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Soils and subsoils have a complex structure consisting of several elements with different
morphology and chemical composition, combining micro-, meso-, and macroporous substructures.
Classical approaches, such as Brunauer-Emmett-Teller (BET) or Barrett-Joyner-Halenda (BJH)
methods, cannot provide an accurate assessment of morphological characteristics of such solids,
nor can do modern sophisticated numerical methods which depend on idealized models of pores
that hardly reflect a real morphology of heterogeneous solids in question. The present study de-
scribes a way to overcome this difficulty by applying a combination of the as-plot technique and a
modified Remy-Poncelet method. The proposed approach allowed estimating the volumes of the
untramicropores, supermicropores and the sum of meso- and macropores as well as the specific
surface areas of the solid without ultramicropores and of the solid without all micropores. The
former specific surface area is a more reasonable estimate of the area available for layer coverage
than the BET specific surface area, and all together these characteristics provide a detail descrip-
tion of solid’s morphology. Subsoil samples excavated from different depths were used as exem-
plary solids. They mostly consisted of quartz, feldspar, and clay minerals and had different sorts of
pores associated with the clay fraction and soil aggregates as well as a relatively large fraction of
non-porous sand particles. Relations of the morphological properties with subsoil profile and min-

eralogical composition are discussed.

Keywords: micropores, mesopores, specific surface area, Dubinin-Radushkevich equation, BET equa-
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INTRODUCTION

Specific surface area and specific pore volume
(porosity) are important characteristics of soils influ-
encing their adsorption capacity and reactivity with re-
spect to pollutans, filtration properties, and retention of
moisture. Among several methods to measure specific
surface area, the low-temperature nitrogen adsorption
technique is especially popular [1-4], because there are
precise and automated instruments that make measure-
ments relatively easy, fast, and reproducible. On the
other hand, the interpretation of experimental data still
may pose essential difficulties. Unambiguous determina-
tion is possible only for non-porous and macroporous
solids [1]. The characterization of pure microporous
and pure mesoporous solids, although depends on as-
sumptions regarding the shape of pores, can be made
with fair certainty [2, 5]. Attempts were made to esti-
mate morphological characteristics of micro/mesopo-
rous materials based on the t- and as-methods [6, 7], on
a combination of the Brunauer-Emmett-Teller (BET)-
method and the n-nonane preadsorption technique [8],
and on sophisticated numerical calculations of pore
size distribution (PSD) using Monte-Carlo molecular
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simulations [9] or different modifications of the den-
sity functional theory [10, 11]. These listed works and
many others, which cannot be cited for the sake of
brevity, consider solids as a combination of pores of
different size, without any flat surface. At the same
time, many materials are composed of an essential non-
porous fraction along with microporous, mesoporous,
and macroporous parts. Subsoils are a typical example
of such composite solids. They contain the non-porous
sand fraction consisting of irregularly shaped micro-
particles of quartz, feldspar, calcite etc and the mi-
croporous clay fraction (unlike topsoil, subsoil does
not contain organic matter). Agglomerates formed by
microparticles give rise to mesopores in the crevices
between contiguous microparticles and macropores in
the cavities of these agglomerates. The resulting mate-
rial hardly fits in any of the idealized pore models (slit-
shaped, cylindrical, spherical) used to calculate PSD,
and even more sophisticated hybrid models [12, 13] do
not describe it adequately as assume the solid to be chem-
ically homogeneous that is not the case with subsoils.
Because the applicability of advanced tech-
niques to characterize heterogeneous pore structures is a
topic of debates, on the one hand, and these techniques
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frighten off researchers by their mathematical com-
plexity, on the other hand, simple approaches are still
of interest and relevance. In the present communica-
tion, proceeding from earlier ideas by Dubinin and
Kadlec [14] and Remy and Poncelet [15] an approach
was developed for accurate measurement of a set of
morphological characteristics relating to specific sur-
face area and pore structure, describing different frac-
tions of the pores. The application of the as-plot
method to such heterogeneous and polydisperse mate-
rials as (sub)soils is also discussed. This approach was
applied to display subtle changes in the morphological
structure of subsoils accompanying variations in their
mineralogical composition along the subsoil profile.

THEORETICAL

Adsorption on non-porous and macroporous solids
Adsorption of gases on such solids (pore size
> 50 nm) proceeds in a layered fashion. Gas molecules
being adsorbed on the solid surface form the first layer
and may serve as adsorption sites for other gas mole-
cules. Thus on the top of the first layer the second ad-
sorbed layer forms and so on. The most popular model
describing the multilayer adsorption is the BET model
[2]. The respective adsorption isotherm equation re-
lates the adsorbed amount expressed here as the vol-
ume of liquid adsorbate, V, to equilibrium relative pres-
sure, X = p/po (p being the adsorptive pressure and po
the saturated adsorptive vapor pressure), as follows
VimCx
V = i on+c-na @
where Vp, is the monolayer volume and C the constant
relating to the energy of adsorption of the first mono-
layer. The volume of monolayer relates to the specific
surface area as
S = VmpNaoc 2
with Na being the Avogadro number, p and o being the
molar density and cross-sectional area of a probe ad-
sorbate, usually nitrogen.

Adsorption on microporous solids

The size of the micropores is below 2 nm. In
such small pores, adsorption forces of the pore walls
overlap that produces enchanted adsorption energy
leading to the filling of the whole pore at very low pres-
sures. Consequently, the pore volume rather than the
area of the pore walls is a representative morphological
characteristic of the micropores.

The theory of volume filling of micropores [2]
suggests the Dubinin-Radushkevich (DR) equation to
relate the adsorbate volume in micropores, Vmi, to the
relative pressure:

Vi = Woexp[(-A/E)’] @)
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where Wy is the volume of micropores, E the charac-
teristic adsorption energy and A the differential molar
work of adsorption, A = RTIn(po/p), being R the gas
constant and T the absolute temperature.

Adsorption on heterogeneously porous solids

In general case, such solids contain all sorts of
pores, micropores filled by the volume filling mecha-
nism, mesopores (2-50 nm) where the surface coverage
mechanism takes place at low pressures and capillary
condensation can happen at x > 0.4, and macropores
and flat surface where adsorption proceeds by the sur-
face coverage mechanism. Dubinin and Kadlec [14]
and later Schneider [16] proposed to divide the total
adsorbed amount into the parts adsorbed by the mi-
cropores, Vmi, and by the larger pores, Vex:: V = Vi + Vex:.

In the Dubinin and Kadlec method, the filling
of the micropores was supposed to obey to the DR
equation and a model for the adsorption in the larger
pores was not specified, while in the Schneider method
the micropore contribution, Vmio, was assumed to be
constant and Vex was a BET-function of the relative
pressure.

The next logical step was made by Remy and
Poncelet [15] who combined the DR and BET equa-

tions so that
RT ln(l) 2
V=Wyexp|— = X

The approximation of experimental data by
Eq. (4) yields four fitting parameters: Wy, E, C, and V.
From the latter, the external specific surface area is
computed by Eq. (2). This approach was discussed in
few studies [17 and Refs. therein]. Buttersack et al.
[17] mentioned the problem of interdependence of the
fitting parameters resulting in some uncertainty in the
morphological characteristics. More reliable estimates
can be obtained if the procedures of determination of
Wo, E and C, Vi are separated and performed under
conditions most favorable for accurate measurement of
the respective structural characteristics. To this end,
low temperature nitrogen adsorption measurements at
two relative pressure ranges were performed. To eval-
uate Wo and E, the measurements must be made at very
low x values, not far from the point of complete filling
of the micropores. As the relative pressure upper limit
is low, the x step must be very small in order to obtain
sufficient number of data points for accurate approxi-
mation. Knowing W, and E, one can derive C and Vn,
parameters from adsorption isotherm data measured
over a wide X range, up to the onset of capillary con-
densation, using Eq. (4). The pressure step in this ex-
periment can be relatively large to allow fast measure-
ments.

VinCx
(1-x)[1+(C-1)x] (4)
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EXPERIMENTAL

Samples

Samples were excavated from two drilled
boreholes, designated 1 and 2, respectively, located on
a distance of 100 m from each other in a wasteland on
the north edge of the city of Perm, Russia (57°58' N,
56°12' E). The study area consisted of Upper Quater-
nary alluvial deposits of 8-9 m thickness overlying
Lower Permian sediments mostly represented by argil-
lite (Fig. 1). The samples were collected in the form of
cores with a diameter of 0.1 m and height of 1 m from
successive depths in the interval 0-10 m. The top soil
layer of 0.1 m thickness was removed. The samples
were air-dried at room temperature for a week, gently
ground to pass through a 3-mm sieve and sieved
through a set of wire mesh sieves (3.0, 2.0, 1.0, 0.5,
0.25, and 0.1 mm). The fraction 0.1-0.25 mm was
taken for further study.

Clay fraction content, % Clay fraction content, %

20 30 40 | 20 30 40
| | | | | |

[ Topsoil; [l Stiff brown clay; [l Firm-stiff brown clay;
B soft-firm brown clay; [l Very stiff grey silt; B Firm-stiff
brown clay with fine gravel inclusions; [ll Red-brown
crumbly, heavily weathered argillite; [l Red-brown crumbly
argillite with grey-brown sandstone interbedding
Fig. 1. Lithology columns and clay content (solid lines) for bore-
hole 1 (left) and borehole 2 (right)
Puc. 1. JIutonornyeckre KOJIOHKH U COJIEpKAHUE TITMHUCTOM
(pakuuy (CIDIOMIHBIC IMHAM) IS CKB. 1 (cieBa) U CKB. 2
(ctipaBa)

Quantitative mineralogical analysis

The X-ray diffraction (XRD) patterns were
recorded on a D2 PHASER diffractometer (Bruker,
Germany) equipped with a linear LynxEye detector,
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with Ni-filtered Cu-Ka radiation (A = 1.5406 A) with
the X-ray tube operated at 30 kV and 10 mA. The
beam was collimated using a 0.2 mm divergence slit
and two Soller slits, both of 2.5°. The overall miner-
alogical composition was determined by the random
powder method, with samples rotated over the angular
range of 5 to 70° 20 using a step interval of 0.02° and
a counting time per step of 1 s. The computation of the
relative contents of the mineral phases was performed
using the Diffrac.Topas 4.2 (Bruker, Germany) soft-
ware by means of the etalon-free Rietveld method [18].
The composition of the clay fraction (<5 pm, obtained
by sedimentation) was determined by the oriented
slides method [19], with the diagrams recorded from
4.5 to 35° of 20 using the same step interval and count-
ing time as above. The XRD patterns of the raw clay
fraction, the clay fraction saturated with ethylene gly-
col vapors or heated to 380 and 550 °C for 1 h were
obtained to identify clay minerals [19]. The quantifica-
tion was carried out by reflection areas applying the
Diffrac.Eva (Bruker, Germany) software.

Low-temperature nitrogen adsorption

The nitrogen adsorption isotherms were meas-
ured using an ASAP 2020MP (Micromeritics, USA)
analyzer at -196 °C. The samples, 0.5-0.7 g, prelimi-
nary air-dried at 70 °C for 12 h were additionally out-
gassed in vacuum at the degassing port of the analyzer
at 90 °C for 3.5 h. For the assessment of the specific
surface area by BET method and the overall porosity
by Barrett-Joyner-Halenda method, the measure-
ments were carried out over a range of x from ca.
0.005 to 1 with a step of 0.005-0.05. The BET specific
surface area, Sget, was calculated from linearized BET
plots applying the Rouquerol rules [20] to locate the
linear range of the BET plots. Usually, it was within
the relative pressure range of 0.03-0.20. The overall
pore volume and the total surface area by BJH method
were derived from the desorption branch of adsorption
isotherms using the ASAP 2020 Plus software from
Micromeritics.

For the assessment of microporosity by a mod-
ified Remy-Poncelet method, the adsorption data were
obtained at a low pressure range, x increasing from 0
to 0.005 with a step of 10°-5-10*. As pressure was
very low, obviously within the linear range of the (lo-
cal) nitrogen adsorption isotherm on the external sur-
face, Eq. (4) was simplified replacing the BET term
with a linear term so that

1

V =Wyexp —<%n(")> + Kx (5)

being K an adjustable parameter. The number of ad-
justable parameters was decreased to 3, increasing the
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robustness of the fitting procedure. Eqg. (5) approxi-
mated the experimental data perfectly, the determina-
tion coefficient, r?, never being less than 0.99.

as-plots

The as-plot method, an analogue of the t-plot
method, is a way of analyzing solid morphology by
comparing nitrogen adsorption isotherms on a given
solid to that measured on a non-porous reference solid
[2]. The quantity as is the ratio of the adsorbed amount
to that adsorbed at a specific relative pressure x. In the
given study, x = 0.4 in accordance with the recommen-
dation by Gregg and Sing [2]; thus as = V/Vo4, Where
Vo4 = V(X = 0.4). The as-plot is a graph of the amount
of nitrogen adsorbed on a test sample against as for the
adsorption of nitrogen on a reference solid taken at the
same relative pressure. The slope of an as-plot is pro-
portional to the specific surface area, and the latter can
be derived from it using the following expression:

Slope

S - S?’ef (V0.4)pref (6)
where the subscript ‘ref” refers to the reference solid.
The solid of the same chemical nature was used as a
reference material in study [2]. In the present work,
there was used non-porous spherical silica with particle
size 3 um supplied by Glantreo (Ireland) as the refer-
ence solid (Srer = 1.53 m?/g).

RESULTS AND DISCUSSION

Nitrogen adsorption isotherms, x = 0 — 0.005

A typical adsorption isotherm in the low pres-
sure area is shown in Fig. 2. Neither the DR equation
nor more sophisticated Dubinin-Astakhov equation [2]
(not reported data) could approximate the experimental
data well, while Eq. (5) did it perfectly. Table 1 sum-
marizes the best-fit parameters obtained in these calcu-
lations. The non-microporous contribution (term Kx in
Eqg. (5)) to the overall adsorption at x = 0.005 amounted
to noticeable 10-14%. The characteristic adsorption
energy was ca. 6 kJ/mole. This is a relatively low value
as E typically varies within 15-40 kJ/mole for clay
minerals and other porous aluminosilicate materials
[21-24], although figures less than 6 kJ/mol were oc-
casionally found [17, 25, 26]. The E value is known to
be inversely proportional to an average linear dimen-
sion of the micropores [27]; however, there is no a
quantitative relation that would allow converting E to
a representative pore dimension like one obtained for
carbonaceous adsorbents [27]. According to the litera-
ture data [17, 21-26] E depends not only on the pore
size but also on the solid’s chemical nature. At the
same time, the examined literature suggests that it is
unlikely that a solid characterized by E values shown
in Table 1 would have micropores with an average
width smaller than 1 nm.
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0.010

0.008

0.006

V, (em/g)

0.004

Q.002

0.000 T T T 1

0.000 0.002 0.004 0.006

Po
Fig. 2. A nitrogen adsorption isotherm measured over the mi-
cropore filling range. Experimental data, symbols: 1 — approxima-
tion by the extended DR equation (Eq. (7)), solid line; 2 — approx-
imation by the DR equation, dashed line

Puc. 2. M3otepma angcopOuun a30Ta, U3MEpEHHas! B TUana3oHe 3a-
TIOJTHEHNUSI MUKPOIIOp. DKCIepUMEHTAIbHbIE JaHHEIE, 0003Ha4e-

Hus: 1 — annpokcuManus paciiMpeHHbIM ypaBHeHueM /1P (ypas-

Henue (7)), CIUTOLTHAS JIMHUS; 2 — allPOKCUMAIHsI YpaBHEHUEM

JIP, myHKTUpHas TUHUS

Table 1
Best-fit coefficients of the extended Dubinin-Radush-
kevich equation
Tabnuya 1. Ko3ppuumneHTHI HAUTYYIIET0 COOTBET-
CTBHSI PACHIMPEHHOT0 YPABHEHUSI
Jyoununa-PagymkeBuya

Borehole 1 Borehole 2
Depth, K Wo E K Wo E
m |(cm®g)|(cm®g)|(I/mole) |(cm?/g)|(cm3/g) | (I/mole)

0-1| 1415 (0.0108| 6407 | 111.1 |0.0080| 6251
1-21]168.9 |0.0109| 6423 | 147.7 |0.0102| 6286
2—-3|157.1 |0.0099| 6221 | 113.6 |0.0093| 6285
3-41120.4 {0.0110| 6389 | 125.9 |0.0096| 6334
4-51167.5 [0.0100| 6376 | 149.1 |0.0106| 6351
5-6 | 140.3 |0.0102| 6477 | 165.0 {0.0134| 6330
6—7|110.9 |0.0087| 6290 | 177.3 |0.0136| 6434
7-81|140.7 |0.0099| 6370 | 202.6 |0.0123| 6370
8-9|110.1 {0.0090| 6336 | 93.7 |[0.0075| 6356
9-10| 74,5 |0.0090| 6293 | 79.7 |0.0075| 6168

Nitrogen adsorption isotherms, x = 0.005 —1

Adsorption isotherms of all investigated sam-
ples demonstrate a hysteresis loop of H3 type, reveal-
ing a fraction of mesopores. Such a type of hysteresis
loop was characteristic to aggregates of plate-like par-
ticles usually found in certain clays [5, 28]. Indeed, the
XRD analysis found 25 to 45 percent of clay minerals
in the samples (Fig. 1). The prevailing clay mineral in
both boreholes is smectite. Its content increased with
the sampling depth, while that of illite decreased. os-
plots (Fig. 3) exposes the presence of a small fraction
of micropores. The plot can be divided in two regions
characterized by different slopes. Similar as-plots have
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been reported for pillared clays [29] and some alumi-
nosilicate minerals [30]. The low pressure part of the
plot corresponds to the surface left after filling the mi-
cropores, their volume believed to be given by the in-
tercept of the linear region extrapolated to the ordinate
[2]. These pores are filled at relative pressure below
0.006 (value at which as-plots start) and therefore are
most probably ultramicropores or small supermi-
cropores with size about or slightly larger than 0.7 nm.
The break in the as-plot is apparently explained by
pores being closed by the adsorbed layer. Converting
s values to the thickness of the adsorbed layer by Eq.
(7), one can conclude that given the pores are slit-
shaped their width corresponding to the break point is
1.0-1.4 nm (Table 2).

— = 0.354%:045 )

The slope of the second part of the as-plot
gives the remaining specific surface area of the wider
pores and the non-porous sand particles. The meso-
pores should manifest themselves by an upward devia-
tion of the as-plot from a straight line at the high pres-
sure region, owing to capillary condensation. No such
effect was observed in any of the studied samples. On
the other hand, the presence of mesopores is revealed
by the hysteresis loop in adsorption/desorption iso-
therms. This is not surprising. Sing and Williams [28]
noticed that the H3 type hysteresis loops were typical
for materials with no well-defined mesopore volume.
This does not contradict to Broeckhoff and de Boer
[31] hypothesizing that the absence of the capillary
condensation effect on the adsorption branch was pos-
sible for slit- or wedge-shaped pores which were ex-
pected for aggregates of clay and sand. Indeed, poorly
developed mesoporosity can consist of slit-shaped
pores, and the lack of the capillary condensation effect
can be obscured in comparison plots because of either
factor.

The intercept of the second linear fit with the
Y-axis, by its physical meaning, must be the volume of
the pores occupied by adsorbed nitrogen up to the point
from which this line starts. Galarneau et al. did not
agree with such an interpretation, and advocated based

on the experimental data obtained with hierarchical ze-
olites the use of the ordinate of the break point as an
estimate of the overall micropore volume [6, 32]. The
present data do not support such an attribution for the
studied samples. The break point corresponds to rela-
tive pressure 0.4-0.7. At these values were not only the
micropores but also a part of the mesopores is filled
according to the hysteresis loops observed. Thus, Vj
cannot be ascribed a definite physical meaning like it
was possible for the hierarchical zeolites. It is an inter-
mediate characteristic, which is larger than the volume
of micropores but smaller than the volume of mi-
cropores plus mesopores. Quantitatively, it accounts
for 40-70% of the total pore volume, Vit The latter
quantity was derived from the amount adsorbed at a
relative pressure of 0.95 following IUPAC recommen-
dations [5]. Although the BJH method is not recom-
mended for the H3 type isotherms [28], the cumulative
BJH pore volume, Ve;H, was computed as one more es-
timation of the total pore volume for the sake of com-
parison.

0.04
0.034

0.02

V (cm®/g)

Fig. 3. An as-plot for the same sample as in Fig. 2 plotted over the
relative pressure range 0.006-0.955. Note Vi, the intercept of the
first (low pressure) linear fit; Vi, the intercept of the second (high
pressure) linear fit; and Vb, the ordinate of the intersection point of
the first and second linear fits (break point)

Puc. 3. os—Tpaduk a1 TOTO ke 00pasia, 4YTo U Ha PUC. 2, B AUa-
mma3oHe OTHOCHTENBHBIX naBieHwid 0,006-0,955. [Ipumeuanwue:
V| — Touka nepecedeHust NepBOil JIMHEHHON anIpOoKCHMAaIIH
(Hu3Koe naByeHue); Vi — ToOUKa nepeceueHusi BTOpoi (BBICOKOTO
JIaBJICHUs) JIMHEHHOH nocanku; u Vb — OpiMHATa TOUKH Tiepece-
YEeHHUs TIEPBON M BTOPOI TMHEHHBIX MOATOHOK (TOYKA pa3phiBa)

Table 2

Specific surface areas and C coefficients obtained by different methods ®

a,b

Tabnuya 2. Y neibHasi NOBEPXHOCTH M KO3 ¢uunentsl C, mojiydeHHbIe pa3HBIMH MeTOAAMHU
BET equation BJH method os-plot method Rem){i-(ljr(])r(lézl.eé)e qua-
Depth, m | C (=) [ Seer (m%g) | Seun(m?g) | Si(m%g) | Su(m%g) [2t°(m)| C () [Svor(m?g)
Borehole 1
0-1 182 36.2 29.4 32.5 15.1 14 6.4 15.1
1-2 172 37.7 30.4 35.0 16.9 13 7.2 16.5
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2-3 154 35.0 29.7 33.6 17.7 1.3 11.0 16.7
3-4 186 36.2 28.8 31.7 15.7 1.3 9.8 15.4
4-5 164 35.1 30.1 33.1 18.7 1.3 6.6 15.4
5-6 188 33.3 271.7 29.2 19.0 1.2 5.3 13.5
6-7 176 30.3 27.3 28.2 20.5 1.1 8.8 13.5
7-8 172 33.6 28.9 31.1 19.5 1.3 6.1 14.4
8-9 176 29.8 28.3 27.5 21.2 1.0 8.2 13.1
9-10 176 28.2 26.7 26.6 19.3 1.1 6.0 12.4
Borehole 2
0-1 183 28.0 25.0 26.6 14.9 1.4 10.6 13.3
1-2 199 35.1 29.1 33.0 15.8 1.4 11.3 16.3
2-3 184 31.0 25.0 27.6 15.1 1.3 9.7 13.8
3-4 186 32.0 26.2 29.1 15.3 1.3 6.4 13.7
4-5 180 35.7 29.8 325 17.9 1.3 6.6 15.1
5-6 194 44.3 35.3 38.2 16.1 1.3 9.8 18.5
6-7 219 445 36.9 37.9 21.3 1.3 7.2 17.6
7-8 193 42.2 37.2 39.6 27.4 1.3 6.9 18.5
8-9 200 23.6 22.2 21.1 16.7 1.0 4.7 9.7
9-10 210 26.8 24.9 23.0 17.3 1.1 9.1 11.1

Notes: @ data are rounded to the first uncertain digit;

bty is the statistical thickness of the adsorbed layer corresponding to the break point of the as-plot

[pumeuanus: @ 1aHHbIE OKPYIJISIIOTCS JI0 TEPBOIl HEOTPENENeHHON UQPBL; ° th — cTaTMcTHYeCKas TOJNIIMHA acOPOMPOBAHHOTO
CII0s1, COOTBETCTBYIOIIAsE TOUKE M3JI0Ma Os-Tpaduka
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Fig. 4. (A) A corrected nitrogen adsorption isotherm (2, star symbols) calculated from an original isotherm (1, closed circles) by sub-

tracting the amount adsorbed in the micropores evaluated by the DR equation (3, cross symbols). (B) Tangent line (4) to the as-plot cor-

responding to the corrected adsorption isotherm (5). The same sample as in Fig. 2

Puc. 4. (A) CkoppekTupoBaHHas H30TepMa aacopOnuu a3oTa (2, 3BE37I0YKH), paCCUYMTAHHAS M3 HCXOIHOW M30TepMbl (1, TeMHBIC

KPY)KKH) ITyTeM BBIYATAHUS KOJIMYECTBA, aICOPOUPOBAHHOTO B MUKPOIIOPAax, OleHeHHOTo 10 ypaBHeHuto JIP (3, kpectuxn). (B) Ka-

V, (cm¥/g)

0.03

0.02

0.01

0.00

*

0.0

0.5 1.0

15 2.0

as

2.5 3.0

carenbHast (4) K as-TpaduKy AT CKOPPEKTHPOBAHHO M30TepMBI agcopormu (5). ToT ke obpasen, 9To 1 Ha puc. 2

Using Eq. (4) with the W, and E values found
in Section 4.1, one can subtract the effect of mi-
croporosity from the total adsorbed amount to study
the adsorption by meso- and macroporous elements
and by non-porous particles. The resulting curve is a
Type Il isotherm (Fig. 4A). Their characteristic param-
eters, specific surface area, Sv.or, and coefficient C, are
given in Table 2. As seen, the C constant values are
smaller than those for original isotherms by an order of
magnitude. Relatively high original C values are ac-
counted for by adsorption of nitrogen in micropores,
which are mostly associated with the clay fraction, and

ChemChemTech. 2024. V. 67.N 6

do not represent the chemical nature of the “non-mi-
croporous” surface composed of sand particles and the
external surface of clay aggregates. The as-plots corre-
sponding to the corrected isotherms show a tendency
to the origin, indicating the removal of the micropore
contribution (Fig. 4B).

Morphological characteristics

Different estimates of the specific surface area
are compared in Table 2. The BET method is seen to
deliver the highest estimate of S. The specific surface
area values obtained by the BJH method and derived
from the as-plot (the first value, S;) are comparable and
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both were less than Sger by 1-9 m?/g (S is somewhat
larger than Sgsn, except in the last two sections). Per-
haps, this increment relates somehow to the micropores
(Sesn was computed for pores larger than 1.7 nm), but
whether this value is the area of the micropore walls
remained questionable. Assuming slit-shaped pores,
this increment gives a micropore size of 2-9 nm based
on W, as the micropore volume. Obviously, this is too
large an estimate suggesting that the difference be-
tween Sger and S (Sgsn) is due to both the pores accom-
modating only two monomolecular layers and some-
what larger pores but within the domain of micropores.

The Sy and Sv.pr values are comparable at sam-
pling depths less than 6 m, and Sv.pr < Sy at deeper ho-
rizons, where both the clay content and the smectite
percentage are larger. Those quantities estimate the
surface remaining unoccupied after the micropores or
a larger fraction of the latter are filled. The areas de-
scribed by these quantities do not coincide, and the dis-
crepancy consists in a fraction of large micropores
(1.0-1.4 to 2 nm) and/or narrow mesopores associated
with the clay matter.

Table 3
Estimates of the pore volume (cm®g) obtained by differ-
ent methods P
Tabauya 3. Ouenku odbema nop (cm®/r), moyueHHbIe
pasubIMH MeTogamu 0

Depth (M) | Vi | Ve Vo | Vi | Vu
Borehole 1
0-1 0.0348) 0.0393 | 0.0241 | 0.0017 | 0.0136
1-2 0.0370| 0.0423 | 0.0245 | 0.0013 | 0.0132
2-3 0.0359| 0.0437 | 0.0228 | 0.0008 | 0.0112
3-4 0.0344| 0.0404 | 0.0227 | 0.0020 | 0.0124
4-5 0.0364| 0.0448 | 0.0221 | 0.0010 | 0.0101
5-6 0.0350| 0.0451 | 0.0192 | 0.0019 | 0.0078
6-7 0.0350| 0.0465 | 0.0173 | 0.0011 | 0.0053
7-8 0.0364| 0.0463 | 0.0207 | 0.0012 | 0.0083
8-9 0.0350| 0.0480 | 0.0159 | 0.0011 | 0.0043
9-10 |0.0327| 0.0439 | 0.0159 | 0.0009 | 0.0048
Borehole 2
0-1 0.0302| 0.0355 | 0.0202 | 0.0008 | 0.0093
1-2 0.0350| 0.0393 | 0.0236 | 0.0011 | 0.0129
2-3 0.0312| 0.0365 | 0.0200 | 0.0017 | 0.0099
3-4 0.0325| 0.0376 | 0.0210 | 0.0015 | 0.0105
4-5 0.0366| 0.0475 | 0.0230 | 0.0015 | 0.0111
5-6 0.0402| 0.0444 | 0.0286 | 0.0028 | 0.0176
6-7 0.0441) 0.0547 | 0.0281 | 0.0030 | 0.0139
7-8 0.0484| 0.0638 | 0.0274 | 0.0014 | 0.0094
8-9 0.0272| 0.0441 | 0.0114 | 0.0012 | 0.0036
9-10 |0.0298 0.0428 | 0.0143 | 0.0017 | 0.0049

Notes: @ data are rounded to the first uncertain digit;

b Estimates of the micropore volume Wo are given in Table 1
[Ipumeyanus: @ naHHBIE OKPYTIISIFOTCS 10 MEPBOM Heompee-
nerHoi udpsl; ® O1ieHKn 06beMa Mukponop Wo TIpHBEIEHBI B
Taou. 1
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The cumulative pore volume by the BJH
method exceeds the Vi value (Table 3). The discrep-
ancy is the larger, the higher the clay percentage in the
samples. Of the two characteristics of the microporos-
ity, Vi and Wy, the latter is 4-12 times larger than the
former. V, corresponds to ultramicropores and W cor-
responds to overall micropores including supermi-
cropores and, probably, narrow mesopores, which are
not wider than 3.2 nm, the upper size limit suggested
by Dubinin for the pores filled by the volume filling
mechanism [33].

The volume V), was related above to the sum
of ultramicropores and supermicropores. It was of the
same order of magnitude as Wy but somewhat larger
for the upper half of the boreholes and smaller for the
lower half, again showing dependence on the miner-
alogical composition of samples. Taking into account
that the attribution of Vy, to the pores narrower than 1.0-
1.4 nm was based on speculative assumptions, Wy was
considered as a more reliable estimate of the total mi-
cropore volume. Thus, the present data allowed ascrib-
ing 2 to 7% of the porous space to the ultramicropores
(< 0.7 nm), 22 to 29% to the supermicropores and nar-
row mesopores (0.7-3.2 nm), the rest comprising the
meso- and macropores.

Morphological characteristics of subsoil as a
function of sampling depth

Even if the two studied boreholes belonged to
the same geological formation, there is a difference in
their soil profiles (Fig. 1) reflected in the profiles of
mineralogical content. On the microstructural level,
there are differences in the dependences of morpholog-
ical characteristics on the sampling depth. While in
borehole 1 S, slowly and fluctuatively decreases with
depth, the fluctuations resembling those in the clay
content profiles, thus suggesting their nonrandom na-
ture, Sy in borehole 2 has a maximum between 5 and 8 m.
A similar maximum is seen in the clay content profiles
and the profiles of other morphological characteristics
(Sv-pr, Wo, Viet). The fact that Sv.pr (should be free from
the effect of micropores) and Wy change correlatively
suggests that both quantities depend on another param-
eter, most likely the clay content. Indeed, the clay frac-
tion is composed of microparticles (< 5 pum), whose
specific external specific surface area is large due to
their small size. This specific surface area is a part of
the Sv.pr value that results in a correlation between this
characteristic and the clay percentage and, ultimately,
the sampling depth. Of course, the variation of the total
clay content over a borehole alone cannot explain the
effect of the sampling depth on specific surface area
and pore volume. Morphological characteristics also
depend on types and relative contents of clay minerals,
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composition of the sand fraction, chemical surface
composition that defined the structure of soil aggre-
gates etc. A detail investigation of the influence of
these factors on the morphological characteristics is
out of scope of this paper and could be discussed
elsewhere.

CONCLUSIONS

A combination of the BET and DR analysis,
the as-plot method and Remy-Poncelet method deliv-
ers an extended understanding of the morphological
structure of polydisprese and heterogeneous solids. It
allows us to characterize different fractions of pores. In
the present study, using subsoil samples, the fractions
of ultramicropores, supermicropores and larger pores
were evaluated with a fair certainty proven by a rea-
sonable agreement of the pore volumes found by dif-
ferent approaches. To obtain the total volume of mi-
cropores, the extended DR equation must be used, as
the contribution of non-porous particles is noticeable
even at the low pressure range where the DR analysis
is applied. The BET analysis yields a somewhat over-
estimated value of the specific surface area available
for layer filling (including the layer filling of the walls
of supermicropores) due to the effect of the unltrami-
cropores; however, the as-plot method gives a reliable
estimation of this characteristic. The specific surface
area of the solid minus its microporous part can be ob-
tained by means of the Remy-Poncelet method.

Subsoil morphological characteristics are sig-
nificantly accounted for by the total clay content. The
studied subsoils containing 25 to 45% of clay of smec-
tite (predominantly)-illite type have relatively low total
pore volume (0.03-0.05 cm®/g) composed by roughly
70% of the meso- and macropores, by 22-29% of the
supermicropores, with the remaining minor fraction of
the ultramicropores. The specific surface area of the
samples varies between 20 and 40 m?/g.
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Aemopwt  Onacooapnvt  Enene  Tomununoii
(ITepmckuii cocyoapcmeenHblil HAYUOHATLHBIN UCCTe-
008amMenbCKUl YHUBEPCUMEn) 3a PeHM2eHOCMPYKIYp-
Hble UBMEPEHUs].

Aemopul  3aaenar0m 00 OMCYMCMEUU KOH-
¢auxma unmepecos, mpebyroweco packpvlmusl 8 Oau-
Holl cmambe.
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