20,000. The quantitative Energy Dispersive X-ray Spectros-
copy (SEM/EDS) analysis was also performed. The sam-
ples were partially flooded with concentrated hydrochlo-
ric acid and then deposited on sieves and dried to test the
clay mineral content. Microanalysis were conducted with
a Hitachi SU6600 Scanning Electron Microscope with an
EDS attachment to determine accessory components in the
samples [51-55]. A total of 500 analyses were performed in
two rock samples having different grain-size range. These
studies were carried out at the Department of Earth Sci-
ences and Spatial Management of Maria Curie-Sktodowska
University in Lublin.

2.3 Adsorption experiments

To determine the amount of methylene blue adsorbed on the
dolomite and limestone samples two methods were applied:
the methylene blue test according to the PN-EN 933-9 stand-
ard "Tests of geometric properties of aggregates—Part. 9:
Assessment of fines—Methylene blue test” and the quan-
titative analysis by UV-VIS spectrophotometry based on
measuring the absorbance at 500 nm of the MB equilibrium
solution and using the Lambert-Beer law.

2.3.1 Methylene blue stain test

The MB test consists in the successive addition of the
standard solution of methylene blue to the aggregate sus-
pension in water and the assessment of its adsorption using
the so-called stain test on the filter paper. The following
weights of dried dolomite and limestone: 220 g (0-2 mm
fraction), 110 g (0-0.05 mm fraction), 30 g (0-0.125 mm
fraction) were used for MB adsorption. The sample was
poured with 500 mL of deionized water in a beaker. After
mixing, 1 mL or 5 mL of the dye solution was added to the
beaker. Next, after 1 min a drop of suspension was taken
with the glass rod and placed on the filter paper. When
no blue ring around the aggregate spot was observed,
another portion of the dye solution was added, and the
procedure was repeated until a blue ring around the aggre-
gate spot appeared. After observing such a halo, the pres-
ence of free dye was confirmed 5 times by taking drop of
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the suspension every minute without adding solution of
the dye. From the total volume of the added methylene
blue solution the amount of adsorbed dye (methylene blue
value) was calculated according to the relationship:

v
MB = ol 10 1)
where V is the total volume of the added dye solution (mL),
m is the weight of the test sample of aggregate (g), coef-
ficient 10 — the conversion of the added volume of the dye
solution to obtain the amount of methylene blue (g) adsorbed
per 1 kg of aggregate of the tested fraction (Fig. 3).

2.3.2 Adsorption equilibrium of MB

Adsorption experiments of MB on the studied aggregates
were performed using the classical static method at 20 °C.
The known amounts of aggregates (from 2.5 to 3.5 g) were
placed in 25 mL of the MB solution. After 24 h when the
equilibrium was reached the solution concentrations were
determined using the CECIL CE 1011 Spectrophotometer
and the standard curve. The adsorbed amounts of dye (q,)
on the aggregates were calculated from the relationship:

Vie,—c
g = V=) .
m
where V is the volume of MB solution (25 mL); and ¢, and
¢ (mol L") are the initial and equilibrium concentrations of
the solution, respectively, and m is the aggregate dosage (g).

Fig.3 An exemplary photo of the filter paper after the MB test on
the fraction of dolomite aggregate with the grain size of 0-0.125 mm
(D-3)
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2.3.3 Specific surface area

The specific surface areas of dolomite and limestone aggre-
gates were determined based on the Langmuir isotherm of
MB:

e _ K,

g, 1+K,.c 3)

where ¢, is the monolayer capacity; K, is the adsorption
equilibrium constant. After the rearrangement Eq. (3)
becomes:
c 1 1

c
qe qm Keqm

)

For all adsorption isotherms the relationship qi =f(c)
gives the straight line with the slope qi = tg which allowed

to evaluate the monolayer capacity q,: and the specific sur-
face areas of §,,; the aggregates from the following
relationship:

Su = G - N - @, (%)

where N is the Avogadro’s number, the surface area occupied
by the MB molecule in the monolayer (@,,=1.2 x 1078 m?).

In addition, the specific surface areas of the studied
aggregates were determined from the low-temperature
nitrogen adsorption/desorption data (automatic sorption ana-
lyzer ASAP 2020, Micromeritics, USA) using the standard
method—the linear Langmuir plot.

3 Results and discussion
3.1 Aggregates characterization

Limestone and dolomite aggregates from the Jazwica
mine near Checiny in the Swietokrzyskie Voivodship were
obtained from the carbonate rocks belonging to the Kielce
region, which is one of the best-known Palaeozoic struc-
tures. Determination of the petrographic composition in
accordance with the PN-EN 932-3 standard [56] allowed
to the age of origin of these sedimentary rocks for the
Devonian period. The rock samples are heterogeneous. The
limestone samples are light cream and heavily recrystallized
having sparitic grains that are closely interlock (Fig. 4A).
The dolomites are colored in a cherry-brown hue and, like
the limestones, are heavily crystallized and heterogeneous
(Fig. 4B).

SEM images of the limestone (L-1 and L-3) and the dolo-
mite (D-1 and D-3) aggregates at 20,000 times magnification
are presented in Fig. 5.

The microstructures of limestone (L) and dolomite (D)
were examined by the diffractometer and the X-ray diffrac-
tion spectra of these aggregates (L-1 and D-1, the grain
size 0-2 mm; L-3 and D-3, the grain size 0—0.125 mm) are
shown in Fig. 6.

The X-ray diffractograms show that, as expected, two
mineral phases the CaCO; (calcite) and CaMg(COs), (dolo-
mite) dominate in the investigated carbonate aggregates. The
cell of calcite is rhombohedral with the space group R3c
and the unit cell parameters, a=4.9903 /f\, c=17.0687 A
and y=120°. The dolomite crystals belong to the rhombo-
hedral crystalline system (space group R3, cell parameters:
a=4.8893 A, ¢=16.0200 A, y=120°), which is aniso-
tropic due to its threefold inversion axis [57]. In the studied

Fig.4 Photographs of the investigated rocks obtained with a binocular magnifying glass: limestone (A) and dolomite (B)
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Fig.5 SEM images of limestone (L-1 and L-3) and dolomite (D-1 and D-3) aggregates at 20,000 times magnification

limestone powder (L-1 and L-3) calcite was detected as the
major mineral phase, while the dolomite phase was repre-
sented by low-intensity peaks. For the dolomite aggregates
an opposite relationship was observed. The XRD scans
revealed the presence of silicon oxide (quartz) which was
evidenced by the presence of corresponding to this com-
pound peaks of a lower intensities. Table 1 presents the per-
centage of the major components (calcite and dolomite) and
a minor element (silica) in the investigated aggregates.
The aggregates from the JaZwica mine near Chgciny
depending on the degree of fragmentation contain dif-
ferent amounts of calcite and dolomite. Limestone from
the Jazwica mine near Checiny contains 30% to 40%
CaMg(CO3), and 59% to 69% CaCO; (Table 1), similarly
as that originating from Linyi city in the Shandong province
of eastern China [58]. The main component in dolomite is
CaMg(COs),, whose content exceeds 73%. The quartz is an
impurity in all samples. The clay minerals may be treated as
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accessory ones. The presence of these impurity and acces-
sory minerals plays an important role for the quality evalu-
ation of limestone.

As for the micro-area results, calcite, dolomite, and
a small admixture of ankerite were found in the studied
rocks. Moreover, these minerals are accompanied by acces-
sory minerals, such as barite, manganite, hematite, goethite,
pyrite, and melanterite (Table 2, appendix). The clay min-
erals are illite and montmorillonite, which form a mixture
consisting of 66% of illite, 33% of montmorillonite, and a
small admixture of organic matter [59] (Table 3, appendix,
Fig. 7). The presence of these minerals is related both to
sedimentation conditions during formation of the sediments
and to the epigenetic processes occurring later in the rocks.

Due to mineral nature, the studied carbonate rocks show
some sorptive properties that can affect the reaction with
the dye [26]. These features may increase during the rocks
grinding which causes an increase of the grain fineness.
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Fig.6 XRD spectra of limestone (L-1 and L-3) and dolomite (D-1 and D-3) aggregates with the matched phases from the ICDD PDF4 + 2022

diffraction database

Table 1 Percentage of components in two fractions of investigated aggregates

Ref. code Compound Chemical formula  Limestone L-1 Limestone L-3  Dolomite D-1 Dolomite D-3
SemiQuant (%)

01-078-4614  Calcium carbonate CaCO;, 69.0+1 59.0+1 23.0+1 26.0+1

03-065-0466  Silicon oxide Sio, 0.2+0.1 02+0.1 0.9+0.1 0.8+0.1

00-036-0426  Calcium magnesium carbonate ~ CaMg(CO;), 30.8+0.6 40.0+1 76.0+1 73.0+1

Table2 The methylene blue values (g/kg) for each fraction of lime-
stone and dolomite aggregates and amounts of methylene adsorbed in
1 mol per g

Sample Mass of Limestone Dolomite
te,
Zggrega © gkg! pmolg! gkg! pmolg!
(1)02mm 220 0.23 0.72 0.73 2.28
(2)0-0.5 110 0.82 2.56 2.0 6.25
(3) 0-0.125 30 2.0 6.25 3.0 9.38

An additional reason of the sorption increase are clay min-
erals, which are in an accessory presence in the rocks. The
packet structures of illite and montmorillonite can also
have a sorptive effect on reaction with the dye [60, 61].

Table3 The maximum MB adsorption on the limestone and dolo-
mite aggregates and their specific surface area determined from linear
Langmuir equation

Sample Methylene bue test ~ Equilibrium adsorption of methylene

blue in static condition

MB value (pmol q,, (umol g7')  R? Syp (Mm% g™
g™h

L-1 0.72 1.91 0.9981 1.38

L-2 2.56 3.32 0.9851 2.40

L-3 6.25 4.12 0.9867 2.98

D-1 2.28 4.36 0.9852 3.15

D-2 6.28 5.65 0.9871 4.09

D-3 9.38 7.61 0.9999 5.50

@ Springer



272

Adsorption (2024) 30:265-277

Fig.7 EDS spectra of a mixture
of illite and montmorillonite A
in samples: limestone (A) and
dolomite (B). The peaks from
carbon, calcium, and chlorine
are from the background of the
rock and the hydrochloric acid
with which the sample was
washed

L3-res(1)_pt18

Ca

B O —

5 kev
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3.2 Methylene blue stain test

Methylene blue, also called methylthioninium chloride, is
a synthetic basic dye whose systematic name is 3,7-bis-
(dimethylamino)-phenothiazin-5-yl chloride [62]. This
cationic dye with the positively charged sulfur groups can
strongly electrostatically interact with the negative surface of
materials, therefore it can be used as a dye for coating paper
pulp, as well as for dyeing leather products, silk, wood,
wool, and cotton [63].

Methylene blue adsorption is often used to characterize
the surface area of solids: natural and activated carbon, char-
coal, graphite, silica and silicate materials, clay minerals,
biomass carbohydrates [63—67]. Due to its simplicity and
uncomplicated equipment, the methylene blue test is applied
for clay mineral characterization e.g., in engineering geol-
ogy and the aggregate mines to evaluate the “cleanliness”
of rocks (fine particles) [40, 43-46, 48].

Only a few countries (Greece, Poland, France, USA) have
included the methylene blue values as a requirement for the
specifications of fine aggregates in unbound and bituminous
bound layers, wearing courses, concrete, micro-surfacing
(slurry seal) and cold mixtures layers [43, 45]. For the frac-
tions with the grain size of 0-2 mm, the MB values should
be in the range 1 (concrete) to 3, while for the fractions
of 0-0.125 mm the MBy, values are <10 or <7, for micro-
surfacing and cold mixtures layers, respectively.

In this paper, the methylene blue stain test was carried out
for three fractions of limestone and dolomite, to determine
the presence of fine particles which can adversely affect
physical and mechanical properties of the aggregates. In
practice, two fractions of fine aggregates are used: 0-2 mm
and 0.125 mm. In addition, the methylene blue adsorption
studies were also carried out using the fraction of 0—0.5 mm
grain size. The test was carried out in accordance with the
PN-EN 933-09 standard. Table 2 presents the MB values
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for three fractions of the tested aggregates determined from
Eq. (1).

Depending on the granulation of limestone aggregates
the MB values varied from 0.23 to 2 g kg~! while those for
dolomite aggregates changed from 0.73 to 3 g kg~!. This
shows that there are slightly more fine particles (harmful
clay materials) in the dolomite. The methylene blue value
for 0-2 mm fraction of limestone is 3 times higher than that
for dolomite while MBg for the 0-0.0125 mm fraction is
only 1.5 times higher. According to the mentioned specifi-
cations, all studied aggregates from the JaZwica mine meet
the criterion defined by the MB values and can be used for
the pavement construction, although they contain very fine
particles which are not active and harmful.

3.3 Methylene blue adsorption equilibrium
isotherms

To confirm the accuracy of determinations of methylene blue
adsorbed on the aggregate samples obtained by the methyl-
ene blue stain test, the dye adsorption was conducted under
the static conditions on much smaller aggregate samples
(2.5-3.3 g) and the series of solutions were prepared from
the starting solution having concentration 1.5 X 10~ mol
L~!. The adsorption was carried out for 24 h at the tem-
perature of 20+ 1 °C. The equilibrium concentration was
determined by spectrophotometry.

Figure 8 shows the adsorption isotherms of methylene
blue on the limestone and dolomite aggregates having dif-
ferent the grain sizes.

As can be seen all isotherms are L-type and the adsorp-
tion capacity of methylene blue increases with the increase
of grain size of aggregates. Such curve shapes are charac-
teristic for the adsorption at the solid/liquid interface from
dilute solutions and can be described by the Langmuir equa-
tion for monomolecular adsorption.
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Fig.8 The isotherms of methylene blue adsorption onto the limestone (A) and dolomite (B) from aqueous solutions under static conditions

Yan et al. [30] studied the adsorption of methylene blue
on porous calcined dolomite microspheres, which showed
that the adsorption of dye occurred rapidly, and equilibrium
was reached within 180 min. From the analysis of kinetic
data, it resulted that the MB adsorption followed the pseudo-
second-order kinetic model. They obtained the best fit of the
experimental results using the Langmuir isotherm.

The maximum adsorption capacity of methylene blue
on the limestone and dolomite g,, (pmol g~ 1) samples cor-
responded to a complete monolayer coverage, which was
found from linear Langmuir equation (Eq. 3). Table 3 shows
the capacity of methylene blue monolayers on the aggre-
gate samples with different fineness and their specific sur-
face area. For comparison, the amount of MB adsorbed on
the limestone and dolomite during the titration of samples
(methylene blue test) is also presented.

As can be seen, a very good agreement of the amount
of dye adsorption was obtained from both methods, which
confirms the reliability of the MB test. Due to its simplic-
ity, the MB test is often used to characterize clay minerals
in clay science, geotechnics, foundries, and aggregate pro-
duction. From capacity of the dye monolayer, the specific
surface area of individual limestone and dolomite fractions
was determined.

As expected, the specific surface area of the samples
increases with the increase in fragmentation, with slightly
higher values of §,,; obtained for dolomite. This means that
it contains clay minerals (illite and montmorillonite) and
more fine grains than limestone.

3.4 N, adsorption
To get more information, specific surface area and porous

structure of the samples of tested aggregates were deter-
mined from nitrogen adsorption. Figure 9 shows the N,

adsorption/desorption isotherms onto limestone and dolo-
mite which according to IUPAC classification they are IV
type isotherms. Clearly visible well-defined H1 hysteresis
loops with very steep and parallel adsorption and desorption
branches at higher relative pressures.

In Table 4 there are listed the parameters characterizing
textural properties of all investigated aggregate samples,
i.e.: specific surface area Sy, pore volume V), and hydro-
dynamic radius R, (4V, Sper ).

All fractions of the aggregates are non-porous with an
increasing specific surface area (Sgj;) in accordance with the
fineness of the limestone samples, from 0.6 to 1.51 m? g_l,
and from 2.45 to 3.80 m? g~! for dolomite. The specific area
of dolomite 0-2 mm fraction is about 4 times larger than that
of limestone, while for the 0-0.125 mm fraction, it is 2.5
times larger. The total pore volume is very small, it is in the
range of 0.002-0.006 cm® g~! (limestone) and 0.005-0.013
cm?® g7! (dolomite), and the hydraulic pore radius is in the
range of 5.1-6.8 nm.

The results from Tables 3 and 4 showed that the specific
surface area of all aggregates samples as determined by N,
adsorption are smaller than those determined by methylene
blue adsorption from aqueous solutions. This is because
using the N, adsorption method only the external surface is
measured, while the dye adsorption from the solution occurs
both the external and internal surfaces of the particles.

Yukselen et al. [65] determined the specific surface area
of 16 different soils samples using four methods: N, adsorp-
tion, methylene blue MB-titration, MB-spot test, and ethyl-
ene glycol monoethyl ether (EGME) methods. They found
that practically for all samples, specific surfaces determined
by the N, adsorption method were less than those deter-
mined by other methods. These differences were particularly
evident for montmorillonite soils, sometimes called smec-
tites. The montmorillonite mineral is made up of two sheets
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Fig.9 Nitrogen adsorption—desorption isotherm onto limestone (A) and dolomite (B) aggregates

of silica and one sheet of gibbsite (alumina). There are weak
intermolecular forces (van der Waals forces) between the
montmorillonite packages, which are not able to prevent the
penetration of water and exchangeable cations. The inter-
layer distances of this mineral can even double. The gas
adsorption method is used for dry samples where the mont-
morillonite layers are tightly bound, and the molecules of the
used gas cannot adsorb on the interlayer surfaces.

As was mentioned above, the admixtures of illite and
montmorillonite were found in the samples of the studied
aggregates. Structurally, illite belongs to three-layer clay
minerals from the group of hydromics. It has a structure like
montmorillonite but has much smaller interlayer spaces that
are partially filled with potassium ions. Illite minerals are
inextensible and are characterized by low cation exchange
sorption capacity, but still three times higher than double-
layer kaolin. Yukselen et al. [65] found that the specific sur-
face area of an illite sample determined by nitrogen adsorp-
tion in dry conditions was about 4.7 times smaller than that
determined by the methylene blue titration method.

Table 4 Porous parameters of limestone and dolomite aggregates
determined by nitrogen adsorption—desorption measurements

Sample Porosity
Sger (m? g™h) V, (cm® g7") R, (nm)

L-1 0.60 0.002 6.0
L-2 0.94 0.004 6.4
L-3 1.51 0.006 6.8
D-1 2.45 0.006 5.1
D-2 3.10 0.008 5.7
D-3 3.80 0.013 6.9

@ Springer

4 Conclusions

Fine aggregates (0-2 mm) used for road construction must
meet certain requirements set out in the specifications. This
includes, among others, the content of fine particles, the
presence of which affects the quality of the aggregate. Their
content in aggregate samples is evaluated according to the
PN-EN 933-09 standard. The obtained results show that the
determined MB values for the 0-2 mm fraction and MBy, for
the 0-0.125 mm fraction of limestone and dolomite aggre-
gates meet the established criteria. The reliability of deter-
minations of the amount of methylene blue adsorbed on the
aggregates using fast methylene blue method was confirmed
by the results obtained from spectrophotometric method of
the dye adsorption from its solutions on much smaller sam-
ples under static conditions. The methylene blue adsorption
process at constant temperature on limestone and dolomite
samples of various grain size can be described using Lang-
muir adsorption isotherms, and then the specific surface area
can be determined. For all fractions, the specific surface
areas of aggregates determined in this way are greater than
that determined by nitrogen adsorption, which is generally
well known. The tested natural aggregates contain two main
components (calcite and domomite) and different admixtures
of SiO, and clay minerals (illite and montmorillonite). The
lower Sg values for the aggregates are due to N, adsorption
in dry conditions only on the external surface of the grains.
Under these conditions, tightly bounded interlayer spaces
clay minerals are inaccessible to the gas molecules.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10450-023-00393-z.

Author contributions Prof. Dr hab. LH: conceptualization, inves-
tigation of methylene blue adsorption in static condition, XRD,


https://doi.org/10.1007/s10450-023-00393-z

Adsorption (2024) 30:265-277

275

writing—original draft. MSC PR: performing methylene blue test
measurement. Dr MH: SEM/EDS, writing. Dr hab. KT: discussion
and writing.

Funding The authors has no funding.

Data availability The data will be available at the e-mail address
lucyna.holysz@mail.umcs.pl.

Declarations

Competing interests The authors declare that they have no competing
interests as defined by Springer, or other interests that might be per-
ceived to influence the results and/or discussion reported in this paper.

Ethical approval Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Smith, M.R., Collis, L.: Aggregates. Sand, Gravel and Crushed
Rock Aggregates for Construction Purposes, 3 edn, vol. 17. Geo-
logical Society of London, London (2001). https://doi.org/10.
1144/GSL.ENG.2001.017

2. Kabzinski, A.: 20 years of aggregates in the. Polish economy his-
tory, present, future. Min. Geoeng. 34, 259-278 (2010)

3. Baic, I.R., Koziot, W.: Aggregates production in Poland and other
selected countries—an analysis of dependence on cement produc-
tion. Miner. Resour. Manag. 36, 59—74 (2020). https://doi.org/10.
24425/gsm.2020.133938

4. Langer, W.: 9 - Sustainability of aggregates in construction: In:
Sustainability of Construction Materials, 2nd edn, pp. 181-207.
Woodhead Publishing Series in Civil and Structural Engineering
(2016). https://doi.org/10.1016/B978-0-08-100370-1.00009-3

5. Baic, L.R., Koziot, W., Miros, A.: Dependence of extraction and
production of construction aggregates on selected indicators of
economic development in Poland. Arch. Civil Eng. LXVII 3,
437-453 (2021). https://doi.org/10.24425/ace.2021.138064

6. UEPG Annual Review 2008-2009, The European Aggregates
Association. https://uepg.eu/mediatheque/index/1.html

7. Carlos, A., Masumi, I., Hiroaki, M., Maki, M., Takahisa, O.: The
effects of limestone aggregate on concrete properties. Constr.
Build. Mater. 24, 2363-2368 (2010). https://doi.org/10.1016/j.
conbuildmat.2010.05.008

8. Resak, M., Nowacka, A., Tomaszewska, H.: Forecasting consump-
tion of aggregates in Poland till 2030 with regard to possible sce-
narios of the country’s development. Surf. Min. 53, 4-12 (2012)

9. Hu,J., Huang, Q., Lou, N., Luo, S.: Microstructural characteristics
of interfacial zone in sphalt mixture considering the influence of

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

aggregates properties. Materials 13, 2558 (2020). https://doi.org/
10.3390/mal13112558

Zhang, Y., Luo, X., Onifade, 1., Huang, X., Lytton, R.L., Birgis-
son, B.: Mechanical evaluation of aggregate gradation to char-
acterize load carrying capacity and rutting resistance of asphalt
mixtures. Constr. Build. Mater. 205, 499-510 (2019). https://doi.
org/10.1016/j.conbuildmat.2019.01.218

Hydzik-Wisniewska, J.: The relationship between the mechanical
properties of aggregates and their geometric parameters on the
example of Polish carpathian sandstones. Arch. Civil Eng. 66,
209-223 (2020). https://doi.org/10.24425/ace.2020.134393
Trzcinski, J., Wojcik, E., Marszatek, M., Lukaszewski, P., Kra-
jewski, M., Styk, S.: Petrographic and geotechnical characteristics
of carbonate aggregates from Poland and their correlation with
the design of road surface structures. Materials 14, 2034 (2021).
https://doi.org/10.3390/ma14082034

Carretero, M.I., Pozo, M.: Clay and non-clay minerals in the phar-
maceutical and cosmetic industries Part II. Active ingredients.
Appl. Clay Sci. 47, 171-181 (2010). https://doi.org/10.1016/j.clay.
2009.10.016

Viseras, C., Carazo, E., Borrego-Sanchez, A., Garcia-Villén, F.,
Sanchez-Espejo, R., Cerezo, P., Aguzzi, C.: Clay minerals in skin
drug delivery. Clays Clay Miner. 67, 59-71 (2019). https://doi.org/
10.1007/542860-018-0003-7

Viseras, C., Sanchez-espejo, R., Palumbo, R., Liccardi, N.,
Garcia-villén, F., Borrego-sanchez, A., Massaro, M., Riela, S.,
Lopez-galindo, A.: Clays in cosmetics and personal-care products.
Clays Clay Miner. 69, 561-575 (2021). https://doi.org/10.1007/
$42860-021-00154-5

Wilkinson, B., MsElroy, B.J., Kesler, S.E., Peters, S.E., Rothman,
E.D.: Global geologic maps are tectonic speedometers—Rates of
rock cycling from area-age frequencies. GSA Bull. 121, 760-779
(2009). https://doi.org/10.1130/B26457.1

Buchner, K., Grapes, R.: Metamorphic rocks. In: Peterogenesis of
Metamorphic Rocks. I-2, pp. 21-56. Springer, Heidelberg. (2011).
https://doi.org/10.1007/978-3-540-74169-5

Schwab, F.L., Bissell, H.J., Folk, R.L. ten Haaf, E., Beck, K.C.,
Crook, Keith A.W.: Sedimentary rocks. in: Encyclopedia Britan-
nica. https://www.britannica.com/science/sedimentary-roc
Ozguven, A., Ozcelik, Y.: Investigation of some property changes
of natural building stones exposed to fire and high heat. Constr.
Build. Mater. 38, 813-821 (2013). https://doi.org/10.1016/j.conbu
ildmat.2012.09.072

Turk, K., Kina, C., Bagdiken, M.: Use of binary and ternary
cementitious blends of F-Class fly-ash and limestone powder
to mitigate alkali-silica reaction risk. Constr. Build. Mater. 151,
422427 (2017). https://doi.org/10.1016/j.conbuildmat.2017.06.
075

Wang, D., Shi, C., Farzadnia, N., Shi, Z., Jia, H.: A review on
effects of limestone powder on the properties of concrete. Con-
str. Build. Mater. 192, 153-166 (2018). https://doi.org/10.1016/j.
conbuildmat.2018.10.119

Fauzi, M.A.M., Sidek, M.N.M., Ridzuan, A.R.M.: Effect of lime-
stone powder as an additive and as replacement of self-consoli-
dating lightweight foamed concrete. Int. J. Sustain. Constr. Eng.
Technol. 11, 253-262 (2020)

Lewicka, E., Szlugaj, J., Burkowicz, A., Galos, K.: Sources and
markets of limestone flour in Poland. Resources 9, 118 (2020).
https://doi.org/10.3390/resources9100118

Bessa, L.P., Terra, N.M., Cardoso, V.L., Reis, M.H.M.: Macro-
porous dolomite hollow fibers sintered at different temperatures
toward widened applications. Ceram. Int. 43, 16283-16291
(2017). https://doi.org/10.1016/j.ceramint.2017.08.214
Abdalgader, A., Sonebi, M.: Dolomitic filler in self-compacting
concrete: a review. RILEM Techn. Lett. 5, 75-83 (2020). https://
doi.org/10.21809/rilemtechlett

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1144/GSL.ENG.2001.017
https://doi.org/10.1144/GSL.ENG.2001.017
https://doi.org/10.24425/gsm.2020.133938
https://doi.org/10.24425/gsm.2020.133938
https://doi.org/10.1016/B978-0-08-100370-1.00009-3
https://doi.org/10.24425/ace.2021.138064
https://uepg.eu/mediatheque/index/1.html
https://doi.org/10.1016/j.conbuildmat.2010.05.008
https://doi.org/10.1016/j.conbuildmat.2010.05.008
https://doi.org/10.3390/ma13112558
https://doi.org/10.3390/ma13112558
https://doi.org/10.1016/j.conbuildmat.2019.01.218
https://doi.org/10.1016/j.conbuildmat.2019.01.218
https://doi.org/10.24425/ace.2020.134393
https://doi.org/10.3390/ma14082034
https://doi.org/10.1016/j.clay.2009.10.016
https://doi.org/10.1016/j.clay.2009.10.016
https://doi.org/10.1007/s42860-018-0003-7
https://doi.org/10.1007/s42860-018-0003-7
https://doi.org/10.1007/s42860-021-00154-5
https://doi.org/10.1007/s42860-021-00154-5
https://doi.org/10.1130/B26457.1
https://doi.org/10.1007/978-3-540-74169-5
https://www.britannica.com/science/sedimentary-roc
https://doi.org/10.1016/j.conbuildmat.2012.09.072
https://doi.org/10.1016/j.conbuildmat.2012.09.072
https://doi.org/10.1016/j.conbuildmat.2017.06.075
https://doi.org/10.1016/j.conbuildmat.2017.06.075
https://doi.org/10.1016/j.conbuildmat.2018.10.119
https://doi.org/10.1016/j.conbuildmat.2018.10.119
https://doi.org/10.3390/resources9100118
https://doi.org/10.1016/j.ceramint.2017.08.214
https://doi.org/10.21809/rilemtechlett
https://doi.org/10.21809/rilemtechlett

276

Adsorption (2024) 30:265-277

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Walker, G.M., Hansen, L., Hanna, J.-A., Allen, S.J.: Kinetics of
a reactive dye adsorption onto dolomitic sorbents. Water Res.
37, 2081-2089 (2003). https://doi.org/10.1016/S0043-1354(02)
00540-7

Pehlivan, E., Ozkan, A.M., Dinc, S., Parlayici, S.: Adsorption of
Cu?* and Pb%* ion on dolomite powder. J. Hazard. Mater. 167,
1044-1049 (2009). https://doi.org/10.1016/j.jhazmat.2009.01.096
Boucif, F., Marouf-Khelifa, K., Batonneau-Gener, I., Schott, J.,
Khelifa, A.: Preparation, characterisation of thermally treated
Algerian dolomite powders and application to azo-dye adsorp-
tion. Powder Technol. 201, 277-282 (2010). https://doi.org/10.
1016/j.powtec.2010.04.013

Ghaemi, A., Torab-Mostaedi, M., Ghannadi-Maragheh, M.:
Characterizations of strontium(ii) and barium(ii) adsorption from
aqueous solutions using dolomite powder. J. Hazard. Mater. 190,
916-921 (2011). https://doi.org/10.1016/j.jhazmat.2011.04.006
Yan, S., Wang, Q., Liu, J., Huo, W., Yang, J., Huang, Y.: Synthe-
sis, characterization and adsorption properties of low-cost porous
calcined dolomite microspheres for removal of dyes. J. Wuhan
Univ Technol.-Mater. Sci. Ed. 34, 507-515 (2019). https://doi.
org/10.1007/s11595-019-2080-4

Jones, J.D., Mallarino, A.P.: Influence of source and particle size
on agricultural limestone efficiency at increasing soil pH. Soil
Sci. Soc. Am. J. 82, 271-282 (2018). https://doi.org/10.2136/sssaj
2017.06.0207

Soratto, R.P., Crusciol, C.A.: Dolomite and phosphogypsum
surface application effects on annual crops nutrition and yield.
Agronomy J. 100, 261-270 (2008). https://doi.org/10.2134/agron
j2007.0120

https://sksmkielce.pl/kopalnia-jazwica/

Hakenberg, M., Ztonkiewicz Z.: Detailed Geological Map of
Poland 1:50 000 (SMGP) Sheet: Chgciny. National Geological
Institute (2013)

Narkiewicz, M., Racki, G., Skompski, S., Szulczewski, M.:
Records of processes and events in the Devonian and Carbon-
iferous of the Holy Cross Mountains. In: Skapski, S., Zylifiska,
A. (eds.) LXXVII Scientific Congress of the Polish Geological
Society Amelidéwka near Kielce, National Geological Institute.
Warszawa, pp. 51-77 (2006) (Polish)

Wojcik, K.: Phacial development of the Kielce region of the Swi-
etokrzyskie Mountains in the early stage of the Devonian trans-
gression (borderland of the ems and eiflu). Doctoral Thesis of
The Warsaw University. https://depotuw.ceon.pl/handle/item/646
(2014)

Konon, A.: Strike-slip faulting in the Kielce Unit, Holy Cross
Mountains, central Poland. Acta Geol. Pol. 57, 415441 (2007)
Nawrocki, J., Salwa, S., Pariczyk, M.: New 40Ar-39Ar age con-
strains for magmatic and hydrothermal activity in the Holy Cross
Mts. (southern Poland). Geol. Q. 57, 551-560 (2013). https://doi.
org/10.7306/gq.1117

Petkovsek, A., Madek, M., Pavsi, P.: Fines characterization
through the methylene blue and sand equivalent test: comparison
with other experimental techniques and application of criteria to
the aggregate quality assessment. Bull. Eng. Geol. Environ. 69,
561-574 (2010). https://doi.org/10.1007/s10064-010-0274-2
Beixing, L., Mingka, Z., Jiliang, W.: Effect of the methylene blue
value of manufactured sand on performances of concrete. J. Adv.
Concr. Technol. 9, 127-132 (2011). https://doi.org/10.3151/jact.9.
127

Veizer, J., Mackenzie, F.T.: Evolution of sedimentary rocks. In:
Holland, H.D., Turekian, K.K. (eds.) Treatise on Geochemistry,
pp. 369-407. Elsevier, Amsterdam (2014)

EN 933-9, Tests for Geometrical Properties of Aggregates—Part
9: Assessment of Fines-Methylene Blue Tests; European Com-
mittee for Standardization, Brussels (1998)

@ Springer

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Nikolaides, A., Manthos, E., Sarafidou, M.: Sand equivalent and
methylene blue value of aggregates for highway engineering.
Found. Civil Environ. Eng. 10, 111-121 (2007)

Ramasamy, V., Anandalakshmi, K.: The determination of kaolinite
clay content in limestones of western Tamil Nadu by methylene
blue adsorption using UV—-vis spectroscopy. Spectrochim. Acta
Part A 70, 25-29 (2008). https://doi.org/10.1016/j.saa.2007.07.
008

Cwiqka{a, M., Gajewska, B., Kraszewski, C., Rafalski, L.: Reca-
pitulation of research on frost susceptibility of unbound mixtures
for pavement structures. Roads Bridges-Drogi i Mosty 15, 285—
300 (2016)

Giannakopoulou, P.P., Petrounias, P., Tsikouras, B., Kalaitzidis,
S., Rogkala, A., Hatzipanagiotou, K., Tombros, S.F.: Using factor
analysis to determine the interrelationships between the engineer-
ing properties of aggregates from igneous rocks in Greece. Miner-
als 8, 580 (2018). https://doi.org/10.3390/min8120580
Giannakopoulou, P.P., Petrounias, P., Rogkala, A., Lampropoulou,
P., Gianni, E., Papoulis, D., Koutsovitis, P., Tsikouras, B., Hatzi-
panagiotou, K.: Does the methylene blue test give equally satisfac-
tory results in all studied igneous rocks relative to the identifica-
tion of swelling clay minerals? Minerals 10, 283 (2020). https://
doi.org/10.3390/min10030283

Chiappone, A., Scavia, S., Sett, M.: Clay mineral characterization
through the methylene blue test: comparison with other experi-
mental techniques and applications of the method. Can. Geotech.
J. 41, 1168-1178 (2004). https://doi.org/10.1139/t04-060
Gtazek, J., Karwowski, £, Racki, G., Wrzotek, T.: The early Devo-
nian continental/marine succession at Checiny in the Holy Cross
Mts, and its paleogeographic and tectonic significance. Acta Geol.
Pol. 31, 233-254 (1981)

Callen, R.A.: Clays of the Palygorskite-Sepiolite group: deposi-
tional environment, age and distribution. Dev. Sedimentol. 37,
1-37 (1984). https://doi.org/10.1016/S0070-4571(08)70027-X
Jonczy, 1., Huber, M., Lata, L.: Vitrified metallurgical wastes
after zinc and lead production from the dump in Ruda Slaska
in the aspect of mineralogical and chemical studies. Miner.
Resour. Manag. 30, 161-174 (2014). https://doi.org/10.2478/
gospo-2014-0008

Konczak, M., Huber, M.: Application of the engineered sew-
age sludge-derived biochar to minimize water eutrophication by
removal of ammonium and phosphate ions from water. J. Clean.
Prod. 331, 129994 (2022). https://doi.org/10.1016/j.jclepro.2021.
129994

Huber, M., lakovleva, O., Zhigunova, G., Menshakova, M.Y.,
Gainanova, R.I., Moroniak, M.: Geoheritage of the Western
Khibiny ingenious alkaline rocks intrusion (Kola Peninsula, Arc-
tic Russia): evaluation, and geotourism opportunities. Geoheritage
13, 1-18 (2021). https://doi.org/10.1007/s12371-021-00592-6
Paszko, T., Matysiak, J., Kaminski, D., Pasieczna-Patkowska, S.,
Huber, M., Krdl, B.: Adsorption of bentazone in the profiles of
mineral soils with low organic matter content. PLoS ONE 2, 1-23
(2020). https://doi.org/10.1371/journal.pone.0242980

Yadav, A., Sahu, P.K., Patel, K.S., Lata, L., Huber, M., Corns,
W.T., Allen, J., Martin-Ramos, P.: Assessment of arsenic and
heavy metal pollution in Chhattisgarh, India. J. Hazard. Toxic
Radioactive Waste 24, 6-14 (2020). https://doi.org/10.1061/
(ASCE)HZ.2153-5515.0000478

PN-EN 932-3 standard: tests for general properties of aggre-
gates—Part 3: procedure and terminology for simplified petro-
graphic description. https://standards.iteh.ai/catalog/standards/
cen/28ee33b4-cOeb-4aac-961d-a10d8e9428b5/en-932-3-2022
De Aza, A.H., Rodriguz, M.A., Rodriguz, J.L.., De Aza, S., Pena,
P., Convert, P., Hansn, T., Turrillas, X.: Decomposition of dolo-
mite monitored by neutron thermodiffractometry. J. Am. Ceram.


https://doi.org/10.1016/S0043-1354(02)00540-7
https://doi.org/10.1016/S0043-1354(02)00540-7
https://doi.org/10.1016/j.jhazmat.2009.01.096
https://doi.org/10.1016/j.powtec.2010.04.013
https://doi.org/10.1016/j.powtec.2010.04.013
https://doi.org/10.1016/j.jhazmat.2011.04.006
https://doi.org/10.1007/s11595-019-2080-4
https://doi.org/10.1007/s11595-019-2080-4
https://doi.org/10.2136/sssaj2017.06.0207
https://doi.org/10.2136/sssaj2017.06.0207
https://doi.org/10.2134/agronj2007.0120
https://doi.org/10.2134/agronj2007.0120
https://sksmkielce.pl/kopalnia-jazwica/
https://depotuw.ceon.pl/handle/item/646
https://doi.org/10.7306/gq.1117
https://doi.org/10.7306/gq.1117
https://doi.org/10.1007/s10064-010-0274-2
https://doi.org/10.3151/jact.9.127
https://doi.org/10.3151/jact.9.127
https://doi.org/10.1016/j.saa.2007.07.008
https://doi.org/10.1016/j.saa.2007.07.008
https://doi.org/10.3390/min8120580
https://doi.org/10.3390/min10030283
https://doi.org/10.3390/min10030283
https://doi.org/10.1139/t04-060
https://doi.org/10.1016/S0070-4571(08)70027-X
https://doi.org/10.2478/gospo-2014-0008
https://doi.org/10.2478/gospo-2014-0008
https://doi.org/10.1016/j.jclepro.2021.129994
https://doi.org/10.1016/j.jclepro.2021.129994
https://doi.org/10.1007/s12371-021-00592-6
https://doi.org/10.1371/journal.pone.0242980
https://doi.org/10.1061/(ASCE)HZ.2153-5515.0000478
https://doi.org/10.1061/(ASCE)HZ.2153-5515.0000478
https://standards.iteh.ai/catalog/standards/cen/28ee33b4-c0eb-4aac-961d-a10d8e9428b5/en-932-3-2022
https://standards.iteh.ai/catalog/standards/cen/28ee33b4-c0eb-4aac-961d-a10d8e9428b5/en-932-3-2022

Adsorption (2024) 30:265-277

277

58.

59.

60.

61.

62.

63.

Soc. 85, 881-888 (2002). https://doi.org/10.1111/j.1151-2916.
2002.tb00187.x

Zhang, Y., Sun, Q., Geng, J.: Microstructural characterization of
limestone exposed to heat with XRD, SEM and TG-DSC. Mater.
Charact. 134, 285-295 (2017). https://doi.org/10.1016/j.matchar.
2017.11.007

Marynowski, L., Filipiak, P., Pisarzowska, A.: Organic geochem-
istry and palynofacies of the Early-Middle Frasnian transition
(Late Devonian) of the Holy Cross Mountains, Southern Poland.
Palacogeogr. Palacoclimatol. Palacoecol. 269, 152-165 (2008).
https://doi.org/10.1016/j.palaeo.2008.04.033

Wang, Y., Wang, W., Wang, A.: Efficient adsorption of methylene
blue on an alginate-based nanocomposite hydrogel enhanced by
organo-illite/smectite clay. Chem. Eng. J. 228, 132-139 (2013).
https://doi.org/10.1016/j.cej.2013.04.090

Zhang, Y., Wang, W., Zhang, J., Liu, P., Wang, A.: A comparative
study about adsorption of natural palygorskite for methylene blue.
Chem. Eng. J. 262, 390-398 (2015). https://doi.org/10.1016/j.cej.
2014.10.009

Tran, N.B.T., Duong, N.B., Le, N.L.: Synthesis and characteri-
zation of magnetic Fe;0,/zeolite NaA nanocomposite for the
adsorption removal of methylene blue potential in wastewater
treatment. J. Chem. (2021). https://doi.org/10.1155/2021/6678588
Skripkina, T., Podgorbunskikh, E., Bychkov, A., Lomovsky,
O.: Sorption of methylene blue for studying the specific surface

64.

65.

66.

67.

properties of biomass carbohydrates. Coatings 10, 1115 (2020).
https://doi.org/10.3390/coatings10111115

Hang, P.T., Brindley, G.W.: Methylene blue adsorption by clay
minerals: determination of surface areas and cation exchange
capacities (clay-organic studies XVIII). Clays Clay Miner. 18,
203-212 (1970). https://doi.org/10.1346/CCMN.1970.0180404
Yukselen, Y., Kaya, A.: Comparison of methods for determin-
ing specific surface area of soils. J. Geotech. Geoenviron. Eng.
ASCE. 132, 931-936 (2006). https://doi.org/10.1061/(ASCE)
1090-0241(2006)132:7(931)

Yukselen, Y., Kaya, A.: Suitability of the methylene blue test for
surface area, cation exchange capacity and swell potential deter-
mination of clayey soils. Eng. Geol. 102, 38—45 (2008). https://
doi.org/10.1016/j.enggeo.2008.07.002

Hegyesi, N., Vad, R.T., Pukanszky, B.: Determination of the spe-
cific surface area of layered silicates by methylene blue adsorp-
tion: the role of structure, pH and layer charge. Appl. Clay Sci.
146, 50-55 (2017). https://doi.org/10.1016/j.clay.2017.05.007

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1111/j.1151-2916.2002.tb00187.x
https://doi.org/10.1111/j.1151-2916.2002.tb00187.x
https://doi.org/10.1016/j.matchar.2017.11.007
https://doi.org/10.1016/j.matchar.2017.11.007
https://doi.org/10.1016/j.palaeo.2008.04.033
https://doi.org/10.1016/j.cej.2013.04.090
https://doi.org/10.1016/j.cej.2014.10.009
https://doi.org/10.1016/j.cej.2014.10.009
https://doi.org/10.1155/2021/6678588
https://doi.org/10.3390/coatings10111115
https://doi.org/10.1346/CCMN.1970.0180404
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:7(931)
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:7(931)
https://doi.org/10.1016/j.enggeo.2008.07.002
https://doi.org/10.1016/j.enggeo.2008.07.002
https://doi.org/10.1016/j.clay.2017.05.007

	Evaluation and comparison of various methods used for aggregates investigations
	Abstract
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Aggregates characterization
	2.2.1 Y-Ray diffraction analysis (XRD)
	2.2.2 Scanning electron microscopy

	2.3 Adsorption experiments
	2.3.1 Methylene blue stain test
	2.3.2 Adsorption equilibrium of MB
	2.3.3 Specific surface area


	3 Results and discussion
	3.1 Aggregates characterization
	3.2 Methylene blue stain test
	3.3 Methylene blue adsorption equilibrium isotherms
	3.4 N2 adsorption

	4 Conclusions
	References




